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Preface

The time is long past when all workers in the field knew the main characteristics
of all of the Drosophila genes that have been sequenced. My objective in
preparing this book was to bring together the available molecular information
concerning Drosophila melanogaster genes and thereby to make that informa-
tion more readily accessible.

In Part I of this volume, I describe the main molecular features of genes for
which the sequence of the entire transcription unit is available (with a special
dispensation for Ubx). This sample includes 90 genes, approximately half of all
the Drosophila genes that fulfill the condition mentioned above and that were
listed in the GenBank and EMBO databases early in 1992. In organizing the
voluminous data, I have tried to develop a form that would facilitate, and
perhaps encourage, a comparative approach for future studies.

Part II includes four chapters that consider different aspects of gene
organization as they occur in the Drosophila genome. These chapters cover: (1)
size correlations among various genetic elements; (2) splicing signals (by S. M.
Mount); (3) translation initiation signals (by D. R. Cavener and B. A. Cavener);
and (4) codon bias (by P. M. Sharp and A. T. Lloyd). These last three chapters
are not restricted to the genes covered in the first part of the book. On the
contrary, the authors’ analyses cover as much of the available data as possible.

Many people helped me by reviewing individual chapters, pointing out
deficiencies and suggesting improvements. Some of these colleagues also made
unpublished material available. For such help, I am very grateful to Paul D.
Boyer, Carlos V. Cabrera, Sean B. Carroll, Robert S. Cohen, Allan Comer,
Victor G. Corces, Winifred W. Doane, Wolfgang Driever, Marshal Edgell,
James Fristrom, Eric Fyrberg, Donal A. Hickey, Jay Hirsh, Dan Hultmark,
David Ish-Horowicz, Clyde Hutchison, Herbert Jickle, Allen S. Laughon,
Judith A. Lengyel, Michael Levine, John T. Lis, John C. Lucchesi, J. Lawrence
March, Elliot M. Meyerowitz, Markus Noll, Christiane Nisslein-Volhard, Mark
Peifer, William H. Petri, Michael Rosbash, Georgette Sass, Lillie L. Searles,
Stephen Small, Wayne Steinhauer, Alain Vincent, Gail L. Waring, Pieter
Wensink, Theodore R. F. Wright and Ray Wu.

The internal consistency of the material in this book, as well as the
clarity of its presentation benefited greatly from the editing of my wife,
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Donna Maroni. I am grateful to her for her patience and generosity and for
her support.

Format and Conventions

I have tried to be consistent in presenting equivalent data for different genes
using the same format. All chapters in Part I are arranged according to the
following plan:

Product
Structure
Function
Tissue distribution
Mutant phenotype

Gene organization and expression
Developmental pattern
Promoter

The sections Tissue distribution and Developmental pattern contain compar-
able information, except that the former reflects results obtained from studies
of the protein product and the latter from studies at the RNA level. In some
cases, when a group of genes are considered as part of a cluster or a gene family,
there may be other sections within the chapter.

The section Promoter includes information on all cis-acting regulatory
regions.

Some of the conventions I used are the following: Nomenclature, cytogenetic,
and genetic map position follow The Genome of Drosophila melanogaster by
Lindsley and Zinn (New York: NY: Academic Press, 1992). The names of
proteins are abbreviated by using the same letters of the corresponding gene,
capitalized and non-underlined, i.e. ADH for Adh and ACTS5C for Act5C.

Sequences

All nucleotide sequences are numbered with A at the proposed site of translation
initiation as position 1. The position immediately upstream of the initiation
ATG is 0. Dots above the sequence mark the decades. Positions in the
polypeptide chain obtained by virtual translation are indicated along the
right-hand margin in parentheses.

The sequence figures were prepared using programs of the Genetics
Computer Group of the University of Wisconsin (Madison, Wisconsin). Most
of the sequence data were obtained from the GenBank and EMBL databases
and the Accession numbers are given. In some cases, segments with no defined
function at the 5" and 3’ ends of a published sequence were omitted in the
interest of space.



Preface vii

The site of transcription initiation is identified by the first dash of a
three-character arrow (-->); it should be remembered that the resolution in
defining this site experimentally is usually no better than + 2 nucleotides.

The Hogness—Goldberg box and the polyadenylation signal are marked with
double underlining (------ ). If a segment exists that matches the CAAT box
sequence (or its reverse complement) 60100 bp upstream of the transcription
initiation site, it is also doubly underlined.

The polyadenylation site is marked by |(A), below the sequence, where |
indicates the last transcribed position or the last nucleotide before a string of

1 T

A’s? Introns in non-coding regions are delimited by brackets, and marking
1L

the end of one exon and the beginning of the next. Introns in coding regions

can be identified by discontinuities in the amino acid sequence.

Short segments of interest such as promoter and enhancer elements are
marked by dashes below the sequence (---). Arrowheads are often used to
distinguish a certain sequence from its reverse complement (---> = 5TAAZ,
<--- = 5STTA3').

Longer segments are delimited by |--| below the sequence line, usually with
some designation or label between the delimiters or after the second vertical
line.

Base substitutions are indicated above the line followed by = followed by
the designation of the mutant allele (e.g., A = nl1 marks the position where an
A for G substitution is found in the Adh™'! allele). Larger rearrangements are
delimited by |--| above the sequence with a label describing the type of mutation
(deletion, duplication, etc.).

Amino acid sequences are always the outcome of virtual translation. The
initiation ATG is chosen according to the proposal of the original investigators.
When confirmation of the amino acid sequence is available from direct protein
sequencing, this fact is noted in the “product” section. In most cases, the
positions of introns are derived exclusively from the comparison of cDNA and
genomic sequences. TATA boxes and polyadenylation signals are indicated
according to the proposals of the original investigators; these are usually based
on sequence data alone. For other features, transcription initiation and
termination sites, regulatory regions, etc., I indicate in the text the methods
used to ascertain those features.

Gene Diagrams

The transcription initiation sites are marked by [ for units in which transcrip-
tion is from left to right, and by 7 for units in which transcription is from
right to left. The boxes downstream of these symbols represent exons with the
black boxes representing coding regions. The lines between exons represent
introns.
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Sequence Comparison Figures

In the case of some gene families, a comparison of polypeptide sequences is
included to highlight differences or similarities between different members of
the family. When the sequence of putatively homologous proteins from distant
groups, mammals in particular, were available, a sequence comparison figure
is included. The sequence alignments were done with the program Pileup of the
Genetics Computer Group.
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1

The achaete-scute Complex: ac, sc, Isc, ase

Chromosomal Location: Map Position:
ac X, 1B2-3 1-0.0
sc; Isc X, 1B3-4 1-0.0
ase X, 1B3-4 1-0.0

Organization of the Complex

The achaete-scute complex is proximal to yellow (y) in a 90 kb segment that
includes eight or nine transcription units; the units have been designated 71
through 79 (76 corresponds to y) (Fig. 1.1). Four of these are thought to be
responsible for the ac-sc genetic function, the scute family. Within the sc family
the following correspondence has been suggested: T5 = ac; T4 = sc; T3 = Isc
and T8 = ase. Each of these four genes is transcribed toward the centromere.
(Campuzano et al. 1985; Villares and Cabrera 1987; Alonso and Cabrera 1988;
Gonzalez et al. 1989, and references therein; see Ghysen and Dambly-Chaudiére
1988 for a review).

Products

DNA-binding regulatory proteins of the basic helix-loop-helix (bHLH) type
that promote neuroblast differentiation.

-

120 kb

-

F1G. 1.1. The ac-sc complex and y. The open box to the left of ac corresponds to
unidentified embryonic transcripts. 77 (immediately to the right of sc) and 79
(between ase and T1) have been omitted; there are conflicting reports on the existence
of 79 (Alonso and Cabrera 1988; Gonzalez et al. 1989)

3



4 AN ATLAS OF DROSOPHILA GENES

Structure

Sequence comparisons show that, in the region of the HLH domain, the
products of ac, sc, Isc and ase are similar to each other and to the products of
the mammalian oncogene myc, the myogenic gene MyoD, and the Drosophila
genes daughterless (da), Enhancer of split, extramacrochaetae (emc), hairy (h),
and rwist (Fig. 1.2). In these proteins, the hydrophobic surface of each helix is
involved in dimer formation; the amino acids in these regions are particularly
well conserved. The basic amino acids in the vicinity of the helices, which effect
DNA binding, are also conserved (Villares and Cabrera 1987; Alonso and
Cabrera 1988; Murre et al. 1989a, 1989b; Harrison 1991). PEST eclements,
regions rich in Pro, Glu, Ser and Thr and thought to be important in protein
degradation, are common to the various proteins; however, these are not
correlated with sequence similarities (Gonzalez et al. 1989).

Three genes in the complex, ac, sc and Isc share certain sequence elements
that distinguish them from ase. Particularly noteworthy is the occurrence of a
Tyr at the end of a run of acidic amino acids (position 394 in Fig. 1.2; a similar
arrangement is found at position 222 of ase). A Tyr so associated with acidic
residues is reminiscent of a motif found in substrates for protein tyrosine kinases
(Villares and Cabrera 1987: Alonso and Cabrera 1988:; Gonzalez et al. 1989).

Function

Products of the scute family are transcriptional activators that promote
transcription of genes involved in neuroblast differentiation. They act by
binding to regulatory DNA sequences in association with ubiquitous helix-
loop-helix proteins such as DA, the product of da. In vitro, AC, SC and LSC
form heterodimers with DA. These complexes bind with high affinity to a DNA
segment with the core sequence CANNTG, a sequence that is also found in
the immunoglobulin kappa chain enhancer (Murre et al. 1989b), in the
hunchback (hb) zygotic (proximal) promoter and at three positions in the ac
promoter (Cabrera and Alonso 1991; Van Doren et al. 1991). In yeast cells,
LSC/DA heterodimers induce transcription of a reporter gene bearing the hb
target sequence in its promoter (Cabrera and Alonso 1991).

ac-sc function is counteracted by EMC, the product of emc. EMC, an HLH
protein lacking the basic DNA-binding region, competes with the ac-sc products
for DA binding. Thus, deficiency of EMC leads to excessive ac-sc function and
the occurrence of ectopic sensory organs (see below; Ellis et al. 1990; Garrell
and Modolell 1990; Van Doren et al. 1991).

All cells that express the LSC protein develop into neuroblasts, but this is
not true of all cells in which Isc RNA is detected. There seems to be considerable
degree of post-transcriptional regulation in that the LSC protein appears
significantly later than the corresponding transcript and in a much more
restricted subset of celis. Mutations in the neurogenic genes Notch and Delta
(whose normal function is to limit neuronal differentiation to a single cell in a
cluster of potential precursors) lead to the presence of LSC in all cells with Isc



Isc ......... M TSICSSKF.Q QQHYQLT.NS NIFLLQHQH. ...... HHQT QQHQLIAPKI PLGTSQL..Q NMQQSQQ... .... SNVGPM LSSQKKKFNTY

sc MKNNNNTTKS TTMSSSVLST NETFPTTINS ATKIFRYQHI MPAPSPLIPG GNQNQPAGTM PIKTRKY.TP RGMALTR... ... CSESVSS LSPGSSPAPY
T MALGSE.. .... NHSVFN DDEESSSA.F
ase IRKIRDFGML GAVQSAAAST TNT..TPISS QRK..... RP LGESQKQNRH NQQNQQLSKT SVPAKKCKTN KKLAVERPPK AGTISHPHKS QSDQSFGTP.
CON ------mcem - Smomrn mmmmm e S oo cmeemm oo e e oo A----rs oo S-v-mm - §--S---—~
101 150 200
1sc NNMPYGEQLP SVARRNARER NRVKQVNNGF VNLRQHLPQT VVNSLS.... NGGRGSSKKL SKVDTLRIAV EYIRGLQDML D...... DGT ASSTRHIYN.
sc N....VDQSQ SVQRRNARER NRVKQVNNSF ARLRQHIPQS IITDLT...K GGGRGPHKKI SKVDTLRIAV EYIRSLQDLV D...... DLN GGSNIGANNA
ac N....... GP SVIRRNARER NRVKQVNNGF SQLRQHIPAA VIAOLSNGRR GIGPGANKKL SKVSTLKMAV EYIRRLQKVL H...... E.. cooooe. NDQ
ase .GRKGLPLPQ AVARRNARER NRVKQVNNGF ALLREKIPEE VSEAFE..AQ GAGRGASKKL SKVETLRMAV EYIRSLEKLL GFDFPPLNSQ GNSSGSGDDS
CON N----vr--- SV-RRNARER NRVKQVNNGF --LRQHIP-- V---{----- G-GRG--KKL SKV-TLR-AV EYIR-LQ--L -------~-- -- §-~v----
~x* —x_ Helix I wr_ar _sx_x Helix II
201 250 300
Isc ...... SADE SSNDGSSYND YNDS...... ........ LD SSQQ...... v P s LTGAT QSAQSRSYHS
sc VTQLQLCLDE SSSHSSSSST CSSSGHNTYY QNRIS...VS PVQQQQQLQR QQ FNHQPLTALS LNTNLVGTSV PGGDA.GCVS
ac QKQKQLHLQ. ... ooiiier i e QQHLHFQQ .......... ...eenl. QQ .QHQHLYAWH QELQL..... ..........
ase FMFIKDEFDC LDEHFDDSLS NYEMDEQQTV QQTLSEDMLN PPQASDLLPS LTTLNGLQYI RIPGTNTYQL LTTDLLGDLS HEQKLEETAA SGQLSRSPVP
CON -------- Do mmm o e e QQ------ ~mmmmmmmme mmeeeeeo Q- ----- (R Lmmeme mmmmoeen
301 350 400
sc A........ S PTPSYSGSEI S........ GGG........ ..., Y IKQELQEQ.. .D.LKFDSFD SFSDEQ.... PDDEELL... .. DYISSWQE
sc TSKNQQTCHS PTSSFNSS.M SFDSGTYEGV PQQ....... ISTHLDRLDH LDNELHTHSQ LQ.LKFEPYE HFQLDEEDCT PDDEEIL... .. DYISLWQE
ac ....QSPTGS TSSC..NSIS SYCKPATSTI PGA....... TPl .. NNFHTKLE ...... ASFE DYRNNSCSSG TEDEDIL... .. DYISLWQD
ase QKVVRSPCSS PVSPVASTEL LLQTQTCATP LQQQVIKQEY VSTNISSSSN AQTSPQQQQQ VQNLGSSPIL PAFYDQEPVS FYDNVVLPGF KKEFSDILQQ
CON ----eve-e S PS8 S e e e o L-m==er s o DE--L--- --DYIS-WQ-
401 439
1SC Q% et i e e
SC Q% . i e it et
ac DL*. (. ... o i e
ase DQPNNTTAGC LSDESMIDAI DWWEAHAPKS NGACTNLSV
CON ~—rmmmmmm mmmem oo e e

FI1G. 1.2. sc family polypeptide sequences. The residues involved in the two helices are underlined, the conserved hydrophobic positions
are marked with asterisks. The CON(sensus) sequence indicates positions where at least three of the sequences are identical. Alignment
was done using the University of Wisconsin Genetics Computer Group Gap program. The first residue shown in this figure corresponds
to amino acid 29 in the ase sequence.
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mRNA and, thus, to the development of ectopic neural derivatives (Cabrera
1990).

SC distinguishes itself from the three other products in this family in that
it plays a role in sexual development. This function was indicated by the ability
of sc* to complement sisterless b (sish) mutations (sisb is one of the “numera-
tors” used to measure the X:autosome ratio that controls sex determination
and dosage compensation early in embryonic development). This prompted the
realization that sc and sisb are one and the same gene. The role of SC in sex
determination is likely to involve the formation of a heterodimer between SC
and DA. In embryos with two copies of sc, enough product is generated to
form heterodimers capable of inducing transcription of sex lethal (sx]) and thus
leading to female development. In embryos with only one sc copy (males), not
enough heterodimer exists to induce sx/ expression (Parkhurst et al. 1990;
Erickson and Cline 1991).

Mutant Phenotypes

Mutations in the complex affect the development of sensory organs and central
nervous system: ac and ase affect different subsets of larval and adult sensory
organs while sc affects only a subset of adult sensory organs. Amorphic
mutations that involve both ac and sc (sc'°~!) lead to the absence of all
macro- and microchaetae except for those of the wing margin and eye. Isc
mutations are embryonic lethals that lead to degeneration of the larval
peripheral and central nervous systems; chaetae are, however, present. Also, in
Isc mutant embryos, there is reduced expression of kb in neuroblasts (see
Function). Mutations that increase expression of ac and sc, such as the dominant
gain-of-function allele Hairy-wing (Hw), are associated with supernumerary
chaetae at ectopic sites (Campuzano et al. 1986, and references therein).
Amorphic mutations of ase cause abnormalities in the development of the adult
optic lobes as well as alterations in peripheral neurons and chaetae (Gonzalez
et al. 1989).

ac
(achaete)

Synonym: 75

Gene Organization and Expression

Open reading frame, 201 aa; expected mRNA length, 912 bases. The 5’ end was
determined by primer extension, RNase protection and sequencing of a cDNA
clone; the 3’ end was determined from the sequence of the cDNA clone. There
are no introns (ac Sequence) (Villares and Cabrera 1987).
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ac
GAATTCTGAAATAATGGGA&CTCCTAAATéCTTTCAAAA%GCTTTCGGC%GAGAGGAACAACTGATACG%TGGGCATAAAGGCCCCGGGé
CATTAGAAG%GTTAATAGAAAAGTCCTCC&GCTGATCAGéTTTCGTTGCAGGACCGAATéGATCGCCGCéTGAGGTGTTéATGAGCTGGé
CTTGAAAAT%CCTACGACT}TGGAGTCGAéCGACAATGG%CTAGTGTTTAAGATAATGT&CGAATGATCéAGGGATCGGAAGGTCATCAé
TACATAAAA%AAATTAAAT%AAATGTATTAACATAAAAT%AAAGATTTT+TAAAAGTCTAAAATACCTAéCCTTGTTAA%TAAAGATTA%
TTTTTCGTAAACACTTTTGéTAGTGTATAAATTGTAAAT&TCCCCATTT%TATAATTGTAATGACAGTC%ATTCCACTAATTTTGT#GTA
TTTTGTTAG%TATAAAAAT%GGATGGCCAéTTTCAATAGéAGATACAGC%TTTTACTTCéGAGGTGTTT%TACTTGGCT&TGATGTCTG&

ACCTTGTTGCCTTTTTAAACCGGTTGGCAGCCGGCACGCGACAGGGCCAGGTTTTCGTTTGGGGACGACAGGCAGCTGAAAATGAACAAA
------ el

AACACTCAGAAACTCTTCCCACTCGACAACGGGAACACTCAGGTCACCAACAGCTGCGTTTTACAGAGAGAACGAGAGATAATATTACTA
------ e?2

CCTCTCTATTAAAATCAGAGAAAACACTCATCTCAAGAGACGATCCTTCAGTGATGATGCTGTTGCACCTTTTCCAGGGGCAGGTAGGTA

. . . . . . -->-62 .
GTCACGCAGGTGGGATCCCTAGGCCCTGATACCTATAAATAGCCTGAACGGAACGGGGAAGGGCATCAGAACAGAGCCAGCGCTGAAGCA

AGGAGCATCGTCACACAATAACGTTATACTATCTCTTAAAATGGCTTTGGGCAGCGAAAATCACTCTGTTTTCAACGACGACGAGGAGTC
MetAlaleuGlySerGluAsnHisSerValPheAsnAspAspGluGluSe

ATCTTCGGCCTTTAATGGACCCTCTGTTATCCGGAGAAATGCCCGGGAACGCAACCGCGTAAAGCAGGTCAACAATGGCTTCAGCCAACT
rSerSerAlaPheAsnGlyProSerVallieArgArgAsnAlaArgGluArgAsnArgVallysGInValAsnAsnGlyPheSerGinte

ACGACAACATATCCCTGCGGCCGTAATAGCCGATTTAAGCAATGGTCGCCGGGGAATTGGTCCCGGCGCCAATAAAAAACTGAGCAAAGT
uArgGInHisIleProAlaAlaVallleAlaAspleuSerAsnG)yArgArgGlylleGlyProGlyAlaAsnLysLysLeuSerLysVa

TAGCACACTGAAAATGGCAGTAGAGTACATACGGCGCTTGCAGAAAGT TCTTCATGAAAACGACCAGCAGAAACAGAAACAGTTGCATTT
1SerThrLeuLysMetAlaValGluTyrIleArgArgleuGinlysVall euHisGl uAsnAspGInGInLysGInLysGInLeuHisLe

. . . | |=Hw-1 . . . .
GCAGCAGCAACATTTGCACTTTCAGCAGCAGCAACAGCATCAACACTTATACGCCTGGCACCAAGAGTTGCAGTTGCAATCTCCAACTGG
uGInG1nG1InHi sLeuHisPheG1nGInGInGInGInHi sGInHisLeuTyrAlaTrpHisGInGluleuGInLeuGlnSerProThrGl

CAGCACAAGTTCCTGCAACAGCATTAGCTCTTATTGCAAGCCAGCAACATCGACGATTCCGGGAGCAACACCTCCTAACAATTTTCATAC
ySerThrSerSerCysAsnSerlleSerSerTyrCysLysProAlaThrSerThrileProGlyAlaThrProProAsnAsnPheHisTh

CAAGTTGGAAGCCAGTTTTGAAGACTACCGTAACAATTCCTGCAGTTCTGGTACTGAAGATGAGGACATCCTCGACTATATATCACTCTG
rLysteuGluAiaSerPheGluAspTyrArgAsnAsnSerCysSerSerGlyThrGluAspGluAsplleLleuAspTyrlleSerLeuTr

GCAGGACGACCTGTAAAAAAACAGATCAAATCTTCAGCTATTGCTAGTCGCACCCAACCATAACACACATCAAACCATTGATTGGCCAAC
pGlnAspAspleuEnd

AAGTATTACCTCAGCCACAAAGTATTTATATTCCCTAGAACTACCTTTTTGCCTTATAAATTAGTATTTAAGGTTTTATATAGTTTCTAA

GGATAGTTTCTAATGGAAGACAATTTATATTTAAGTTTTTTTTTATAGCATACATTCAGGACATTAAACTGATATATATAAAATTTTAAA
------ Ha)
n

(continued)
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861 TGAATTTTTATTGTAAACAAAATTAAACGGTAATTAAAG%GAAACAAAT%TAYGTACAAAAGGAGTAAAATTCAGAAAAéTTTTAATGAA 950
951 CAAATGCTT%ATGAATATGGGCGTAGCAA+GTTTTGATA&AAACTTGAT&CTGTCCTGTATACCACAGGACACGCTTCC%TTTACCTGG% 1040
1041 ACATTCCTTfAAACGATCC%AGTATACGC%TTATTCGGGéTAAGCCCGAAAAAAGTATTéGAAACTGTAACCGTTAAGTATTTACAGAT& 1130
1131 ACTAGCCAA%GAAGATAAA%TACAATAACATTTTGTAAA&ACTTTTGATéGAAAACGCCéATTTGCATAAATAAAGTTGéATTGAGTAGé 1220

1221 GTGAAAAAGGAAAATATTTACCTGCTGCATTTTTGCATATGAACCGGTCAAGGTAATAAGATCCTGAGAATTC 1293

ac SEQUENCE. Strain, Canton S. Accession M17120 (DROASC1). el, e2 and e3,
AC/DA binding sites (Van Doren et al. 1991). The dominant allele Hw' is caused by
insertion of a gypsy element after nucleotide 368; termination occurs within the
transposon’s terminal repeat, one codon after the insertion (R. Villares and C. V.
Cabrera, personal communication).

Developmental Pattern

The expression patterns of ac and sc and Isc are very similar. Before blastoderm
formation, expression is uniform throughout the embryo. Later, in early
gastrula, transcripts begin to accumulate in stripes restricted to ectodermal cells.
During the period of fast germ-band extension (stages 8 and 9), a pattern of
two stripes per metamere develops; soon thereafter, when neuroblasts segregate
from the ectoderm, transcription is restricted to the neurogenic cells and ceases
in epidermal precursors. At the end of stage 9, when neuroblasts begin to divide,
transcripts fade (Cabrera et al. 1987).

As development proceeds, expression appears restricted to small clusters of
cells that are distributed in a more complex pattern. Even so, the general design
outlined above persists: as waves of neuroblast differentiation occur throughout
the embryo, transcripts appear immediately before and during the segregation
of neuroblasts from the ectoderm; then, the transcripts disappear again, first
from the epidermal precursor cells, and finally from the dividing neuroblasts.
During germ-band shortening, as differentiation of the neural precursors is
completed, expression ceases in the segmented portion of the embryo. After
germ-band shortening, expression persists in the primordia for the optic lobes
and stomatogastric nervous system (Cabrera et al. 1987). In third instar larvae
and early pupae, these genes are expressed in imaginal discs in groups of cells
from which the sensory organ mother cells will develop (Romani et al. 1989).
In wing imaginal discs, ac and sc are expressed with very similar distributions,
although mutations affect different sensory organs. Experiments with a reporter
gene in transgenic flies indicate that ac and sc are initially expressed in different
clusters of cells; but their products stimulate transcription of each other, so that
the ranges of expression soon overlap. As a consequence, in mutants for only
one of the two genes, expression of both genes is affected, albeit in different
subsets of clusters (Martinez and Modolell 1991).

Differences in expression among the genes are: (1) ac stripes are slightly
offset from those of Is¢ and sc; and (2) during the later stages of expression
(stages 10, 11 and 12), transcription of ac is more intense than that of sc and
Ise, but Isc RNA occurs in more cells.
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SC
AAAAAATTT%GATCCTTTTéATAATTTAA;TGGAGAAATAAGTGAAATT&TTTGAACAC&TTTAGGGAGEGTACTCCGAATGTCTAATAA
GGAGGATCCéAGGATCGGC%GTCGATCCC%TGGATCCGT&CGGCGCTAA%GAATAGAAG&GTGCGTGAGéTGCACATAAAATTGGCGAT&
GCGACTTTTéCTAAGTTAA+TAACACAGAAATCAAATTC&TGGCGTGCCéTAGCAAAAAéAGCCCTCAC%CAGATACCT%GATCGTTTT%
CGATATTTCéAGTTGATAT%TTGAGTTTAAAATTTGAGTéTTTCTTTTGéACTGTCGAG%GAGAACAGT%TTCCTGTGG&ATACTCGAG%
ACCTGAGACAGAGAAAGAGAGAGAGACTAéCTGTGGCTCACTCACTTCGAGTTCCCTACéTGTGCAGGCAGCTCTTGCCéTCACTCTCTé

TCTCTCTTTCTCTCCGATTCTCTCGCCCGTTTCTCTGCCTGAGTGTTGTGCAGAGAGT TGCATAAAGGGTACATAACGCGAGGGTTTAGG

--> ==> -116/-111 . . . . . . .
ACGAAGGGACTCATTCTTGTGTAAGGTGTCAAACGATCAAGTTCAAGTATTGTACTCTGTTCATTTATTTTTITCTGTTGATCGTTATCC

GGAAAGTGAAAGAAAGCTCCGAGTGTGTTAATGAAAAACAATAATAATACAACGAAAAGCACTACCATGTCATCGAGTGTGCTGTCCACC
MetLysAsnAsnAsnAsnThrThriysSerThrThrMetSerSerSerVallLeuSerThr

AACGAAACGTTTCCAACGACCATCAATTCGGCAACGAAGATCTTTCGTTATCAGCACATAATGCCAGCCCCTAGTCCATTAATTCCCGGT
AsnGluThrPheProThrThriteAsnSerAlaThrLysIlePheArgTyrGinHisIleMetProAlaProSerProleulleProGly

GGCAATCAAAATCAACCCGCTGGCACAATGCCAATTAAGACTCGCAAGTATACACCAAGGGGTATGGCACTGACCAGATGCTCTGAATCA
G1yAsnGInAsnGInProAlaGlyThrMetProllelysThrArgtysTyrThrProArgGl yMetAlaLeuThrArgCysSerGiuSer

GTATCATCTCTATCGCCTGGTTCCTCGCCGGCTCCATATAATGTAGACCAATCCCAGTCGGTCCAAAGGCGCAATGCTAGAGAACGAAAT
ValSerSerlLeuSerProGlySerSerProAlaProTyrAsnVaiAspGinSerGlnSerValGinArgArgAsnAlaArgGluArgAsn

CGTGTAAAGCAGGTGAACAACAGCTTCGCCAGGTTGCGGCAACATATACCACAATCCATAATCACGGATTTGACAAAGGGTGGTGGTCGA
ArgVallysGInValAsnAsnSerPheAlaArgleuArgGinHisIieProGinSerIlelleThrAspLeuThrLysGlyGlyGlyArg

. . . . . T=sc-10.1 .
GGACCTCACAAAAAGATCTCCAAAGTAGACACACTGCGCATTGCCGTCGAGTACATCCGGAGCCTTCAGGATCTGGTGGATGACCTAAAT
GlyProHisLysLysIleSerLysValAspThrLeuArglieAlaValGluTyrlleArgSerLeuGlnAspLeuValAspAspleuAsn

End

GGGGGCAGCAATATTGGTGCCAACAATGCAGTCACCCAGCTTCAACTTTGTTTGGATGAGTCCAGCAGTCACAGTTCGAGCAGCAGTACT
GlyGlySerAsnlleGlyAlaAsnAsnAlaValThrGInLeuGinteuCysleuAspGluSerSerSerHisSerSerSerSerSerThr

TGCAGTTCCTCAGGGCATAATACCTACTATCAAAACAGGATCTCTGTCAGTCCTGTGCAACAACAGCAGCAGCTACAGAGGCAGCAGTTC
CysSerSerSerG) yHi sAsnThrTyrTyrGInAsnArglleSerValSerProValGlnG1nGInG1nGInLeuGlnArgGlnG1nPhe

AATCACCAACCGCTGACAGCGCTCTCATTAAATACCAACTTGGTGGGCACATCCGTACCAGGTGGAGATGCAGGATGCGTATCCACCAGL
AsnHisGInProLeuThrAlaLeuSerLeuAsnThrAsnLeuValGlyThrSerValProGlyGl yAspAlaGlyCysValSerThrSer

AAAAACCAGCAAACCTGCCACTCGCCAACATCATCATTCAACTCCAGCATGTCCTTTGATTCAGGCACCTACGAAGGAGTTCCCCAACAA
LysAsnGInGInThrCysHisSerProThrSerSerPheAsnSerSerMetSerPheAspSerGlyThrTyrGluGlyValProGlinGin

. . }|=Hw-Ua . . . . . .
ATATCCACCCACCTGGATCGTCTGGATCATCTGGACAACGAATTACACACGCACTCCCAACTTCAGCTAAAATTTGAACCGTACGAACAT
I1eSerThrHislLeuAspArgLeuAspHisLeuAspAsnGluleuHisThrHisSerGinLeuGlnLeul ysPheGluProTyrGluHis

TTTCAATTAGACGAGGAGGACTGCACCCCCGACGACGAGGAGATTTTGGACTACATCTCTCTATGGCAGGAGCAGTGACTTAATCCCCAA
PheGlnLeuAspGluGluAspCysThrProAspAspGluGlulleleuAspTyrileSerLeuTrpGlnGluGInEnd

(continued)
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AATTTACCACCACGCCCTATTTTCTTCTAGTCAATGTTGAGTTGAACCAAGTGCCTCAAATTGTAAATAACACTAATACAAAAACAACAT
ACCCCCAATTTTTTTTTCTTACTTTAAGCTATTTTTTTACATTGTTAAGAACCACGAGACCAGTTTCAAATTTATATATTTATGAAATAA

CTATAGCATGGAAACGAAAACATATTTTTTTGGCTAATACAATTTTATGTTAATTAGTTTTGGTGGAAAAATAAAATGAAAAAATTAAAC

GAAAAATAATATTTAAGTTTTTTTGTACAAAGGGGATCCATCTATTGCATCAGGTTTGTAAAACATTCGGGTACTACTTGCATTGCCTTG
(A
n

CAGTGCCGATGGGACCATGTGCAGCCGTTATGTACATTGGTTGCTTTGCATTGGTTTTCCA 1471

s¢ SEQUENCE. Strain, Canton S. Accession M17119 (DROASC?2). The base
substitution at 487 in the null allele s¢'®! is indicated; this mutation also involves a
breakpoint that inactivates ac. The dominant allele Hw"® is caused by insertion of a
copia element after nucleotide 899; termination occurs within the transposon’s
terminal repeat, 21 codons after the insertion (R. Villares and C. V. Cabrera, personal
communication).

Promoter

A segment of 0.9 kb upstream of the transcription initiation site is sufficient for
nearly normal expression of ac (Ruiz-Gomez and Modollel 1987). Within that
segment, there are three binding sites apparently responsible for autocatalysis:
binding of heterodimers of ac-s¢ and da products has been detected at three
copies of the element CANNTG (sites marked e in the ac sequence at -327,
-259 and -123). This binding is blocked by the simultaneous presence of EMC
(Van Doren et al. 1991).

sc
(scute)

Synonyms: T4 and sisb

Gene Organization and Expression

Open reading frame, 345 aa; expected mRNA length, 1,437 and 1,432 bases.
The 5 ends were determined by primer extension; scquencing of a cDNA clone
provided the 3’ end. There are no introns. Translation might initiate at any of
five in-frame AUGs in the mRNA. In the sc Sequence, translation is depicted
as starting at the first of those ATGs, but the best fit to the initiation of
translation consensus is next to the fifth ATG (Villares and Cabrera 1987).

Developmental Pattern (see ac)

Product from the blastoderm period of sc expression is probably associated
with the sisb function.

1140

1230

1320

1410
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1sc
CT(.iAGTAGGAATl.\GAGGCACCCl'\CCACAGAAAAAGAACCCCTI.\GAAAGAGAG(.;AAAAATGTA(;GATCACTTG'-[GCAAAGGAC%TAGGTCC
CGéTTTTTCGAGGGCAGGTAGC&AGGATCCGA&CCCGTACCAACCCCTGTAGéTCCTCTGCCéAAGTCGCTGéCTCTGTCGCéGCGCGTT
TCCCTCT6CCACTGOCCEGGTAT TTARAGCCCTAGATCAGAACAGCAATTATCAT TGCGGARTCTGATTCCACACAGTCAACATCTGTAR
- . . . . . .
ACTAAA%C$$AGAAAACTCTCACAAGGATTACCATGACGAGCATTTGCAGCAGCAAATTCCAGCAGCAGCATTACCAGCTGACCAACAGT

MetThrSerlleCysSerSerLysPheGInGInGInHisTyrGInLeuThrAsnSer

AACATTTTCTTGCTGCAACATCAGCATCACCATCAAACGCAGCAGCACCAGTTGATTGCTCCGAAAATACCTTTGGGTACCAGCCAACTG
AsnllePhel euleuGlnHisG1nHisHisHisGInThrGInGInHisGInLeulleAlaProlysIleProLeuGlyThrSerGinLeu

CAGAATATGCAGCAGAGTCAACAGTCCAATGTTGGACCCATGTTGTCCTCCCAGAAGAAGAAGTTCAACTACAATAACATGCCCTATGGC
G1nAsnMetGInGInSerGInGinSerAsnValGlyProMetLeuSerSerGintysLysLysPheAsnTyrAsnAsnMetProTyrGly

GAGCAATTGCCATCGGTAGCCAGACGAAATGCCCGTGAACGCAATCGCGTGAAGCAGGTGAACAATGGATTCGTCAATCTCCGCCAGCAT
GluGinLeuProSerValAlaArgArgAsnAlaArgGluArgAsnArgVallysGinValAsnAsnGl yPheValAsnleuArgGinHis

TTGCCTCAAACTGTGGTAAACTCGCTGTCCAATGGAGGACGTGETAGCAGCAAGAAGTTATCCAAGGTGGACACACTGCGAATCGCCETT
LeuProGInThrValValAsnSerleuSerAsnGlyGlyArgGlySerSerLysLysLeuSerLysValAspThrieuArglleAlaVal

GAATATATTCGAGGACTACAGGACATGCTTGATGATGGCACTGCTTCATCAACTCGTCACATCTACAATTCCGCCGATGAAAGTAGCAAC
GluTyrIleArgGlyleuGlnAspMetLeuAspAspGlyThrAlaSerSerThrArgHisIleTyrAsnSerAtaAspGluSerSerAsn
GATGGCAGCAGCTATAACGATTACAACGATAGTTTGGACAGTTCGCAACAGTTCTTGACGGGAGCCACCCAGTCTGCCCAATCCLGCTCG

AspGlySerSerTyrAsnAspTyrAsnAspSerLeuAspSerSerGInGInPheLeuThrGlyAlaThrGInSerAlaGinSerArgSer

TACCACTCCGCCTCGCCCACGCCGTCGTACTCCGGATCCGAGATTTCCGGAGGTGGCTATATCAAACAGGAACTACAAGAGCAGGACCTC
TyrHisSerAlaSerProThrProSerTyrSerGlySerGlulleSerGlyGlyGlyTyrIlelLysGInGluleuGInGluGlnAspleu

AAATTCGACTCCTTTGATAGCTTCAGTGACGAGCAGCCAGATGACGAGGAGCTACTCGATTATATTTCATCTTGGCAAGAGCAGTGAAGG
LysPheAspSerPheAspSerPheSerAspGluGinProAspAspGiuGiuleuleuAspTyrileSerSerTrpGInGluGInEnd

GG%CTTACTAAAAGTCCCAAACAAACAAATAT%GTACAAACTéTAAATACCC%AAATTGTTGéCTTAGTGAG*GTAAAACCAAGTCTCAA
AT%TCACATTAG&CTCTAAGTTACCCCATATT%TTTTTTATTATATTTTAACéCAATGGAAGACAATGATAGAAAACCACATATTTTTTT
CA%AGTTATAAG%TTGTTATAAéCATGGAAGAéACTAAACTAACTACTTTTAAGCCAAAATAAAAACATATT&ATAAATTTAATTCCAAA
TG%TTTTTACTGAAATCACTTAéTCGTAAATA%ATTCAGATCéTCATGTAGGéTAATTACAAéGAGTTCTCG%TCTCATACCAGCATCAG

AGCCAAAAAGGTTTTTAAACAATCTGCATTTTGAAGCATTGCTTTGACTATATATATGTTATGATATTCGTTTTTAATTTATGTATTTTT
A,

ATATTATTATTATTATTTTTTAGCYTAGCTGTTTTGGCCTCAGGCTTAATAATGGTACTAGCGATAGAAATAATAATTTCACAAAAAAGT
TACCCAATTTATTATTTATATTCAATTACTTTTGGAGCGTGGACATGACTCACTCAAAATTCGTAACCAACATAGAGT TAAGCACCTGAC
AGGAAACAACAGCGAATATTTTCATGATTGGT TCCCTAACGAGCTACAATTCGGCCGGGAATTGT TAATGGCGCGTAAATAGCCCGGAAA

TAGGCAGTCACGCCTGAGAGGATGAAATTGTCCTAGTCCAAGG 1540

Isc SEQUENCE. Strain, Canton S. Accession, X12549, Y00846 (DROASCA).
The exclamation mark at — 26 indicates the 5’ end of a cDNA.
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Promoter

An sc construction with approximately | kb of DNA upstream of the transcribed
region and 3 kb downstream is sufficient to provide sisb function but not sc
function (Erickson and Cline 1991). The cis-acting regulatory region of sc is
likely to extend for tens of kilobases.

Isc
(lethal of scute)

Synonym: 73

Gene Organization and Expression

Open reading frame, 257 amino acids; expected mRNA length, ca. 1,184
bases. A cDNA sequence and low resolution S1 mapping were used to define
the 5" and 3’ ends. There are no introns (Isc sequence) (Alonso and Cabrera
1988).

Developmental Pattern

Isc expression follows the general pattern of ac and sc expression (see ac) except
that the expression of Isc seems to be more extensive than that of the other two
genes and persists longer in both epidermal precursors and neuroblasts
(Cabrera et al. 1987).

ase
(asense)

Synonym: T8

Gene Organization and Expression

Open reading frame, 486 amino acids; expected mRNA, 2,263 bases. The 5" end
was defined by primer extension and the 3’ end by a cDNA sequence. There
are no introns (ase sequence) (Alonso and Cabrera 1988, partial sequence;
Gonzalez et al. 1989).
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ase
GGATCCAGTATG%TTCCACGCTAGCGTCAATT&CGTTTACTCATCTGTTTCA%TACCATTTG&CGTTTCTCT&GTCGAAAGA%ATTTTCC
CA%TGAAATCAA%GCGTTTTTAAAATGCAAATAAACCAGAAA&CAGAAACCA%TCATAAATTéTATTTGCCTAGATTGGAACATTTCGAT
CCéCCAAAGATAACAGCCAAAAAAATATATAAAAAAAAGAGTéACAGGACTAéAACGCAGGT%CTTAATTTTACGAACGTGG&AGTAAAT
TCéAAAAGGTATéCCGCGTCTTéGGGCAAAAC%TTTTTGAAA&CGTTTACATéTAATATTTT%GGAATCGCTACTTTTATGTATGGTTAA
TT%AATTATGAA&TATTTTCTTéCAGTGCACGAAAGGCGTGGéTGGGGCAAGéAACAGTTCC%TGAGATGAG%GCTGCGATG&GTCGTCA
AAéTGGGACGCAACCGAGTCAAATCCTCTAGGACAACAAAGGACGCCGAGCAéTACTTCCCAéTACTCAAATACTCCTCAGTACGCACAA
GCéTTGACTCCT%TTTCTTTGAéAGCTCGTCTéCATAATGAGéAATGAGGACéTGGCATCCTéGATCAAAAAéCGGTAGTCGéTCGTCGC
AAéTTTCTTCTCéCCGCCGGTTATCCTGCGCTéAAGTCCTTT%CCTTGAACC%TTTAAGTGAACTCAAGTTTATAAATTGTG&AGCAAGT
ACAACACACACA&ATATGTATAéTCCTCTATT%ACTCAGGTT%GTTGGAAAC%ACCTGAGAG&AAGGATCAAAAAAGTTTAT%GTAGCAC
TCéAAAACTTGT%TGCACAGATAGACCTAAGC%CCAAAAAAAAGAATAGATTATAGAAATAAAGCACTGGTAAAATTATTTT&CCACCGG
AC%AATTGCCAGAAATTTTTTG&CAGACGTAGAAAAAACAAGAATGTAGAGAAGGATGGGTGATTTCTCACCéCTTAAAGGA%TTAAATT
GGéTCTCTGGCA+CTTGTCAAT%TCCAACATAAATTGTAGCC&TGTGAATTAéCTAAGACAT%ACTTTCGCAGTATATACTT&CTGTTTA
TTAGCTTAACAA%AGGAAAATG%TTTTGCCAA%GCAAGTCCTéGTAAATATA%GTATATATTATCCAGTACGAGTTTTTGAAAAGTTAAC
AA%AGGTGATCCéGAGACATTT%TCGAATGAAéTAGAAACCAéTCCTTGGTT%TAGCTATAAéCTAAAAATAAAGATTCGATéCATTTCT
GCéTTTTACATGACGAATATTG&AGGTCTAAG&TGATCTATTAGGATATTTT&CAAATTCCTAGGTGGTAGGéCATTCCTTGAAAACCAG
GGéTGAAAAAGC%CCCCAGGGAATATACTTTT%ATTATATGCATACG&ATAT&GTTATTATAATGTCCATATATTAATAGGGéCGGTATA
-->-455

TAAGCATAATGTGTTTGCTGCCGATAAATAATGAGAGAGAGCGTGGCGAAATCCACCCTTGAACCAGGTGGACTTTTTGGCTCGAGTTGA

TCAGATGTTAGT%TTCCCAAAAéCCGTACTGTATATAATATA%ATATATGATAAAGGTGTATéTGTGAGCGA*CGAGAAGGGACACCCAG
TC%AGGGGATGAAAAGTCAGGC&CTTTACATAAGGGATACGCAGGACCTCAAATGCCTTCTG%TTTGTATGTéTGTGCTCTG%GTTGTGT
ATéTCAGTCAACéAAGTCACTT&CGTTGGGTTiGCGTTTTAG%TTGAGTTCGéAGTTTAGGGéCACGCGACAéAGAGCGCCAéCAGCTGT
CC%GATGCAAGGACACGGAAAC&ATATTACATéAGTCACCAG%TAACATTCAéTCAAGAAGGACTAACTTGC%AAAAGTACA&CCGCAAT

CGCCACCAGTTTTTCTCCCGCCCTCAAAAAGCCACGAATCAAAAAACTTAATTATGGCCGCCTTAAGCTTCAGCCCATCACCTCCTCCAA
MetAlaAlaleuSerPheSerProSerProProProl

AAGAAAACCCCAAGGAAAACCCCAATCCAGGAATAAAAACCACGTTGAAACCTTTTGGAAAGATTACCGTTCACAATGTTTTAAGTGAGA
ysGTuAsnProLysG1uAsnProAsnProGlylletysThrThrLeul ysProPheGlylLysIleThrValHisAsnValleuSerGiuS

GTGGCGCCAACGCCTTGCAACAGCATATAGCCAATCAGAACACCATTATTCGAAAGATCCGGGACTTTGGCATGCTGGGCGCTGTTCAAA
erGlyAlaAsnAlaleuGInGInHisI1eAlaAsnGInAsnThrIlelleArglysIleArgAspPheG] yMetLeuGlyAlaValGins

(continued)
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GTGCCGCAGCCAGCACAACTAACACCACACCCATATCCAGTCAACGGAAGAGGCCCCTGGGAGAATCCCAAAAGCAGAACCGGCACAACC
erAlaAlaAlaSerThrThrAsnThrThrProlleSerSerGlnArglysArgProleuGlyGluSerGinl ysGlnAsnArgHi sAsnG

AGCAGAATCAACAGCTTAGTAAAACATCAGTGCCTGCTAAAAAATGCAAGACCAACAAGAAGTTGGCGGT TGAAAGGCCCCCAAAAGCAG
TnGInAsnGInGInLeuSerLysThrSerValProAlalysLysCysLysThrAsnlysLysLeuAlaValGluArgProProlysAlaG

GAACTATAAGCCACCCTCATAAAAGCCAAAGCGATCAGAGTTTTGGGACTCCTGGAAGAAAGGGTTTGCCTTTGCCACAAGCCGTTGECC
1yThrlleSerHisProHislLysSerGInSerAspGinSerPheGlyThrProGlyArglLys6lyLeuProleuProGlnAlavalAlaA

GTAGAAACGCTAGGGAAAGAAATCGCGTGAAGCAGGTTAACAATGGATTTGCTTTACTCCGGGAGAAGATCCCAGAAGAAGTATCTGAGG
rgArgAsnAlaArgGluArgAsnArgVallysGlnValAsnAsnGlyPheAlaleut euArgGluLys]lePro6luGluvValSerGluA

CTTTTGAGGCCCAGGGGGCGGGTAGAGGAGCAAGCAAGAAGCTATCCAAAGTGGAGACCCTCCGCATGGCCGTAGAGTACATAAGAAGTT
1aPheGluAlaGInGlyAlaGlyArgGlyAlaSerLysLysLeuSerlysValGluThrleuArgMetAlaValGluTyrIteArgSert

TGGAAAAACTGCTGGGATTTGATTTTCCACCTCTCAACAGTCAGGGGAATAGTTCTGGT TCCGGCGATGATAGCTTTATGTTTATTAAGG
euGlulysLeul euGl yPheAspPheProProLeuAsnSerGinGl yAsnSerSerGlySerGl yAspAspSerPheMetPhellelysA

ACGAATTCGATTGTCTGGATGAACATTTCGACGACTCGCTGAGCAACTACGAAATGGATGAGCAACAGACTGTCCAACAAACTTTATCCG
spGluPheAspCysLeulspGlulisPheAspAspSerLeuSerAsnTyrGluMetAspGluGInGInThrValGinGInThrLeuSerG

AGGATATGCTAAACCCTCCGCAAGCCAGTGATCTCCTGCCTAGTTTGACTACATTAAATGGGT TGCAATACATCAGAATACCAGGAACCA
TuAspMetLeuAsnProProGinAlaSerAspLeuleuProSerLeuThrThrieuAsnGlyLeuGinTyrIleArgl1eProGlyThrA

ACACCTACCAACTGCTGACGACTGACTTATTGGGCGATTTGAGTCACGAGCAAAAACTTGAAGAAACAGCTGCTTCGGGCCAGTTATCGC
snThrTyrGinLeuleuThrThrAspleuleuGl yAspleuSerHisG1uGInLysLeuGluGluThrAlaAlaSerGlyGlnLeuSerA

GATCGCCCGTGCCACAAAAGGTGGTAAGAAGTCCCTGCTCTTCTCCAGTTTCACCTGTCGCCTCGACTGAATTGCTGTTACAGACACAGA
rgSerProValProGinLysValValArgSerProCysSerSerProValSerProValAlaSerThrGluleuleuleuGInThrGinT

CGTGTGCCACACCGCTGCAACAGCAAGTAATCAAACAGGAATACGTCAGTACCAACATTAGCAGCAGCAGCAACGCACAGACTTCCCCGC
hrCysATaThrProLeuGInGInGInValllelysGInGluTyrValSerThrAsnlleSerSerSerSerAsnAlaGinThrSerProG

AGCAGCAGCAGCAAGTTCAGAACCTGGGATCGTCGCCTATTTTACCCGCGTTCTACGACCAGGAGCCCGTGAGCTTCTACGACAACGTAG
1nGInGInGInGInValGlnAsnteuGlySerSerProlleleuProAlaPheTyrAspGInGluProValSerPheTyrAspAsnValV

TCCTTCCCGGATTCAAGAAGGAATTCAGCGATATTTTGCAGCAAGATCAGCCCAACAATACAACCGCTGGCTGCCTTTCGGACGAGAGCA
all.euProGlyPheLysLysGluPheSerAspllelLeuG1nGlnAspGlnProAsnAsnThrThrAlaGl yCysleuSerAspGluSerM

TGATCGATGCCATTGACTGGTGGGAGGCACATGCACCTAAATCTAATGGTGCATGCACCAATCTGTCCGTTTAGCCGAATTTTTTCACAT
etlleAspAlalleAspTrpTrpGluAlaHisAlaProLysSerAsnGlyAlaCysThrAsnLeuSerValEnd

CACGCATCTCGGAAAAGCCGATTGCATTTTTTGGCATACTTTTTAAATGATTTTAAATCCTCACAGCATAAGTCTGTGGCAGGCCATTCT
ATCTAAAGTTTTTTTTAATCAAGCCATGACTGAGTCATTGTGTAAATATCAATTTAAGCCGAGAAAGGAGGATAACTTCGGCCAGCCGAA
GCTTATATACCTYTGCTGTTAAAACCATGTATTTAATATGAAAGTTCGCACAATTTCGATGAAGTTTATCACAAATTTACGATTTCATCA

AGATTTGTATATTCTCCAAATTCTATAAAATATATGTACATTTTTGATTCTTGCTATGGTACTTGTACGTATGATATTGTTGATCGATCC
------ )
n

TGCCCGAGTCACCTTTTATATCACCAGACATGCCGATCATGAATATTTATTGATGTGGGGCTGGAA 1903

ase SEQUENCE. Strain, Canton S. Accession X51532 (DROASE).
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Developmental Pattern

The pattern of ase expression is very different from that of the other three genes
in the sc family. Expression does not initiate until the extending germ-band
stage (late stage 8 embryos); then ase transcripts occur in neuroblasts after they
have segregated from the ectoderm. After germ-band retraction (stage 13),
expression in the segmented region of the embryo ceases, but ase transcripts
persist in the presumptive optic and procephalic lobes (Alonso and Cabrera
1988; Gonzalez et al. 1989). Expression of ase is also evident in late third instar
larvae, occurring throughout the central nervous system in many of its actively
proliferating cells (Gonzalez et al. 1989).
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The Actin Genes: Act5C, Act42A, Act57B,
Act79B, Act87E, Act88F

Chromosomal Location: Map Position:
Act5C X, 5C3-4 1-[14]
Act424 2R, 42A 2-[55.4]
Act57B 2R, STB 2-[97]
Act79B 3L, 79B 3-[47.5]
Act87E 3R, 87E9-12 3-[52.3]
Act88F 3R, 88F 3-57.1
Products

Actins, cytoskeletal and contractile proteins.

Structure

There is great similarity between Drosophila and mammalian actin amino acid
sequences. Vertebrates have two distinct families of actins, one family as
cytoplasmic filaments and the other occurring in muscle fibers. All Drosophila
actins are more similar to vertebrate cytoskeletal actins than to muscle actins,
but Act5C and Act42A are especially so (Fig. 2.1) (Fyrberg et al. 1981; Sanchez
et al. 1983).

Tissue Distribution and Function

Act5C and Act42A4 encode cytoplasmic actins present in all tissues; Act57B
and Act87E encode larval and adult intersegmental muscle actins; Act79B
encodes thoracic and leg muscle actins and Act88F flight muscle actin (Fyrberg
et al. 1983; Sanchez et al. 1983; see aslo Fyrberg et al. 1991 and Sparrow et al.
1991).
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61

ActB8F T T T D AT C A Q L SCI VYN v S
Act798B S T 1 Q AT T AQ L SC1 VYQ v N
Act578 S T ! Q AT c S Q t SCT VYN v 1
Act87E S T { Q AT c s Q L SCT VYN v 1
ActSC ST 1 Q SS C A H L SCT TYN v T
Act42A S T 1 Q S$S c s Q L ACL TN v T
Muscyt S T 1 Q SS cC A Q L SCI TFN v T
Musmus S V 1 N $S c 17TQ 1 SALT TYN 1 N
CON -F-TTAEREI VRD-KEKLCY VALDFE-EMA TAA-S-SLEK SYELPDGQVI TIGNERFR-P E-LF-PSF-G ME--G-HET- --SIMKCD~D IRKDLYAN-Y
201 250 300
Act88F L T I 1 L L IS @ S S *
Act79B L A M I S L IS Q S 6 *
Act578 M S 1 1 S L IS E S G *
Act87E M A 1 1 S L 1s Q S G *
Act5C L A M 1 S S 15 Q S S *
Act4?A L A M v S L 1S Q S S *
Muscyt L A M I S L IS Q S S *
Musmus M A M 1 S L IT Q A S *
CON -SGGTTMYPG IADRMQKEIT -LAPST-KIK I-APPERKYS VWIGG-ILAS -STFQQMW-- K-EYDE-GP- IVHRKCF-
301 350 378

Fi1G. 2.1. Comparison of the six Drosophila actins to the mouse striated muscle and cytoskeletal actins. The
CON(sensus) line displays all positions for which there is total agreement among the sequences. Where there
is no such agreement, the residues occupying that position in each sequence is indicated. The sequence of
Act57B is known from a cDNA. There is 989, overall identity between the Drosophila and mouse cytoskeletal
proteins.



20 AN ATLAS OF DROSOPHILA GENES

Mutant Phenotype

Mutations in Act88F affect only the development of indirect flight muscles, and
mutants are viable (Karlik et al. 1984; Mahaffey et al. 1985; Okamoto et al.
1986). Some mutations, such as Act88F*M88 and Act88F¥M129 are recessive
hypomorphs producing severely altered proteins that fail to accumulate. Other
alieles, those with more subtle changes such as Act88F*M75, are antimorphs;
they are dominant even in the presence of two normal alleles and often result
in the expression of heat-shock genes, probably induced by the accumulation
of denatured muscle proteins (Okamoto et al. 1986; Drummond et al. 1991).

Common Features of Gene Organization and Expression

Open reading frame, 376 amino acids. Although coding sequences are 85-95%,
conserved among all Drosophila actins, the position of introns is not constant
(Fyrberg et al. 1981; Fig. 2.2). Transcription from the six genes is differentially
modulated during development, in accordance with the tissue distribution of
their products (Bond-Matthews and Davidson 1988; Burn et al. 1989; Tobin
et al. 1990).

Act5C

Gene Organization and Expression

Determination of 5" and 3" ends was by S1 mapping and by RNase protection
studies, primer extension and sequencing of several ¢cDNAs. Transcription
occurs from two main initiation sites. The upstream site is preceded by a
putative TATA box, and the position of the 5’ end seems to be quite invariant.
The downstream initiation site lacks a canonical TATA box, and there is some
microheterogeneity in the 5" end, although the main site seems to be —712. Both
leaders have introns with donor sites at — 1,675 and —602 and a common
acceptor site at — 7 (Act5C Sequence and Fig. 2.2). Three major and two minor
alternative poly-A sites exist, and it is probable that all possible combinations
of initiation and polyadenylation sites are used. The major classes of mRNAs
would range from 1,524 to 1,919 bases. Three mRNA bands resolved by
northern analysis are 1.8 kb, 2.0 kb and 2.3 kb long (Fyrberg et al. 1981; Bond
and Davidson 1986; Vigoreaux and Tobin 1987; Chung and Keller 1990a).

Developmental Pattern

The gene for the cytoplasmic actin 5C is, as would be expected, transcribed in
all tissues. Its maternal mRNA is uniformly distributed in preblastoderm
embryos. During blastoderm formation this mRNA becomes localized in a
peripheral layer; and, as tissue differentiation proceeds, it remains present in
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Fi1G. 2.2. Organization of the six actin genes.
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Act5C

ATTTTéTACAAAAACATGTTATCTA*AGATAATTT%GTTGCAAAA%ATGTTGACTATGACAAAGA%TGTATGTATATACCTTTAA%GTAT
rcTCAfTTTcrTATG%ATTTATAATGGCAATGATGATACTGATGA%ATTTTAAGA}GATGCCAGAECACAGGCTGATTTCTGCGT&TTTT
GCCGAACGCAGTGCA%GTGCGGTTG%1GTTTTTTGéAATAGTTTCAATTTYCGGAéTGTCCGCTT%GATTTCAGT%TCTTGGCTTATTCA
AAAAGEAAAGTAAAGécAAAAAAGcéAGATGGCAA%ACCAAATecéecAAAACGG}AGTGGAAGGAAAGGGGTGcéGGGCAGCGGAAGGA
AGGGTEGGGCGGGGCGTGGCGGGGTéTGTGGCTGGGCGCGAcGrcAccGACGTTGéAGCCAcrcc%TTGACCATG%GTGCGTGTG%GTAT
TATTcéTeTcTceccAcTCGCCGGTfGTTTTTTTc%TTTTATCTcécTcTCTCTAGCGCCATCTcéTACGCATGC%CAACGCACC&CATG
TTﬁccéTGTCCTTTA%GCGTCATTT%GGCTcGAAAfAGGCAATTAfTTAAACAAA&ATTAGTCAAéGAAAAcscTAAAATAAATAAGTCT
ACAATATGGTTAcTTATTGcCATGTéTGTGCAGCCAACGATAGCAACAAAAGCAAéAACACAGTGécTTTCCCTC%TTCACTTTT%GTTT
GCAAG&GCGTGCGAGéAAGAcGGCAEGACCGGCAAACGCAATTAcécTGACAAAGAGCAGACGAAéTTTTGGCCGAAAAACATCAAGGCG
ccrGA%AceAATGCA%TTGCAATAAEAATTGCGATATTTAATATTGTTTATGAAGéTGTTTGAcr%cAAAACACAEAAAAAAAAAAATAA
AACAAATTATTTGAAAGAGAATTAGéAATCGGACAéCTTATCGTTACGGGCTAACAGCACACCGAéACGAAATAGéTTACCTGACGTCAC
AGccréTGGAAGAACfGCCGCCAAGéAGACGATGcAGAGGACGACAcATAGAGTAGCGGAGTAGGECAGCGTAGTACGCATeTGciTGTG
TGTGAéGCGTCTCTC+CTTCGTCTCéTGTTTGCGCAAACGCATAGACTGCACTGAéAAAATCGAT*ACCTATTTT%TATGAATGAATATT
TGCAC%ATTACTATTEAAAACTATTAAGATAGCAA%CACATTCAA%AGCCAAATA&TATACCAccfsAGceATGcAACGAAATGA%CAAT
11GAGEAAAAATGCTGCATATTTAGGACGGCATCA+TATAGAAATGCTTCTTGCTGTGTACTTTTETCTCGTCTGGCAGCTGTTTéGcce
TTATTGYTAAAAcceécTTAAGTTAéGTGTGTTTTETACGACTAG%GATGCCCCrAcTAGAAGATGTGTGTTGCA&AAATGICCC%GAAT
AACCAATTTGAAGTG&AGATAGCAG%AAACGTAAG&TAATATGAAfATTATTTAA&TGTAATGTTfTAATATcechGACATTAc+AATA

AACCCACTATAAACACATGTACATATGTATTGTTTTGGCATACAATGAGTAGT TGGGGAAAAAATGTGTAAAAGCACCGTGACCATCACA
-------- A5Ce3 ------cA5Ce3 --------A5Ce2

GCATAAAGATAACCAGCTGAAGTATCGAATATGAGTAACCCCCAAATTGAATCACATGCCGCAACTGATAGGACCCATGGAAGTACACTC
TCATGGCGATATACAAGACACACACAAGCACGAACACCCAGTTGCGGAGGAAATTCTCCGTAAATGAAAACCCAATCGGCGAACAATTCA

TACCCATATATGGTAAAAGTTTTGAACGCGACTTGAGAGCGGAGAGCATTGCGGCTGATAAGGTTTTAGCGCTAAGCGGGCTTTAATAAA

. . -->-1821 . . . . .
ACGGGCTGCGGGACCAGTTTTCATATCACTACCGTTTGAGTTCTTGTGCTGTGTGGATACTCCTCCCGACACAAAGCCGCTCCATCAGCC

AGCAGTCGTCTAATCCAGAGACACCAAACCGAAAGACTTAATTTATATTTATTTAATTAATTTTAATAAAACACACCAAATGTAAGTAGC

TTTCCCCTTCCCAACAACAAAACACCATCGAACCACTCCCACCAAGAAAAAGCAATAATCGAGAAAAGCCGCGGAAAATGTGTGATTTTT

TTTGTAAACAAAATTTTTTTATGTGCCAGTGCTGAAAGTGATCAAAARATACTAGCCACGAGCTAAAGAGTTATTGTATTGACCAAAACT
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CCAAAAATACCCAAG%TTGGCCCTAAATTGTCAATéAAAATACCAATAGGTCGAAAGACATCAAAATTAACAAAA&CAGGGTTTCAAATA
CCATAACTCAAGAAT&AGGATTACAACTGCAGATT%CAGGATATA%ACATACAAA%TATAGCAAA%TATAAAAAC&AAAGCAATT&ATAG
CCCCAACTCAAATGT%AGGATCTAA%ATAGTGTTTAAAGCCAAGC%CGCTGATGTéGGCGTGTCAéGATTTCACC&AAAGATATG&CAAA
TTACGAATTGCAAAT&AATTCGCCAACACTTCTTT%TTTCCCACGéCTAAAACACAGATCATCATAAATGTACATACATACAGTA%ATGC

ATATTATAATCTGTAAACTAGATCAGGTTCTTGAAAATAGTGACGTAGGAGCCGTTTTGGCTGAAGCAGAAATTTTTGCCGGTTTTTCAA

AGTTGTAGTTGCAAAAATGGAGAAAACCTTCGAGCATTCGTTCATATACACACACTCACGCGCAAAATAACGAGAGAGAGTGTATGTGTG

TGTGAGAGAGCGAAAGCCAGACGACGGTTTGCTTTTCGCCTCGAAACATGACCATATATGGTCACAAAACTTGGCCGCCGCAATTCAACA

CACCAGCGCTCTCCTTCGCACCCATAGCGACCATGGCGCGGAGCGAGCGAGATGGCGAGAGCGAGCGACGCTATGGCGACGTCGACGCAG
Q== -=-> s>

. . . . . -->-712 -->-704 (minor) .
GCAGCGATTGAAAAACGCAGTTAACTGGCATTCAACATTCACCAGCCACTTTCAGTCGGTTTATTCCAGTCATTCCTTTCAAACCGTGCG

GTCGCTTAGCTCAGCCTCGCCACTTGCGTTTACAGTAGTTTTCACGCCTTGAATTTGTTAAATCGAACAAAAAGGTAAAGTTTAACTAGC

TTTGAAAAGTTTCGTéGCTCTTAAT%GTTAAATTT%CTAGAGTGC&TTTAGTGTT%TTTTTTTTT%TTATTTTGTAATGTTAATT%CGGG
TTCCAATTCGAGTTT+AGGCAGCCG&CATTTTAAGéGCGCATACAéACAGGCAAC%GTGCTCTCT%TGCGGCTTTéTTTTGCACCéGCAT
TCGTTAAGCTGTCGT&TAGAAGCTT&TCCCCTCCC%TTTCGGCATATTCGTATTG%GGTTTTAAT%TTTCGGGGC&GGGCTTCTA%TTTG
TAACTéTTCTTTTAA%TTCTTATTA&AATTCGATCéCAAGTGAAAATCAGTTTTCAATCGGAAAA&TATTTTTTTATGAAATTTT%TTTT
GTCCAAGATTAAAAT%TTGTACTAAAAAAACGTACATTGCATTGA&TGATTTTTAATTGTACACGAAAAACAAGT%AGTTTGTTA%GACA

ATTGTACTTTGGTAGACCAGCGCAGTCCAAGGAGACCACGCAAATTCTCAGT TTTTTTTTTGCCATTTCTACATTACCAAATAAGGTAAC

. ) . T . ) ) )
CAAAAACTAATGGGAAATCCGCATTCTTTCCATTGCAGCT TACAAAATGTGTGACGAAGAAGT TGCTGCTCTGGTTGTCGACAACGGCTC
I_ MetCysAspGluGluValAlaAlaleuValValAspAsnGlySe

TGGCATGTGCAAGGCCGGATTTGCCGGAGACGATGCTCCCCGCGCCGTCTTCCCATCRATTGTGGGACGTCCCCGTCACCAGGGTGTGAT

rGlyMetCysLysA1aGlyPheAlaGlyAspAspAlaProArgAlaValPheProSerileValGlyArgProArgHisGInGl yValMe

GGTCGGCATGGGCCAGAAGGACTCGTACGTGGGTGATGAGGCGCAGAGCAAGCGTGGTATCCTCACCCTGAAGTACCCCATTGAGCACGG
tValGlyMetGlyGInLysAspSerTyrValGlyAspGluAtaGinSerLysArgGlylleleuThrleulysTyrProlleGluHisGl

TATCGTGACCAACTGGGACGATATGGAGAAGATCTGGCACCACACCTTCTACAATGAGCTGCGTGTGGCACCCGAGGAGCACCCCGTGET
yIleValThrAsnTrpAspAspMetGluLysI1eTrpHisHisThrPheTyrAsnGluleuArgValAlaProGluGluHisProvalle

GCTGACCGAGGCCCCGCTGAACCCCAAGGCCAACCGTGAGAAGATGACCCAGATCATGTTCGAGACCTTCAACACACCCGCCATGTATGT
uLeuThrGluAlaProlLeuAsnProlysATaAsnArgGluLysMet ThrGinl1eMetPheGluThrPheAsnThrProAlaMet TyrVa

(continued)
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GGCCATCCAGGCTGTGCTCTCGCTGTACGCTTCGGGTCGTACCACCGGTATCGTTCTGRACTCCGGCGATGGTGTCTCCCACACCGTGCC
TAlalleGInAlaValleuSerLeuTyrAlaSerGlyArgThrThrGlylleValLeuAspSerGl yAspGlyValSerHisThrvalPr

CATCTACGAGGGTTATGCCCTCCCCCATGCCATCCTGCGTCTGGATCTGGCTGGTCGCGATTTGACCGACTACCTGATGAAGATCCTGAC
olleTyrGluGlyTyrAlaLeuProHisAlalleleuArgleuAspleuAlaGl yArgAspleuThrAspTyrLeuMetLysIleleuTh

CGAGCGCGGTTACTCTTTCACCACCACCGCTGAGCGTGAAATCGTCCGTGACATCAAGGAGAAGCTGTGCTATGTTGCCCYCGACTTTGA
rGluArgGlyTyrSerPheThrThrThrAlaGluArgGlulleValArgAspllelysGlulysLeuCysTyrValAlaleuAspPheGl

GCAGGAGATGGCCACCGCTGCCAGCAGCTCCTCGTTGGAGAAGTCCTACGAGCTGCCCGACGGACAGGTGATCACCATCGGCAACGAGCG
uGInGluMetAlaThrAlaAlaSerSerSerSerLeuGlulysSerTyrGlulLeuProAspGlyGinVallleThrileGlyAsnGluAr

TTTCCGCTGCCCCGAGGCCCTGTTCCATCCCTCGTTCCTTGGGATGGAGTCTTGCGGCATCCACGAGACCACCTACAACTCCATCATGAA
gPheArgCysProGluAlaleuPheHisProSerPheLeuGlyMetGluSerCysGlylleHisGluThrThrTyrAsnSerlleMetly

GTGTGATGTGGATATCCGTAAGGATCTGTATGCCAACACCGTGCTGTCCGGTGGCACCACCATGTACCCTGGCATCGCCGACCGTATGCA
sCysAspValAsplleArgLysAspLeuTyrAlaAsnThrValLeuSerGlyG)yThrThrMetTyrProGlylleAlaAspArgMetGl

GAAGGAGATCACCGCCCTGGCACCGTCGACCATGAAGATCAAGATCATTGCCCCGCCAGAGCGCAAGTACTCTGTCTGGATCGGTGGCTC
nLysGlulleThrAtaleuAlaProSerThrMetlysIlelysIlelleAlaProProGluArglysTyrServalTrplleGlyGlySe

. . . . . . . -->1108 (X) .
CATCCTGGCTTCGCTGTCCACCTTCCAGCAGATGTGGATCTCCAAGCAGGAGTACGACGAGTCCGGCCCCTCCATTGTGCACCGCAAGTG
rlleleuAlaSerLeuSerThrPheGInGlnMetTrplieSerlysGInGluTyrAspGluSerGlyProSerIleValHisArglysCy

CTTCTAAGAAGGATCGCTTGTCTGGGCAAGAGGATCAGGATCGGGATGGTCTTGATTCTGCTGGCAGGAGGAGGAGGAGAAGTCGAGGAA
sPheEnd  (376) MetValleulleleuleuAlaGlyGl yGlyGlyGluValGiuGlu

GCAGCAGCGAAAGTGCAAGTGCGAGTGGTGGAAGT TTGGAGTGCAGCACAACAAAATCAACAACAACACCAACTACAAGATGAAAAGAGC
AlaAlaAlalysValGlnValArgValValGluVal TrpSerAlaAlaGInGInAsnGInG1nGInHisGInLeuGlnAspGlulysSer

GGAACCACCTGCCACACCATCATCACTATCATCATCGTTTTGGGCGCATGTTGTGTGGTTCCAGCGTATTAATATAATTAATTTATTCCA
GlyThrThrCysHisThrIlelleThrllellelleVallLeuGl yAlaCysCysValValProAlaTyrEnd

TGAGATATGATATGATATACTATGTATTTTTTGTTTTTTTTTTATTTGTAAACCTTTAATATAACAAGAACTACAAAAAAGTGAAAATGA
la), [M),  zzzz==- (x) Ly, ()

GCGAAAATGCATATTCTGCCATTCCACACACACACCAACAACACCCAACACACGCACACCCACAAGCTTACACACACACACATTCGCGGC
ATGACAAGGACATCAAGATAAAGAAGAACTTAAAGAAGATATTTCCCAAAGCGCAAAAAGAACACACACACATTGCAAAACACAAACAAC

ACACTAGCGTTTTGTACAATTCGTCAGCAACCTTATGTATTATTTTTTAATTATGATGTAATTATAAACAAAGTGAAACAAAAATATGAA
fw, e
n e

AACAAAAAGGAAAATCAAATCTGTCTTCTCTTTCTCCCGCTCTCCTCGCTCTCTGCTGCTAACCTCGCCCTCTCCTCTCTCATCTTTTTG
[(m),,

TCTGTCTCTCTTCACATTTTTGCCGGCCGGCAAAATAATAACCCACACACACTCACACTTGGCTGCAGT TTCGCGTGCGATATTCACACA
CATTCAAGCATACATACATATGYATTTTTTTTTTATTTGTACACTTTTCTAATTGCATGCGTATCGATTGATAAGT TTACGCTGAAAATG

TTAATTAAAATGTGAAAATGCAACTGAAAAACTGATGAAATGAAACAACAACAAGCGAACAA 2086
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all organs. There is a slightly greater accumulation of 4Act5C mRNA in the
anterior and posterior segments of the prospective midgut, apparently due to
increased transcription from the distal initiation site (Burn et al. 1989). Both
cytoplasmic actin genes, Act5C and Act42 A, are the only actin genes transcribed
in Kc cells, with A¢t5C transcripts being 6-8 fold more abundant. The level of
Act5C transcript increases 3-5 fold in response to 20-hydroxyecdysone treat-
ment (Couderc et al. 1987). Most Act5C mRNA is associated with polysomes
(Rao et al. 1988).

Promoter

The two transcription initiation sites respond to independent regulatory
regions, as shown by the expression of a reporter gene in cultured cells (Bond-
Matthews and Davidson 1988). The distal promoter is the stronger and
is developmentally regulated; the proximal promoter is uniformly expressed in
all cell types (Vigoreaux and Tobin 1987; Burn et al. 1989).

Distal Promoter The controlling elements of the distal promoter include one
that extends between 2,071 and 1,866 bp upstream of the transcription initiation
site and several others that lie within 540 bp of the 5" end. These were identified
by reporter gene expression essays performed in cultured cells (Bond-Matthews
and Davidson 1988; Chung and Keller 1990b). A bipartite element between
—2,343 and — 2,182 strongly represses expression, and three elements with a
positive effect on expression are found between —2,182 and - 2,099, between
—2,068 and —2,040 and between — 1,911 and —1,864. The segment between
—2,182 and —2,099 has the strongest effect, and footprinting and mutational
analysis identified ASCe2 (Act5C Sequence) as the main regulatory element in
this region. In vitro mutagenesis identified two other elements, A5Ce3 and
c¢A5Ce3 (Chung and Keller 1990b).

Proximal Promoter The proximal promoter contains three elements involved
in the control of transcription, which were identified by band-shift assays,
footprinting and expression of a reporter gene (Chung and Keller 1990a): (1) a
14-bp segment between — 1,038 and — 1,025 (ASCel in the Act5C Sequence)
that is necessary for full expression; (2) the 98 base pairs between —872 and
— 774 whose effect is probably due to the presence of three copies of the GAGA
transcription factor binding sites (Biggin and Tjian 1988); and (3) the segment

Act5C SEQUENCE (opposite). Mostly from Canton S. Accession, X15730
(DROACTSCB), X06382 (DROSCACT1), X06383 (DROSCACT?2), X06384
(DROSCACT3), M13586 (DROACTSC2). Two bases, —819 and — 820, were
corrected as suggested by Chung and Keller (1990a). Arrows between — 855 and
— 766 underline potential binding sites for the GAGA factor. The initiation and
termination of the 3’ transcriptional unit are marked by X.
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Act42A
TCGAATTTTGAGAACACTGCATAATTTTTAAATGCATTTTCAAGGATTCTTAGATCATTTCTAATTTGTTGATAACACGTCAGTATACCA

ATGAATAAAAAATTTTAAAAAAAGTCCGCTCTCCAGTCTTCACCGTTTCCAACTTATCGCACATTTATTGTTGGTGGAGTCACTTCGGAA
. . . . . . . -->-257

GTAAAAAAGACCATAATTTTATGCGTATATGGTCACACTACTTTTCAACACTTTAACTCGAAAAGTAGCGTCGTCAATTCAATCTTAAAG

CGTCTGTCATTGTGCTAAGTGTGTGCAGCGGATAACTAGAAACTACTCCTACATATTTCCATAAAAGGTAAGACTCCTGCCCAACACTTT

R

TITTTTGTCTGTGCGGTCATTATTATTCCTTTCTGGAAGGGGTCGGTCCCGTCTGCGTTCTTTTTTACGTTAGCCGCTGTCCTGTCTCCT

. . . . ]. . . . .
TGTTTTTTTAGTGTACACATCCAGATTTCTTTTCTCTTGCAGATCCAAATAAAATTTCTACAAAATGTGTGACGAAGAGGTTGCAGCTTT
I MetCysAspGluGluValAlaAlale

AGTGGTCGACAACGGATCCGGCATGTGCAAAGCCGGCTTTGCCGGTGATGACGCACCGCGTGCAGTTTTTCCTTCTATTGTCGGCCGTCC
uValValAspAsnGlySerG) yMetCyslLysAlaGlyPheAlaGlyAspAspAlaProArgAlaValPheProSerlleValGlyArgPr

ACGTCACCAGGGCGTAATGGTAGGAATGGGACAAAAGGACTCTTATGTCGGCGATGAGGCACAGAGCAAACGTGGTATCCTTACCCTGAA
0ArgHisGInGlyValMetValGlyMetG)yGInLysAspSerTyrValGlyAspGluAlaGinSerLysArgGlylleleuThrieuly

GTACCCCATTGAGCACGGTATCGTGACTAACTGGGACGACATGGAGAAGATCTGGCATCACACTTTCTACAACGAGCTTCGTGTGGCCCC
sTyrProlleGluHisGlylleValThrAsnTrpAspAspMetGlulysIleTrpHisHisThrPheTyrAsnGluLeuArgValAlaPr

GGAGGAGCACCCCGTCTTGCTTACTGAGGCTCCTTTGAACCCCAAGGCTAATCGCGAAAAGATGACTCAGATTATGTTTGAAACCTTCAA
0GluGluHisProvalleul.euThrGluAlaProleuAsnProLysAlaAsnArgGlul ysMet ThrGInlleMetPheGluThrPheAs

CACTCCGGCCATGTATGTTGCCATCCAAGCGGTGCTTTCTCTCTACGCCTCCGGCCGTACCACAGGTATCGTGTTGGACTCCGGGGACGG
nThrProAlaMetTyrValAlalleGInAlaValleuSerLeuTyrAlaSerGlyArgThrThrGlylleValleuAspSerGlyAspGl

TGTCTCCCATACCGTGCCCATCTATGAGGGC TACGC TCTGCCGCACGCTATCCTCCGCTTGGATCTAGCCGGTCGCGATTTAACCGACTA
yValSerHisThrValProlleTyrGluGlyTyrAlaLeuProHisAlalleleuArgleuAspleuAlaGlyArgAspleuThrAspTy

CCTGATGAAGATTCTTACTGAGCGCGGTTACAGCTTCACCACCACCGCCGAGCGTGAAATTGTGCGCGACATCAAGGAGAAGCTGTGCTA
rLeuMetLysIleleuThrGluArgGlyTyrSerPheThrThrThrAlaGluArgGlulleValArgAspIlelysGlulysLeuCysTy

CGTGGCCTTGGACTTCGAGCAGGAGATGGCCACGGCCGCTTCAAGCTCGTCCCTGGAGAAGTCGTACGAGT TGCCCGATGGACAGGTCAT
rValAlaleuAspPheGluGinGluMetAlaThrAlaAlaSerSerSerSerLeuGlulysSerTyrGluleuProAspGlyGinvValll

CACCATCGGAAATGAGCGATTCCGTTGCCCCGAATCGCTGTTCCAGCCGTCGTTCCTCGGCATGGAGGCCTGTGGACTTCACGAGACCAC
eThrileGlyAsnGluArgPheArgCysProGluSerLeuPheGInProSerPhel euGlyMetGluAlaCysGlyLeutisGluThrTh

CTACAACTCAATCATGAAGTGTGACGTCGACATCCGTAAGGATCTGTACGCCAACACTGTGCTGTCCGGCGGCACCACCATGTACCCGGG
rTyrAsnSerIleMetLysCysAspValAsplleArglLysAsplLeuTyrAlaAsnThrValleuSerGlyGlyThrThrMetTyrProGl

AATCGCTGACCGCATGCAAAAGGAAATCACGGCGTTGGCTCCGTCCACCATGAAGATTAAGATTGTTGCCCCGCCAGAACGCAAGTACTC
ylleAlaAspArgMetGinLysGlulleThrAlaleuAlaProSerThrMetlysITelysITeValAlaProProGluArglysTyrSe

TGTTTGGATCGGCGGCTCCATCCTAGCTTCGCTGTCTACTTTCCAGCAGATGTGGATCTCGAAGCAAGAGTACGACGAGTCGGGCCCCTC
rValTrplleGlyGlySerIleleuAlaSerLeuSerThrPheGInGlnMetTrpIleSerlysGinGluTyrAspGiuSerGlyProSe

CATTGTTCACCGCAAGTGCTTCTAA
rileValHisArglysCysPheEnd
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between —770 and —744, the position that a TATA box would normally
occupy.

Transcription unit X

This transcription unit overlaps the last few codons and 3’ untranslated region
of Act5C.

Gene Organization and Expression

Open reading frame, 68 amino acids; mRNA, 368 bases, in agreement with a
0.45 kb band detected by northern analysis. S1 mapping and primer extension
were used to determine the 5’ end. S1 mapping was used to determine the 3’
end (see Act5C sequence). This mRNA is found in polysomes and has the same
tissue and developmental distribution as Act5C mRNA. Its function is unknown
(Rao et al. 1988).

Act42A4
Gene Organization and Expression

The 5 end was determined by S1 mapping; there is no obvious TATA box in
its neighborhood. The 3’ end has not been determined. There is a leader intron
with a donor site at —177 and an acceptor site at —21. Because most of the
coding sequence was determined from a ¢cDNA, the presence of other small
introns cannot be ruled out (Act42A4 sequence) (Fyrberg et al. 1981; Couderc
et al. 1987).

Developmental Pattern

During embryonic development, Act42A transcription follows a pattern similar
to that of Act5C. The accumulation of transcripts is greatest in the midgut,
central nervous system and gonads (Tobin et al. 1990). Act424 is expressed in

Act42A SEQUENCE (opposite). Mostly from Canton S. Accession, K00670, K00671
(DROACT?2A), X05176 (DROACT42A).
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Act798
AGCTTACAAGTGTGTGCGGACCAAAAT}cTAACAATA%AACAAGACTfACAAcrTACAAAACAACTTATTTTATATCGAAATCCAGTACC
AATTTAG+TGCTCTAAG]I'TGTGGCTTAII\CTAGGGTTC“rTTAATTCGTI'\ATCCAACTTL.”:TTGCCGTAGéCATACCCGAA’\ATCGGAACAI'\TT
TTTGTGAAATCGAAATGATGTCGATCC('EACCACCCTC(.ZCCGGAAACG(.ZCTGATCCCCAGCCAGCTTA(.ZATATCGCGGI.\ATTCATCAA(‘ZAT

GTTACTAGATGAACAATTGTTCGAGATGACAGGGACATGGGCGTGGGGCCGGCGGGGCGGGACAGAACTTATTTAAATGCAGCTGCCGGA

-->-146 . . . . . .
GCGCATAACGAATCACTCTGATCGCTGTCGCTGTTGGATTTACACGTCGTGAGTGTAGTCTTGTCCGCCCATCCGAAATCCGTAACCCGC

ATAAGGGATAACCGATTCTGTTGTACCCTTGTACCCTTGTGTACCGCCCCGCACCAAACTAACCAAACATGTGTGACGAAGAAGCATCAG
MetCysAspGluGluAlaSerA

CCCTGGTCGTAGACAACGGCTCCGGCATGTGCAAGGCCGGATTCGCCGGAGACGACGCGCCCCGCGCGGTATTCCCCTCGATCGTAGGCC
laleuValValAspAsnGlySerGlyMetCysLysAlaGlyPheAlaGlyAspAspAlaProArgAlaValPheProSerlleValGlyA

GTCCCCGTCACCAGGGCGTGATGGTGGGTATGGGTCAGAAGGACTGCTACGTGGGCGACGAGGCGCAAAGCAAGCGCGGTATCCTGTCGC
rgProArgHisG1nGlyValMetValGlyMetGlyGInLysAspCysTyrValGlyAspGluAlaGlinSerlysArgGlylleleuSerl

TGAAGTACCCCATCGAACACGGCATTATCACCAACTGGGATGACATGGAGAAGGTCTGGCACCACACCTTCTACAACGAGCTGCGTGTGG
eulysTyrProlleGluHisGlyllelleThrAsnTrpAspAspMetGlulysVa) TrpHisHisThrPheTyrAsnGluleuArgValA

CCCCCGAGGAGCACCCCGTTCTGCTGACCGAGGCTCCCTTGAACCCCAAGGCCAACCGCGAGAAGATGACCCAGATCATGTTCGAGACGT
1aProGluGluHisProValleuleuThrGluAlaProleuAsnProlysAlaAsnArgGluL ysMet ThrG1nl)eMetPheGluThrP

TCAACTCCCCGGCCATGTACGTGGCCATCCAGGCCGTGCTCTCCCTGTATGCTTCCGGCCGTACCACCGGTATCGTCCTGGACTCCGGTG
heAsnSerProAlaMet TyrValAlalleGInAlaValleuSerLeuTyrATaSerGlyArgThrThrGlylleValleuAspSerGlyA

ACGGTGTCTCCCACACCGTGCCCATCTATGAGGGCTATGCCCTGCCCCACGCCATCCTTCGTCTAGATCTGGCCGGTCGCCATCTAACCG
spGlyValSerHisThrValProlleTyrGluGlyTyrAlaLeuProHisAlalleLeuArgleuAspleuAlaGl yArgHisLeuThrA

ACTACCTGATGAAGATCCTCACCGAGCGCGGCTACAGCTTCACCACCACCGCCGAGCGCGAGATTGTGCGCGACATCAAGGAGAAGCTGT
spTyrLeuMetLyslleleuThrGluArgGlyTyrSerPheThrThrThrAlaGluArgGlulleValArgAspllelysGlulysleuC

GCTACGTCGCCCTGGACTTCGAGCAGGAGATGGCCACTGCCGCCGCCTCCACCTCCCTGGAGAAGTCTTACGAGCTGCCCGATGGCCAGG
ysTyrValAlaleuAspPheGluGInGluMetAlaThrAlaAlaAlaSerThrSerLeuGlulysSerTyrGluleuProAspGlyGlnV

TAATCACCATCGGCAACGAGCGCTTCCGCACCCCGGAGGCCCTCTTCCAGCCATCGTTCCTAGGCATGGAGTCCTGCGGCATCCACGAGA
allleThr11eGlyAsnGluArgPheArgThrProGluAlaLeuPheGlnProSerPhelLeuGl yMetGluSerCysGlyIleHisGluT

CCGTCTACCAGTCCATCATGAAGTGCGACGTGGACATCCGCAAGGATCTGTATGCCAACAATGTGCTGTCTGGCGGCACTACCATGTATC
hrValTyrGInSer]leMetLysCysAspValAspIleArglysAspLeuTyrAlaAsnAsnValleuSerGlyGlyThrThrMetTyrP

CAGGTACGTAGTCTTAATTATTTAGGACCATAAAGT TCAGAGGAAATTCTTCCGAGGGAATGGGATCAAAACTATGCGGGATACTTAAAA
roG

AARAAAAACAAGTGTTACTTTATACATTCATTTGGCAGAGAGCAAATCTTTAAATAATAAAGCCTAAATATTTAGCTGAGGTTTGTAATAA
CAGTTAAAAAAAATCTTATGGAAAGTAGTATTACAAAAAAAAAAAAAAGAATTCACCTAACGGGTTATATCCTTTCCCTATATCTCATAT

TCATGCATGCTATTATTAAAATGTCATGTAATGAGTACACCAAAGCTCCACGGTCCGTAGCACCACCAATGGATTCTATTTCCGCCTCTT
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CAGGTATCGCTGACCGTATGCAAAAGGAAATCACCGCACTTGCCCCGTCCACCATGAAGATCAAGATCATCGCCCCGCCAGAGCGCAAGT
1ylleAlaAspArgMetGinLysGlulleThrAlaleuAlaProSerThrMetLysIlelysIlelleAlaProProGluArglysT

ACTCCGTCTGGATCGGTGGCTCCATCCTGGCTTCGTTGTCCACCTTTCAGCAGATGTGGATCTCCAAGCAAGAGTATGACGAGTCCGRTC
yrSerValTrplleGlyGlySerlleleuAlaSerLeuSerThrPheGinGinMetTrplleSerLysGInGluTyrAspGluSerGlyP

CCGGCATCGTCCACCGCAAGTGCTTCTAAGCATCCAGGCCACCCAAACCAGGTCAACATCTCCTCGAGGCGCGGCCCTGGTGTTTGTCTC
roGlylleValHisArglysCysPheEnd

CAGCGTAAGACATCCGACTAGGCGTCGGCGCACAGGGTCCGAGGACCGCAGT TCACTGAAAAGATCCTTAAATAACATTTAGTCGATGAA

GAAGTTTTAACA 1654

Act79B SEQUENCE. Strain, Canton S. Accession, M18829 (DROACT79B).

Kc cells and transcription is enhanced 6-8 fold in the presence of 20-
hydroxyecdysone (see Act5C; Couderc et al. 1987).

Act57B

Gene Organization and Expression

The 5’ and 3’ ends were not determined. There is an intron in the Gly-14 codon.
Most of the coding sequence was determined from ¢cDNA clones only; and the
presence of other small introns cannot be ruled out [Fyrberg et al. 1981;
Accession, K00672 (DROACT7A1) and K00673 (DROACT7A3)]. The amino
acid sequence is shown in Fig. 1. In embryos, transcripts are detectable in the
developing musculature of the future larval body wall (Tobin et al. 1990).

Act79B

Gene Organization and Expression

The 5" end was determined by S1 mapping. The 3" end has not been determined.
There is an intron within the Gly-309 codon (Act79B Sequence) (Fyrberg et al.
1981; Sanchez et al. 1983).

Developmental Pattern

Transcription is undetectable in embryos (Tobin et al. 1990), it increases during
the first larval instar, peaks during the second instar and diminishes in the third
instar and in prepupae. Another small burst of transcription occurs during
pupation (Sanchez et al. 1983). Studies of transcript distribution and the pattern
of expression of a reporter gene controlied by 4 kb of the Act79B promoter
region showed that transcription starts in midpupae (at 168 h) and continues

1372
(338)

1462
(368)

1552
(376)

1642



-981

-891

-801

-711

-621

-531

~441

-351

~261

-171

99

189

279

369

459

549

639

729

30 AN ATLAS OF DROSOPHILA GENES

Act87F
TATTAGAAAAC&ATCACACAA+AGAAAATAGGTACAAAATAéATAATTTTCATTCCATCATATGCGCTTTAéAAAAATCTA%ATTTTCTC
A%AACATATTT%GAGCCATCr}TccTGCAGTéCACCATCTGGGAAATTATGAACGAAGCGAGCAGAAGrccAAAAGCAAAAATCCTACGA

RAACAAATTATTTTTAAAAGAAACTCAGAATCTCCCCCCGCCGGCGUAATGTGCATCCATGTGCACATGTGTGCCGAGAGGTGATTGAGT

. . . . . . . -->-637.
GTGCGTGCGGAAAATATCTAAAACGACTGAGGGTCGCCAGAATGGTATAAATATTAGCGCATCTCGGTCCAGCGACCACTCGCAGTTCTA

CAGCGAAAGTGTTGATTTGGATTTCTAGTTTTTCTTCGTCTAACGGTTAGTATACTCCACATCCACCAATTCCGTCTGTCTGGTTGACTT

TTACCCAATCCGATGCTGGATCCAGTGTACAGTGCCCAACTTTCTGAAAAGAAAGATACTTTGGAAAGATAGAGATCTCAACAAACAACA

TATTTGACAAGGAGCAGAAAAAGTTCAATCAACGATCCTTAAATGTTTGGTTTTTAATAGTGACTAACTTTTGTTTAAAAAAACATTCTT
TAAAATGTTAAAACTGAAAAATATTAGTTGTTTGATCTTAAATCAAAAATTATAATTAATTAAAACTTTTATTAAAGTATGTAATATCGT
CAAAAGTTGAAGACAGCCCTTTGYTAATTATCCACGTTTCGATTAATTTTAAGGATTGCTCCTCTGCAAAGATACTCTTTCTTTTAAAGT

CATACATGTTCTGAGGCAACACCTACACGTATTTCATAATTTCACACTTACACACAAGATTACAATTAAAATCCATACCCAATCCGATTC

. . . . . . | . .
CCGAAAGCCCACTTCTCACTTCTCCTTCTAARAACCGCCTCCGTTCTCGTTGTTGTTGCAGTGAAAACAGCCAGTAGCCAAGATGTGTGA
I_ MetCysAs

CGATGAGGTTGCCGCATTGGTCGTGGACAATGGT TCCGGAATGTGCAAAGCAGGATTCGCCGGCGATGATGLGCCTCGCGCCGTCTTCCC
pAspGluValAlaAlaLeuValValAspAsnGlySerGlyMetCystysAlaGlyPheAlaGlyAspAspAlaProArgAlaValPhePr

CTCGATTGTGGGTCGTCCCCGTCATCAGGGCGTAATGGTGGGCATGGGACAGAAGGACTCCTATGTTGGTGATGAGGCCCAGAGCAAGCG
oSerlleValGlyArgProArgHisGInGlyVaiMetValGlyMetGlyGInLysAspSerTyrValGlyAspGluAlaGinSertysAr

TGGTATCCTCACCCTGAAATACCCCATCGAGCACGGCATCATCACCAACTGGGACGATATGGAGAAGATCTGGCACCACACTTTCTATAA
gGlyleleuThrieulysTyrProlleGlulisGlyllelleThrAsnTrpAspAspMetGluLysIleTrpHisHisThrPheTyrAs

CGAGCTGCGCGTCGCCCCCGAGGAACACCCCGTCCTGCTGACCGAGGCCCCCCTGAACCCCAAGGCCAATCGCGAGAAGATGACCCAGAT
nGluteuArgValAlaProGluGluHisProValleuleuThrGluAlaProleuAsnProlysAlaAsnArgGlulysMet ThrG1n]l

CATGTTCGAGACCTTCAACGCACCCGCCATGTATGTGGCCATCCAGGCTGTGCTCTCGCTGTACGCCTCCGGTCGTACCACCGGTATTGT
eMetPheGluThrPheAsnAlaProAlaMetTyrValAlalleGInAlaValleuSerLeuTyrAlaSerGlyArgThrThrGlyllevVa

CCTCGACTCCGGTGACGGTGTCTCCCACACCGTGCCCATCTACGAGGGTTACGCCCTGCCCCACGCCATCCTGCGTCTGGATCTGGCTGG
1LeuAspSerGlyAspGlyValSerHisThrValProlleTyrGluGlyTyrAlaLeuProHisAlalleleuArgLeuAspleuAlaGl

TCGCGATTTGACCGACTACCTGATGAAGATCCTGACCGAGCGCGGTTACTCATTCACCACCACCGCTGAGCGTGAAATCGTTCGCGACAT
yArgAspLeuThrAspTyrLeuMetlysT1eleuThrGluArgGlyTyrSerPheThrThrThrAlaGluArgGlulleValArgAsp])

CAAGGAGAAGCTGTGCTATGTTGCCCTGGACTTTGAGCAGGAGATGGCCACCGCCGCCGCCTCCACATCCCTGGAGAAGTCATACGAGCT
eLysGlulysleuCysTyrValAlaLeuAspPheGluGInGluMetAlaThrAlaAlaAlaSerThrSerLeuGluLlysSerTyrGlule

TCCCGACGGACAGGTGATCACCATCGGCAACGAACGTTTCCGCTGCCCAGAGTCGCTGTTCCAGCCCTCTTTCCTGGGAATGGAATCGTG
uProAspGlyGinVallleThrIleGlyAsnGluArgPheArgCysPro6luSerLeuPheGinProSerPhel euGl yMetGluSerCy
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CGGCATCCACGAGACCGTGTACAACTCGATCATGAAGTGCGATGTGGACATCCGTAAGGATCTGTATGCTAACATCGTCATGTCGGGTGG
sGlylleHisGluThrVal TyrAsnSer[leMetLysCysAspValAsplleArglysAspleuTyrAlaAsnlleValMetSerGlyGl

TACCACCATGTACCCTGGTATTGCCGATCGTATGCAGAAGGAGATCACCGCCCTGGCCCCGTCCACCATCAAGATCAAGATCATTGCCCC
yThrThrMet TyrProGlylTeAlaAspArgMetGinLysGlulleThrAlaleuAlaProSerThrilelysIlelysIlelleAlaPr

ACCGGAGCGCAAGTACTCCGTCTGGATCGGTGGCTCCATCCTGGCCTCCCTGTCCACCTTCCAGCAGATGTGGATCTCCAAGCAGGAGTA
oProGluArgLysTyrSerValTrplleGlyGlySerlleleuAlaSerLeuSerThrPheGInGlnMetTrplleSerLysGinGluTy

CGACGAGTCCGGCCCAGGAATCGTCCACCGCAAGTGCTTCTAAGCGATCTAAACACCACAGACACTGCAAACCACACGGGCATTGAGACC
rAspGluSerGlyProGlylleValHisArglysCysPheEnd

CAACCACACCACGCCACAGAACACCACACAACAACAACAAGAACAACATGAACAGCAACAACCAAATACCAAATCAAGATCTATAGCCTA
GTGCTATTGATGATTAATCTTAAGTTAAAACCTCTTGCTGCCCTGCCATCCAAAGAAAACCGAAGGAACCGCGATTGTAACAGCATGTAT
TATACTTATATTAATATTTATTGGAGAGCCGCTTGATGGCGC TGAAGGAGGAGT TGAGGAGACACAAGAATGCAAAATTTTACAGTTTTA

AAAATAAATTATACTAGCATCCTCTATAAATTAAATCTAAATTTTAAACGAAACGTATCTTTTATTCGCTGCAAGCGGCATGCTATGCGA
oz TOREIERITN

T%ATTTTTAGCéACGCACAGGAAATTACGAAATTTTGCACGéCCACTGCAAAGAGCGAAATéTGGAGGTGGATCTCCTCGA&TGGGGTGC
AéATACATATG%ACATATGTGGCTGGGGATGAGCACGGTAA%CCCAGCATA&ACGCCTCCAAGACAGTCCA%TTTTGCCCA%TGCCAGTC
GéTGCAGGAGC%GCCCCCCTCGTCGTGGATC%AAAAATACAéGCCAAAGGAAACAACAAAAéCGGCAAATCAACATGCCGAAGTATTAAC
AAATGTCTTCTAAGACTACAG%CAACCCACAéTAGATTGAAéAAATATGTGACTTTGAATG%CAGAATGTCAACTTTAAAG&GATTCGAA

AATATATATTTTTAAAACTAAACTAATTAGGAATACAAGAGCTC 1942

Act87E SEQUENCE. Strain, Oregon R. Accession, X12452 (DROACTS7EA), K00674
(DROACTST7E).

in young adults. Act79B RNA is present in the various tubular-type muscles
of the thorax: direct flight muscles, leg muscles and muscles that support the
head and abdomen. Act79B transcripts are also present in muscles surrounding
the male genitalia, but not in indirect flight muscles (Courchesne-Smith and
Tobin 1989).

Act87E
Gene Organization and Expression

Expected mRNA sizes range between 1,568 and 1,580 bases. The 5’ end was
determined by S1 mapping, by primer extension and by sequencing of several
cDNA clones. Three poly(A) sites have been identified in five cDNA sequences.
There is a leader intron with a donor site at — 577 and an acceptor site at — 20.
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Act88F

TCTAGAATGCACAATAGGCAAATTTAéTTAAGATATéAATTTTTAAATAAATGGTGAGCCCAATCAATTCAGTGGTfGAATGAch%TCA
TAAATTAAAAAATAAAéATAAGAATeéTGAACAATTéTGTTCGCAGECAATAACCTéTTecTCAATAcACGTGTCAATCAAGGCAA%CCA
AATAAAACGCTTTGGGAATGCCACCAATTCACTTCCéAGCATCAGT%CCTATCTTTAGCCAACCGA%TCGATTATT%CATGTGGGCAAGC
AATAAAAACGTAAATAGAAGAAGTAAAAAATAATTAAATCTACATAAAGGAATAAA%ACAGTTCGA%TGAGAAAATACATTTTCGC%CGG
TCTGGC%GGCAATGGT%GGTTAATTGéACTGATAAA%GGTCGGCACéGTGATTTCG&AACTTCGGGATTGCATCGG&GCCGCAATG&AAA
GTGCAG&AGCATTCTGiAGAATGcaAiTGCAAATGT60A1GCAGCT%CCTCGAGCAéCGCGCGCGGAGATCTGATCAACCTTGCGTGTTG
ATTTAT&GGTGCCGCT&TGCTTGGCG&GTCTATTTTAGATTCGCCTéGCTGCGTGC&CGTTGAAATéTCCCATTCTéCCAGTCCCTéCCG
CGGATGéCAATTGTCT%GCGTCGGTC&TTCTAAGGTECGTTTCTAT%TTCCGAAGC%CTCAGCACCéAATGAGTCG%CCGCCGCAGéAGT
cGcccA%TGGCAGCAGGATTGGGACAGAGATGGGGA&G&AGATeeeécTAATTGGCEGCTCGAGAG%GCTGATTGCEGTTTAGGTGGCCC
ATACACéGCTATCACGéACCTCTGcTAATCACTCGGéTATGGCGTTéTCTTATCYT%CGAGAGCTT%CTCTCTCCTGGCACTCCCTACAA
ATAATGAATAGGGTcc%AAGATTGATAGCTTAcTTcéATcATATATfGTCAATTAA%TAAATATTTéAGGATTAAAATATGAAACGAATT
GAACATAAAGTTTCTAETACATAGTTATTTAAGcTefTATATGTTA%GAGACCATrfTCTcAGGAT%TGTACCTAcfAACAATGTeAAAA
AAATATAAAATTGTCA%ATTTTCGCAéTTTGGAAATiCCCTCGTTTATTGAATTTA%TGGTAATCT%AATAAATGA%TCTATGCTT%ATT
AAGTAT%TAATTGTGTGGCTTCCTTTfTTTTTGrTGAAAGCGCATTAATGAGTceTéTTceTGcAAfGAGGCAchAAACTTCTGAéATG
CTCGGC&AGAAGTCTGAAAACTGCTTATATGGATCGGTTCGAGTTGATTGTTCCGCAGCACTTTCG&TCAATCTTT%TCTCAGTGC&GCA

. . . . . . -->-646
CTGGCATCCAATCAAATCGCTTCGAGGGAGAGCCGAGATATAAAAGGCAGGACAGACCGATCGGCGTGCCATTTGTTGTTGAATCTAGTT

GTCAACAGGAATCGAA&GTGCGACTC%ATCCAATTT%TCTCCTTTCéTTGACCTAAAAGGTGTGTGAGTGCGACCTéAATGTCGAAéGAT
-
CCAAGGATTATTACAGAAAAAGCCAAéAGGACTAAGéATATTAAAAéTCTTTTTAA%AAGTTCGGA%TGTTTGATGéATTTTTCTAéAAG
TCACTAATCGGTCTTCéAAAGTTCAA%ATCTAAATA%AAAGTGAAGAGTAATTGCAACGAAACGTA%TTTCAATTAATTTGATACG%TTA
AATTAAéTTCTATGAAéTATTCTTTTéCGATATTTT%AGAGCACTGATTTAGTTTCAAGTGAATAA&CAATTAGCA%GACTCAAAAéGAA

ATGGAATATACCAATTTTGGCAATTTTTCATGGTTTTATTTACTGAAATGTGCTCAAATGGACAATAGAGT TTCACTTCACTTCTTCAAT

ATCTTAAAAAGT TAAATATTTTCTTGAGACACAAATTAGTTTTCTATGTTGTCATTAAAGTAGTAGAATTTAAAGAATTGAGATGTAGGT
GGGAGCTATAAAACTTTACATATATAATCGACAGATCGAGCTAACCGAGTGCACTTCCATCTCCCYTCCAGATAAACAACTGCCAAGATG
. Met

TGTGACGATGATGCGGGTGCATTAGTTATCGACAACGGATCGGGCATGTGCAAAGCCGGCTTCGCCGGTGATGACGCTCCCCGTGLTRTC
CysAspAspAspAlaGlyAlaleuVallleAspAsnGlySerGlyMetCysLysAlaGlyPheAlaG) yAspAspAlaProArgAlaVal

-1977

-1887

-1797

-1707

-1617

~1527

-1437

-1347

-1257

-1167

-1077

-987

-897

-807

-717

-627

-537

-447

-357

-267

-177

93
(31)
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94 TTCCCCTCAATTGTGGGTCGTCCCCGACACCAGGGTGTGATGGTGGGTATGGGTCAGAAGGACTCGTACGTGGGCGACGAGGCGCAAAGE 183
PheProSerIleValGlyArgProArgHisGInGlyValMetValGlyMetGlyGinLysAspSerTyrValGiyAspGluAlaGinSer  (61)

. . . . A=KMB8 . .
184 AAGCGCGGTATCCTGACGCTGAAGTACCCCATCGAGCACGGCATCATCACGAACTGGGACGACATGGAGAAGATCTGGCATCACACCTTC 273
LysArgGlyllelLeuThrieulysTyrProlleGluHisGlyIlelleThrAsnTrpAspAspMetGlulysIleTrpHisHisThrPhe  (91)
End

274 TACAACGAGCTGCGCGTGGCCCCCGAGGAGCATCCAGTATTATTGACCGAGGCTCCACTGAACCCCAAGGCCAATCGCGAGAAGATGACC 363
TyrAsnGluLeuArgValAlaProGluGluHisProValleuleuThrGluAlaProLeuAsnProLysAlaAsnArgGlulysMetThr  (121)

364 CAGATCATGTTCGAGACCTTCAACTCGCCGGCCATGTACGTGGCCATCCAGGCCGTGCTCTCCCTGTACGCCTCCGGTCGTACCACCGGT 453
GinlleMetPheGluThrPheAsnSerProAtaMetTyrValAlalleGInAlaValleuSerLeuTyrATaSerGlyArgThrThrGly  (151)

454 ATTGTGCTGGACTCCGGCGATGGTGTCTCCCACACCGTGCCCATCTATGAGGGCTTCGCCCTGCCCCACGCCATTCTGCGTCTGGATCTG 543
eValleuAspSerGlyAspGlyValSerRisThrValProlleTyrGluGl yPheAlaleuProHisAlalleLeuArgleuAspleu  (181)

544 GCTGGTCGCGATCTGACCGATTACCTGATGAAGATCCTGACGGAGCGCGGCTACAGCTTCACCACCACCGCCGAGCGTGAGATCGTGCGC 633
AlaGlyArgAspleuThrAspTyrieuMetlysIleleuThrGluArgGlyTyrSerPheThrThrThrAlaGluArgGlullevalArg  (211)

634 GACATCAAGGAGAAGCTGTGCTACGTGGCTCTGGACTTCGAGCAGGAGATGGCCACCGCTGCCGCCTCCACCTCGCTGGAGAAGTCGTAC 723
AspllelLysGluLysteuCysTyrValAlaLeuAspPheGluGinGluMetAlaThrATlaAlaAlaSerThrSerLeuGlulysSerTyr  (241)

724 GAGTTGCCTGACGGCCAGGTGATCACCATTGGCAACGAGCGLTTCCGCTGCCCCGAGGCCCTGTTCCAGCCCTCGTTCCTGGGCATGGAG 813
GluLeuProAspGlyGlnVallleThrlleG]yAsnGl uArgPheArgCysProGluAlaleuPheGInProSerPheleuGlyMetGlu  (271)

814 TCGTGCGGCATCCACGAGACCGTCTACAACTCGATCATGAAGTGCGACGTGGACATCCGCAAGGATCTGTATGCCAACTCCGTGCTGTCC 903
SerCysGlylleHisGluThrValTyrAsnSerlleMetLysCysAspValAsplieArglLysAspleuTyrAlaAsnSerValleuSer  (301)

. . . |>=DefkM129 . . . .
904 GGCGGTACCACCATGTACCCTGGTACACGGATCGTTCGCTTCAGCAGTTGCACTTGTGCTTAATCCTTTGGTGCACTTTCAGGTATTGCC 993
GlyGlyThrThrMetTyrProG 1ylleAla  (311)

994 GATCGTATGCAGAAGGAGATCACTGCCCTGGCCCCATCGACCATCAAGATCAAGATCATTGCGCCACCCGAGAGGAAGTACTCCGTCTGG 1083
AspArgMetGlnLysGlulleThrAlaLeuAlaProSerThrileLysIlelLysilelleA)aProProGluArglysTyrSerValTrp  (341)

. . . . .A=KN75 ., . A=HH5
1084 ATCGGTGGCTCCATCCTGGCCTCGCTGTCCACCTTCCAGCAGATGTGGATCTCGAAGCAGGAGTACGACGAGTCCGGCCCCGGAATCGTT 1173
I1eGlyGlySerlleLeuAlaSerLeuSerThrPheGInGInMet TrplleSerlysGInGluTyrAspGluSerGlyProGlylleval  (371)
End Ser

1174 CACCGCAAATGCTTTTAAGTCTTCGCCCGCCGCGAAAGCTCTTCAAAGGCAGCAACCAGCAGCGACCAACAAGCATCCATCTCGACCTTA 1263
HisArgLysCysPheEnd (376)

1264 CCCAACAACCTCGGCTCGGACAGTGATAGACAAAAGCAGCGAACCCATCGCGACAACAATTATCATCCAACTCAGATTCATAGCAGATAA 1353

1354 TCAGAGGCAACCTCGGTTGTCGGTGGTTATCTTATGGCATTTCATCGGCAGCGGTATAGCGGATTTTTATTTTGAAGAACTAATCGTAAT 1443

1444 CGTAAGAGTCGTGGTCTGCTCAGG 1467

Act88F SEQUENCE. Strain, Canton S. Accession, M18830 (DROACTSSF), and
M13925 (DROACTS8H). There are several discrepancies among published sequences,
even within the coding regions; these could be due either to natural polymorphisms

(continued)
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Transcription is directed toward the telomere (Act87E Sequence) (Fyrberg et
al. 1981; Manseau et al. 1988).

Developmental Pattern

In embryos, transcripts are detectable in the developing musculature of the
future larval body wall; the level of Act87E transcript is 5-10 times lower than
for Act57B (Tobin et al. 1990).

Act88F

Gene Organization and Expression

The §' end was determined by primer extension and by ¢cDNA sequencing
(Geyer and Fyrberg 1986; Okamoto et al. 1986). The 3’ end has not been
mapped. There is a leader intron with a donor site at — 568 and an acceptor
site at —15; there is another intron in the Gly-309 codon (Act88F Sequence)
(Fyrberg et al. 1981; Sanchez et al. 1983).

Developmental Pattern

Transcription is undetectable in embryos (Tobin et al. 1990); it increases during
the first larval instar, peaks during the second instar and diminishes during the
third instar and in prepupae. There is another larger peak of expression during
pupation (Sanchez et al. 1983); at this stage, transcription is most prominent
in the indirect flight muscles (Geyer and Fyrberg 1986).

Promoter

Approximately 1,000 bp of 5’ flanking DNA are sufficient for normal levels of
RNA production and for complementation of the raised mutation (rsd). A
putative enhancer element was identified between — 1,565 and — 1,286 (Geyer
and Fyrberg 1986).
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The Actin Genes: Act5C, Actd2A, Act57B, Act79B, Act87E, Act83F 35

Bond, B. J. and Davidson, N. (1986). The Drosophila melanogaster Actin 5C gene uses
two transcription initiation sites and three polyadenylation sites to express
multiple mRNA species. Mol. Cell. Biol. 6:2080-2088.

Bond-Matthews, B. and Davidson, N. (1988). Transcription from each of the Drosophila
Act5C leader exons is driven by a separate functional promoter. Gene 62:289-300.

Burn, T. C,, Vigoreaux, J. O. and Tobin, S. L. (1989). Alternative 5C actin transcripts
are localized in different patterns during Drosophila embryogenesis. Dev. Biol.
131:345-355.

Chung, Y.-T. and Keller, E. B. (1990a). Regulatory elements mediating transcription
from the Drosophila melanogaster Actin 5C proximal promoter. Mol. Cell. Biol.
10:206-216.

Chung, Y.-T. and Keller, E. B. (1990b). Positive and negative regulatory elements
mediating transcription from the Drosophila melanogaster Actin 5C distal pro-
moter. Mol. Cell. Biol. 10:6172-6180.

Couderc, J. L., Hilal, L., Sobrier, M. L. and Dastugue, B. (1987). 20-Hydroxyecdysone
regulates cytoplasmic actin gene expression in Drosophila cultured cells. Nucleic
Acid Res. 15:2549-2561.

Courchesne-Smith, C. L. and Tobin, S. L. (1989). Tissue-specific expression of the 79B
actin gene during Drosophila development. Dev. Biol. 133:313-321.

Drummond, D. R., Hennessey, E. S. and Sparrow, J. C. (1991). Characterisation of
missense mutations in the Act88F gene of Drosophila melanogaster. Mol. Gen.
Gener. 226:70-80.

Fyrberg, E. A, Bond, B. J., Hershey, N. D., Mixter, K. S. and Davidson, N. (1981). The
actin genes of Drosophila: protein coding regions are highly conserved but intron
positions are not. Cell 24:107-116.

Fyrberg, E. A, Mahaffey, . W., Bond, B. J. and Davidson, N. (1983). Transcripts of the
six Drosophila actin genes accumulate in a stage- and tissue-specific manner. Cell
33:115-123.

Fyrberg, E., Beall, C. and Fyrberg, C. C. (1991). From genes to tensile forces: genetic
dissection of contractile protein assembly and function in Drosophila melanogas-
ter. J. Cell Sci. Suppl. 14:27-29.

Geyer, P. K. and Fyrberg, E. (1986). 5-Flanking sequence required for regulated
expression of a muscle-specific Drosophila melanogaster actin gene. Mol. Cell.
Biol. 6:3388-3396.

Karlik, C. C., Coutu, M. D. and Fyrberg, E. (1984). A nonsense mutation within the
Act88F actin gene disrupts myofibril formation in Drosophila indirect flight
muscles. Cell 38:711-719.

Mahafley, J. W., Coutu, M. D., Fyrberg, E. A. and Inwood, W. (1985). The flightless
Drosophila mutant raised has two distinct genetic lesions affecting accumulation
of myofibrillar proteins in flight muscles. Cell 40:101-110.

Manseau, L. J., Ganetzky, B. and Craig, E. A. (1988). Molecular and genetic char-
acterization of the Drosophila melanogaster 87E actin gene region. Genetics
119:407-420.

Okamoto, H., Hiromi, Y., Ishikawa, E., Yamada, T., Isoda, K., Maekawa, H. and Hotta,
Y. (1986). Molecular characterization of mutant actin genes which induce
heat-stock proteins in Drosophila flight muscles. EMBO J. 5:589-596.

Rao, J. P, Zafar, R. S. and Sodja, A. (1988). Transcriptional activity at the 3’ end of
the actin gene at 5C on the X chromosome of Drosophila melanogaster. Bioch.
Biophys. Acta 950:30-44.

Sanchez, F., Tobin, S. L., Rdest, U., Zulauf, E. and McCarthy, B. J. (1983). Two



36 AN ATLAS OF DROSOPHILA GENES

Drosophila actin genes in detail. Gene structure, protein structure and transcrip-
tion during development. J. Mol. Biol. 163:533-551.

Sparrow, J., Drummond, D., Peckham, M., Hennessey, E. and White, D. (1991). Protein
engineering and the study of muscle contraction in Drosophila flight muscles. J.
Cell. Sci. Suppl. 14:73-78.

Tobin, S. L., Cook, P. J. and Burn, T. C. (1990). Transcriptions of individual Drosophila
actin genes are differentially distributed during embryogenesis. Dev. Genet.
11:15-26.

Vigoreaux, J. O. and Tobin, S. L. (1987). Stage-specific selection of alternative
transcription initiation sites from the 5C actin gene of Drosophila melanogaster.
Genes Dev. 1:1161-1171.



3

Alcohol dehydrogenase: Adh, Adh-dup

Chromosomal Location: Map Position:
2L, 35B2-3 2-50.1
Product

Alcohol dehydrogenase (ADH; alcohol:NAD™* oxidoreductase, EC 1.1.1.1)
(Grell et al. 1965).

Structure

ADH is a homodimer with subunits of 27.4 kD, the polypeptide is 255 amino
acids long with Acetyl-Ser at the amino terminus. There are two common
allozymes, Slow (S) and Fast (F), that differ in electrophoretic mobility due to
a threonine/lysine substitution at position 192.

Unlike the ADH of other species, Drosophila ADH does not use Zn** as
a cofactor. Amino acid sequence comparisons reveal significant differences
between Drosophila ADH on one hand and ADH from yeast or horse liver on
the other (the latter two being quite similar); these observations suggest that
the Drosophila protein is not homologous to other ADHs (Thatcher 1980;
Benyajati et al. 1981). Rather, sequence comparisons show similarities between
Drosophila ADH and Klebsiella ribitol dehydrogenase (Jornvall et al. 1981).
The evolution of ADH in the genus Drosophila has been discussed by Sullivan
et al. (1990).

Function

ADH is more active on alcohols of 3-5 carbons than on ethanol and more
active on secondary than on primary alcohols (Sofer and Ursprung 1968).

Tissue Distribution

ADH activity increases very rapidly from the second larval instar to immedia-
tely before pupariation; it declines during the pupal stages and increases again

37
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for the first 4-5 days after emergence of the adult. In larvae, the enzyme is
distributed approximately equally between fat bodies and midgut (although
it is absent from the middle midgut). In adults, most of the activity is in
the fat tissues, with much lower levels in the Malpighian tubules and
the male reproductive system (Ursprung et al. 1970, Maroni and Stamey
1983).

Mutant Phenotype

Null mutants are quite sensitive to a 5%, ethanol solution. Even without an
ethanol supplement, such mutants sometimes die as first instar larvae in cultures
with very active yeast. Adh mutants, however, are more tolerant than wild-type
flies to unsaturated secondary alcohols (O’Donnell et al. 1975).

Gene Organization and Expression

Open reading frame, 256 amino acids; expected mRNA length, 1,071 bases
(distal promoter) and 1,010 bases (proximal promoter). The different-sized
transcripts carry the same open reading frame but different 5’ untranslated
regions (Benyajati et al. 1983). S1 mapping and primer extension sequencing
of mRNA were used to determine 5 ends while S1 mapping and ¢cDNA
sequences defined the 3’ end. Much of the extra length of the distal promoter
transcript is in an intron with donor site at —690 and acceptor site at —35
(Adh Sequence and Fig. 3.1). Adh also has two small introns in the coding
region. The first is after the codon corresponding to Lys-33 in the middle of
the presumptive NAD *-binding domain and the second after the codon
corresponding to Ala-168 near the boundary between the presumptive NAD *-
binding and catalytic domains (Benyajati et al. 1981).

Developmental Pattern and Promoter

The upstream, distal promoter is expressed primarily in adults while the
proximal promoter is used during larval stages (Savakis et al. 1986). Two

d p Adh Adh-dup

4 kDb

— e

FiG. 3.1. Diagram of the organization and expression of Adh and Adh-dup
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Adh
AGCTGCATTéGAAACCGCTACTCTGGCTCéGCCACAAAG%GGGCTTGGTéGCTGTTGCGéACAAGTGAGATTGCTAATGAGCTGCTTTTA -1470
GGGGGCGTG%TGTGCTTGC%TTCCAACTT%TCTAGATTGATTCTACGCTéCCTCCAGCAGCCACCCCTCéCATCCCCATéCCCATCACCA -1380

TCCAGTCCCGTTGGCTCCCAGTCACAGTATTACACGTATGCAAATTAAGCCGAAGTTCAATTGCGACCGCAGCAACAACACGATCTTTCT  -1290
----------------- depd=aef-1

ACACTTCTCCTTGCTATGCTTGACATTCACAAGGTCAAAGCTCTTAATATTCTGGCTTGTGGCCCTACACTGTAAGAAATTACTATAGAA  -1200
---cfebp = ----eoe-eo-- depl-2 --- dep3

ATAACGGTACACGGAATAAGATATTTTTTTTAGTCCATATGCTTTTAACAAATGTGTTTTGAGTTTATGTTATATTATTGTTAGAARACA  -1110
GGTGTTTTTTTTTAAATCGGT TAAAAAATTACTACGAGAGAAAAATACAAATTTTGTAAATAAGATTGACTCTTTTTCGATTTTGGAATA  -1020
TTTTCATTCATTTTATGTTTTTACGTTTTCACTTATTTGTTTCTCAGTGCACTTTCTGGTGTTCCATTTTCTATTGGGCTCTTTACCCCG -930

CATTTGTTTGCAGATCACTTGCTTGCGCATTTTTATTGCATTTTACATATTACACATTATTTGAACGCCGCTGCTGCTGCATCCGTCGAC -840

GTCGACTGCACTCGCCCCCACGAGAGAACAGTATTTAAGGAGCTGCGAAGGTCCAAGTCACCGATTATTGTCTCAGTGCAGTTGTCAGTT -750

GCAGTTCAGCAGACGGGCTAACGAGTACTTGCATCTCTTCAAATTTACTTAATTGATCAAGTAAGTAGCAAAAGGGCACCCAATTAAAGG  -660
-

AAATTCTTGTTTAATTGAATTTATTATGCAAGTGCGGAAATAAAATGACAGTATTAATTAGTAAATATTTTGTAAAATCATATATAATCA  -570
AATTTATTCAATCAGAACTAATTCAAGCTGTCACAAGTAGTGCGAACTCAATTAATTGGCATCGAATTAAAATTTGGAGGCCTGTGCCGC  -480
ATATTCGTCTTGGAAAATCACCTGTTAGTTAACTTCTAAAAATAGGAATTTTAACATAACTCGTCCCTGTTAATCGGCGCCGTGCCTTCG -390

TTAGCTATCTCAAAAGCGAGCGCGTGCAGACGAGCAGTAATTTTCCAAGCATCAGGCATAGTTGGGCATAAATTATAAACATACAAACCG  -300
- p2

AATACTAATATAGAAAAAGCTTTGCCGGTACAAAATCCCAAACAAAAACAAACCGTGTGTGCCGAAAAATAAAAATAAACCATAAACTAG  -210

GCAGCGCTGCCGTCGCCGGCTGAGCAGCCTGCGTACATAGCCGAGATCGCGTAACGGTAGATAATGAAAAGCTCTACGTAACCGAAGCTT  -120
-->-69 . ]
CTGCTGTACGGATCTTCCTATAAATACGGGGCCGACACGAACTGGAAACCAACAACTAACGGAGCCCTCTTCCAATTGAAACAGATCGAA -30
------ I

A=nll .

AGAGCCTGCTAAAGCAAAAAAGAAGTCACCATGTCGTTTACTTTGACCAACAAGAACGTGATTTTCGTTGCCGGTCTGGGAGGCATTGGT 60
MetSerPheThrLeuThrAsnLysAsnValllePheValAlaGlyLeuGlyGlylleGly (20)
Asp
.CGATC|-def|=fn6 . . I- .

CTGGACACCAGCAAGGAGCTGCTCAAGCGCGATCTGAAGGTAACTATGCGATGCCCACAGGCTCCATGCAGCGATGGAGGTTAATCTCGT 150
LeuAspThrSerlysGluleuleul ysArgAspleulys (33)

(continued)
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def .-|G=fn4 . . A=UF . A=F’
GTATTCAATCCTAGAACCTGGTGATCCTCGACCGCATTGAGAACCCGGCTGCCATTGCCGAGCTGAAGGCAATCAATCCAAAGGTGACCG
AsnLeuVallleleuAspArgIleGluAsnProAlaAlalieAlaGluleulysAlalleAsnProLysVal Thrv
Asp Glu

. |- def -|=fn24 . . T=n4
TCACCTTCTACCCCTATGATGTGACCGTGCCCATTGCCGAGACCACCAAGCTGCTGAAGACCATCTTCGCCCAGCTGAAGACCGTCGATG
alThrPheTyrProTyrAspValThrValProlleAlaGluThrThriysleuleulysThrilePheAlaGinLeulysThrValAspV

Ter

TCCTGATCAACGGAGCTGGTATCCTGGACGATCACCAGATCGAGCGCACCATTGCCGTCAACTACACTGGCCTGGTCAACACCACGACGG
alleulleAsnGlyAlaGlylleleuAspAspHisGInlleGluArgThrileAlaValAsnTyrThrGlylLeuValAsnThrThrThrA

CCATTCTGGACTTCTGGGACAAGCGCAAGGGCGGTCCCGGTGGTATCATCTGCAACATTGGATCCGTCACTGGATTCAATGCCATCTACC
lalleleuAspPheTrpAspLysArglysGlyGlyProGlyGlyllelleCysAsnlleGlySerValThrGlyPheAsnAlalleTyrG

AGGTGCCCGTCTACTCCGGCACCAAGGCCGCCGTGGTCAACTTCACCAGCTCCCTGGCGGTAAGT TGATCAAAGGAAACGCAAAGTTTTC
InValProValTyrSerGlyThrLysAlaAlaValValAsnPheThrSerSerleuAla

AAGAAAAAACAAAACTAATTTGATTTATAACACCTTTAGAAACTGGCCCCCATTACCGGCGTGACCGCTTACACCGTGAACCCCGGCATC
LysLeuAlaProlleThrGlyVal ThrAlaTyrThrValAsnProGlylle

C=F . . T=F
ACCCGCACCACCCTGGTGCACAAGTTCAACTCCTGGTTGGATGTTGAGCCCCAGGTTGCTGAGAAGCTCCTGGCTCATCCCACCCAGCCA
ThrArgThrThrLeuValHisLysPheAsnSerTrpLeuAspValGluProGInValAlaGlulysLeuleuAlaHisProThrGinPro

Thr Ser

A=D . A=nB . |-

TCGTTGGCCTGCGCCGAGAACTTCGTCAAGGCTATCGAACTGAACCAGAACGGAGCCATCTGGAAACTGGACTTGGGCACCCTGGAGGCC

SerLeuAlaCysAlaGluAsnPheVallysAlalleGluleuAsnGInAsnGlyAlalleTrpLysteuAspleuGlyThrieuGluAla
Glu Ter

. def . ~|=fn23
ATCCAGTGGACCAAGCACTGGGACTCCGGCATCTAAGAAGTGATAATCCCAAAAAAAAAACATAACATTAGTTCATAGGGTTCTGCGAAC
11eGInTrpThrlLysHisTrpAspSerGlylleEnd

CACAAGATATTCACGCAAGGCAATAAGGCTGATTCGATGCACACTCACATTCTTCTCCTAATACGATAATAAAACTTTCCATGAAAAATA

240
(59)

330
(89)

420

(119)

510
(149)

600
(168}

690
(185}

780
(215)

870
(245)

960
(256)

1050

. -->1132 (Adh-dup)

TGGAAAAATATATGAAAATTGAGAAATCCAAAAAACTGATAAACGCTCTACTTAATTAAAATAGATAAATGGGAGCGGCAGGAATGGCGG
lw, ==

AGCATGGCCAAGTTCCTCCGCCAATCAGTCATAAAACAGAAGTCGTGGAAAGCGGATAGAAAGAATGTTCGATTTGACGGGCAAGCATGT
MetPheAspleuThrGlylysHisVa

CTGCTATGTGGCGGATTGCGGAGGAATTGCACTGGAGACCAGCAAGGTTCTCATGACCAAGAATATAGCGGTGAGTGAGCGGGAAGCTCG
1CysTyrValAlaAspCysGlyGlylleAlaleuGluThrSerLysValleuMetThriysAsnlleAla

GTTTCTGTCCAGATCGAACTCAAAACTAGTCCAGCCAGTCGCTGTCGAAACTAATTAAGTAAATGAGTTTTTCATGTTAGTTTCGCGCTG

AGCAACAATTAAGTTTATGTTTCAGTTCGG 1440

Adh SEQUENCE. Slow allele from Canton S. Accession M 14802 (DROADHA). Several
other alleles have been sequenced and are listed under DROADH?* in GenBank.
Several mutations are indicated (Benyajati et al. 1982, Martin et al. 1985; Place et al.
1987; Thatcher 1980). Indicated under the sequence in the promoter regions are
binding sites for various regulatory proteins. For the Adh-dup, initiation of
transcription and translation, at 1,132 and 1,205, respectively, are suggested by
sequence comparison to Adh (Schaeffer and Aquadro 1987).

1140

1230

1320

1410
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enhancers that control expression of the two promoters were identified
(Posakony et al. 1985):

Larval Enhancer and Proximal Promoter The larval enhancer is located
between 5,000 and 1,845 bp upstream of the distal transcription initiation site;
it can stimulate transcription from the proximal (but not the distal) promoter
at all developmental stages (Corbin and Maniatis 1989a).

In the proximal promoter, three protein-binding regions were identified (p,,
p; and p, between —340 and — 140 in the Adh Sequence) (Heberlein et al.
1985). Functional assays of promoter deletions demonstrated that those are the
only regions in the neighborhood of the proximal promoter necessary for
expression (Shen et al. 1989, 1991).

Adult Enhancer and Distal Promoter The adult enhancer is located between
600 and 450 bp upstream of the distal transcription initiation site (approxi-
mately — 1,375 and —1,225 in the Adh Sequence); it stimulates transcription
from both promoters but only during the late third larval instar and in adults
(Corbin and Maniatis 1989a).

DNA-binding assays and in vitro transcription experiments defined a
cis-acting region that extends from — 860 to — 820 as necessary for transcription
from the distal promoter; a specific factor, ADF-1 (4dh distal factor 1), binds
to this region (d; in the Adh Sequence) (Heberlein et al. 1985; England et al.
1990). In addition, a general transcription factor similar to human transcription
factor SP2 is required (Heberlein et al. 1985).

Four distal enhancer binding proteins were obtained from cultured-ceil
nuclear extracts (DEP1-4) (Adh Sequence). DEP1 and DEP2 have partly
overlapping binding sites (depl and dep2) in a segment that is required for
full expression. DEP1 is FTZ-F1, a member of the steroid hormone receptor
superfamily also involved in the control of the fushi tarazu (ftz) “zebra
element” (Ayer and Benyajati 1992). The site dep4, also called aef-1, was
identified as the binding site of a repressor (Falb and Maniatis 1992).
Partly overlapping aef-1 is a binding site for mammalian C/EBP, and the
authors suggest that the Drosophila homolog of C/EBP acts to stimulate
transcription in fat body; competition between C/EBP and AEF-1 (=DEP4?)
would determine the level of transcriptional activity. Overlapping C/EBP and
QEF-1 binding sites were found in the regulatory sequences of another gene
expressed in fat body, Ypl, one of the yolk protein genes (Falb and Maniatis
1992).

Down-regulation of the proximal promoter in adults is dependent on
expression of the distal promoter, an apparent instance of transcriptional
interference (Corbin and Maniatis 1989b). Transcriptional interference and
the stage and promoter specificity of the two enhancers could explain the major
promoter switch that occurs between larval and adult stages (Corbin and
Maniatis 1989b).
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Adh-dup

The putative 5" end of this gene is positioned very near the 3’ end of Adh and
probably originated as a duplication (Adh Sequence; Fig. 3.1). It is present in
other Drosophila species (including those of the pseudoobscura group). The
amino acid sequence of the two genes is approximately 389 identical, and the
coding region introns are similarly positioned. The nature or function of the
product is not known (Schaeffer and Aquadro 1987; Kreitman and Hudson 1991).
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The a-Amylase Genes: AmyA, AmyB

Chromosomal Location: Map Position:
2R, 54A 2-71.7
Product

a-Amylase (EC 3.2.1.1)

Structure and Function

a-Amylase is a monomeric enzyme of M, 54.5 kD, which acts in the hydrolysis
of starch. The mature protein is thought to be 476 amino acids long, with its
N terminus, a derivatized Gin, being the 19th amino acid of the translation
product. The first 18 amino acids of the translation product are thought to
constitute the transport signal peptide. There is 55%, identity between Droso-
phila a-amylase and x-amylase of the mouse pancreas (Fig. 4.1) (Boer and
Hickey 1986).

Tissue Distribution

a-Amylase is most abundant in the midgut where it occurs in character-
istic patterns under the genetic control of the map gene (Doane et al. 1975,
1983).

Organization of the Cluster

There are two divergently transcribed Amy genes separated by approximately
3.7kb (Fig. 4.2). AmyA is the centromere proximal gene and AmyB the
centromere distal one (Levy et al. 1985). The duplicated segments extend from
approximately 130 bp upstream of the transiation initiation site to the poly-
adenylation site. Within this region, divergence between the two genes is
low in the coding region (the frequency of silent substitutions is ca. 19;) but it is
considerable upstream and downstream of the coding region (frequency of
substitutions, 30%;). This observation led to the suggestion that gene conversions
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GFAASDRSLY
GLVPSDRALY
G---SDR-LV
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CEHRWRQIYN
CEHRWRQIRN
CEHRWRQI-N

501

DDGVLATHVN
EDPFIATHAD
-D---AIH-~

ALLAVANAQF DTNYASGRSG
SLIGFCWAQY DPHTSDGRTA

TYVOVVFNHM AADG. . .6TY
IYVDAVINHM CGAGNPAGTS
-YVD-V-NHM ---G---GT-

VDAAKHMWPA DLAVIYGRLK
LDAAKHMWPR DIKAVLDKLH
~DAAKHMWP~ D-===--- L-

FVDNHDNQRG HGAGGADVLT
FVDNHDNQRG HGAGGSSILT
FVDNHDNQRG HGAGG---LT

MVAFRNTVGS DEIQNWWDNG
MVAFRNVVNG QPFSNWWDNN
MVAFRN-V-- ----NWWDN-

514
AKL*
SKL*
-KL-

MVHLFEWKWD
IVHLFEWRWY
~VHLFEW-W-

GTGGSTASPS
STCGSYLNPN
-T-6§---P-

NLNTDHGFAS
NLNTKW.FSQ

YKVPKQYKMA
FWDARMYKMA

SNQISFSRGS
SNQVAFSRGN
SNQ--FSRG-

50
DIAAECENFL GPNGYAGVQV
DIAKECERYL APKGFGGVQY
DIA-ECE--L -P-G--GVQV
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SKSYPGVPYS SLDFN...PT
NREFPAVPYS AWDFNDNKCN
~——-P-VPYS ~-DFN-----
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GSKAYIVQEV TDMGGEAISK
GSRPFIFQEV IDLGGEAIKG
GS~~-1-QEV ID-GGEAI--
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SAFMLAHPFG TPRVMSSFSF
VGFMLAHPYG FTRVMSSYRW
--FMLAHP-G --RVMSS---
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RGFVAFNNDN YDLNSSLQTG
RGFIVFNNDD WALSATLQTG
RGF--FNND- --L---LQTG
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SPYNENAV.. KDSRPWWERY QPISYKLETR SGNEEQFASM
SPPNENVVVH NPSRPWWERY QPISYKICTR SGNEDEFROM
SP-NEN-V-- --SRPWWERY QPISYK--TR SGNE--F--M

200
CAISNYNDAN EVRNCELVGL RDLNQGNSYV QDKVVEFLDH
GEIDNYNDAY QVRNCRLTGL LDLALEKDYV RTKVADYMNH
--I-NYNDA- -VRNC-L-6L -DL-----YV --KV-----H

300
SEYTGLGAIT EFRHSDSIGK VFR..GKDQL QYLTNWGTAW
SEYFGNGRVT EFKYGAKLGT VIRKWNGEKM SYLKNWGEGW
SEY-G-G--T EF=----- G- V-R---=--- -YL-NWG--W

400
..... TDTDQ ....GPPTTD GHNIASPIFN SDNSCSGGWV
NRNFQNGKDQ NDWIGPPNNN GVTKEVTI.N ADTTCGNDWV
-------- DQ ----GPP--- G-----=I-N -D~-C---WV

500
LPAGTYCDVI SGSKSGSSCT GKTVTVGSDG RASINIGSSE
LPAGTYCDVI SGDKVDGNCT GLRVNVGSDG KAHFSISNSA
LPAGTYCOVI $G-K----CT G--V-VGSDG -A---I--§-

Fi1G. 4.1. Comparison of the mouse (Accession, V00718) and Drosophila (Dm) AmyA sequences.
There is 55% overall identity between the two proteins. Sequences aligned with the GCG Pileup program.
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AmyA AmyB

F1G. 4.2. The two Amy genes.

in the coding regions maintain a high degree of conservation (Hickey et al.
1991).

AmyA
Gene Organization and Expression

Open reading frame, 494 amino acids; predicted mRNA length, 1,601 bases.
The 5 end was determined by primer extension and the 3’ end from the sequence
of one cDNA clone. There are no introns (Boer and Hickey 1986) (AmyA and
AmyB Sequence).

Developmental Pattern

The methods used do not distinguish between AmyA4 and AmyB RNA. Amy
transcription is subject to glucose repression: larvae grown in 109 glucose
accumulate only 1% as much Amy mRNA as larvae grown in the absence of
glucose (Benkel and Hickey 1987).

Promoter

An AmyA segment that extends from — 142 to —50 in the Amy Sequence is
sufficient to drive the glucose suppressible expression of Adh as a reporter gene.
Deletion analysis showed that elements between — 142 and — 125 are required
for full gene expression and that the sequences necessary for glucose repression
are between — 125 and — 50 (Magoulas et al. 1992). Upstream Amy sequences
have similarities with cis-acting elements that mediate glucose repression in
yeast (Boer and Hickey 1986), and the Drosophila AmyA promoter is subject
to glucose repression when introduced into yeast cells (D. A. Hickey, personal
communication). Linker scanning mutations were used to identify functional
CAAT and TATA boxes (Magoulas et al. 1992).



-565

-475

-385

-295

-205

-115

65

155

245

335

425

515

The a-Amylase Genes: AmyA, AmyB 47
Amy

AT ----um- AGCG GT A T AAAA TC TTGC TA A T GCAA TC AG GTG TACATG TTAC 6 TGGT T
CACTTCAGAACCCAGAGATCAAGTGGCCGCCAGTCAAGGCCAGAAGTCACGTATTCCAGAGAACGGCGCAGCCAAAGCTTCAAACCAAAA

AATATGAA A TT AC TATAA C CCA T AC TGCA TA GTG A ATTAG C AT T TCCTTG
TCGCTTGCTACCTTTATT TTCAACATTTTTAGGCGATATTGCATGAT TTCAATGCT TTCAAATACGCTAAAAAATCCAAATAAC- -~~~

TAGGCCAA G GTGTA - 16 CA --C GGC cT TATC A A TG
-------- AATTCACAGTAAACCCGCTCCTAGGAGCGTGAACGTAATAAATAGTCAATAAATTCCCAACTGAAACCGATTTCAAAGGAAT

6 17 -T CT GWCGAC TTT T AC AGT A TAGE T  ---------m-e- CG6G CT GT
GCATTTTCCCGATGAGTTATTGATACAAATATAACGAAAATAAGCCGACTCACTAATCATCAGCGAAAAATTGCGATCTCCAGTCAATAC

AA ACGC TT CC ATC  ----eeeee ATAATCAAA CGTGGACTA G =--—-- AT
GTCTGCTCGGAATTGTGATTTGACAAACTAATCGCCAGTCAGACCCCATGCGTGAAAAAACCCCTTAGGGAGCGATAAGATCCCATGCAG

-->-32
c6 G A emmeeeee GAATAGGT T TCATC C T A GACACC TTAT
TCACAAATCACTCCCCGCGAAGCCCTCAGATAAAGTAGCAGTGGGGTCCACTATATAAGGAGCGGC-TCTGAGTAGTTCCGACCAGAGTG

TTG Y | |G=nul1-d
AAACTGAACTTCCATCTGGAATCATCATGTTTCTGGCCAAGAGCATAGTGTGCCTCGCCCTCCTGGCGGTGGCCAACGCCCAATTCGACA
MetPheleuAlalysSerIleValCysleuAlaleul euAlaValAlaAsnAlaGlnPheAspT

I
G G
CCAACTACGCATCCGGTCGTAGTGGAATGGTCCACCTCTTCGAGTGGAAGTGGGACGACATCGCTGCCGAGTGCGAAAACTTCCTTGGAC
hrAsnTyrAlaSerGlyArgSerGlyMetValHisLeuPheGluTrpLysTrpAspAsplleAlaAlaGluCysGluAsnPheleuGlyP
G A
CCAATGGCTACGCCGGTGTTCAGGTCTCCCCTGTGAACGAGAACGCCGTCAAGGACAGCCGCCCCTGRTGGGAACGTTACCAGCCCATCT

roAsnGlyTyrAlaGlyValGinValSerProValAsnGluAsnAlaVallysAspSerArgProTrpTrpGluArgTyrGinProlleS
Arg

[
CCTACAAGCTGGAGACCCGCTCCGRAAACGAAGAGCAGTTCGCCAGCATGGTCAAGCGCTGCAACGCCGTCGGAGTGCGCACCTACGTGG
erTyrLysLeuGluThrArgSerG)yAsnGluGluGInPheAlaSerMetValLysArgCysAsnAlaValGlyValArgThrTyrvalA

G A=null-d
ACGTGGTCTTCAACCACATGGCCGCCGACGGAGGCACCTACGGCACTGGCGGCAGCACCGCCAGCCCCAGCAGCAAGAGCTATCCCGGAG
spValvValPheAsnHisMetAlaAlaAspGlyGlyThrTyrGlyThrGlyGlySerThrAlaSerProSerSerLysSerTyrProGlyV

Gly End

C=Canton S G
TGCCCTACTCCTCGCTGGACTTCAACCCGACCTGCGCCATCAGCAACTACAACGACGCCAACGAGGTGCGCAACTGCGAGCTGGTCGGTC
alProTyrSerSerLeuAspPheAsnProThrCysAlalleSerAsnTyrAsnAspAtaAsnGluValArgAsnCysGluLeuValGlyl

His Arg

c A=Canton $ c
TGCGCGACCTTAACCAGGGCAACTCCTACGTGCAGGACAAGGTGGTCGAGTTCCTGGACCATCTGATTGATCTCGGCGTGGCCGGATTCC
euArgAspLeuAsnG1nG) yAsnSerTyrValGInAspLysValValGluPheleuAspHisLeulleAspleuGlyValAlaGlyPheA

Asn
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null-p=A T G
GCGTGGACGCCGCCAAGCACATGTGGCCCGCCGACCTGGCCGTCATCTATGGCCGCCTCAAGAACCTAAACACCGACCACGGCTTCGCET
rgValAspAlaAlalysHisMetTrpProAtlaAspleuAlaVallleTyrGlyArgleulysAsnLeuAsnThrAspHisGlyPheAla$

End

A
CGGGATCCAAGGCGTACATCGTCCAGGAGGTCATCGACATGGGCGGCGAGGCCATCAGCAAGTCCGAGTACACCGGACTGGGCGECATCA
erGlySerLysAlaTyrlleValGinGluVallleAspMetGlyGlyGluAlalleSerLysSerGluTyrThrGlyLeuGlyAlalieT

A T
CCGAGTTCCGCCACTCCGACTCCATCGGCAAGGTCTTCCGCGGCAAGGACCAGCTGCAGTACCTGACCAACTGGGGCACCGCCTGOGGET
hrGluPheArgHisSerAspSer]leGlylysValPheArgGlyLysAspGInLeuGinTyrLeuThrAsnTrpGlyThrAlaTrpGlyP

Asn

C G
TCGCTGCCTCCGACCGCTCCCTGGTATTCGTCGACAACCACGACAATCAGCGCGGACATGGAGCAGGAGGCGCCGACGTTCTGACCTACA
heAlaAlaSerAspArgSerLeuValPheValAspAsnHisAspAsnGlnArgG) yHisGlyAlaGlyGlyATaAspValLeuThrTyrL
A T cT
AGGTGCCCAAGCAGTACAAGATGGCCTCCGCCTTCATGCTGGCGCACCCCTTCGGCACTCCCCGCGTGATGTCCTCCTTCTCCTTCACGG
ysValProLysGInTyrLysMetAlaSerAlaPheMetLeuAlaHisProPheGlyThrProArgValMetSerSerPheSerPheThrA

ACACCGATCAGGGCCCGCCCACCACCGACGGCCACAACATCGCCTCGCCCATCTTCAATAGCGACAACTCCTGCAGCGGCGGCTGGRTGT
spThrAspGInGlyProProThrThrAspGlyHisAsnIleAlaSerProllePheAsnSerAspAsnSerCysSerGlyGlyTrpvalC
c G G C

GTGAGCACCGCTGGCGCCAGATCTACAACATGGTGGCCTTCCGAAACACCGTGGGCTCGGACGAGATCCAGAACTGGTGGGACAACGGCA

ysGluHisArgTrpArgGinlleTyrAsnMetValAlaPheArgAsnThrValGlySerAspGlulleGInAsnTrpTrpAspAsnGlyS
Ala Ala

GCAACCAGATCTCCTTCAGCCGAGGCAGCCGCGGCTTCGTGGCCTTCAACAACGACAACTACGACCTGAACAGCTCCCTGCAGACGGGCC
erAsnGInlleSerPheSerArgGlySerArgGl yPheValAlaPheAsnAsnAspAsnTyrAspleuAsnSerSerleuGInThrGlyl
c
TGCCCGCCGGCACCTACTGCGACGTCATCTCCGGCTCCAAGAGCGGTTCCTCCTGCACGGGCAAGACCGTCACCGTCGGATCCGACGRAC
euProAlaGlyThrTyrCysAspVallleSerGlySerLysSerGlySerSerCysThrGlyLysThrValThrValGlySerAspGlyA

A CAAAGACCA
GGGCTTCCATCAACATTGGCAGCTCCGAGGACGACGGAGTGCTGGCCATTCACGTCAACGCCAAGTTGTAAACAGCTGGGE. . . . . . AGC
rgAlaSerIleAsnlieGlySerSerGluAspAspGlyValleuAlalleHisValAsnAlalysLeuEnd

GC GA GA T c - TTA T CG A A AGGAAGA G GC
ATGGCGAACAGCCAGGCAATTAATTGAGATTATTAATTGTACGAAATATATATGATGAGATTATAAACACACAACACTTTTATTCGCAAG
------ 108

TA C GT CA T TATGGA AATG AAAT TTAT TACTTAAAATTGACCACAAATAACTGTTACGCATAATATGGCAAAAAAC
GGATGATAAGATCTAATATATATATTATCTGGACTAAGCTGA= - === mm= === m === m == mmmmm e mmcm

AACTTATGCGTGACCTTAAAAGCGCTGCCTTTTCATCTCGGTATTCAGCGTGATT
AmyA AND B SeQUENCE. The sequence on the numbered line corresponds to the

proximal gene (A4) of Oregon R (allele Amy'). This sequence combines the
nonoverlapping regions of two GenBank entries: Accession X04569 (DROAMYAG1)

(continued)
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AmyB
Gene Organization and Expression

Open reading frame, 494 amino acids; predicted mRNA length, 1,606 bases.
The § and 3’ ends of AmyB were deduced from sequence similarity to AmyA
(Okuyama and Yamazaki 1988; D. A. Hickey, personal communication) (AmyA
and AmyB Sequence).
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(continued) and Accession Y00438 (DROAMYAR). On the line immediately above is
the sequence of the distal gene of strain Makokou; only in those positions where there
is a difference from the proximal gene is the base indicated. There are differences in
six amino acid residues between these two sequences. In four of those six positions
(Gly-121, Arg-156, Asn-278 and Ala-398), the Makokou proximal gene (not shown)
has the same residue as the Makokou distal gene, reinforcing the idea that there is
intergenic correction between these genes (Hickey et al. 1991). The Makokou
sequences were kindly provided by Donal A. Hickey. A Canton S allele with two
amino acid substitutions (Tyr-144 and Tyr-181) has the same electrophoretic mobility
as AmyA'. An Amy-null strain has two mutations in the distal gene, the addition of a
G between positions 3 and 4, and a nonsense mutation at position 375 and one
mutation in the proximal gene, with a nonsense mutation at position 654. This null
strain apparently also has an inversion within the intergenic segment (Okuyama and
Yamazaki 1988). The vertical bar marks the end of the signal peptide.
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The Andropin and Cecropins Gene
Cluster: Anp, CecAl, CecA2, CecB, CecC

Chromosomal Location: Map Position:
3R, 99E 3-[101]
Products

Antibacterial peptides.

Structure

Sequence analysis suggests that each polypeptide may fold into two amphi-
pathic a-helices separated by a four-amino-acid loop (Samakovlis et al. 1991).

By analogy to the better-characterized cecropins of the moth Hyalophora
cecropia, processing is predicted to include the removal of the signal peptide
and of an additional dipeptide at the N-terminus, and cleavage of the terminal
Gly plus amidation at the C-terminus. These changes would give rise to mature
cecropins 39 amino acids long (Kylsten et al. 1990, see Sequences).

Cecropins Al and A2 are identical to each other and to the main cecropin
from the flesh fly Sarcophaga peregrina. Cecropin B differs from Al and A2 by
four conservative substitutions in the mature protein (Arg-27, lle-36, Ser-44
and Val-47) and four others in the signal peptide (Kylsten et al. 1990). Cecropin
C is intermediate in sequence between A and B (Fig. 5.1) (Tryselius et al. 1992).
The sequence similarities between andropin and the cecropins is restricted to
the signal peptide (Samakovlis et al. 1991).

Tissue Distribution and Function

For the most part, cecropins are synthesized in response to bacterial infection
and released in the hemolymph. Cecropins disrupt the cell membrane of
Gram-positive and Gram-negative bacteria (Dunn 1986; Boman and Hultmark
1987). The related andropin is synthesized constitutively in the ejaculatory duct
of males (Samakovlis et al. 1991).
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1 50 63
Anp  MKYFVVLVVL ALILAISVGP SDAVFIDILD KVENAIHNAA QVGIGFAKPF EKLINPK*.. ....
CecB MNFNKIFVFV ALILAISLGN SEAGWLRKLG KKIERIGQHT RDASIQVLGI AQQAANVAAT ARG*
CecC MNFYKIFVFV ALILAISIGQ SEAGWLKKLG KRIERIGQHT RDATIQGLGI AQQAANVAAT ARG*
CecA MNFYNIFVFV ALILAITIGQ SEAGWLKKIG KKIERVGQHT RDATIQGLGI AQQAANVAAT ARG*
CON  MNF--IFVFV ALILAI--G- SEAGWL-K-G K-IER-GQHT RDA-IQ-LGI AQQAANVAAT ARG-

|| AR

FI1G. 5.1. Aligned cecropin and andropin peptide sequences. The vertical line under
Ser-21 marks the last amino acid of the signal peptide, and, under Ala-23, the
dipeptidase cleavage site. A caret marks the intron positions. The CON(sensus) line
indicates positions in which three of the four sequences agree.

Anp A1 A2 B

I

FiG. 5.2. The Cecropin cluster. Open boxes indicate the two pseudogenes.

Organization and Expression of the Cluster

Five genes and two pseudogenes are clustered in approximately 8.0 kb of DNA
(Fig. 5.2). The pseudogenes contain vestiges of exons, introns and TATA boxes;
but they also include numerous nonsense mutations, and they have lost the
splicing signals.

Developmental Pattern

Transcription of CecA, CecB, and CecC is induced by injection or feeding of
bacterial pathogens. Cecropin mRNAs, undetectable before infection, begin to
accumulate | h after injection of bacteria, reach a maximum 2-6h after
injection, and soon thereafter they begin to decline. Twenty-four hours after
injection, the RNAs return to their basal levels. 4/ and A2 are expressed at
high level in larval, pupal and adult stages. Transcription occurs primarily in
the fat tissue, and the proteins accumulate in the hemolymph. B and C, by
contrast, are inducible to a much lower extent than 47 and 42 in larvae and
adults. They are active mainly during the early pupal stages in localized regions
of tissues undergoing lysis, and this activation of B and C occurs in the absence
of external agents (Kylsten et al. 1990; Tryselius et al. 1992).

AT-rich segments in the 3’ untranslated region of the mRNAs may play a
role in their selective degradation (Kylsten et al. 1990).
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Anp
TAACCTACAGAATTGTAGAACTTAATTACTATAGAACACTATTGAATGAAAACTTAGTAACTTGTTGAGGTTTTTAGTAATTCCAAGAAA

TATGCTCTTGAATAAAAAACCTTTTTAAGTCTCTTTCAATGCAAAAACACGAGTTCTTTTTTTTTACATATTGTAATTAATATGTTTAAG

. . . . . . -36--> -->-32
GTCTAATTATTATTGTAAACGTTTTTCGGTGGGTTGATTGCCTATAAAGCCACTTGTTTTTCAGTCTAAATCATCAGTGTAAAATTCGGA

AAACCCAGCGATCTAGTTATGAAATACTTTGTGGTCCTTGTCGTCCTGGCCCTCATTTTGGCCATCAGCGTGGGTCCTTCGGATGCAGTA
MetLysTyrPheValValleuValValleuAlaleulleleuAlalleSerValGlyProSerAspAlaVal

TTTATTGATATTCTTGACAAAGTGGTTTGTTTCTTCTTTAAACAATTGTAGT TTACAATGAAGCTTAAACATTTGTATTTCTACAGGAAA
PhelleAsplleleuAsplLysVal GluA

ACGCAATACACAATGCTGCTCAAGTGGGAATTGGCTTTGCTAAGCCCTTTGAAAAATTGATCAATCCGAAGTAATTCTGCACTGCAATTT
snAlalleHisAsnAlaAlaGInValGlylleGlyPheAlalysProPheGlulysLeulleAsnProlysEnd

AATTAATGTATCGTTTAACGAAAATAAACACAAATTTTAAAATCTGAAAAACAACTAAGTTACTAACGCAAGACTTTTAGTTAAGTTAGT
TAATATAGACCGAGATGTATGTACATACATACCGCTTTCGCTTACAATAAAATGTTAAATAAGTTTTCAGATTCGTACGTGCTCAGTAAA

Anp SEQUENCE. Strain, Canton S. Accession, X16972 (DROCECPN).

Anp
Gene Organization and Expression

Open reading frame, 57 amino acids; expected mRNA length, 278 bases. Primer
extension and sequence features were used to identify two 5’ ends, the upstream
site being the major one. The 3' end was obtained from a ¢cDNA sequence.
There is an intron after the Val-32 codon (4np Sequence) (Samakovlis et al.
1991).

Developmental Pattern

Transcription is restricted to the ejaculatory ducts. mRNA level reaches a
plateau 24 h after eclosion of the adult male and remains stable in virgin males;
mating, howecver, causes a rise in the steady-state level of Anp mRNA
(Samakovlis et al. 1991).

CecAl
Gene Organization and Expression

Open reading frame, 63 amino acids; expected mRNA length, 346 bases, in
agreement with the 0.4 kb RNA detected in northern analysis of all cecropin
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CecAl
CAATTAT+TTTTATTGTEATTTAATGC&TATTGAATTiTTCAAACTTAATTTAGTGCéTTTAGTAAAATATTGTAGTéATTCCCCTCéAA
AAATACCACAAATTGGA+GCGTTTATG+AAATAAATTéCCCTTGAGTéATAGAGTAAATTTGAATTTéACTGTCTTAéAAAGATAGAAAG
AGATcAA%TCAAAATGCEAAAAGGATAGAGTTATTAAAGCTCTAATT&AAAT7eeccéAGAAccGTTfAAAGGATAT%ACAATTTGTAAT
TTACATA&TTGGATTATAGCATTGAAA%CCCCGATTG%TCCCTAGATéTGCAGATGTéTGCTTGGAA*CAGATCGGT%ACCTTCAGTéTA
CTTTTCTéTGCAAAAAT&CCCGTGCAT&CCTTATCTG%CATTTTGTTfTTCAAGCTGéTGTTCGCCTATAAAAGCTC%CGCCTTTTG%AT

Al -->890 . . . R . . . 963
CGCAGTCATCAGTCGCTCAGACCTCACTGCAATATCAATATCTTTAGCTTCTCCTAAGAAAAAATCAAGAAAATATCACCATGAACTTCT
MetAsnPheT

ACAACATCTTCGTTTTCGTCGCTCTCATTCTGGCCATCACCATTGGACAATCGGAAGCTGGGTGGCTGAAGAAAATTGGCAAGAAAATCG
yrAsnllePheValPheValAlaleulleLeuAlalleThrileGlyGInSerGluAlaGiyTrpLeulystysIleGlylLysLysIle

TAAGTTCTTCCATTTGAAATCTGTTAAGACGGAAACTAACTGACTAACTTCTTTTCGAAGGAACGCGTTGGTCAGCACACTCGGGATGCC
GluArgValGlyGinHisThrArgAspAla

ACAATCCAGGGACTGGGAATCGCTCAACAAGCCGCCAATGTCGCCGCAACTGCCCGAGGTTGACCACGATGATTATTTATAATTATTTAT
ThrIleGInGlyLeuGiylleAlaGInGInAlaAlaAsnValAlaAlaThrAlaArgGlyEnd

TTAAAGATCTATTTATTCTGTTGCTCCCTGTAAATAAAACAATTTTAAAAATTTAAAGAATTCTATTCAAACTTTGTTTTTTAAAGAGTT
------ (A,

GGAGAAAAGCGAACTCTTGAATTTATACACACATTTTAAATACACTTAAGAGGCATTATTTATACAGGATATTACAAATCGCTTCTTTTC

CGATTTGGAAAGGCCGAGATTATGTCTTATCTGTTGAAATATAATTCGTTTCACCTATAAAAGGACCAGTCTTTTAGTTTARATTATCAG

CecAl SEQUENCE. Strain, Canton S. Accession, X16972 (DROCECPN). The
numbering system continues from Anp Sequence. Psil downstream of A/ marks the
TATA box of a pseudogene.

genes. Primer extension and sequence features were used to define the 5 end.
The 3' end was obtained from ¢cDNA sequences. There is an intron after the
Ile-33 codon (CecAl Sequence).

Sequence similarity between A and A2 occurs in an interval that extends
between 40 bp upstream of the 5' end and S0 bp downstream of the 3’ end
(Kylsten et al. 1990).

CecA2

Gene Organization and Expression

Open reading frame, 63 amino acids; expected mRNA length, 354 bases. Primer
extension and sequence features were used to define the 5’ end. The 3’ end was
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CecA2

1513 TCGCTTG%CAAATACTGAAACAATTAGATTAATTTGTéGATTTTATT%GTCCTCATCéTGACCACTTATTGGCCACAATTGGAAGCT&GC 1602
1603 TTCGACGGGACATTAGTAAGCTTAGTCATTTTAAAAGATTTCTTTGCATCTAACTATéATTCTAAATéCTCAGAAGGACGTTGGTCTATA 1692
1693 CACCCTAAATGCTACCC+GCAAGTTGC+GAAGTCGCT%CGAAAGCAG&CAATGTGGCAATCACTGCCAGGGGATAAA&TTAAGTTAG&GT 1782
1783 ATTATTTATAAGAAATTAAATTAATAGATTTTATTTTATATATTTTT%GTATATTGT%ATTCAAACTéATAATGTAA%ATACGCTTT%CA 1872
1873 AACGATCATTCCAAATCAGTTGTGGGC%TATCGCAAA%GATTTCGTAéTGTTTTTAT%TTGATTGAT%CAAAGAAGGGGTTTCCTCT&TG 1962
1963 ATTCTTAéTCTCCCGCA%TGACGAGGTAAAAAATCCC%ATGCATATGAAATATGCAAATTTAAAAATéCCCCAATCCéACAGGTTGG%TT 2052

2053 TGATCGGTTTGGATTCCTCTCGTGTACTTTTCAGCCATAAAAATCCCCTTTCGAGCCTTATCAGGCGCTGAACTTAAGCTGATTCGCCTA 2142

. . . ==>2172 . . . . . .
2143 TAAAAGCTCTCGGCGTTCCTGGTGCAATCAACAGTCGATCACTTTCCATTGCAACAGCAACATCAGAGCTATAGCTACTCTTGCAAAATC 2232
. |2253 . : . . . . .
2233 TAAAGTCAAATAAAACCACCATGAACTTCTACAACATCTTCGTTTTCGTCGCTCTCATTCTGGCCATCACCATTGGACAATCGGAAGCTG 2322
MetAsnPheTyrAsnllePheValPheValAlaleulleleuAlalleThrl1eGlyGInSerGluAlaG  (24)

2323 GTTGGCTAAAGAAAATTGGCAAGAAAATCGTAAGTCCATTCTATTTGAAATTTGTTAAACCGGAAACTAACTAACTCCTTTTCATAGGAA 2412
1yTrpleulyslysIleGlyLysLysIle Glu  (34)

2413 CGTGTTGGTCAGCACACTCGCGACGCCACAATCCAGGGACTGGGAATCGCTCAACAGGCCGCCAATGTTGCAGCCACTGCTCGAGGTTAA 2502
ArgValGlyGInHisThrArgAspAlaThrlleGInGlyleuGlylTeAlaGInGinAlaAlaAsnValAlaAlaThrAlaArgGlyEnd  (63)

2503 CCACGATGACTATCTAATAAATATTTATACAAAATCTTATTTATTTTTTTTGATCTAAGTAAATAAAACATTGGGAAAATCAATCTTTTG 2592
------ [,

2593  TCTTCTCTCTAAAGATCTATTCAGCGAATAGTTGTGAATGAAAAGTGTATTATAAATCCTATCTATAGTTTTAGGAGCGCACGTGCGAAA 2682
2683 AATATATATACAACTAATAATCCACTAATTAATTTTGTTGTATTGTATAGATTGAAATTCTAATGATAATATTTTCGACTGGGAARATCC 2772

2773  ACAAAAATATGCGTTATCTCCAAAAGTAGAAGATAGTTCGCCTATAAAAAGATCTAAGTCTAAGCTGTGAGCTTCAGTCCAAAAAATAAC 2862

2863 ATTAGCAAACAAACATT%GCTGCTTTT%CCAGTCTGTAATTATATAT}ACTTAATATéAACTTTAGCéATATTTTTT%GTTTGCTTT&AT 2952

2953 CATCCTGACAATTAACT%GCAACACTCéCATGCCGGT%GGCTGACGGATATAGTAATéTAAGACCGA%CTAACTTAA&TTCCCCTTCACA 3042

3043 GAAGAAGAAATCTGAGGAGACTTTTAAATACTTAAAAAACGCAGCAT%GGAGGTCAT%GACGTCGGC&AAAAAGCCGéGGATTTTGC%GC 3132

3133 CATTGCCAGGGGACAGAAAAAGTAGATéTCTACCAGA%TTTTCTTGA%GAGCTACAAiTGCTGCAAA%ATTTAATAAAATCAAAAAG%AT 3222
CecA2 SEQUENCE. Strain, Canton S. Accession, X16972 (DROCECPN). The

numbering system continues from CecAl Sequence. Psi2 downstream of A2 marks the
TATA box of a pseudogene.
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CecB

GAATTCATTATGCTGGGAG%GGATAAATG&GATAAATGAGTGTACAATAAATGGATAATGCCATGTTGA%TGAGGGGAT%TCTTATGTCE -720
AGGAAATAT&ATATTTCTAéTGATGCTGTéTAAAGTTGT%GTTACCTTT%ATTTCTGGG&TATAGAAAA%AAATATATTAGTGTATAAAA -630
TAACATTTT%CTTGGAGTA%TTATTTGCA+TTGCTTCAA%CTCCGACTTATTAACTCTG&TGATAATTCAGTTCCATTGéGAACTAAGTé -540
ACTGATAGT&TTATAAATTéTAAAAAAAAéAATACAGCA%CTGTGACTGfAAAACGATGACAAATGGGA%TTTGTCTGTAAAAAAAATAA -450
TAAAAATTAAAATAATAATAAAAATTACGéGAGGCTTGTéTTACGGGAA%ACTATATAGéGAAAAACACACTACACTTTAGTGTATGTTé -360
CCCTAAAAG%TTAAAAAGTAATGTTTCAT}ATAATTACT%TGTTTTTAA%TGTAGTTTTACGTTATTTT%AAGCTAGTT%AAATCATCA% -270
AATTCAATAéATTAATCAAATCATAGCTTéCAACCAACCAGTTACTCTGAAATATCACTfGAGTAAGTCACTTTCATGGéGGTTCCGAAé -180
TGAGTCCATETGCTGGTGAACTTTTGTCCéGCAGCAAAAAATTCCCGTC%GTGCAGCCG%AGCATCTGT%GGTATCGCTATATAAGCTCA -90

. -->-70 . . . . . .
ATCTCTTCGATGTCCAATCATCAGTCGCACAGTTCTCACTGCAACAGCTTAAGCTTTCTTTCAATCCGATCGTAAGCCAACAATCTCGTE 0
ATGAACTTCAACAAGATCTTCGTCTTTGTGGCACTCATCCTGGCCATCAGCCTGGGAAACTCAGAGGCTGGTTGGCTTAGGAAGCTGGGA 90
MetAsnPheAsnLysIlePheValPheValAlaleullelLeuAlalleSerLeuGl yAsnSerGluAlaGlyTrpleuArglysleuGly  (30)

AAAAAAATCGTATGGATTCCCTTCAAAACTAAACAAAATGAATTATTAATTTCGATTTTCCTTTTAGGAACGCATTGGTCAGCATACCAG 180
LysLyslle GluArgll1eGlyGInHisThrAr  (41)

GGATGCCTCAATCCAGGTCCTCGGAATCGCCCAACAGGCCGCCAATGTTGCAGCCACCGCTCGAGGTTGAAATCAAGTCTCGAAGATCCT 270
gAspAlaSerIleGinValleuGlylleAlaGInGInAlaAlaAsnValAlaAlaThrAlaArgGlyEnd (63)

CGACCCGCTCATTTCTCTTATTTATTATTAATGCATTAGGAAGATTAACATAATGAAAATAGATACTCAATGCCAATGTCAAATTATTAA 360

AATATAAGCAAGCAGATATTAATAAAAACAAATTAAGACACTATATACAACAATAAGAAATGGTGAAAATATATTCCCCTGTAGGCTTAT 450
CAAGATGTAATCGCACAAGCTGGTTACTGGTTAAATTAAAATAGAATTTTGGAGGTTCTTATTATTTTATACTTTTTGATTTTATTAAAT 540

ATTTGCAGCAATTGTAGCTCATCAAGAAAAATCTGGTAGAGATCTACTTTTTCTGTCCCCTGGCAATG 608

CecB SEQUENCE. Strain, Canton S. Accession, X16972 (DROCECPN).

obtain from cDNA sequences. There is an intron after the Ile-33 codon (CecA2
Sequence; See CecAl) (Kylsten et al. 1990).

CecB

Gene Organization and Expression

Open reading frame, 63 amino acids; expected mRNA length, ca. 400 bases.
Primer extension and sequence features were used to define the 5 end. The 3
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CecC
-324 GMTATTGTTTA(.iAAGAAGTTA('BCTATTGCTT1.'TTGCACACA%GAGAGCTAA(;‘CGAAGAACG(‘ITCCATTTTTACTAGCAGCT(.ECTCAA -235
-234 ACAGATTACCGAAGACAGTCTTCG%CTAACAAAGAAGGGGATCCACTGCAGTCT%TCTCTTCTCéCTGCGAAAAéTTCCCCGTCéTCGCC -145
1-91

-144 TTATCGGCATCGCATTCTTCGCTATAAAAGCCGCCTGTGCCAGAAGTCCAGTCATCAGTCGCTCAGTTTCCACAGCAGCTAAACAGCTAA  -55

-84 ATCGCAATCTATATATATATATATATACTAAGGAATTAAACCTAGAAAATTCACCATGAACTTCTACAAGATCTTCGTTTTCGTCGCCCT 35
MetAsnPheTyrLysIlePheValPheValAlale (12)

36 CATCCTGGCCATCAGCATTGGACAATCGGAAGCCGGTTGGCTGAAGAAACTTGGCAAGAGAATCGTAAGTTCAGCAACAAAATATATTAA 125
ulleleuAtalleSerIleGlyGinSerGluAlaGlyTrpleulysLysteuGlyLysArglle (33)

126 ATACTTGCAAATTTACTAATTTGTTTTATATTTACTTGCAAAGGAGCGCATTGGCCAGCACACCCGGGATGCAACCATTCAAGGACTGGG 215
GluArglleGlyGInHisThrArgAspAlaThrileGInGlyLeuGl  (49)

216 AATTGCGCAACAGGCCGCCAATGTGGCAGCCACCGCCAGAGGATGAGCCTTTAATGTCCATCAAAGGACTCTACCAGGATAACGCGCGTT 305
yIleAlaGinGInAlaAlaAsnValAlaAlaThrAlaArgGlyEnd (63)

306 TAATTATACACACTTATTTATTTACCAGCCATAGAAATAAACTAGCTTACATCCCCGTAATTT 368

CecC SEQUENCE. Strain, Canton S. Accession, Z11167 (DROCECCG).

end was not determined. There is an intron after the Ile-33 codon (CecB
Sequence) (Kylsten et al. 1990).

CecC
Gene Organization and Expression

Open reading frame, 63 amino acids; expected mRNA length, ca. 380 bases.
Sequence features were used to define the 5’ end, The 3’ end was not determined.
There is an intron after the Ile-33 codon (CecC Sequence) (Tryselius et al.
1992).
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bicoid: bcd

Chromosomal Location: Map Position:
3R, 84A 3-[47.5]
Product

The following discussion refers to the 489 amino acid product of the major
transcript, BCD. It is a DNA-binding regulatory protein of the homeodomain
type. BCD controls the expression of early developmental genes in the anterior
half of the embryo (Gehring 1987; Driever and Niisslein-Volhard 1989; Hayashi
and Scott 1990; Harrison 1991). For a review see Driever (1992).

Structure

The bicoid protein is a 55-58 kD protein, rich in Pro (10%) and probably
phosphorylated. It has several sequence features of potential functional signifi-
cance (Berleth et al. 1988):

1. The codons in the first exon include the PRD-repeat, alternating Pro
and His, a pattern also found in the paired protein and other embryogenesis
genes (Frigerio et al. 1986).

2. The amino-terminal region of the third exon (Pro-97 to Ser-156) encodes
a homeodomain having weak (ca. 40%) similarity to other homeodomains.

3. There are several PEST sequences (rich in Pro, Ser and Thr), the most
significant between amino acids 170 and 203. Such sequences are found in
proteins of short half-life and are thought to be degradation signals (Rogers et
al. 1986); although in this particular case, their deletion does not affect BCD
stability (Driever 1992).

4. The carboxy half of the third exon is a Gin-rich region that results from
the presence of repeated CAG (the M- or opa-repeat).

5. Further downstream, between positions 347 and 414 there is an acidic
region.

Experiments with chimeric and mutant proteins in transgenic organisms
established that the homeodomain is responsible for DNA binding and

59
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sequence recognition and that the carboxy-terminal two thirds of the protein
are necessary to effect transcriptional activation. However, no single localized
region of BCD seems unequivocally responsible for the latter function (bcd
Sequence) (Struhl et al. 1989; Driever 1992 and references therein).

The ten residues from 138 to 147 constitute the recognition alpha helix of
the homeodomain (helix 3, which corresponds to the second helix of the
prokaryotic helix-turn-helix repressor proteins). The Lys at position 9 of the
recognition helix provides the specificity that distinguishes the bcd homeo-
domain from the Antp class homeodomain in which a Gln occurs in that
position (Hanes and Brent 1989; Treisman et al. 1989).

Function

The concentration of bicoid product determines “position” in the anterior
embryo via regulatory action on other genes; that is, BCD is the “anterior
morphogen” (Driever and Nisslein-Volhard 1988b; Struhl et al. 1989).

BCD binds to the hunchback (hb) proximal promoter where it acts as a
positive transcriptional regulator (Tautz 1988; Driever and Niisslein-Volhard
1989). The BCD binding sites that occur in the kb promoter have the consensus
TCTAATCCC; in this segment, the central TAAT is the core necessary for
homeodomain protein binding, and the C in position 7 ensures that BCD, but
not ANTP, binds (Driever and Niisslein-Volhard 1989; Hanes and Brent 1991).

BCD is also involved in the regulation of Kriippel (Hoch et al. 1990, 1991,
1992), even-skipped (Small et al. 1991; Stanojevic et al. 1991) and probably other
early genes. A less-well-understood function of hcd is its role in the formation
of the caudal RNA and protein gradients, since this is a post-transcriptional
process (Mlodzik and Gehring 1987; Driever 1992).

Tissue Distribution

Production of BCD starts at the anterior tip of the egg shortly after oviposition
(regardless of whether the egg is fertilized or not) and involves translation of
a localized, pre-existing maternal message. By the syncytial blastoderm stage,
the protein is localized in nuclei and distributed in a steep exponential gradient
with the highest concentration at the anterior tip of the embryo and undetect-
able levels in the posterior 30% (Appendix, Fig. A.2). BCD reaches a maximum
2-4 h after oviposition; it begins to decline during blastoderm cellularization;
and it is practically undetectable after gastrulation (Driever and Niisslein-
Volhard 1988a).

Mutant Phenotype

This is a maternal-effect gene: offspring of homozygous bed ™ females are
inviable. In the absence of BCD, structures in the anterior half fail to
differentiate; neither head nor thorax develops, and the terminal acron is
transformed into a second telson (Frohnhofer and Niissiein-Volhard 1986).
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bicoid: bed 61
bed
GTCGACTGGAGTGTéTGTGAATTGACTTTTGTTGéCAGTTGGCAéCGGCAGAAGéAGCAAAGCCéGGCCAACAGéAACAAGCTCéTGCCA
GATCéCAAAAGCAAACACGACAAT%ATTTGGCAAATGTCATTAAAAAATATTTCACTTAAGGCC%TGCGACACT%GCTTAAAGG%CAACT
GGCTéGTTGGGTGTéTTTTAAAATéTTAAAGCTTéGGCCAATGCACTGAGCAAC%TAATGCTTG%AGATATTTAéACAATATTC%TCAAC
GCTAAACATATCGAATTTTCCAAA%ATGGAGCCTéAAAATAATAATTGCCAATC&TAGCTTAAAATCAGAAATGAGTAGAACAA&TTAAA
AAAA%TAACAAAAGAATCGAACGC%ACAGCTAAT%AACTCGACAACTGGTTACC%TTTATTCTT&TAATACATT%TATAATGCA&TGCCT
AACAéGTACAGATAéCAAGCACTA%ATGCTGTCT%ACAAAACGA%TATATGATA%TTTCTTTCG%ACGTAGCCG%TTGAGATCA%TTGGA
AAAA&AAACTCGATéTCCACCATCéTTATTCTTTéTCCCAAGTC&TTATATATC%CGCGATACTAAGATTGAATAATGTAGTTA%TAATA
GCGGAAGTATGTAA&AGAATAAAC%ACAAAGTGCACATTTTGTTéAATTCAGGC%GGACTGGAC%GGAGCATAT%AATATTATAATATTA
ACAAAAATTCAAAT%AAACATTCGACACTTGTCTAATTGATTCC%AAATTTGGG&TGCCTGTTTéTTAATTAAA%GTTAATATTATGAAG
TTCCAAACAGAGCAAAGAGTTTAAéTTTAATTGG%TCTACTTAT%TGTTACAATATTCAAGCTT%TTTTATTAT%ATTCTCAAA%GCAAA
TCTC%ACAAATAAA%AAACCTCCGACGTTTTAGAACATTCACCT%TTGTCAGTGAGCACAACCT%TCAATACAG&CCGACAGGGéGCTCT
CTAC%GCTGTCTCT%CACGCCCCC%GGTGAAAAC&CTGTGCACTéAATCGGTTTéCAGCTTTGCéGTACTGTTCéATTAAAAAC%TTTAA
ATTAéAGGCAAACA+TTAAAAATAAAATGTCCAAATATTTGTCTAAAATGTATTéTAGACGCTTATTGATTTTTAAATTACTCAAAAGAA

. . . . . . . . 1-168
TGTTCATCGAGGGAGGGCCGCCAATTGTGCCATCTCTACATCTCTTCGCTCATCCCTAAATAACGGCACTCTGCAGATGCGAAGCAGTGG

ATCGCAAAAACGCAAAATGTGGGCGAAATAAGTTCGCGAGCGTCTCGAAAGTAACCGGTTACTGAAAATACAAGAAAGTTTCCACACTCC

TTTGCCATTTTTCCGCGCGGCGCTTGGAAATTCGTAAAGATAACGCGGCGGAGTGTTTGGGGAAAATGGCGCAACCGCCGCCAGATCAAA
MetAlaGInProProProAspGinA

ACTTTTACCATCATCCGCTGCCCCACACGCACACACATCCGCATCCGCACTCCCATCCGCATCCGCACTCGCATCCGCACCCACATCACC
snPheTyrHisHisProleuProHisThrHisThrHisProHisProHisSerHisProHisProHisSerHisProHisProHisHisG

AACATCCGCAGCTTCAGTTGCCGCCACAATTCCGAAATCCCTTCGATTTGGTGAGTTCCCATCGCAGCAGAGAAGGGCTCTTGTCCCAGG
1nHisProGInLeuGlnLeuProProGlnPheArgAsnProPheAspleu

-------- PRD REPEAT
AAAGCTACAGTACAGATTCCCTATGGTGAACAAACAACCAGTGCGATCACTGATGACCATAAACATTTATTGAGCCGCAGCAAATGTGTT
TCTAGAACATAGGGCGAAATCTTCTATTATCTTGTTTGTGACTTTTAAAGTATCGTAGCAGAATCTAAATAACAATTGATATTATTAATC
GTTACAGTTAGTATAGTATATAATTGTATATGAATTGTGGGGCAACATGTTATTAGTGATTTGCCGAAATGTTCTAAAAGATGTTTCATT

GAAATGGACGAATGTTAAACCTGTTGCACTCACACCGAATATCAGTAATGTCTATTTTTCAAAAGCCACATCTATGGCCACTGGGTATAC

ATTATTGACTTAATACACTTCATACAACATATTTTCAAAAACAAGCATTGTTGTCCTGCATGATGATTAGTGAAAGTAATATTGCAAGAT

(continued)
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TCGGTCCCCGAAGCGAATCGTCCTTTCACGTTTTTATATAAAGACAGTGTACCCCTTGATTCTTTGAAGCTTTTCGATGAGCGAACGGGA
LeuPheAspGluArgThrGly

GCGATAAACTACAACTACATACGTCCGTATCTGCCCAACCAGATGCCCAAGCCAGGTGAGCTCAAAGCCAACAAAGTCAGCCATCGTCTT
AlalleAsnTyrAsnTyrlleArgProTyrLeuProAsnGlnMetProlysProA

]a1ternate acceptor
ATCAGATGTCTTTCCCTCAGAGGAGCTGCCCGACTCTCTGGTGATGCGGCGACCACGTCGCACCCGCACCACTTTTACCAGCTCTCAAAT
spValPheProSerGluGluleuProAspSerLeuValMetArgArgProArgArgThrArgThrThrPheThrSerSerGinil
I_ | * * K mmmmmm S

DefE6=|- T=E4 .T=E3 . |=DefE6
AGCAGAGCTGGAGCAGCACTTTCTGCAGGGACGATACCTCACAGCCCCCCGACTTGCGGATCTGTCAGCGAAACTAGCCCTGGGCACAGC
eAlaGluleuGluBlnHisPheleuGInGl yArgTyrLeuThrAlaProArgleuAl aAspleuSerAlalysteuAlal euGlyThrAl
Phe Leu

_______ *_-_-_-_-_-_-_-_--Hl * __-__..-__--_-_____*_-_,_-_-_-_-_-HZ * _————

.DefEl=]- .T=GB
CCAGGTGAAGATATGGTTTAAGAACCGTCGGCGTCGTCACAAGATCCAATCGGATCAGCACAAGGACCAGTCCTACGAGGGGATGCCTCT
aGlnVallysIleTrpPhelysAsnArgArgArgArgHistysI1eGInSerAspGInHisLysAspGInSerTyrGluGl yMetProle

End
Rt L LR D PR L A K * * | HOMEODOMAIN

T=085
CTCGCCGGGTATGAAACAGAGCGATGGCGATCCCCCCAGCTTGCAGACTCTTAGCTTGGGTGGAGGAGCCACGCCCAACGCTTTGACTCC
uSerProGlyMetLysGInSerAspGlyAspProProSerLeuGInThrLeuSerLeuGlyG1yGlyAlaThrProAsnAlaLeuThrPr

End

. AA-|=DefEl
GTCACCCACGCCCTCAACGCCCACTGCACACATGACGGAGCACTACAGCGAGTCATTCAACGCCTACTACAACTACAATGGAGGCCACAA
oSerProThrProSerThrProThrAlaHisMet ThrGluHisTyrSerGluSerPheAsnAlaTyrTyrAsnTyrAsnGlyGlyHisAs

TCACGCCCAGGCCAATCGTCACATGCACATGCAGTATCCTTCCGGAGGGGGGCCAGGACCTGGGTCGACCAATGTCAATGGCGGCCAGTT
nHisAlaGInAlaAsnArgHisMetHisMetGInTyrProSerGlyGlyGlyProGlyProGlySerThrAsnValAsnGlyGlyGInPh

T=111 T=E5
CTTCCAGCAGCAGCAGGTCCATAATCACCAGCAGCAACTGCACCACCAGGGCAACCACGTGCCGCACCAGATGCAGCAGCAGCAACAGCA
ePheGInGInGInGInValHisAsnHi sG1nGInG)nLeuHisHisG1nG1yAsnHisValProHisG1nMetG1nGInGInGInG1nG]

End End

GGCTCAGCAGCAGCAATACCATCACTTTGACTTCCAGCAAAAGCAAGCCAGCGCCTATCRLGTCCTGGTCAAGGACGAACCGGAGGCCGA
nA1aGInGInGInGInTyrHisHisPheAspPheGInG1nLysGInAlaSerAlaCysArgVallLeuVallysAspGluProGluAlaAs
o mmmmmmmmeeee e --- OPA REPEATS

CTACAACTTCAACAGCTCGTACTACATGCGATCGGGAATGTCTGGCGCCACTGCATCGGCATCCGCTGTGGCCCGAGGCGCTGCCTCGCT
pTyrAsnPheAsnSerSerTyrTyrMetArgSerGlyMetSerGlyAlaThrAlaSerAlaSerAlaValAlaArgGlyAlaAlaSerPr

GGGCTCCGAGGTCTACGAGCCATTAACACCCAAGAATGACGAAAGTCCGAGTCTGTGTGGCATCGGCATCGGCGGACCTTGCGCCATCGE
oGlySerGluVal TyrGluProl.euThrProlysAsnAspGluSerProSerLeuCysGlylleGlyl1eGlyGl yProCysAlalleAl

CGTTGGCGAGACGGAGGCGGCCGACGACATGGACGACGGAACGAGCAAGAAGACGACGCTACAGGTCAGGCATGAGTCCACAACCTTTTT
aValGlyGluThrGluAlaAlaAspAspMetAspAspGlyThrSerLyslysThrThrLeuGln

TGATCTCTTGATTCTGAGTGTGGCGTTTATAAATTGAAGCTTTAAGCTTTGTAACTTTCAAACTGTCTGGTTTGAGATGTTATTCTGAAA
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GTACfTcTATTTCC(;ATCGATGAGI.\TTTGGGAGT%CTTCAATATfTAACATTTA;\CTTATTAAG%TTTTGTTTT(.:TAAATTAGA(:,ATGGC
ATTTéTGAAAGGGAAGTACAAGTG%TAAAGATGTATTTTAATATAGAATTTGTA%CAAAGGTTAAGATTTCAAC&GTTTGAAAG&CCTTA
GTTT+CAGGGTTTT%TACTTTTTTATTCATGTAA%CACTCTTAA%ACACTGCAAéTTAAAATAGéATTTCTTTGACCAGAAAAA%AAGAA
TCTA'i'GCATTTTAAAAGTGAAAACAGACTCATAT(.iCTGATGAACATTTTTAGCTI'\TMATTGTAII\CAATAATTTAGCAATTTCAATTGAA

TTTATTTATGTTCTAAATGCGTTCGCTCTCTCCCTAGATCTTGGAGCCTTTGAAGGGTCTGGACAAGAGCTGCGACGATGGCAGTAGCGA
INeLeuGluProleulysGlylLeuAsplLysSerCysAspAspGl ySerSerAs

CGACATGAGCACCGGAATAAGAGCCTTAGCAGGAACCGGAAATCGTGGAGCGGCATTTGCCAAATTTGGCAAGCCTTCGCCCCCACAAGG
pAspMetSerThrGlylleArgAialeuAlaGl yThrGlyAsnArgGlyAlaAlaPheAlalysPheGlyLysProSerProProGInGl

A=2-13 . . . . . .
CCCTCAGCCGCCCCTCGGGATGGGGGGCGTGGCCCTGGGCGAATCGAACCAATATCAATGCACGATGGATACGATAATGCAAGCGTATAA
yProGInProProleuG) yMetGlyGlyValAlaleuGl yGluSerAsnGInTyrGInCysThrMetAspThrileMetGlnAlaTyrAs

His

TCCCCATCGGAACGCCGCGGGCAACTCGCAGTTTGCCTACTGCTTCAATTAGCCTGGACGAGAGGCGTGTTAGAGAGTTTCATTAGCTTT
nProHisArgAsnAlaAlaGlyAsnSerGInPheAlaTyrCysPheAsnEnd

AGGTTAACCACTGTTGTTCCTGATTGTACAAATACCAAGTGATTGTAGATATCTACGCGTAGAAAGTTAGGTCTAGTCCTAAGATCCGTG

TAAA%GGTTCCCAG&GAAGTTTTA%GTACTAGCC%AGTCAGCAG&CCGCACGGA%TCCAGTGCA%ATCTTAGTGATACTCCAGT%AACTC
TATAéTTTCCCTGCAATACGCTAT+CGCCTTAGA%GTATCTGGG%GGCTGCTCCACTAAAGCCCéGGAATATGCAACCAGTTACATTTGA
GGCCATTTGGGCTTAAGCGTATTCéATGGAAAGT%ATCGTCCCAéATTTCGGAAATTATATTCCéAGCCAGCAAéAAAATCTTC%CTGTT
ACAA%TTGACATAG&TAAAAACTG%ACTAATCAAAATGAAAAAT&TTTCTCTTG&GCGTAATCTéATACAATGA%TACCCTTAAAGATCG
AACA%TTAAACAATAATATTTGATATGATATTTT&AATTTCTATéCTATGCCAAAGTGTCTGACATAATCAAACATTTGCGCAT%CTTTG
ACCAAGAATAGTCAéCAAATTGTA+TTTCAATCAATGCAGACCA+TTGTTTCAGATTCTGAGAT%TTTTGCTGC&AAACGGAATAACTAT

CATAGCTCACATTCTATTTACATCACTAAGAAGAGCATTGCAATCTGTTAGGCCTCAAGTTTAATTTTAAAATGCTGCACCTTTGATGTT
---| LOCALIZATION ELEMENT

GTCTCTTTAAGCTTTGTATTTTTAATTACGAAAATATATAAGAACTACTCTACTCGGGTAAATTGTGACTAACTACACATAACTACATAC
------ la),

TTAGCCCATATTTCCGTCCCTTTCTAGAATGAACGAAAACAGTATCTGGT TTTCCCGAAAATCTTATGAATTTAAAAATGCACTTTATTG
CACATACTCACACATGCCTGCCATAAAATATGATTCGCGATTTTTCCGCGAACACCCGCGGATCATAAAACATTTGCACCAGCTGCCTGT

GTTTATTCACCTACCTGAAACCCATACTCTTATCGCCTGATCCTCGCGCGETCGCACTATT TAGGTAGACACTGTACAGGCAGCACTAGC
bcd SEQUENCE. Strain, Oregon R. Accession, X07870 (DROBCDG). An exclamation
mark at — 168 indicates the 5 end of the longest cDNA. Dashes underline the region
of PRD and OPA repeats. The boundaries of the RNA localization element and the
homeodomain are indicated with vertical bars below the sequence. Within the
homeodomain (Pro-97 to Ser-156), asterisks indicate conserved amino acids and
dashes underline the presumptive helices. Mutations bcd®3, bed®* and bcd®¢ (which

(continued)
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bcd

FiG. 6.1. Organization of bcd.

Gene Organization and Expression, Major Transcript

Open reading frame, 489 (the most abundant) or 494 amino acids depending
on the acceptor site of the second intron (bcd Sequence); expected mRNA
length, ca. 2,453 bases, in agreement with the prevalent 2.6 kb RNA band
(Berleth et al. 1988). Minor Transcript: Open reading frame, 149 amino acids;
expected mRNA length, ca. 1,436 bases in agreement with a 1.6 kb RNA band
(Berleth et al. 1988).

The 5" end of the longest cDNA is indicated in the Sequence at — 168. No
canonical TATA box is found in the appropriate position. The 3’ end was
determined from the sequence of two ¢cDNAs. There are three introns: after the
Leu-55 codon, within the codon for Asp-81 (or Glu-81), and after the Gln-399
codon. There are three alternative splicing forms. Two of them represent the
major 2.6 kb transcript that carries four exons. They differ with respect to the
acceptor site of the second intron; the two sites are in frame and the difference
is a five amino acid segment (bed Sequence). In the minor transcript, the second
and third exons are spliced out (Fig. 6.1) (Berleth et al. 1988). The mRNA that
codes for the 489-amino-acid protein is sufficient for all the bcd functions and
is probably the functional form (Driever 1992).

This gene is 35-40 kb closer to the centromere than Deformed (Dfd) in the
Antennapedia complex, and it is transcribed toward the centromere (Berleth et
al. 1988).

Developmental Pattern

Transcription of bcd begins early in oogenesis and seems to be restricted to the
nurse cells. The RNA is transferred to the anterior region of the oocyte, together

(continued) affect the homeodomain) encode proteins unable to bind to hb sequences
in yeast cells. Mutation bcd ®® (which truncates the polypeptide immediately
downstream of the homeodomain) binds hb sequences, but it is unable to stimulate
transcription in yeast cells (it is a strong allele in vivo). Mutations bed®®> and bcd®?
(which truncate further downstream) have some activating function left and are
weaker alleles, specially bed®> (Struhl et al. 1989).
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with other maternal RNAs, by passage through the ring canals. A special feature
of bed RNA is its ability to remain strictly localized or “anchored” in the
anterior 20% of the oocyte, in the cortical zone. A discrete cis-acting segment
necessary for this localization is present in the 3’ untranslated region of the bed
message. A 627-base segment (from 2,691 to 3,317) is sufficient to anchor mRNA
to the anterior egg cap and includes sequences with the potential for extensive
secondary structure (Macdonald and Struhl 1988). The bcd RNA remains highly
localized until after the last embryonic cleavage division; then it is degraded,
disappearing completely by blastoderm cellularization (Berleth et al. 1988).
Microtubules and the products of maternal effect genes swallow (swa), exuperan-
tia (exu) and staufen appear to be involved in the anchoring process (Schiipbach
and Wieschaus 1986; Pokrywka and Stephenson 1991).

Promoter

A 4.0 kb segment in front of the gene is sufficient for normal expression (Berleth
et al. 1988).
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Blastoderm-specific gene at 25 D: Bsg25D

Chromosomal Location: Map Position:
2L, 25D3 2-[16]
Product

Unidentified. Codon translation yields a 741-amino-acid protein with two
regions of similarity to known products. A 95-amino-acid stretch (positions
250-344) shows significant similarity (22%) to a portion of the product of the
fos oncogene. The other segment is 21 amino acids long (509-529) and shows
similarity to the repeating segments of rabbit tropomyosin that are thought to
bind F actin molecules (Boyer et al. 1987).

Gene Organization and Expression

Open reading frame, 741 amino acids; expected mRNA length, 2,645-2,774
bases when one of the proximal poly-A sites is used and approximately 4,749
bases when a distal site is used; this is in agreement with poly(A) + RNA bands
of 2.7 and 4.5 kb. There are two introns in the coding region, one in the codon
for Asp-78 and another after the codon for Gln-159. The 5’ end was determined
by S1 mapping and primer extension; 3' ends were determined by S1 mapping.
Three of the proximal poly(A) sites scored have no corresponding poly(A)
signals upstream; it is not clear whether these represent technical artifacts
or whether they are true termini. A third RNA of 3.0 kb hybridizes to
a Bsg25D cDNA, but it is very rare and could not be mapped (Bsg25D
Sequence) (Boyer et al. 1987).

Developmental Pattern

The 3.0 and 4.5 kb RNAs are expressed during the first 8 h of embryogenesis,
and the 2.7 kb RNA is blastoderm-stage specific (Roark et al. 1985).
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Bsg25D
ATCAATCTAACGATAGTGTATAACGATAGGAACAATGGTCCACGATATGGCCACCTCCGTGCAAGTTTGCTTAATGCCCTCCAGAGCGLG

. . . -->-295 . .
CCACCGTGCTCGCTATACTGCATTAATTGTTTTTTATCAACTCGCTAGAAATACGCTATCCCAAAAAACCGCAAACCCGCGATGTTTATG

TTGCGTTCCGAAGTGCATATCATAGATTAGTAGTAGTAGTAACCCCTCAAACAGCCTGCTGTCCAAAAAACACGCGTGATTCCCCCGCCA
CCCACGCACATAGACCCCGATATTTCACTTTTCTTGTTTTCGACCCCTGACTGCGTTTGTGGATTTTCCCCCCAAGAAAAAAAAAGCGAA

GTGAAAACGCAATTGAGCAGCCGATCGAT TGGAACGGCAGGAATTCCCCGGGTTACGGATAATGGAGGTATCLCGCCGATCCGTACGAGCA
MetGluValSerAlaAspProTyrGluGl

GAAGCTCTACCAAATGTTCCGCAGCTGCGAGACGCAGTGTGGACTTCTGGACGAGAAGT CCCTGCTGAAGCTCTGCTCACTGCTGGAGCT
nLysLeuTyrGInMetPheArgSerCysGluThrGInCysGlylLeuleuAspGlulysSerLeul eulysLeuCysSerLeuleuGlule

CCGGGATCAGGGATCCGCACTGATCGCCAGCCTGGGCGGCAGCCATCAGCTGGGCGTGTCCTTTGGCCAGT TCAAGGAGGLCGCTACTCAA
uArgAspGInGlySerAlaleulleAlaSerLeuGlyGlySerHisGinlLeuGlyValSerPheGlyGInPhelysGluAlaleuleuAs

CTTCCTGGGCTCCGAGTTCGATGGTAATACGTCATCGGGTTTCATTGGTGAGATAGCACAAAGAATCGATCACGCTATAGATTAACTTAT
nPheLeuGlySerGluPheAspA

ATAGTATAAA&ATAATATTT&CTATAAGCTAACGCGACAGéTTCGCATAAAACAACATACéTTTTATCTG%AATTGCGCT%TAATTACCC
ATCAAGCAACATCAGATAAT%ACGGAATGT}TGCCAGCCA&TTATTAGAGATAGTAATTCAATTTTGACAEGGATTTGGAACCGTGTGGG
%TTCCCTATTAATAAAACAC%GATCTAATGAACACATTTC%AGCAGTCTA%AGATGAACAAAGCCATTAC%TAATACTCAAAGAAGTGCT
ACCATCTACG%GCTAATTTG&AAGGATTATéCACATTTAC%TCAAACCTCéGCTTATCTGATTTGGAAAC%TCTGGGCAAATTTAGGACA
éCTTAGGGTAéGAATATCATAATCAGCACG&GGATTAGCA&GCGGCAGCTéGCGATCATAAAATCATAGA%GCAATTGACACTTTTTTAC
éACTCCCAAC%GTTCTCGAC%ACCTGATCC%GCATGATCC%TATCAGGTAéATGGTTACAATGTCCTGTA%AAATACGCGACACATTCAC
éTGGGCAGTT%AGTCTAAATéAAAATGGGAACACGATTGTATTACCGCCGATCCGGCGGT&AGTTAACAGATCCGATAAT%GAGAAGCTA

GCCGCTCGTTTTGGTAGCCACCTAAGATCCATACAACTCTTCCAGTTCTCTGCTAACTTATATCTATTGAATCTTCCAGAGCGTTCACTG
spArgSerLeu

GTGATTACGGATGAGCCGCTAAACAACACATACATCGAGAGTCCGCCGGAGTCTTCCGATCGCGAGGTTTCACCCAAACTCGTCGTGGGE
VallleThrAspGluProleuAsnAsnThrTyrileGluSerProProGluSerSerAspArgGluValSerProlysleuvalvalGly

ACCAAGAAATACGGTCGCCGGTCTAGGCCACAGCAGGGAATCTACGAGTTATCCGTCACGGACTCGGACAATACGGACGAGGACCAGTTG
ThrLysLysTyrGlyArgArgSerArgProGinGInGlylleTyrGlulLeuSerValThrAspSerAspAsnThrAspGluAspGinieu

CAGCAGCAGCAAAATCAGCGAAGCCTCAACGGATGCGATGAGCTGGGAGT TCAGGTGAGTGTCGTTTGTCAAGTCACGTACGAAGTGGCG
GInG1nG1nG1nAsnGInArgSerleuAsnGl yCysAspGluLeuGlyValGin

ATACAACTTCTGGTATGTATGCAAAATTGCATAGTAAACAGATTTTGTTTAATCGTTATTATTGCTGATACAGTAGAGCATGCCTAAGTA
GCACTACCAAAGCAAACAAATTATCTTAAATATACATCATGATCATCATAAGCATCTTATTTTTCCAAACCACACAGGTGCAACGTTCCT

CGTCCCAGAGCGATCTTCCTGGCAGCCGGCGTCTGCGGTCCGTCCACACCAGCGGGAGCAAACTGAAGCGTTGTGCTTCACTGCCAGCLC
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éCCGGAAGATéAACAGCAACACCACGGAGCEACTACATCA&CGACGGCAG&GGCCAAGTTéAAACAGCTT%CCATCCAGA&CCAGGCGCA
éCACAGCAGCAGCGTGGAATéACTGGGTAAéTTTCCTCTGéCCAGACCAG&TTTGGCTAG&CGATCCCCC%TGTCCCTGC&ACCCTCTGT
%GTTGTTAGCECAAAATGCCAAAATTACGT%TGAAGCAATGTTAAAAGCAAAACACTTGT%TGTCGGTACACACCGTAGC&ATCGCCTGG
éCACCAATCCéGCACCGTCG%CCGAGCACTéGAGATGCTAéCACGGCGGCéGTTGGTCATéCTGCAAAGG+TTGTGCGCT&TGAAGCAAT
%GTCAACACC&TCACACCCAéCGAATCCCCAACCCAGTCA}TCGGTATCTAATCGCACCC%ATGTAGCCGéACATTTGATiCGTTTTTTT
%ACTCGTATAATAACATATCéTACATTTTCAACCCTTAGTAATGCTGTAA%GCATTGACAATCAATTTAA%TAAGGATTT&ATATAAATC
AATTTCAGTTAGAAAGGATA%TTACTTATAATTTGTTCTA%TTTCTTGAT%TATTAGTTTéTACCTCTTTAAATAACACGGCAAAAATTT
éTCATTTCTAAAAGCCATTTéATATAGAGAAATAACAAAC;TTCGGCGCT%TTGCTTACA&CATCGACACACACACACACéCTTCCCCAC
%CCCAATCCCAATCCAATCCéACACCCACC%GGTATCTTGéGCTATATGTATAAAAATGTéTATATACAAéAGCGAAGCCAATCTCATTC

GTCCCACGCTAATTGTTAATTGCCATGATTTACAGACACCGTGACGCCGCAGCAATTGGAGACGATCTCAGTGCATAGCATTATGGAAGC
GlnLeuGluThrileSerValHisSerIleMetGluAl

CTGGGAGCTGGCCAGCATTCCCAACACTCGCAACCTACTTCACGTCCTGGGATTCGATGAGGAGGAGGAGGTGAACCTGCAGCAGCTAAC
aTrpGluLeuAlaSerIleProAsnThrArgAsnLeuleutisValleuGlyPheAspGluGluGluGluValAsnLeuGInGinLeuTh

TAAGGCATTGGAGGAGGAGC TGCGGGGCATCGATGGGGATCACGAGCAATCGAATATGTTGCGCGCTCTGGCTGCTCTGCAGGCCACCGA
rLysAlaleuGluGluGluleuArgGlylleAspGlyAspHisGluGlnSerAsnMetLeuArgAlaleuAlaAlaleuGInAlaThrGl

GTTGGGCAACTACAGACTTGCCTATAGGCAGCAGCATGAGGAGAACCTCAAGCTGAGGGCCGATAATAAGGCGGCCAACCAAAGGGTGGC
ulLeuGlyAsnTyrArgteuAlaTyrArgGinGInHisGluGluAsnLeulysteuArgAlaAspAsnLysATaAlaAsnGInArgValAl

TTTGCTTGCCGTGGAAGTGGATGAGCGGCATGCGTCGCTGGAGGATAACTCCAAGAAGCAGGTGCAGCAGCTGGAGCAAAGACACGCCAG
aleulLeuAlaValGluValAspGluArgHisAlaSerLeuGluAspAsnSerLyslysGInValGInGinLeuGluGinArgHisAlaSe

CATGGTGCGTGAAATAACGCTGCGGATGACTAATGACCGCGATCACTGGACCAGCATGACGGGAAAGCTGGAGGCACAGCTTAAATCGCT
rMetValArgGlulleThrLeuArgMet ThrAsnAspArgAspHisTrpThrSerMet ThrGlylysLeuGluAlaGl nLeulysSerLe

TGAGCAGGAGGAGATCCGTCTGAGAACGGAACTTGAACTGGTGCGCACTGAGAACACGGAGCTTGAGTCGGAGCAGCAAAAGGCTCACAT
uGluGInGluGlulleArgLeuArgThrGluleuGluLeuValArgThrGluAsnThrGluteuGluSerGluGInGInLysAlaHisI1

CCAAATCACAGAGCTTCTCGAACAGAACATTAAGCTCAACCAGGAACTGGCCCAAAGGTCGAGCAGCATTGGTGGCACCCCGGAGCACAG
eGInlTeThrGluLeuLeuGluGlnAsnllelysleuAsnGInGluLeuAlaGinArgSerSerSerll1eGlyGlyThrProGluHisSe

TCCATTGCGACCGAGAAGGCATAGCGAGGACAAGGAGGAGGAGATGCTCCAGCTAATGGAGAAGCTGGCTGCTCTTCAAATGGAGAACGC
rProleuArgProArgArgHisSerGluAspLysGluGluGluMetieuGInLeuMetGlulysleuAlaAlal euGinMet Gl1uAsnAl

CCAGCTGCGTGACAAGACTGACGAACTGACCATCGAAATCGAGAGCTTAAATGTGGAACTAAT TCGCTCGAAAACCAAGGCTAAAAAGCA
aGInLeuArgAsptysThrAspGluLeuThrIleGlulleGluSerLeuAsnValGluLeulleArgSerLysThrlysAlalyslysGl

AGAAAAACAGGAGAAACAAGAGGACCAGGAGTCGGCGGCCACGGCTACCAAAAGGCGTGGGGATTCGCCGAGCAAAACACATCTAACAGA
nGluLysGInGlulysGInGluAspGInGluSerAlaAlaThrAlaThrlysArgArgGlyAspSerProSerLysThrHisleuThrGl

GGAGAGCCCTCGCTTGGGGAAACAGCGCAAGTGCACCGAAGGAGAGCAGAGCGATGCCAGCAACAGCGGAGATTGGTTGGCTCTAAACTC
uGluSerProArgleuGlyLysGInArgLysCysThrGluGlyGluGInSerAspAlaSerAsnSerGl yAspTrpLeuAlaleuAsnSe
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CGAGCTGCAAAGAAGTCAAAGCCAGGATGAGGAGCTAACAAGCCTTAGACAGCGGG TTGCTGAGC TAGAGGAGGAACTCAAGGCTGCAAA
rGluLeuGlnArgSerGInSerGlnAspGluGluteuThrSerleuArgGIinArgValAlaGluleuGiuGluGluLeulysAlaAtaly

GGAAGGCAGATCTCTCACCCCGGAAAGCCGTTCGAAGGAACTGGAGACCAGTCTAGAGCAAATGCAGCGTGCCTATGAGGATTGCGAGGA
sGluGlyArgSerLeuThrProGluSerArgSerLysGluleuGluThrSerLeuGluG)nMetGlnArgAlaTyrGluAspCysGluAs

CTACTGGCAAACGAAACTTAGCGAGGAGCGGCAGCTGTTTGAGAAGGAGCGACAGATCTACGAAGATGAGCAGCACGAGAGCGACAAGAA
pTyrTrpGInThrLysLeuSerGluGluArgGinLeuPheGlul ysGluArgGinlleTyrG1uAspGluGInHisGluSerAsplysty

GTTCACCGAGCTGATGGAAAAGGTGCGCGAGTACGAGGAGCAGT TCAGCAAGGATGGCCGCCTCTCGCCCATTGATGAGCGCGATATGCT
sPheThrGluLeuMetGlulysValArgGluTyr61uGluGl nPheSerLysAspGlyArgleuSerProlleAspGluArgAspMetie

GGAACAGCAGTACTCGGAATTGGAGGCAGAGGCAGCCCAGCTGCGCTCGAGTTCCATTCAAATGCTCGAGGAGAAGGC TCAGGAAATCAG
uGluGInGInTyrSerGluLeuGluAlaGluAlaAlaGinLeuArgSerSerSerlleGinMetLeuGluGlulysAlaGInGlulTeSe

CTCACTGCAATCGGAGATCGAGGATTTGCGACAGAGATTGGGTGAGAGCGTTGAGATCCTTACAGGCGCCTGTGAACTCACCTCGGAGTC
rSerleuGInSerGlulleGluAspleuArgGinArgleuGlyGluSerValGlulleleuThrGlyAlaCysGluleuThrSerGluSe

GGTAGCCCAACTGAGTGCCGAGGCGGGAAAAAGTCCAGCCAGCTCACCCATCAGCTACCTCTGGCTGCAGAGCACCATCCAAGAGCCAGT
rValAlaGlnLeuSerAlaGluAlaGlyLysSerProAlaSerSerProlleSerTyrleuTrpleuGInSerThrlleG1nGluProAl

GAAATCGCTTGCCGATTCCAAGGATGAAGCCACCGCCAGTGCCATCGAATTGCTCGGAGGCTCACCATCGCACAAGACAGCCAGCCGGTG
alLysSerLeuAlaAspSerLysAspGluAlaThrAlaSerAlalleGluLeuleuGlyGlySerProSerHisLysThrAlaSerArgEn

AGTATGAGAAGCCTCTCGGTGTGTCCTTGGTGTGAGCATCCCTGTGTCTTCCTCATAATTTGCACTGTATGTCCTGTATATATGTTTCAG
d

TTTGTCCCTCACATCTAACCATGTCTAATATAAGCTAATTTAATCCTTTTAATTGTATGTTTGTGCTTGTTTAATAAATATAATTTATAT
[(A), [(A), [(A)z====

TCATATAGAAATTCATCACATTATCGAAATTCATTGATTTATGATTTCAATAAATATACATTTAATATTTTACAAAAAAATTACTCTTTT
lw, === TR (A,

%CGGTTATGAAATTGGCTGC%GGAAATGGT*TTGTTTGCT%ATTTTTCACATTTGTATCA%TACACGTTT%GCATCTTTA*GTTACATCT
%CAATCGTTT%TATTTTGTAAATCATGCCA%TTAATGGTCéCTTAAACAG&AATAACCTCACCACTTCGGAAACATCCATéTTTAGCACT
ACACCCTTCGAAAGCTCTCAéTCGGGTCCT%CGCCCACGAACAGTGGCAA&AGCAACGCC%ACGGCCAATéCCGGCCCAGéTCCGATCAG
éAAGCCCAAGéGGTCCCAGAéTCCCCAACAéGCGGCTGCA%CGGAGGGAGAGATAGCCGAiTGCGAGACG%CGTCGACGG&GTCCGGCAA
AAGCTTCGAA%CCAACAGTAAAACGTCTTG&CTTAGCCACéAGAAGTGCAéCAGTCCGTCéGCACTGAAGGAGGAACTGAAGCGCCTTAA
éTTCTTCGAG&TCTCCCTCAAGGAGCAAATéAAGGATCTGAGTCTGCAGCGGGACGGTCTéGTCATGGAAéTGCAGCAGT+GCAGGAGGC
éCGACCCGTGéTCGAGAAGG&CTATGCGGTéAGCCATAGA&TTTGTTGATéAGGGAACATATTCTAATCG*ATCTGTGGA&TCTTCTTTA
éCGAACAACGéATCCAACGC%TCAGCAGCGACTGAACCAA%TGGAGCTGCGAAATCGCCA%CTGCAGAAT&TCATCAAGCAGCAGCAGCA
%TACACGGAG%CCCTGATGCAGCGTAAGTTéAAAAACYACéTACTGACCAAGAATGATAA%GTAATATTTATTCATTAGAATCCTGGCGG

CAGCATCAAGTGGAGCTCAACGATTTGCATAGCCGAATCGAGACCAGGGTGTTTTACTGGCCGATCAGACACAGCGATTGCAGAGTGCCG

3539
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3629
(562

3719
(592

3809
(622

3899
(652

3989
(682

4079
(712

4169
(741

4259

4349

4439

4529

4619

4709

4799

4889

4979

5069

5159

5249

5339
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6150

6240
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6690

6780

6870
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ACATCCTGGT&AAGGATCTA%ATGTGGAGAACTCCCATCTéACGGCCACGéTGCAGCGGT%GGAGCAGCAACGAGCTAGGéTGAACCTCA
%TCACCAGCAéCAGCAACAGéAGCGCCTTG%GGGCGGTGGACTGCCTGGCATGCCTTAGT%TGCCCCACCéGCAAACGTA%ATAGTTTAT
AGATAATTATGAAAAAGACAAACCTGAGGAGGGAGTGGTGéTCAGCATCGéCAGACATCGAACATGCACC%AACCATAGA;CCTTATGAA
%GTTTAGACA%ATACAATTC%CGGTAGATTAAGTTTGCATACCCGTCGTA%TCGTATTCG%ACGTTGCGT%TTTTTTGTGAATGAATGTG
AATCCATGTTéTTCGACACGAGAGCACAGCAGCAATAACTAAAGTGACTT%AAACTAAAC+TAAACTCACéCACGCGCAAATGAGGAACA
ATCCACACTAGTGTACCAAT%TGTAACACA%CTAGTAATCéAATCGACTAAACTATTTACACGAGCTACAéGACATATACéATGAAGTAC
éCACGTAGTA%ATGTTCGTG&AATGTTGACéTTACTAATTéACTACTGAAACAGTTATCG%ATATTAATTATATTAGAAGAAACAGTATT
%TAAATTTGT%ATGCGTCTGAGTAGGCGAG&ACGTTTATCAATGTTTATCACGTGCCCAA%CAAATGCATéGGAATTGTTéTTAATTTTA
%TGATAGAGAAAATGGAAATéAGCGTAAAAAATGATCTATéATATTGATA%TGATGTAATATTTAACGACAAAAGACCTG%AAAGCTGTA
ACCATACACA&GAATCTATG%ATTTAAATTéCGATCTAAG%TAGCCAATAéTCTTCAATA%TGCTTTTGCéAACGCGACT%TTTGTTATA
%CTTCATTCG%CCCAATAAC%CACTCGATT%ATATGTAAA&AAAAAAAAA&TCAACCTCAATCACACGATATCGTGTAATéAGTGCTTAA

ATCAATACTTTCGATCAAAATAGAAGTTTACTTTTTAAAAGTATAAAAAATAATACAACAAAAAAACCAAATATACAATTATTTATAAAA
------ (A,

éCAAATTGTGATAACTCGTC;TTATTCTAAATAGTTATTAAAATGTTGCGéGAATATAAAETTATTGTTCATAAATACAA&TTGCTTATC
AGTTTTTTGGAAATGTTAAGATTTTGTTTC%TATTAAATTAATTGTTATTAAAATTAAAA&ATTTATGAAéTTTAAATTA%ATATTGATA
éGATAAACAA%TTATTTTAT%GCTTCAAAA%ATACATTAC+TTTTTTTAGéAATTTAAATATCCGTTTTAAGTCTTTTAA%TTTTAATTA
éGTTTTAAATATAATATCGA%TAAATAGTTéACTCCATTGéAATATCGATACCGCGTCGA%GTTTCTTCCAGCTCTATCG&GCACGCGCT
éTTAAAGTTTATTTGTACTG%TAACGCGAA%TGGATTAAAATGTTTTGTT%TTTGTTAGT+TTCGGTGTAAATGTGGTTT%AGTGCACTT

AACAACTGGTGAGTGTGCGTTATAGTAAATGAACTTAAATGCAATTACCGAATTC 6924

Bsg25D SEQUENCE. Accession, X04896 (DROBSG25D).
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Chorion Protein Genes: Cp36, Cp38, Cp15,
Cple6, Cpl18, Cp19

X-chromosome Cluster
Cp36 and Cp38

Chromosomal Location: Map Position:
X, 7F1-2 1-[23]
Synonyms: §36 and S38

Products

CP36 and CP38 (chorion proteins of 36 kD and 38 kD) are two of the six major
protein components of the egg chorion; the other four are the product of genes
on chromosome 3 (Petri et al. 1976). CP36 and CP38 are probably the main
components of the innermost chorionic layer and the internal region of the
thick endochorion (Parks and Spradling 1987, Orr-Weaver 1991). An N-
terminal segment of approximately 20 amino acids is probably a signal peptide
that is cleaved upon protein secretion (Waring and Mahowald 1979). As is true
for all major chorion proteins, CP36 and CP38 are rich in Gly, Ala, Pro and
Ser (in CP36, these amino acids constitute 40%, of the residues and in CP38§,
50%,) and in Tyr, an amino acid that is extensively cross-linked in the mature
chorion (Petri et al. 1976). Both proteins have runs of Ala and Gly-His, but
overall sequence similarity is not striking.

Organization and Expression of the Cluster

Cp36 and Cp38 lie within a 13 kb segment of DNA and are part of a cluster
that includes six tandem transcription units. Cp36 is positioned centromere
distal, upstream of Cp38; both genes are transcribed toward the centromere.
Downstream of Cp38, approximately 1.4 kb away and transcribed in the
opposite orientation is ovarian tumor (see otu Fig. 23.1). The function of the

72



-802

-712

-622

-532

-442

-352

-262

-172

8

98

188

278

368

458

548

638

728

818

908

Chorin Protein Genes: Cp36, Cp38, Cp15, Cpl6, Cpl§, Cpl19 73
Cp36
TT%CACATTGAGACGAAACAATéCACCGAAAA%CCATAAAATATAAGAATGT%GCATTTTAT%TTTAAAAATAAAGATGCCT%TTAAGAG
GAATAACTTAAA%GTCTTTAATACCTTTGAAT%TAATTATATéGCTAATAAA&ACAAACTTAAAGCTTAAAA&TGCATCGAA%TGAATGC
GG}TATAAATGTACTTATATATéTAATATAAT&TGCTAATAT&GTTTACATGéTATATCTTTéTCGGAAATT%TTACAAAAA%TATCTAT
TCATATATCTCGAGCGTAAGATATTTATCAGTiTATAGATAA&ATcTTTAAA%TTGGGTGAT%AAAAAAAAAEATTGCTGCAGGGCATGT
TTATGTACACAT}TCAGTATAAéTccCAAGTTAAAATGCAAT&TAAAAACATATAAAGGATA%TAACTTCAAACCCAAAGGA%TGCAGAG
AGATTGCAGCACAGCTGTAATCATCGCAACAAéGCAACCAAAACGAGACTcTéGTAGCGTTGéCATCATArTEGATCTTTGGAAGAGCTA
TGATTCAAGCCAAGGGAAACAA&TGCCAAAAAATAGAAGATT&CGACGAGCGéAAAGCAGAG%GGTGCACCA&GGTGCATAG&TGCATAG
GAéGTTGGTTGTéTAGAGATCTéGGCAcGATGécGAGACAAAéATGCGGcGCAAAATCGGAAATGGAGATGGATCACGTAGC&GGCCATG
s .

GCGGGCAGCGATTATAGGCGCTATAAAGAGCCGGAGTCATCGCCAGACAGCGAGCAGTAGACGATCCACACGTAAACGGCAACATGCAAC
------ MetGinL

TCGGTCTCTGGTTTGGCATTTTGGCCATCGCCGCCGCGCCGGTTAGTAGCTTTTATCCATGGCATTCGCATTGGGCATCCCGCTAATCTC
euGlyleuTrpPheGlylleleuAlalleAlaAlaAlaPro

GCAAACTCTCTCTCTCTCTCTCTCTTACCTCCTCCTCATTAGCTGGTGAGCGCTAACTATGGTCCCGCTGGCGGACACGGACACGGACAT
LeuValSerAlaAsnTyrGlyProAlaGlyGlyHisGlyHisG1yHis

GGACATGGACATGGACAGTACCTGTCCGGTCCCAATGCCGGACTCGAGGAGTACGTGAATGTGGCGTCTGGTGGCAACCAGCAGGCTGCC
G1yHisG1yHisG1yGInTyrLeuSerGlyProAsnAlaGlyleuGluGluTyrValAsnValAlaSerGlyGlyAsnGInGInAlaAla

AATCAGATCGCCTCACAGGCCGAGATCCAGCCCACGCCGGAGGAGGCCCGTCGTTTGGGTCGCGTCCAGGCCCAACTTCAGGCCCTCAAC
AsnGIn]leAlaSerGInAlaGlulleGInProThrProGluGluAlaArgArgleuGl yArgValGinAlaGInLeuGInAlaleuAsn

GCCGATCCCAACTACCAGAAGCTGAAGAACTCCGAGGATATTGCCGAATCTCTGGCCGAGACCAATCTGGCCAGCAATATCCGTCAGGGC
AlaAspProAsnTyrGlnLysleulysAsnSerGluAsplleAlaGluSerLeuAlaGluThrAsnLeuAlaSerAsnlleArgGinGly

AAGATTAAGGTGGTGTCGCCACAGTTCGTTGACCAGCATCTGTTCCGCTCCCTGTTGGTGCCATCGGGCCACAACAACCACCAGGTGATC
LysIlelysValValSerProGInPheValAspGlnHisLeuPheArgSerLeuleuValProSerGlyHisAsnAsnHisGinVallie

GCCACCCAGCCCCTGCCACCAATCATTGTCCACCAGCCTGGTGCACCACCAGCCCATGTGAACAGCGGCCCACCGACTGTGGTGCGCGGL
AlaThrG1nProlLeuProProllelleValHisGInProGlyAlaProProAlaHisValAsnSerGlyProProThrValValArgGly

AATCCGGTGATCTACAAGATCAAGCCCTCGGTCATCTACCAACAGGAGGTGATCAACAAGGTGCCCACTCCGCTGAGCCTCAACCCCRTC
AsnProVallleTyrLysIleLysProSerVallleTyrGInGInGluVallleAsnLysValProThrProLeuSerLeuAsnProVal

TACGTGAAGGTCTACAAGCCCGGCAAGAAGATCGAGGCTCCACTGGCCCCGGTGGTTGCACCCGTCTACAGCCAGCCCAGGGAGTACAGC
TyrVallysValTyrLysProGlylysLysIleGluAlaProLeuAlaProValValAlaProVal TyrSerGinProArgGluTyrSer

CAGCCCCAGGGTTATGGTAGTGCCGGAGCTGCTTCCTCCGCCGCCGRTGCCGCCTCCTCTGCCGATGGCAATGCCTACGGCAACGAGGCT
GInProGInGlyTyrGlySerAlaGlyAlaAlaSerSerAlaAlaGlyAlaAlaSerSerAlaAspGlyAsnAlaTyrGlyAsnGluAla

CCACTGTACAACAGCCCCGCGCCCTATGGCCAGCCCAACTACTAAGGTGCTCATCCTGGGCATGGGTTGTTCCTCAGCTGCGACAGCTGG
ProLeuTyrAsnSerProAlaProTyrGlyGinProAsnTyrEnd

-713
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277
(62}

367
(92)
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TTTAATTTAAATTTTTGTTTTTTTTTTTCTTTGCCGAACTACTGAGCGCAAATAAATGAAAAAAAAATACTTGAAACGTAAACGTTTTGT
—————— [,

CA%CAATTATTT%CGACCGGAAGGGGCTACCTéAGTGGCAATéAAGCACACAéATTAAGCACATATTTATGAATATATAAATATATACGA
ATéCATGAGAGAACAAAAAATTATATCTAGTT%TCTTCAAAAATAAATAATAAAGGGGAAAA%GGTATAAAGiATGAACATAAAATTATG
AAéGAGTATAAAiAAGTTTGTAATTGAAATCTéTACGGTCATACAAGTATTT%AACTATTCTATAAATATGCATAAACATGG%ACGCATT
TTATGAGATACAATTCGAAAGA%ATTGGATAG&ATTATCATG&ATGAAATTA%TTCACACTC%TGTGATGGTAGCTATCTTA%TCCAGTT
ATéGTTTAATTGéAAAGAATGGéATCAAAAGG%CATCTTTATéAACATATTG%TGATTCCGGAATGAATAATAAATAATAACATAACTAT
GAATTAATGGAG&AACTATAAT%TTACGGCCTéTTTTCTTTTAAACAAAGAA+ATAGCACTT%TAATGCATTAAATACGTAT%TAAACCT

TTTCTTTTGAAACGCCAAATTCATATTAGAGTTTCATAAGATTGTTTTAAAACATAACAACATAATAATTGAAGAATTGGAAATCTTTTT
. __EcoRl
AGGTGTTTGTAAGCCTTTGA 1737

Cp36 SEQUENCE. Accession, X05245 (DROCHORS3). The Cp36 sequence ends at the
EcoRI site at which the Cp38 sequence begins. Underlined are the regulatory chorion
hexanucleotides, approximately 60 bp upstream of the transcription initiation site
(see Cpl5 Promoter).

three other transcription units in this cluster is unknown (Spradling et al.
1980).

The 13-kb segment is at the core of an 80-100-kb region that undergoes
DNA amplification in the polyploid follicle cells prior to the time of pro-
grammed expression of Cp36 and Cp38. This amplification results in a 15-fold
increase in copy number (Spradling 1981). The amplification control element
(ACE1), a cis-acting element, resides within a 3-kb segment that includes Cp38;
a necessary portion of ACEL, at its upstream end, extends from — 580 to —80
in the Cp38 Sequence. In this region of Cp38 are found the repeating
pentanucleotide AATAC and related sequences (similar sequences are found in
ACE3, the amplification control element of the third chromosome chorion-gene
cluster). Whether other sequences within Cp38 are also necessary for amplifica-
tion is not known (Spradling et al. 1987). The mutation ocelliless (In(1)oc), is
an inversion with one breakpoint 5 kb upstream of ACE1. Although homo-
zygotes for this mutation amplify Cp36 and Cp38 in the new location, they do
so to a reduced extent. The genes upstream of the breakpoint, which are left
in place, fail to amplify but are correctly regulated (Spradling et al. 1979; Parks
et al. 1986).

Developmental Pattern

All of the genes in the X-chromosome cluster are expressed exclusively in
ovarian egg chambers during the last 6 h of oogenesis, a time when these cells
are actively involved in the synthesis and deposition of the egg shell. Cp36 and

1087
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1267

1357

1447

1537

1627

1717
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Cp38 are transcribed during stages 10—13 of oogenesis (the chorion genes of
the third chromosome cluster are expressed mainly during stages 13 and 14).
Individual genes, however, have distinct temporal and spatial patterns of
expression within the stages and cells mentioned, suggesting that each gene is
independently regulated. With respect to Cp36 and Cp38, in particular, Cp38
transcripts accumulate in stages 11 and 12 while Cp36 RNA is highest a little
later, during stages 12 and 13 (Spradling and Mahowald 1979, Mahowald and
Kambysellis 1980; Parks et al. 1986; Parks and Spradling 1987; Fenerjian et al.
1989).

A precise series of bursts of protein synthesis ensures that the different
chorionic proteins are secreted in quick succession; this is accomplished by very
fast mRNA turnover rates. Massive synthesis of each protein, on the other hand,
depends on high levels of the corresponding mRNA. Because the mRNAs are
short-lived, their accumulation depends on differential gene amplification in
follicle cells, as described above (Mahowald and Kambysellis 1980; Parks et al.
1986; Parks and Spradling 1987).

Promoters

Approximately 60 bp upstream of the start of transcription, both Cp36 and
Cp38 carry the sequence TCACGT, the chorion hexanucleotide, which is
thought to be involved in the regulation of all major chorion genes in Drosophila
as well as other insects (Kalfayan et al. 1985; Kafatos et al. 1985).

Cp36
Gene Organization and Expression

Open reading frame, 286 amino acids; expected mRNA length, 1,004 bases. The
approximate position of the 5’ end was defined by primer extension; the exact
position was suggested on the basis of sequence clements. The 3 end was
determined from a cDNA sequence. There is one 91-base intron after the Pro-16
codon (Spradling et al. 1987). There is a well-defined region of transcription
termination between 0 and 210 bp downstream of the poly-A addition site
(Cp36 Sequence) (Osheim et al. 1986).

Promoter

An 84-bp segment (— 162 to —79), sufficient for correct temporal expression,
was defined by studies of germ line transformants carrying a reporter gene and
fragments of the 5’ regulatory region. The reporter gene consisted of lacZ
associated with the Hsp70 basal promoter. These studies also suggest that
the 84-bp segment may contain two or more regulatory elements: while the
upstream half of this segment controls expression at the posterior pole of the
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Cp38
EcoRl . . . . . . . .
ATTCCTAATTGGAATAGCTAAAGATCCATATTTCATCTTCAAATCTCTTTGCAACTAGAGATTTATTTTATCTGGCAATTATTAAGTATA

CATTTTTATATGGTACTTTAAACTGATGGTTTAATCAGT TACATGGATTTTCTAAATTAAAAATGGTCATGTGAAGATAGCCACTCTTCT

AACAATCTAATCACATTTATAGTAAGAAATACAATACAATACAATACAATACAATACAATACAATACAATAGAAAGACAATCGAATCTGC

GCAATCCGTGTGAAATTCAAGGACTACAGCTGéGTGGCTAATéATTTCCCCC}ATCCACTTAéACCTCGGAT%ACCTCTTAT%CCGACTC
CCéGAGTCTTGTéTCTGCCAATéCGGAACTAT%TTCGCTATC%GAACAGACG+TCGGACCTCéATATGCGGCAAAGATTCACAGCCCGGC
TG%TGATTCCGA%TCGGTGGCAATGTGTTCGT%GTTATTGTAAAACGGGCAA%GGCAACTGGéCAGTGGGCAéTGGGGTTTTéGGGTTGT
GGéTTCTACGTAAGTGGAAGAGACGCCGTGATATGCGCTGGCAGCGATGCGT&CGATCTATCAACATTTGGC&ATGTTTCGT%CGCATCG
CG+GGGCCCGGAéCGGAACAGC&GGCACCGGAéTTGGCATCAATCCAAATGTéACGTACCCGéAGCCGGAGA&GCGTCCGGAGCATATTT

. . -->-76. . . . . .
AAAGTAGTCGGCCACCAATGGAGGGCAGCAGAAGACAGCAGACAGTCCAAGCGGGAGCACACCAGAAGCCGAAGAGCAACTGGAACTGCA

ACTGGGAGACAAGATGACGAGATCGACCTACATTTGGGCGCTGGCCGCCTGCCTGATCGTAAGTGT TCAAGCTCGAAATCTTAGGATTAA
MetThrArgSerThrTyrIleTrpAlaleuAlaAlaCysleulle

TCCCAAGAAAACCAAGTCTATCAATTCTGACTGCTTTCGTTTGTGCCATGTAAATCGTACATGAAAAGCAAATTGACTTTCCTTTAAATT
ACTTGAAACGGAATCAAGCTATCTATCGATGCTAGACTTATTTTAAGTATATGTATATGTCGATCCAATTCTAATCCACCCCCCCCCCET

CAATTTACTTTTAGGCCTGTGCAAGCGCCAACTACGGCAGTTCCCAGGGCTATGGACCCGAGTCCGGAAGCGGTGCCTCCGATGGCGGTG
AlaCysAlaSerAlaAsnTyrGlySerSerGInGlyTyrGlyProGluSerGlySerGlyAlaSerAspGlyGlyA

CTGATGCCGCTTCAGCGGCCGCAGCAGCTGCCGGLGGTGCCGGTGGAGCTGGTGGCGAGTACGGTGGTGCTAACGCCGGTGCTGGTGCTC
laAspATaAlaSerAlaAlaAlaAlaATaA1aGlyGlyAlaGlyGTyATaGlyGlyGTuTyrGlyGlyATaAsnATaG]yATaGlyATal

TCGAATCCGGAGCCGATGCCGCCGGTGTGGCACAGGCTGGCCAGAGCAGCTACGGATCCGACCAGAACATTCCGTACAAGCCGGTGAACA
euGluSerGlyAlaAspAlaAlaGlyValAlaGInAlaGlyGInSerSerTyrGl ySerAspGlnAsnlleProTyrLysProValAsnT

CCAAGGGTAACACCCTGACCTCATCGATCACCTACCCGCAGAACAAGGGCGAGATCCTCATCCATCGTCCCGCTCCCATCATTGTCAAGC
hrLysG]yAsnThrLeuThrSerSerIleThrTerroG1nAsnLysGlyG]uI]eLeuI]eHisArgProA]aProl]eI]eValLysA

GTCCGCCCACCAAGGTGCTGGTGAACCATCCACCATTGGTGGTTAAGCCCGCTCCCGTGGTGCTCCACAAGCCCCCAGCAATCGTTCTCE
rgProProThrlysValleuvalAsnHisProProleuValVallysProAlaProvalValleuHisLysProProAlallevalleuA

GCAAGGTCTACGTCAAGCACCACCCACGTCGCGTCAAGGTTGAGCCCGTGTTCGTCAATGTGGTCAAGCCCCCAGCAGAGAAGTACTTTG
rglysValTyrVallysHisHisProArgArgVallysValGluProValPheValAsnValVallysProProAtaGlulysTyrPheV

TCAACGAGAACAAGCAGGGCTACGGACAGGGCTCGCAGTCCCACGGACACGGCCATGGACACGRTGGCCATGGACACGGACACAGCGGAC
alAsnGluAsnlysGInGlyTyrGlyGinGl ySerGInSerHisG) yHisG1yHisGlyHisG1yG1yHisGlyHisGlyHisSerGlyH

ACGGACACGGTGGACACGGTGCTGGACCCCATGGTCCTGRACCCCATGACGRTGGCCGTGCTCTGCCCGCCTACGCTTCGGRAGCTGATT
1sG1yHis61yG1yHisGlyA1aGlyProHisGlyProGlyProHisAspGlyGlyArgAlaLeuProAtaTyrAlaSerGlyAlaAspS
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978 CCGCTGCCGCCAGCGCTGGCTATCAGCTGCTCCAGAGCGGCAACCAGGGTCTGTCCGCTCTTGCCAACATCGCLGGCGAGCGTGAGGGTC 1067
erAlaAlaAlaSerAlaGlyTyrGinLeuleuGInSerGlyAsnGInGlyt euSerAlaleuAlaAsnl1eAlaGlyGluArgGluBlyP  (281)

1068 CCTATGGTCCCGCTCCAAGCCATCAGCACTATAGCGCCGGTCCAGCCGGACATGGCGGCTATGCTGCTCCCGCCTATTAGGTAACAGATG 1157
roTyrGlyProAlaProSerHisGinHisTyrSerAlaGlyProAlaGlyHisG1yGlyTyrAlaAlaProAlaTyrEnd (306)

1158 CGGAGGAGTTACGGATTGGATGACTGCTGCGGCTCCGGAATCAACTGAAGCGGCTGGTTTAGTCATTCGCTTATCCGGCTGATTAGTTAC 1247
1248 TATGTTTTTTTTTACAAAAAAAAAAAAAAAAACACAGCCTGATCGACCAACGCCCATGCCTACGCCCACGCCCACTCATGCACACCCCAA 1337

.338 TACCACCCACTCACCCATTCAACGGCCCAGGAGGGGCGTGGCACTCAGGTTTCTTTGCAAAACAAATAAAAAATTTGAACAAAAAARARA 1427

428 AACAATTATACCCAAGCTGACTGTTGTTTTCGATGAAGGGTGAAATCTAGA 1478
(A,

Cp38 SEQUENCE. Accession, X05245 (DROCHORS3). The Cp38 sequence begins at
the EcoRI site at which the Cp36 sequence ends. The bases underlined between —615
and — 572 are part of ACEL. Also underlined are the regulatory chorion
hexanucleotides, approximately 60 bp upstream of the transcription initiation site

(see Cpl5 Promoter).

egg chamber and the proximal half controls expression at the anterior pole,
expression over the entire egg chamber requires the intact segment. A more
distal element (— 1,243 to —457), even though apparently not required, was
found to allow weak expression (Tolias and Kafatos, 1990).

Cp38
Gene Organization and Expression

Open reading frame, 306 amino acids; expected mRNA length, 1,290 bases.
The position of the 5" end was determined by primer extension and S1 nu-
clease mapping. The 3’ end was obtained from a cDNA sequence. There
is one 226-base intron after the Ile-15 codon (Spradling et al. 1987).
There is a well-defined region of transcription termination between 220
and 585 bp downstream of the poly-A addition site (Cp38 Sequence) (Osheim
et al. 1986).

Chromosome 3 Cluster
Cpls, Cplé6, Cp18 and Cpl19

Synonyms: S15, S16, S18 and SI19
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Cpl8 MMKFM..CIC LCAISAVSAN SYGRPRGGYG .......... .GAPVGGYAY QVQPALTVKA IVPSYGGGYG GNHGGYGGAY ESVPVPVSSV YSGANVGSQY
Cpl6 ....MSATLR LLCLMACCVA LAVANRPHYG .......... . Goivivin e e SGYG ASYGDVVKAA ETAEAQASAL TNAA......
Cpl9 MNKFATLAVI FCACIVGSCY ANYGGQQSYG QRSYGQDSSA ASAASSAAAA GAEGQQRYER PVEITAGGYR GSYAPEILRP IQVSGGYGGE RRGYNGGNYR
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101 150 193

Cpl5 SAA....... AAAAASAAAV NPGTYKQYAI PSYELDGARG YEIGHGYGQR AY*....... .......... .. ..coiiir ciiioinnn on.
Cpl8 SGS....... GYGGAPPVDA QAIALAKLAL AAPSAGAPLV WKEAPRYAQP VYPPTSYVNQ EYGHSEKVKG GSAAAAASSV AAGKKGYKRP SY*
Cpl6 .GA....... AASAAKLDGA DWYALNRYGW EQGRPLLAKP YGPLDPLYAA ALPPRSFVAE VDPVFKKSQY GGSYGENAYL KTDAKLGVVA I*.
Cpl9 RAGYGPRWTV QPAGATLLYP GQNNYKAYVS PPEYSKVILP IRPAAPVAKL FVPENQYGNQ YVSQYSAPRS SGY*...... .......... ...
CON --------- —-m- A----e mmmo-e- Yom mmmmmsemes mmmmeeeen - | e O S DR C S L P L Tt

Fi1G. 8.1. Comparison of amino acid sequences for the chorion proteins in the chromosome 3 cluster.
The sequences were aligned using the GCG Pileup program. The CON(sensus) line indicates positions at
which three or more of the sequences agree.
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Chromosomal Location: Map Position:
3L, 66D11-15 3-[26.5]
Products

CP15, CP16, CP18 and CP19 (chorion proteins of 15, 16, 18 and 19 kD) are
four of the six major chorion proteins; the other two are products of Cp36 and
Cp38, which occur on the X-chromosome (Petri et al. 1976). These proteins are
localized mainly in the exochorion and in the outer portion of the endochorion
(Parks and Spradling 1987). The 20 or so N-terminal amino acids in each
protein probably represent signal peptides (Waring and Mahowald 1979).
These basic proteins are rich in Gly, Ala, Pro and Ser (residues that represent
approximately 509, of the total) and Tyr (Petri et al. 1976). As in chorion
proteins CP38 and CP36, there are Ala-rich stretches but no pattern of strong
sequence similarity (Fig. 8.1).

Organization and Expression of the Cluster

This cluster comprises four transcription units arranged in tandem (Fig. 8.2). In
size, developmental expression and differential amplification, it is quite com-
parable to the X-chromosome chorion-gene cluster (Spradling et al. 1980).

The conserved position of introns (in all chorion genes but Cpl6) and the
presence of certain sequence elements in the 5’ regions of the major chorion
protein genes are suggestive of a common phylogenetic origin for all chorion
genes in this cluster (Levine and Spradling 1985; Spradling et al. 1987, Wong
et al. 1985). Although various Drosophila species show considerable divergence
with respect to specific chorion-gene sequences, the disposition of the genes and
general organization of the two clusters are remarkably conserved (Fenerjian
et al. 1989).

Amplification (see Chorion-Gene Cluster on the X-chromosome) reaches
60-fold in the third choromosome cluster, and the amplification control element,
ACES3, resides in a 3.8 kb fragment that includes the genes Cp15 and Cpl8
(Levine and Spradling 1985). Within this segment, ACE3 sequences essential
for amplification have been localized to the interval —673 to —163 of Cpl8
(Cpi8 Sequence). A 440 bp segment is capable of autonomous amplification,

Cp18 Cp15 Cp19 Cp16 Yy X

10 kb

FIGURE 8.2. Chromosome-3 cluster organization. X and Y are two nonchorionic
transcription units.
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Cpl8

AAGCTTAGTGCGGCAGTTTGGAAAGTGGAACGGTTGTGTTTATAATTTTATTGTAATTTTATCTCAATTTTTTTTGCTTTTGTATATAAA

TTC+ACCAACGCA6CAGAATTTTéAGGCCACTGéCTTGACTTCACTGTGTCAC%GAAAAATCGéTGTCAAGCTéTCGGCACCG%GGGGCA

AAG&AACTGCAATACTGATCGAAACTATGCGGA+CCGGAGCACéAAGAGTCATéCGGTCGGAA%CTTACGTAA%GGGTCTCGT&TCTGGT

AGA&GATGGCGTAAGCACAGACG&CTGCTATCTéGACCGGCCCéAATTGAGAGéCAGCATTTTéGCCAGTGCGéATTCGGCCTéGCTGCA

CGT&TCCGGCGGCGTCTCAAGAT%GCTGGACAAAGAGGCGAGG&CTGGAACTGéGTCTCCGGGAACCCGGAGAéCCGAAACTTéCATCAT
-->-43

ATTCGTCACGTAAGAGTTGGGCCTCTGCCTGGATCTGGTATAAAAACAAAACAT TGCGCCAGAATAAGACATTAGTTACCTTCGCATCGA

TCAACTAACCAACTCAGCCTCAGAATGATGAAGTTCATGGTAAGCTTAAGTTCCAATATTGTTTCACCTCAACACCTCAACTGCGTCCAG
MetMetl ysPheMet

TATGATCCTTTTAATAAAATATAACTACATATTATAATAATTTGAAATAATATGATTGGATCTTTCTTTTCTAATGCACTTCAGGCTATA

CCCAAATTAATTGAATTTTTTCTTGAATCCCTTAGTGCATCTGCCTCTGCGCCATCTCTGCCGTTTCGGCCAACTCCTACGGACGTCCCC
CysIleCysLeuCysAlalleSerAlaValSerAlaAsnSerTyrGlyArgProA

GTGGTGGATACGGTGGTGCCCCAGTCGGTGGCTATGCCTACCAGGTGCAGCCTGCCCTGACCGTTAAGGCGATCGTTCCCTCATACGGTG
rg61yGlyTyrGlyGlyAlaProValGlyGlyTyrAlaTyrGInValGInProAlaleuThrVallysAlalleValProSerTyrGlyG

GTGGATACGGCGGAAACCATGGAGGATATGGCGGTGCCTACGAGTCGGTGCCTGTGCCCGTGTCCTCTGTCTACAGCGGTGCCAATGTGG
1yGlyTyrGlyGlyAsnHisGlyG1yTyrGlyGlyAlaTyrGluSerValProValProValSerSerVal TyrSerGlyAlaAsnValG

GATCTCAGTACTCCGGTTCCGGCTACGGCGGTGCCCCACCAGTCGATGCCCAGGCCATTGCCCTCGCCAAGCTCGCCCTGGCCGCTCCCA
1ySerGInTyrSerGlySerGlyTyrGlyGlyAlaProProValAspAlaGinAlalleAlaleuAlalysLeuAlaleuAlaAlaProS

GCGCTGBAGCTCCTCTGGTCTGGAAGGAGGC TCCCCGCTACGCCCAGCCCGTCTATCCCCCCACCAGC TACGTGAACCAGGAGTACGGAC
erAlaGlyAlaProLeuVal TrpLysGluAlaProArgTyrAlaGinProVal TyrProProThrSerTyrValAsnGInGluTyrGlyH

ACAGCGAGAAGGTGAAGGGAGGCTCCGCAGCCGCTGCTGCCAGCTCCGTGGCCGCCGGAAAGAAGGGC TACAAGAGGCCCAGCTACTAAG
isSerGluLysVallysGlyGlySerAlaAlaAlaAlaAlaSerSerValAlaAlaGlyLystysG)yTyrLysArgProSerTyrEnd

TGGCAAAACGTTGAACAGTGAACCAAAAACTTACCTGCCAATAAGGAACTAGGTCATAATAATAAAAGCCAAAACATCAAGACTTAAAAT
------- la),

TTTGAGTACTGTATTCTTGCTGGGTTTTTAGTTTCGGGCCAAGAGTTGAG 836

Cpl8 SEQUENCE. Strain, Oregon R. Accession, X02497 (DROCHORSG). The
underlined bases between — 530 and — 500 represent a segment that is a part of
ACE3. Also underlined are the regulatory chorion hexanucleotides. The Cpl5, Cpi8

and Cpl9 sequence segments occur contiguously in genomic DNA in the order shown

in Fig. 8.2.
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but sequences outside of it also seem to influence the process (Orr-Weaver and
Spradling 1986; Carminati et al. 1992).

Developmental Pattern

Transcription of these genes occurs during oogenesis, a little later than
transcription of Cp36 and Cp38: Cp16, Cpl8 and Cpl9 are expressed mainly
during stage 13 and to a lesser extent during stage 14; Cpl5 is expressed almost
exclusively during stage 14 (Mahowald and Kambysellis 1980; Parks and
Spradling 1987; Fenerjian et al. 1989).

Promoters

As in Cp36 and Cp38, the sequence TCACGT is found approximately 60 bp
upstream of the transcription initiation site (except for Cpl6, in which it is
found 80 bp from the 5" end). Other sequence elements in the neighborhood of
this hexanucleotide are also present in Cpl8, Cpl5 and Cpl9 (Levine and
Spradling 1985; Wong et al. 1985).

Cpls
Gene Organization and Expression

Open reading frame, 115 amino acids; expected mRNA length, 519 bases. One
71-base intron is present after the Leu-4 codon. The approximate position of
the 5" end was determined by S1 mapping, and the first nucleotide transcribed
was assigned on the basis of similarities to canonical Drosophila sequences. The
3" end was determined from the sequence of a ¢cDNA clone (Cpl5 Sequence)
(Levine and Spradling 1985; Wong et al. 1985).

Promoter

The 73-bp segment of DNA from —162 to —90 seems to be necessary and
sufficient for correct tissue and temporal specificity in the expression of this gene;
sequences between —858 and —162 may contribute to an elevation of the
transcription rate. The TCACGT chorion hexanucleotide from —104 to —99
is indispensable for transcription as well as for follicular specificity. Another
positive cis-acting element, between — 116 and — 107, activates expression late
in oogenesis (stages 13 and 14). Element(s) between — 162 and —124 act
negatively to suppress early transcription (stages 11, 12 and early 13) (Mariani
et al. 1988; Shea et al. 1990). By gel retardation assays, two protein~DNA
complexes were detected that involve the —116/—107 and — 104/ —99 sites;
there is partial overlap of the binding sites. Two cDNAs produce proteins that
bind specifically to these sites: chorion factor I (CFI) binds to the chorion
hexanucleotide while CFII binds to the late activator site (—116/—107). Both
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Cpl5

ATCTGCA%ATCTTAGCTéAATTGGCAAAGACTTGCGG%TCATTGCAA%GCCAAGCGA%ACTTTGAGCéAGCAAAAAT%TCTTGGTTTéGT
AGTTAAA%GAAAATGCT&CTTAAAGTGETAAAGAATAATTGTCATGGE6AATGAAGC%GCAAAGCTAAAACTAAATTAATTTGTGGGECC
AArTrAAAAcTATAGTT%GTCAAAAGAéccTTGAch%TTTAAGTCAECATAAGTAAAGAATcTATTACATAAAACGéGATTAGATAéAA
TATAGTT%TGCTTGAAAiTATGTTTTTéTAAAATTTCAAAATeATTGAAATAcTrTAAAATGTTTTAéTTATAATTT%AAGTTTTGTATG
TGACTAG%AATCACTTTAAAGGAATGA&TCTATATAGGTTTTATCAGAAAAACCGGC%GGAACCAGT%CTAGAAGAA%CCTCACTTA&AC
AAGCCAAGTTCCGGACA&AACCGATCTéGAAACCATTACCCCCGAGAATGTGGATAA%ATAAAGTTCAATTCAACAAATTTTGGAGT&TA
TTCGAAAATAAACGCGT}cGTGGTchéATrTGGAAGAeTceceTGcheTAGTGcTArcAcCAccCAACACCCGGTAGAATAGCACATC
GCGTAACéAAGCGATTT%ATAATGGCT%GACAACAAG%ACATAAATCAAATGTGAGTATATTCCAGCéGGGCAATTA%GAAATGCCA%TT

CTGGGCTGAAACAGAACAATTAGTGTATATAGGTCACGTAAATGTCCAGGCTAAAATTTGCGTATAAAAGCGAGCGTTTCTGGTCGGTAA

-->-44 . . . . . . .
ATCATAGTTTGATTGATTACCCCAAACCAACAAAACTAAGCACTCACCATGAAGTACCTGGTAAGTTGTGGTAGTCCCCGTGAAGGAGTG
MetlLysTyrlLeu

GCAGCCAACTGATCCTCCGGATTTCCCCTTTTCACCTTCAGATTGTCTGTGTTACCCTGGCCCTTTTCGCCTACATCAACGCCAGCCCAG
I1eValCysValThrLeuAlaLeuPheAlaTyr1leAsnAlaSerProA

CGTACGGCAACCGTGGAGGTTATGGTGGTGGCTACGGTGGTGGCTACGGTCCTGTTCAGCGCGTCGTCTACGAGGAGGTGCCCGCCTACG
1aTyrGlyAsnArgGlyGlyTyrGlyGlyGlyTyrGlyGlyGlyTyrGlyProValGInArgValValTyrGluGluValProAlaTyrG

GACCATCCCGTGGCTACAACAGCTATCCCCGCAGCCTGCGATCGGAGGGTAATGGAGGAAGTGCCGCTGCCGCTRCCGCCGCTTCCGCCE
1yProSerArgGlyTyrAsnSerTyrProArgSerLeuArgSerGluGl yAsnGlyGlySerAlaAlaAlaAlaAlaAlaAlaSerAlaA

CTGCCGTGAATCCCGGAACCTACAAGCAGTACGCCATTCCCTCCTACGAGTTGGATGGCGCTCGTGGCTACGAGATCGGACACGGCTACG
laAlaValAsnProGlyThrTyrLysGinTyrAlalleProSerTyrGluleuAspGl yAlaArgGlyTyrGlulleGl yHisGlyTyrG

GCCAACGTGCTTACTAATTCTCGCTTCATCGGCAGTGAATTGAACTATCGACTCCTTGCTAAAATCCTCGAGTGGCTGTCATGGCGAAAC
1yGInArgAlaTyrEnd

TCTGAGAATCAGTGAATAAAAGCAGCTTGAACGCAATGGAAAATACCGAAAAGAAATACGTATTGTGTGTTTTGCATTGTGACATACTTT

. zmmmoe TOR
TCAGCGCATT 592

Cpl5 SEQUENCE. Strain, Oregon R. Accession, X02497 (DROCHORSG). Underlined
is the regulatory chorion hexanucleotide. c¢fl (which overlaps the chorion
hexanucleotide) and cf2 indicate the binding sites of chorion factors I and 11
respectively. The Cpl35, Cp18 and Cpl9 sequence segments occur continuously in
genomic DNA in the order shown in Fig. 8.2.

CFI and CFII RNAs are more abundant in follicle extracts than in extracts
from other tissues, and CFII protein is more abundant in nuclear extracts from
late follicles than in extracts from early follicles. CFI corresponds to the product
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Cplé
TGéCATCGAGTGéGGCACAATTéTTGGGAAAAéTTGTCGTTGAAATTAAAACéATGTGTGTAéAGGTTTTGT&TGTTTGAATAATTTTAA
TT+TTCGTAAAAéTGAATTTATéTTTTGTGTTAAGCCGAAATATAAATAAAG%TTAATATTA%TACTAACTAACCGTACGAT&GTTTTTC
ATMCAGCTTMTTTGGT;\TTTAGCAACA'\TTGTMTAT%ACATTAAAA:IAAATATAAGAATGAAATTC{'AATMAMG(‘;CATAACT
TAI.\ATGCCAATG+ATTTGAAACA.\TAACTTAGN.\TATTGACGTI.\ATAATCCAC%TTGTTGCTA%GCACATTTT%GTCCATTTT%AAATAAA
TTéATAGAACTGAGTTTACGAT(.:CACAAACTT‘;’TCAAAAACA%TGTTCAGCT%TAAAACTAG;\GTTTGCCCGI.\CGTCCAAAGI.\CTTTCGT
AC(;TCGCTGGTT(.:CGGTTAGTG‘.rTCATTGATC(.iGTGGCTTM(.:CCCAGTTGG(;CCGATTTCC('iATGCGTGCA%GGGCCGGAT(.:GCCGTGG
AGI.'ACGCCAAAG(.:CCCGATACC(;CACACACCA(;AAGCGAACA(.SAGCGTGCCGAGCAGGGGGN;GTCGCTATCI.\ATGGAGCAG(':TTCTCGG
GG"ITCCCGGGGH.'GTGGCAGTG(':CGCMTTTG(-SCGCGCAATT1"CAATGAGCA%AGAAATTGGI.\GACGATCCC(;TGGCCTTAT(::GCCCTGG
GC(':GGAGGGGAC(;GAGGGGGCT(;GAGATGCTG&CAGTGGCGG(.:CCCCCGAAA('ETGACTGGTC;\TCGAGGTGG‘}TTGGTCACG%CTGGTGA
s

GCTCACAAATCGCGGAGCAGCTCAAATGGTGTTGCTATAAAAGCAATTTGGACACACGCTCTGGTTAATTAGTTTTCGAAACAGTCCGTT

CCTCGCACCACCACCAAAAAAAAATGTCCGCCACCCTACGCCTTCTCTGCCTGATGGCCTGCTGCGTCGCCCTGGCTGTGGCCAATCGEC
MetSerAlaThrLeuArglLeuleuCysLeuMetAlaCysCysValAlaleuAlaValAlaAsnArgP

CCCACTACGGCGGATCCGGATACGGAGCCAGCTACGGCGATGTGGT TAAGGCCGCTGAGACCGCCGAGGCTCAGGCTTCTGCCCTGACCA
roHisTyrGlyGlySerGlyTyrGlyAlaSerTyrGlyAspValVallysAlaAlaGluThrAlaGluAlaGinAlaSerAlaLeuThrA

ACGCCGCCGGAGCAGCTGCCTCCGCCGCCAAGCTGGACGGTGCTGACTGGTATGCCCTCAACCGTTACGGATGGGAGCAGGGTCGCCCAC
snAlaAlaGlyAlaAlaAlaSerAlaAlalysLeuAspGlyAlaAspTrpTyrAlaleuAsnArgTyrGlyTrpGluGInGlyArgProl

TTCTGGCCAAGCCCTACGGTCCTCTGGACCCGCTATACGCTGCTGCTCTGCCACCACGCTCCTTCGTGGCTGAGGTCGATCCAGGTGGGT
euleuAlalysProTyrGlyProleuAspProleuTyrAlaAlaAlaleuProProArgSerPheValAlaGluValAspProV

TCCTAAGCTAAGCTACAACATGGATAATATTGTTTATCCTATGATTTTGGATTGACTTCATAGCACCGCTTTGCCACCCATACTTACCTT

CTTTTGTAYCGTCTCTACCTTTCAGTCTTCAAGAAGAGCCAATACGGCGGATCTTACGGCGAGAATGCGTACCTGAAGACCGACGCCAAA
alPhelyslysSerGInTyrGlyGlySerTyrGlyGluAsnAlaTyrLeulysThrAspAlalys

CTGGGTGTTGTGGCCATCTAAGAGCTTGGATTGTATAGCTCCAAAAGTGTTAATAAATAGTGATAGCTTAAAGCAATATAAATCAATGGA
LeuGiyvalValAlalleEnd = ——=oeo

AA%TCATTTATTéGGCTGGGAAACCAAACTTGAGCGAATCTT%ATTTGCAAA%GAGAATGTT%GTTTACTCCéACAACTTCTéCCTATTT
TTéAATGCCATGAAACTTTAGA*GGTTAAAAAAAAACTTCAAAAACTTTGAG%TGGCTATGC&AAACTTCAT%ACTTGAAGT&CACTAAG
GT%CGCAGCTACACCATTTCTT&AAATCTTGAAGACCCCCCCAATTAGTAAAACCGAATTTCACTTACAATT%CTTATTGTTATTATTAT
GAATAGAATTTCéTTTTTATTGéAAGATACAAAGTAAAAAATéTGAAAATTGéTCAGTTTTG%TGATGCTGA%TTAATGTAAAATTCAAA
TTéGTTACGAGCACACAGAAAT%TACCTACTAAACATAAAGT&AACTAAAAA&AAATAGTAGAAGCGGTTGTAACTCGGTTAACTCGATG

CTGCGGTGGCGTGCTTAGTGGGATATTTCGGTGACGATTATCATTTCCATTTCAAGTTATTAAGTTTTGTGCTTTTCGTTCAAATGGGCT

(continued)
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Cpl9

CGGGTTAAGAT TTAGCGGTG6GTCATTATTATTAT TCCACACACARGATGGGTTTCAAAGTGGGGCAGCTAGAATATTCACTGCGGCAGA
TTGTACAATACTATATAGAAGTACTATTGCACTTTARGCTACAAAGTCGACAGGTTARGC T TCAGTGACTCAAGAATTTAGTCACCTATG
AAACCCTTAGTTTCACTAATAGATTCTTAGACGAACATCTT AT TGTATARTCARACARATGGCTATGTATATATTACRATARCATATT
T6CCAATGTGCAARAAGGCATAGACT TTGAAGTTATGTTTTATCGTTAMATTTGGTTTGTTCTGTTTACTTGAAGGTATAGATAATATT
ATAGAATCCATATCCAATARCCATTGETCAGTTGTGGGCCCGTTATCCCATTARCCCACTTGAC TTCCCGCACRCACCCAAATGCAACCA
TTGATTTTG66CCTCAGT T6GGAGCATCTCATC TOCCACCCCCAACGAAGGTCAACCBECGAATGOAGGCGATACGATACGETGCGTG
AGCAACCTGCTCRAGCCGARACGAGCTCAAC TGOAGCCCCGATATC TGECTAGGAMAGC TAGAAATCCACAGAAAGTTCCCCAACAAR
CTO0CCGAGAAGAGACGBCGAAGCCAGTCT TGAGCCBTGATARATTTCTEGGCOAGATCACGTTTCRAGTGCARCARTARATTTECTTA
. . -->-44 . -_j—__ . .
TATAAAGAAGTGTGCTTGECCATTTAATATGTTAATTCAGCCAACTGTGCCAAAACCCATACATCATAGCCATGAACAAGTTCGCTGTAA

______ MetAsnLysPheAla

GTGTCCCTGAGAACCGCTTCCGTATTCCCTGCCGCTTTTTCATTTTCCGGACTTATGCTAACTGAAAGTTTTCCTGATTTTCCAGACTCT
Thrie

GGCAGTCATCTTCTGCGCCTGCATCGTGGGCAGCTGCTACGCCAACTACGGTGGCCAGCAGAGCTACGGACAGCGATCTTACGGTCAGGA
uAlaValllePheCysAlaCysIleValGlySerCysTyrAlaAsnTyrGlyGlyGInGInSerTyrG)yG1nArgSerTyrGlyGInAs

TAGCTCCGCCGCCTCCGCCGCCAGCTCAGCAGCTGCTGCTGRAGCCGAGGGTCAGCAGCGTTATGAGCGCCCCGTGGAGATCATCGCCGG
pSerSerAlaAlaSerAlaAlaSerSerAlaAtaAlaA)aGlyA1aGluGlyGInG1nArgTyrGluArgProValGlullelleAlaG]

CGGTTACCGCGGCAGCTATGCCCCCGAGATCCTGCGTCCCATCCAGGTCAGCGGTGGATATGGCGATGAGCGACGTGGCTACAACGGTGG
yG1yTyrArgGlySerTyrAlaProGlulleLeuArgProlleGInValSerGlyG1yTyrGlyGl yGluArgArgGl yTyrAsnGlyGl

CAACTACCGTCGTGCCGGCTACGGACCCCATTGRACTGTCCAGCCCGCCGGTGCCACCCTCCTGTACCCCGGCCAGAACAACTACAAGGC
yAsnTyrArgArgAlaGlyTyrGlyProArgTrpThrValGlnProAlaGl yAlaThrLeuLeuTyrProGlyGInAsnAsnTyrLysAl

TTACGTCTCGCCCCCGGAGTACAGCAAGGTGATCCTGCCCATCCGCCCCGCTGCTCCAGTGGCCAAGCTTTTCGTCCCAGAGAACCAGTA
aTyrValSerProProGluTyrSerLysVallleleuProlleArgProAlaAlaProValAlalysLeuPheValProGluAsnGInTy

TGGCAACCAGTACGTTAGCCAGTACTCTGCACCCCGCAGCAGCGGC TACTAAGCGCATACATGATTATCCCCAGCCAACCTGGCGGATAC
rG1yAsnGInTyrValSerGInTyrSerAlaProArgSerSerGlyTyrEnd

TTGATCTCAGCCTGATCGTGTACATAATAAACAACAAGAAAAAATCATAATCATATTTGGAATATATATTTTTCGGGGCTTTTAGGTATT
------ | (A)
n

%TTTTATATC%ATGAGAAAA&AAATTTTCGéGTCTTTCGAéCTCAAATGCAGCTGCAGCAGCTGTTCAGAéTGGGTGGAGéATTGTTCAT
%TGATTGCAGiCGCCACCGGéAATGTCTTTéAGTGGCTCGéCGGAAACGTéCTCCGGATTiGCTTGCTCCéGTTCGCTCGéAAATCACTC
AGCAAGCCATAAACATTCAA%TATTTATTG+GTCAGTCAG%CAATAATCT%GGGGCCAGAAAGCGCCACAéTTCGCCGAG%TTGCCGATT
éCCGCGCTCA%TTTCATATT%TCTGTATTC}GGCTGGTAAéCAATCGCATéTGCTGACTTGTTTGGGGCCAAACTCTTGGéCAAGAGCTT

CAATGCTGCTGGCCATCGCTTGACATTCGAGTCGAGCGTGAATCACGGCAAGAATTC 1156
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of the gene ultraspiracle, a steroid hormone receptor protein; and CFII contains
C,H, zinc finger motifs (Shea ¢t al. 1990).

Cplé
Gene Organization and Expression

Open reading frame, 138 amino acids. One intron is present within the Val-111
codon. The position of the 5’ end was assigned on the basis of similarities to
canonical Drosophila sequences (Cpl6 Sequence) (Fenerjian et al. 1989).

Cpl8
Gene Organization and Expression

Open reading frame, 172 amino acids; expected mRNA length, 649 bases. One
176-base intron is present after the Met-5 codon. The approximate position of
the 5" end was determined by S1 mapping, and the first nucleotide transcribed
was assigned on the basis of similarities to canonical Drosophila sequences. The
3" end was determined from the sequence of a cDNA clone (Cpl8 Sequence)
(Levine and Spradling 1985; Wong et al. 1985).

Cpl19
Gene Organization and Expression

Open reading frame, 173 amino acids; expected mRNA length, 653 bases. One
89-base intron is present after the Ala-5 codon. The approximate position of
the 5" end was determined by S1 mapping, and the first nucleotide transcribed
was assigned on the basis of similarities to canonical Drosophila sequences. The
3" end was determined from the sequence of a cDNA clone (Cpl9 Sequence)
(Wong et al. 1985).

Cpl6 SEQUENCE (page 83). Accession, X16715 (DROCHORS16). Underlined is the
regulatory chorion hexanucleotide.

Cp19 SEQUENCE (opposite). Strain, Oregon R. Accession, X02497 (DROCHORSG).
Underlined is the regulatory chorion hexanucleotide. The Cpl5, Cpl8 and Cpl9
sequence segments occur continuously in genomic DNA in the order shown in
Fig. 8.2.
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Cuticle Protein Genes: Lcp1, Lep2, Lep3,
Lcp4, Pep, Edg78E, Edg84A, Edg91A

Larval Caticle Protein Gene Cluster on Chromosome 2:
Lepl-Lep2-Lep3-Lepd

Chromosomal Location: Map Position:
2R, 44D 2-[58]
Products

Members of the cutin family. These are four of the five major protein
components of the third-instar larval procuticle (the main layer of the cuticle)
(Fristrom et al. 1978; Silvert et al. 1984).

Structure and Function

These proteins bind chitin and can be solubilized from untanned cuticles with
7 M urea; upon tanning of the cuticle, they become cross-linked and insoluble.
The solubilized (untanned) proteins have an apparent M, of 8-20 kD. The only
detectable modification of these proteins is the excision from each of them of
the first 16 amino acids, the signal peptide; the resulting N-terminus is
unmodified. Direct amino acid sequencing of 50-75%, of the residues confirmed
the sequence predicted from nucleic acids data (Fristrom et al. 1978; Snyder et
al. 1982; Silvert et al. 1984).

Tissue Distribution

Like the other components of the cuticle, LCPs are secreted by epithelial
cells, the epidermis, probably in response to the steroid 20-hydroxyecdysone
(20-HE). During its life cycle, Drosophila produces five different cuticles, three
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larval, one pupal and one adult. LCP1-4 contribute only to the third larval
instar cuticle: LCP3 and LCP4 accumulate early in the third instar while LCP1
and LCP2 synthesis predominates late in the third instar (Chihara et al. 1982;
Kimbrell et al. 1988).

Organization and Expression of the Cluster

The four genes are clustered in less than 8 kb of DNA, and they are best
regarded as two pairs: Lepl and Lep2 versus Lep3 and Lep4. The two pairs
are transcribed divergently (Fig. 9.1). In the coding regions, the similarity within
the Lepl-2 gene pair is 919, within the Lcp3-4 pair it is 85%,; the similarity
between pairs is approximately 60% (Fig. 9.2). Considerable similarities also
occur in the 5" untranslated regions and in the 200 bp just upstream of the site
of transcription initiation. The observed similarities suggest that the four-gene
cluster evolved via an inverted duplication that gave rise to two ancestral genes
followed by direct duplications of each of the two ancestral genes to give rise
to the two pairs (Snyder et al. 1982).

A pseudogene carrying numerous disabling mutations lies between genes 1
and 2. It was probably generated by unequal crossing over between Lcpl and
Lcp2 (Snyder et al. 1982).

Developmental expression

Lepl and Lcp? are transcribed primarily late in the third larval instar while
Lep3 and Lep4 are transcribed primarily earlier, as might be expected from the
pattern of protein synthesis (Snyder et al. 1982).

Gene Organization and Expression

Transcription initiation sites were defined by primer extension and sequence
features. The 3’ ends have not been determined (Snyder et al. 1982).

Lcp1 Lcp2 Lep3 Lcp4

F1G. 9.1. Lep cluster organization. Open box, pseudogene.
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F1G. 9.2. Comparison of the four larval (LCP1-4) and two pupal EDG78E and PCP) cutins. The

sequences were aligned with the GCG program Pileup. CON1 indicates positions where at least three LCP
proteins have the same residue. CON?2 indicates positions where the pupal proteins agree with the larval
ones. Ala-16 is the last amino acid of the signal peptide. A caret under residue 4, indicates the presence of an
intron in all the genes discussed in this chapter with the exception of Edg91A4.
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Lepl
-707 MCATTAG(.iTTTTCTTAA(’ZAACTTTAAT‘.rGTCGCTAMACTGTATT%ATTTCGGTA&CCTCCTATAI.'TGAACAGGT(':TTATTATCT%A -618
-617 TTTAATTfTACGAAATA%AAAAAAATAATATAAGGCG(.:TATGCATAT(.;AAATATAAH.;TAAAACACAETTGAATTTG%TTAAAAGCAAAC -528
-527 TGCAACC%GTTCGTCGAéAGGAATTGA%AAAAAAAAGAAGAAATGGTéCCAAGGTAGAGACACACGT%TATATATAA&AAAACATCGAGT -438
-437 CTAAGAA(.iTCGGCGATG(.ZTTTGTAGTC(.:ATGGAGTCT%GATGGGACTACAAAAGTGG%TCACGGCCT(;GCAATGCCAAGTCAAGCTCI.\AA -348
-347 GGAGGGGI.\TTTAATGAA(;‘GGGCGGGTCWCTCGTTT(':GATTTCGGGATGCCACCCGACCCGTTTGC(;CCTTATTGA%GCGATTGTT;CA -258
-257 TTTTAGCATCTATTAAG(",GATTATATA%AGTACTTATéCCGTTGTTT(;GCATTTGCTI.\AGCTGTCGCI.KTGTGACGAT(;CTTTTTMT(‘SGG -168
-167 TGTGGGC(;CATCCGCGAAGTCAACCCA%AACTCAGCGAACCAATTGAI.\TGCAAGATG*AGAGTTTTGATATGGGTTCACTTTGGGTG(;CA -78
a1

-77 ATCATATAAAAAGGCTCTGCCCGACCACAATCAGTTATCAGTCAACGTTCGTTCTCGACCAGACAGAAGTCAGCCAATATGTTCAAGTTT 12
...... MetPheLysPhe (4)

13 GTAAGTGTCCGCAGGATACGAACCAACATACTCGATCCCTAACGAATGCCTATTTCTCCTTCAGGTCATGATCTGCGCAGTTTTGGGCCT 102
ValMetlleCysAlaVallLeuGiyle (13)

103 GGCGGTGGCCAACCCCCCGGTGCCCCATTCCCTAGGCCGTTCGGAGGATGTCCACGCCGATGTCCTTTCCCGATCCGATGATGTTCGTGC 192
uAlaValAlaAsnProProValProHisSerLeuGlyArgSerGluAspValHisAlaAspValLeuSerArgSerAspAspValArgAl  (43)

193 CGATGGATTCGATTCCAGCCTGCACACCTCCAACGGAATCGAGCAGGCCGCCAGCGGTGATGCCCATGGCAACATCCACGGCAACTTCGG 282
aAspGlyPheAspSerSerlLeuHisThrSerAsnGlylleGluGinATaAlaSerGlyAspAlaHisGlyAsnileHisGl yAsnPheGl (73)

283 CTGGATCTCACCCGAGGGCGAGCACGTCGAGGTTAAGTACGTCGCCAATGAGAACGGATACCAGCCCTCGGGAGCCTGGATCCCCACTCC 372
yTrpIleSerProGluGlyGluHisValGluVallysTyrValAlaAsnGluAsnG) yTyrGInProSerGlyAlaTrplleProThrPr (103)

373 TCCTCCAATCCCAGAGGCCATCGGCCGCGCCGTCGCCTGGCTAGAGTCCCACCCACCAGCACCCGAGCACCCCCGTCATCACTAGAACCT 462
oProProlleProGluAlalleGl yArgAlaValAlaTrpLeuGluSerHisProProAlaProGluHisProArgHisHisEnd (130)

463 CTATGAAAGCGGATCGCACTACGGACTGTTCCCCGAAGACCTTTCGAACTATTAGCTTAAGTAATCGTACTGTTTGTAAAATACACGCAA 552
553 TTGTTAACGGCAGAAACCAGTTTGCAACCTTGACTTTGAATTTGGCAAACAACTGTAACGGTTTCGAACCCGTCCTACCCGTTTACCACC 642

. . . . . . EcoRl
643 TTCGATTTACTTAGTTGTTTAGCACGTTCAGTACAATATGGTAATGTGGTCTCTACCTGGACCGTAAACCGAATTC 718

Lcpl SEQUENCE. Canton § strain. Accession, J01080 (DROCTCLI1). The sequence of
Lepl extends to the first EcoRI site downstream of that gene.

Lepl

Open reading frame, 130 amino acids; expected mRNA size, ca. 545 bases.
There is one 64-base intron after the Phe-4 codon (Lepl Sequence) (Snyder
et al. 1982).
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Lep2
) HingI11 . . : . . .
AACTCTGGCCAAAAGCTTTGCGGGT TTTTTTAAATTAAACAGTGACATCCAAAATATTGAGATACAACAAAATGTCATAGGCAACTAGCA

CGTTAATA%GCAGTATCAéTTGCGAAAT&GTTTATTCCGGTATATTGT%TATTACCAC+TCGGAACCT%TTAAAATAGATGGGACTGC%A
TCAAGTGAAGTGTATTGGéTTTTTTGATfTTGTACAGGéATGATTGATAAAGACTTGG+CAACTCGAAACGTCATCGA%GAGCACAGAAT
CCGAAAACéGTACTCCATéGCCCCTACAAAATTTCTAC&GAAGCATGT+TCATTTCGGAATCTGTTCAéCAGCGCAAGACTTGTTTTT%G
ACATTTGTATCGCAGAGTéAAGTGGAGAATTTATGGGCéCTGCCTTTTéTTGGCATCA%GGGCGTTTCéTGATAACTTAGATTTGGCC&A
re

AAAAGTAATAAGCAATTCGTTTGGAAAGCAACCAAATTGGGAATCATATAAAAAGACTCTGTCGACCAAAGTCAGTTATCAGTCAACGTT

CGTTCTCGACCAGACAGAAATCAGCCAACATGTTCAAGTTTGTGAGTGGCTCACAGGACATTTATGAACTCGCCATCTAATTGGTATCAT
MetPhelysPhe

TTCCTCTATCCAGGTGATGATTCTCGCCGTTGTGGGAGTGGCTACCGCCCTAGCCCCAGTTTCCCGCTCCGATGATGTACACGCTGATGT
ValMetITeleuAlaValvalGlyValAlaThrAlaLeuAlaProValSerArgSerAspAspValHisAlaAspVa

CCTTTCCCGATCGGACGACGTTCGTGCCGACGGATTCGACTCCAGCCTGCACACCTCAAACGGAATCGAGCAGGCCGCCAGCGGTGATGE
1LeuSerArgSerAspAspValArgAlaAspGlyPheAspSerSerLeulisThrSerAsnGlyl1eGluGInAlaAl aSerG]yAspAl

CCATGGCAACATCCACGGCAACTTCGGCTGGATCTCACCCGAGGGCGAGCACGT TGAGGTAAAGTACGTCGCGAATGAAAACGGATACCA
aHisGlyAsnlleHisGlyAsnPheGlyTrplleSerProGluGl yGluHisValGluVallysTyrValAlaAsnGluAsnGlyTyrGl

GCCCTCGGGAGCCTGGATCCCCACTCCTCCTCCAATCCCAGAGGCCATCGCCCGCGCCGTTGCCTGGCTGGAGTCTCACCCCCCAGCACT
nProSerGlyAlaTrplieProThrProProProlleProGluAtalleAlaArgAlaValAlaTrpLeuGluSerHisProProAlaPr

CGAGCACCCCCGTCATCACTAGGACTCGTCACCCGGATCCCGGACCACTACACGGACTGTTCTCCCGAAACAAATCGCCCAAGTTGTTTA
0GluHisProArgHisHisEnd

GCTGTACTTCTTGACTTTCAAAAAAATACATGCACTTGCTTATAGCAGTAAAAATGTGTGTGTTCTTCATTGCACTTTTTAGGTAGTTCC
TGTAATAATACGAGCTTTTATACCTCTACCTTCGCTGGGAATGCTTCCTTCTACCTTTTATATTCGATTCACTAAATCCATTTATCAAAA

ATGAGTATATGTGTCCATAAAGAAAAGATGTGCTGAATTAA 732

Lep2 SEQUENCE. Canton S strain. Accession, J01081 (DROCTCL2). The sequence of
Lcp2 starts in the neighborhood of a Hindlll site between Lcp2 and Lep3.

Lep2

Open reading frame, 126 amino acids; expected mRNA size, ca. 533 bases.
There is one 62-base intron after the Phe-4 codon (Lcp2 Sequence) (Snyder

et al. 1982).
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Promoter

Approximately 800 bp upstream of the Lcp2 transcription initiation site is
sufficient for correct developmental regulation, but other sequences still farther
upstream may also be necessary for full expression. A 270-bp segment does not
support any detectable transcription in transgenic animals (Kimbrell et al.
1989). It should be noted that the distance between the divergently transcribed
genes Lep2 and Lep3 is approximately 870 bp.

Lep3

Open reading frame, 112 amino acids; expected mRNA size, ca. 494 bases. There
is one 56-base intron after the Ile-4 codon (Lcp4 Sequence) (Snyder et al. 1982).

Lep4

Open reading frame, 122 amino acids; expected mRNA size, ca. 494 bases. There
is one 57-base intron after the Ile-4 codon (Lcp4 Sequence) (Snyder et al. 1982).

Pupal Cuticle Proteins: Pcp, Edg78E, Edg84A and Edg91A

Pcp
(Pcp in the ade3 gene intron 1)

Chromosomal Location; Map Position:
2L, 27D1-3 2-20

Synonym: Pcpgart

Product

Probably a pupal cuticle protein. The amino acid sequence shows clear
similarities to larval and pupal cuticular proteins (Fig. 9.2), including the
presence of a putative signal peptide (Silvert et al. 1984; Henikoff et al. 1986).

Gene Organization and Expression

Open reading frame, 184 amino acids; expected mRNA length, 718 bases, in
agreement with an RNA band of 0.9 kb. Primer extension, mRNA sequencing
and the sequence of two cDNAs were used to define the 5" end. The 3’ end was
obtained from a cDNA sequence. There is an intron after the Leu-4 codon (Pcp
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Lep3 and Lepd
6TGCTCATCGATGACGTTTCGAGTTGACCAAGTCTTTATCAATCATGCC TGTACAARATCAMARACCCAATACACTTCACTTGATAGCA
6TCCCATCTATTTTAAAAGGTTCCGAAGT GGTARTARACAATATACCGGART AMCGAT TTCGCAAGTGATACTGCATATTAACGTGCTA

. . . . . . . HindIIl.
GTTGCCTATGACATTTTGTTGTATCTCAATATTTTGGATGTCACTGTTTAATTTAAAAAAACCCGCAAAGCTTTTGGCCAGAGTTGTCAA

CGTGCCACACACCAAATGAAACACCGAAAACTATGCTATGCTTAAGTTTAGTTCATATTGAAGTTGAATTTTAGAAAATTAAATATTGTA
CTGCTTAATAATTATTCTGGTTTCTGGTCCGGTTTGCTTTGCATTTCGGTTAGACTAGGGCGAATATTTCAGT TGAATAAATAACTAAGA

ATGCTCATCTCCTAATGAAAGTGGTTAAGCCATCTCAAGTCGACTAATTTGCATCCCAGACGGTTTTTATTATATGCATCACATTGACTT
HMS Beagle insertion et

. . . . | f=m1 . . -->-44 Lcp3

AATTATAATACGCACATTGCATCAGCTTTTGATGATATATAAACACCGATTTGAGCATAGATTGTCATCAGTCTTAGAAGATTTCTAGTC

CGACAATCCACCCAAATCAAAATGTTCAAGATCGTAAGTATGCCTTGAGGAGCATAGTGACTTCGCAGTCTAATCCTGGATTATCCTAGC
MetPhelysIle L

TGCTTGTCTGTTCTCTCGCCGCCCTGGTGGCCGCCAACGCTAATGTGGAGGTCAAGGAGCTGGTCAACGATGTCCAGCCCGATGGCTTTG
euLeuValCysSerLeuAlaAlaleuValAlaAlaAsnAlaAsnValGluVallysGluleuValAsnAspValGlnProAspGl yPheV

TCAGCAAGTTGGTCCTCGACGACGGATCTGCCTCCTCCGCCACCGGAGACATCCACGGCAACATCGACGGAGTCTTCGAGTGGATCTCCC
alSerLysLeuValleuAspAspGlySerAlaSerSerAlaThrGlyAsplleHisGlyAsnlleAspGlyValPheGluTrplleSerpP

CCGAGGGTGTCCATGTGCGAGTGAGCTACAAGGCTGACGAGAACGGATACCAGCCCCAGAGTGACCTGCTGCCCACTCCTCCTCCGATCC
ro6luGlyValHisValArgValSerTyrLysAlaAspGluAsnGlyTyrGInProGlnSerAspleuleuProThrProProProlleP

CAGCTGCCATCCTGAAGGCTATCGCCTACATCGAGGCTAACCCCAGCAAGAACTAAGTGAACCCGCCGACTAGGAACATGAAAGATTGGA
roAlaAlallelLeulysAlalleAlaTyrileGluAlaAsnProSerLysAsnEnd

GACAGCTAGGTTGAGTTTGGATAATTTCTTACCAGTTGTTTTAAATTTAAGGAAAATGT TATCGAATTCGAAAATAAATTAAACCTTGCA

ATATAAACCAAGTGCATGTT%TACAAATCTGACAGTTCGAiTTAAGAGAAéGCTCCCGGTATTATATGGTATAAGAAGGTACAATTAGAA
éATTAAAAGTAATCAAAGACACTTTGGCCT%CATTAAATTACAATTGTGT%GTTATAGTA+AGTACGAAA%TAATTTAAA%ACAAAAATC
%TTAAAGCATéTAAAATAAAiGTAAACATTACAAAAACCTiACCTGGACAAGCCGATATC%CCTTGCATTAATTTCATAT%TCCGAAAAC
%GGGTTATAA&TAGTTATTA%TTTAAGTTAAGTTCATAGG&AGCCACAAG%AATTAAATGfTGCCAACCTéATGCATCCCAGATAAGATC
éCAGTATGATéAAAACGACGAGGAACTTTT%TATATCTAT%ATTTGTAGAéGATAAGGGTACACTTGAAT%GTTAGAACG&ATGTCGGTA
%TATGGGTAT+AAGGGTATTATGAAGCGTTiTCGAACCTAAAAAGTATGTATATTCATCA%CATTATCAC%AGCCGAGTC&AATTTTTGT
%TTTATATTG&TCTTTTTATéAATATAACTéAAATTGGCA*TATAAGCCTAGATGTAAAAATCAAATTCT%CATCTTTTT%TTAACCTTT
%TTAAATAGTéATACACGTAACAAAAAATAACACAGACTT&CCTGAGGTTACACGGTTATAAGATCTTGTAGTGATTTTTéGAGAAATAT

CAATCAAATTGCTGTGCTTTCGGATTTTTGATTATATTATGATATTGTAACTTAAGTGTTTAATAGTGATTGTATAAGTAAGAATCGTAT
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ACATTGTATA%GTCAAACTCéCCGGGAATG%TCATATTGAéTTAACGGAAACTAGAGATAAAATATACACACAATGTTTT%TTTTATTAA
ACGAAATTAT%TACAATAAT%TAATTGACTAGCAATAGTAéGCTCTTCTTAGGCAACCCAATCTTATCGG%ATCAATTTAAACTATTCTT
AATATCTATG}TATTTACAAAGGTTATATGAGTAAGAGTT%TTGAGGAATAGAATGTTTA%GCAGATTTTAATTTAGTAG&ATTTATGTC
AAGTCCCGGTéAGTCAAGTC+TGAGGGTGG%GAACACAGAATGTTAGATTéCATAAACCCéTTCCCAGTCATTTCGCAGA%AGAAACCAA
ATGATGCTCCéAAAGGTATGéTGGATCTACAAGCGGTTCG&AAAAAAGTT%TGTTTTCTAéTTATTTTTCACCTCCTAATAATTAAACTT
éTACTATCAGéAGCTTAGACATTATTCAATéAAGTTATTT%TATATGATT%GTCTGGAGTAATTCAAAGT%ATCTGACTAAATATTCCGG
AAGATGTTAAATTATTTCAA;GAGAAGGTG&ACTTACCCT%TTCCGAGTAACCCGATTCT%TTTAGAATAATTACGGTAG&GATTTGCAT
AGACAATAGAAATCAAAAAGAGTGCAGCAGACGATTTTTA%CGCCACCAAéCATGTCACT%GAACCAGTCéGTAAAACCAAACGAGACCT

ATGCTGGCCGAAATGTTAATTAAAAACGGGTTGCATCAGCTTTTGATCAGCTTTAAGATTTCGTGGGGAGTGCGTATAAGCGTATAAAAG

. . -->2163 Lcpd . . . . .
CCGACGAGTGATCCCGAATTGGCATCAGTCTCACGAGTTCTTTAGTCTGACAATCTAACCAAGTCAAAATGTTCAAGATCGTAAGTATCT
MetPheLyslle

GAAGTTTAAAGCCGGACAGTTCAATGAGTAATCCCGGAATATCCTAGCTGCTTGTCTGCGLCCTTGTCGCCCTGGTGGCCGCCAACGAGA
LeuleuValCysAlaLeuValAlaleuValAlaAlaAsnGluA

ATCCCGAGGTCAAGGAACTGGTCAACGATGTCCARGCCGATGGCTTCGTAAGCAAGTTAGTCCTGGACAACGGTTCCGCTGCTTCTGCTA
snProGluvallysGluLeuValAsnAspValGlnAlaAspGlyPheValSerLyslLeuVallLeuAspAsnGlySerAlaAlaSerAlaT

CCGGAGATGTCCACGGAAACATCGACGGAGTTTTCGAGTGGGTCTCCCCCGAGGGCGAACACGTCCGTGTGAGC TACAAGGCCGACGAGA
hrG1yAspValHisGlyAsnIleAspGlyValPheGluTrpValSerProGluGlyGluHisValArgValSerTyrLysAlaAspGluA

ACGGATACCAGCCCCAGAGCGACCTCCTGCCCACTCCTCCTCCAATCCCAGAGGCCATCCTGAAGGCCATCGCCTACATCCAGGCCCATC
snG1yTyrGInProGinSerAspleuleuProThrProProProlleProGluAlalleleuLysAlalleAlaTyrIleGInAlaHisP

CCAGCAAGGAATAAGCAATCGACACGACCAGGACCCACATTCGAATCGGAGGTGCAACTCCAAAGACCTTGCCCTCTAACCCTTAGAATT
roSerLysGluEnd

TAAACAGCATGCAGACATTATAAATGATTATCGAGT TAGGAAATAAATTCGATACTCTTTGGCAACAAATCTATTTAGATATGGTCTTAA

%TTCCCTGACéGCAGCAGGAéTTACCTTGT%TATGGCTGA%TTATTTTGG&CGAGGGAACAAACGCTGCT%CAGATTATCACGAACTGTC
%GGATGTTACéTGATTGATC%TAGCCAATAéTAACCTGTT%AATTAGCGA%ACATAAAGT&AAGACCATCAAACCAGATT%AGGTATAAA
%TCGGTCTGT%TATTACAGT%TTAAATGCAATAAAATATT%CATTAAACAAAAGTCATGG&TGAGCAAAA%ATAACCGGA%TGGAATTGC
%TGCGTTACTéTTCATCTTCATATTGTTAAAAGAACAGTAAAGAACGGTA%AGTGAAATT%TCGAATACT%ATTATTATTATTACTCGGT
%TAAATGTTGéTGGTACACCéATAGAAATT%GCAAGAAAAAAGTTAAAATAACCATTTTT+TGAAAGAAT%TCGGTGCCAAAATGAGACG
éTTTGAGAGCéTTACACTGGAAAAAAAACC&GATGCAAACATGGCTTTAAéGATCGACTA&CTGTTATACAATACCCTTCACATTGTCAA

TCATCTAGTATAAACTTCAAATCTAGGAGTAGAGAGT TGGTAAAAACATCCTTGAAGATGTTAATGGACTAGCTGTTATCATGATTATAT

Lep3—4 SEQUENCES. Canton S strain. Accession, J01081 (DROCTCL2). The sequence
of Lep3—4 (the opposite strand of the two previous sequences) starts near the same

HindIII site. Indicated is a mutation of Lcp3 caused by an insertion in its TATA box.
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Pcp
AAAA%CATTTTATT%ATGACTGAC‘.[AAGGCGACCAGCAGCGATGAGATGTTTGTI.\GATGGAGACGATCATGACGATGACGAGCGGAGATG
GAGA%GGAGACGGCAACGGCAACG(.ECAACGGCAA(':TCGGAACTGéGTTTCCGAGéCGATGTATA(.SCCAAAAATCE:GCTGGTGAG(;GGATG
-->-32

GATATAAAAACGAAAGCGTCCGAGAAGCAGGCAAGCAGTTTAGAACCAAACTCGAACGCGACACCATGTATTTGCTTGTAAGCATCAGCT
------ MetTyrLeuleu

GGGAATTTCCCGAAAATGGATTATAATCGCCGACTCTCGTCTCGAATCCCGCCCACAGGTGAACTTCATCGTTGCGCTGGCCGTGCTGLA
ValAsnPhelleValAlaleuAlaValleuG?

GGTGCAAGCCGGCTCATCCTACATTCCGGACTCGGATCACAACACACGCACCCTGCAGAACGATCTGCAGGTGGAGCGGGATGGCAAGTA
nValGInAlaGlySerSerTyrIleProAspSerAspArgAsnThrArgThrLeuGlnAsnAspLeuGlnValGluArgAspGlyLysTy

TCGGTATGCCTACGAGACCTCCAATGGCATTTCCGCATCGCAGGAGGGATTGGGTGGCGTGGCCGTACAGGGCGGCAGTAGTTACACATC
rArgTyrAlaTyrGluThrSerAsnGlylleSerAlaSerGinGluGlyLeuG1yGlyValAlavalGlnGlyGlySerSerTyrThrSe

ACCCGAGGGCGAAGTAATTAGTGTGAACTATGTGGCCGATGAGTTTGGCTATCATCCCGTGGGCGCACATATACCCCAGGTGCCGGACTA
rProGluGlyGiuvVallleSerValAsnTyrValAlaAspGluPheGlyTyrHisProValGlyAlaHisITeProGInValProAspTy

CATACTGCGCTCCCTGGAGTACATTAGGACGCATCCCTACCAGATCAAGGACTACTACACCGGGGAGCTGAAGACCGTGGAGCACGATGE
rlleLeuArgSerLeuGluTyr]leArgThrHisProTyrGInllel ysAspTyrTyrThrGlyGluleulysThrValGluHisAspAl

AGCCGCCTTCAATGTGTACACACGCAACATTCAGGATCATACGATCCCCCAATCCCGACCGAGCACCACGCCCAAGACCATATACCTCAC
aAlaAlaPheAsnValTyrThrArgAsnlleGInAspHisThrIleProGInSerArgProSerThrThrProlysThrileTyrLeuTh

CCATCCGCCCACGACCACGTCGCGACCTCTGCGCCAGAGACGAGCTCTTCCGACGCACTRATGATCGATGGACGTGACTCTATGGCGGGG
rHisProProThrThrThrSerArgProlLeuArgGInArgArgAlaleuProThrHisEndEnd

CAAGGGGCTGGTCTCTTCGGCGGCCAGCGGGCGAATCTGTGAATTTTGATCTAAACAATTAATTAAGCCACGAACAATAAATAGAAGTGC

TAAGCAAACATAAGCTAAAGTGTAATCGATCTGTCGAGTTGTCTGCTGGGGATCATGGATCACATCATGGAGCGACATAAACAATTTTGG
[(A)
n

GTATTCGATTCTGTTTATGGC 856

Pcp SEQUENCE. Accession, J02527 (DROGART).

Sequence). The Pcp gene is completely within the long first intron of ade3
(Gart), a gene that encodes two polypeptide chains involved in purine bio-
synthesis. Pcp and ade3 are transcribed from opposite strands (Henikoff et al.
1986).

Developmental Pattern

Pcp RNA is present in prepupae and possibly in larvae and pupae as well. In
situ hybridization in 11 h prepupae, shows Pcp RNA to be present in the larval
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epidermal cells that secrete abdominal cuticle, and to a lesser extent in the
imaginal cells that secrete cephalic and thoracic cuticle (see Edg78E) (Henikoff
et al. 1986).

Edg
(Ecdysone dependent genes)

These genes were identified because their transcripts accumulate in imaginal
discs in response to a pulse of the steroid 20-HE (Fetchel et al. 1988).

Edg78E

Chromosomal Location: Map Position:
3L, 78E 3-[47]

Product

Pupal cuticle protein (Fetchel et al. 1988, 1989; Apple and Fristrom 1991).

Structure and Function

Sequence features indicate a signal peptide at the N-terminus. Other sequence
features characterize Edg78E as a member of the cutin family of cuticle proteins
(Fig. 9.2) (Apple and Fristrom 1991). It is immunoprecipitated by antibodies
against low molecular weight pupal cuticle proteins (L-PCP) (Fetchel et al.
1988).

Tissue Distribution

The pupal procuticle is produced in the prepupal stage. It is subdivided into
the exocuticle, secreted between 8 and 12 h after puparium formation, and the
endocuticle, secreted between 12 and 20 h. The main protein components of
the exocuticle are of low molecular weight (L-PCP; M,, 8-25 kD). Six L-PCPs
have been identified by gel electrophoresis, but it is not known which one of
them corresponds to EDG78. Because the endocuticle is characterized by
high molecular weight proteins (H-PCP; M,, 40-82 kD), it is inferred that
EDG78 is localized in the exocuticle (Fetchel et al. 1988, 1989 and references
therein).
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Edg/8E

éTACCTGGGC%GGGAAAAATATACCATTTTATGTACGTTTATTTCCTGGG%CGTTTGGCGATTTCTTGAA%CGAAGTCTA&ACATA1GTA
éAGAGATAAG;GTGAACTACATTTAATTAC%AGCTTACTTéGGATTTTGCACACTTCCTTéTTTACCGAAACGATCTCAGéAATTAACAG
éAGTTTGCAA%GGTTGATGG%GTTTGCCAAéCTAATTTCGAAACAAAAAAATATCTTCGT%CGAACCTATEGCTGCGTCCATTGCAACCA
ATCGATTCGC&GAAGATCAAAGTGAACAAT+AATTAAAGTéATAAATGTAéGGTATCAGAAGATCACACG%AACATCGCA&TGCATGGCT
éGATCATCTTéGGCGGCGCTéCGGGTGTCA%GCTGATGCTéCCCGATGACéTTGTCCATG+TTCAACAGC%TTCCAGGGG&ACAAGGTAT
ACTCGCACCA%ACTAGACCA%CGCACCTGC&ACTCCATTTGGAAGCCTCGAGCCCAGGGCéCAACTCCAA%TGAAAGTTG%AACAAGAAA
%CTTCAGCTCéTGTTGGGAA%TTCCAACGC%GTTTTGAATGGGCCGAAAG&GTCACATTAAACAGCAATA%TTATTCGAT%GTAATTCAA
éAGTTAATGG%ATCTCGTGCéAAACCGAAA&CGAAATCGAATCTGAAACTéAAACCGAAT%AAAGCATACAATATAAATTGTTGGCAAAT
éACTCATGTA%TTTAACTATAGGCCAGCCGAGCACTGTTG%TATTGTTGCéCAATATTGG%GGTATGATAAGAAGACATT%TGGCAATTA

TACTCACCTCTCGGGTCCTTGTGATTCCACGAGAAAAAACTTGTTTAGCTGCTAAACTAAAGAGACTAAAGACAAGGGTCTCATCCATAT

. . ==>>>>-75/-72 . . . . .
AAAAGACGCACTTGAGCTGATCAAATTAAACAGT TGCACTGCAAGCACCATCATCACAGCATCACCGCTTTAAGAGAAGAAAATTCCCAA

TTCCCATCATCATGTACAAATATGTAAGTTCGGTTGGACTTGGCACGCCTCATACCCCAGAGTACCAATACTGATCATTGTACTTTGATC
MetTyrLysTyr

CCAAAAGCTGTTCTGTCTTGCTCTCATCGGCTGCGCCTGCGCCGACAACATCAACAAGGATGCCCAGATCCGCAGCTTCCAGAACGACGE
LeuPheCysLeuAlateul1eGlyCysAlaCysAlaAspAsnlleAsnLysAspAlaGlnlleArgSerPheG1nAsnAspAl

TACCGATGCTGAGGGCAACTACCAGTACGCCTACGAGACCAGCAATGGCATCCAGATCCAAGAGGCGGGCAACGCCAACGGAGCACGTGG
aThrAspAlaGluGlyAsnTyrGInTyrAlaTyrGluThrSerAsnGlylleGInIT1eGInGluAlaGlyAsnAlaAsnGlyAlaArgGl

TGCCGTGGCTTACGTGTCGCCCGAGGGCGAGCACATCTCGCTGACATACACCGCCGACGAGGAGGGCTACCATCCAGTGGGTGACCACCT
yAlaValAlaTyrValSerProGluGiyGluHisIleSerLeuThrTyrThrAlaAspGluGluGlyTyrHisProValGlyAspHislLe

GCCCACCCCGCCCCCAGTTCCGGCTTACGTTCTCCGTGCCCTGGAATATATCCGCACCCATCCCCCGGCGCCCGCCCAGAAGGAGCAGCA
uProThrProProProValProAlaTyrValleuArgAlaLleuGluTyrIleArgThrHisProProAlaProAlaGlnLys61uGlnGl

GTAATCTGGAGTAGCACCAGCACTCCAAAGCAGCAACCCCACATCTAAACTGCGGCCAGTCATTGTTATTTAGGTAGTTATCGTTAATAA
nEnd

AGGATTTCGA%ACAGATCAT+TTCGTTTTTAGTAATGTAGiAAAGATGGAAAATAAATGT%TCATGTATA%GTATTCATA%GTAAATGAA
éATATGTATAéTTCTTCGAAAAATATAGAA&CGTACACTA%CTTCAATAGAAACAAATTTéAGGCGGATGéAGTTTACAT%TTGAAACAT
%TCTTTATCT%AACATTGCT&TTTTTTCTT%CAAATGAACAATTTGAAGAATGTATATGT%AGTTAATGA%TTCGGCAGC&AGTAATTGT
ATAAAACCAT%TATCTATGTAATAGATTTT&ATTTATGTCATTTATTTTTéCACTTTCAT%TATACTCAA&GCATTATGA%TTCCGAACT

ACAATAGTTAAATTTTTGAAAACCAATCCAGCGGTGATGCACAGATGAGATAAATTAAAAGAAACAAAATCTCGTAGATGAGATAAATTA
------ TON

Edg78E SEQUENCE. Strain, Canton S. Accession, M71247 (DROEDG78A).
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Gene Organization and Expression

Open reading frame, 122 amino acids; predicted mRNA length, 962-966 bases,
somewhat larger than the 0.6 kb band detected by northern analysis. Primer
extension was used to define the 5’ ends (there seem to be four clustered
transcription initiation sites). The 3’ end was obtained from a cDNA sequence
that included a poly-A tail. There is an intron after the Tyr-4 codon (Edg78E
Sequence) (Fetchel et al. 1988; Apple and Fristrom 1991).

Developmental Pattern

As would be expected for a secreted protein, the Edg78E mRNA is preferentially
associated with the membrane-bound polysome fraction. Low levels of this
RNA are detected only in prepupal stages (Fetchel et al. 1988). By in situ
hybridization, Edg78E RNA can be detected both in the larval epidermal cells
that secrete abdominal cuticle and in the imaginal cells that secrete cephalic
and thoracic cuticle. The peak of accumulation is in 10 h prepupae (Fetchel et
al. 1989).

In imaginal discs in culture, Edg78E transcription is stimulated by a pulse
of 20-HE, 6 h in 1 pg/ml hormone and 8.5 h without hormone. Transcription,
however, is inhibited if the hormone treatment is continuous or if hormone is
re-added to the medium after an original pulse that stimulates transcription.
This hormonal regimen mimics the endocrine status during the larva-to-pupa
molt. Thus, a 20-HE peak would stimulate Edg78E expression, and its product
would presumably contribute to the exocuticle being produced at that time. A
second rise in hormone titer, which signals the transition from exo- to
endocuticle production, would repress Edg78E and induce expression of other
genes whose products are characteristic of the endocuticle (Fetchel et al. 1988,
Apple and Fristrom 1991).

Edg844

Chromosomal Location: Map Position:
3R, 84A 3-[47]

Product

Probably a cuticular protein.
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Structure and Function

It has sequence features that indicate a signal peptide and sequence similarities
to cuticular proteins of Hyalophora cecropia and Locusta migratoria but not to
cutins (Apple and Fristrom 1991).

Gene Organization and Expression

Open reading frame, 188 amino acids; in northern analysis, a 0.9 kb band is
detected. Primer extension was used to define the 5 ends (there seem to be
three clustered transcription initiation sites). The 3’ end was not determined.
There is an intron after the Lys-4 codon (Edg84 4 Sequence) (Fetchel et al. 1988;
Apple and Fristrom 1991). Edg84A4 is part of a cluster of small genes with
related sequences located within the Antennapedia Complex, between labial
and proboscipedia (Pultz et al. 1988; Fetchel et al. 1988).

Developmental Pattern

As would be expected for a secreted protein, the Fdg84A4 mRNA is preferentially
associated with the membrane-bound polysome fraction. This RNA is detected
only in prepupal stages (Fetchel et al. 1988). By in situ hybridization, Edg84A
RNA can be detected only in the imaginal cells that secrete cephalic and thoracic
cuticle but not in the larval epidermal cells that secrete abdominal cuticle. The
peak of accumulation is in 10 h prepupae (Fetchel et al. 1989).

As for Edg78E, Edg84A transcription is stimulated by a pulse of 20-HE in
imaginal discs in culture (Fetchel et al. 1988; Apple and Fristrom 1991).

Edg91A4

Chromosomal Location: Map Position:
IR, 91A 3-[64]

Product

Probably a cuticular protein.

Structure and Function

It has sequence features that indicate a signal peptide and sequence similarities
to insect egg-shell and egg-casing structural proteins. [t also has some similari-
ties to vertebrate cytokeratins. EDG91 is a hydrophobic protein with very high
(32%) Gly content (Apple and Fristrom 1991).
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Edg84A
GAATTCTTT%TTATTAATT%TAAAGTTACATTTTTTCTA)\ATAACACATATTTTTACGA%GGAAATATA/.\AACATTTTTt';TAAACCATﬁ
TGTTACCT&TATATATGTATTTGTTTGA+TTATTTATAAGGAAAGCGAAATCAGGAAA%TTAGCACCAéCTGTTGGTCAGCAAGAAAAAA
TATTCTTGéATACTTTTGéGCTGACTATéAATATTCAAAAAATTGCTCéCAAATGGTAATGGTTTTTTATTTCGGTCTAATACTACAA&T
AATGAGCC;&TAGCAGTACATTATAAATT(.:GAAGTATGTéTTTGCATTA('EGGCTTATATI.'TTGGGCGACATATTTGAGCAGTCYGCAAA&A
ATCGGCMAATTTTATMWTGTTTcc}GTCTTAGTTACAATATcATéAATTTGAAA%TGAGCAAGG&GATTATTAT%ATATTTGCA;\G
TTGTCCTTAAATAAGGAAéTTAATAAAAAAACATACAAATTATCAAAT%TTGGTGAGGAATGACTCCGéGAAATTATGéACGGAGCCCAT
ATCCCGGA(.‘.AGCAAGTAAAAAACGGTCT&AAAACCTGC&GATTGCCCG;\TAAACTTGT’.IGGGGCATCT(.IAACGCCAAT’;'AAGCGGTCT;\C
AAAGTGAC%GGGCTGGAGéTCCCCGCGA%GACCTTGTTAAGATCCAGA%GCAGAAACAéGCCACTGTGéCACTGGGTCéACGGCAAGGAA
-=>> -->-60/-59,-55 . . .

GCCGCCTATAAAAGCCGATGTGAGTACCGTAGTGAACTTGTGTAAAATCAACTACCGACAGGAGCAAACCTAATTCATCAACCTAAAAAT

TCGATCAGCATGTTGGTTAAGGTATATCATGTGTTATTTACAAGTTGGCTTGCCTTTATCCTAGTCCTTTAACCACGTACAGACTGCGCT
MetLeuVallys ThrAlale

ATTTGTGACCCTCATCGGCTTGGCTCAAGCTGGTCCACTGCCCGCGAAATCATCTGGAAGTGAGGACACCTATGATTCTCATCCGCAGTA
uPheValThrleulleGlyLeuAlaGlnAlaGlyProLeuProAlalysSerSerGlySerGluAspThrTyrAspSerHisProGInTy

CTCATTTAACTATGATGTTCAGGATCCAGAGACAGGAGATGTTAAGTCCCAGTCGGAGTCTCGGGATGGCGATGTAGTCCACGGTCAGTA
rSerPheAsnTyrAspValGlnAspProGluThrGl yAspValLysSerGinSerGluSerArgAspGlyAspVaiValHisGlyGInTy

CAGCGTGAATGATGCCGATGGTTACAGACGAACCGTGGACTACACGGCCGATGATGTCCGTGGATTCAACGCCGTGGTGCGTCGTGAACC
rSerValAsnAspAlaAspGlyTyrArgArgThrValAspTyrThrAlaAspAspValArgGl yPheAsnAlaValValArgArgGiuPr

ACTTTCCAGTGCCGCGGTGGTTGTGAAGCCACAGGCTACAGCAGTCGTTCCAAAAGTTCAGTTAAAGCCTCTGAAGAAGTTGCCAGCCCT
oleuSerSerAlaAlaValValVallysProGInAlaThrAlaValValProlLysValGinLeulysProlLeulysLysLeuProAlale

GAAGCCGCTTTCTCAGGCATCGGCTGTGGTGCACCGATCCTTTGCACCGGTGGTCCACCATGCCCCAGTGACCCATGTCGTGCACCACGC
ulysProLeuSerGInAlaSerAlaValValHisArgSerPheAlaProValValHisHisAlaProVal ThrHisValValHisHisAl

AGCTCCGGCGCATTCTTTCGTCTCTCACCACGTTCCCGTGCTGAAGACTACCGTGCACCACGCCCATCATCCCCATGCCATTTCATATGT
aAlaProAlaHisSerPheValSerHisHisValProValleulysThrThrValHisHisAlaHisHisProHisAlalleSerTyrVa

GYTCTAGA
1PheEnd

Edg84A SEQUENCE. Strain, Canton S. Accession, M71249 (DROEDGS84A).

Gene Organization and Expression

Open reading frame, 159 amino acids; mRNA length, 581-591 bases. Primer
extension was used to define the 5 ends (there seem to be three clustered
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Edg91A

cTGCAGGTCGATTAAAéGCTcGATTGAccAAATGrAAAATccCAAAfAAGAAAeAcfTrAcTcerTéAGTrTTTGTAAGAAACTAA%TTT
ATTTGGAAATATCTrcéGTTTAAATAéGTGACATGAéAATCGCAICfTAAAGTAAA%GsccTACGCAGAGGCTAAG%AAATAGchécsc
CTTATCéAGGTCCCACéCTCGGGCACATCTGCCTATéTTGAGCGGCGAGGACCTTA*CTGTGGTCTéCCACTAAGGéACTATTTTAéGAG
GCGGGGAACGATCTCAAGTGACTGAC%CATGTAGTG%GCACTTAAA%TACATTTTTéAGCAATGCAéCCATGTCGCéTTGGATAACAAAA
TCCTAAATATAATTTA%CGCTCTCGA%TCATTTACAiAAGATATGAACGGAGCCCAAAATTGTAAG%CTTTAAATA%ATTCGTGTTEATG
TGTGAAEAACAAGCAT%TGGGTTTAAECCTGcTATTéTAACCCATTAAAAGAAATA%TTTATCAAAATTAATATTTATAAAATATT%ATA
TAeccrfTAAATACTCETTTCATTCTGATTTGAAGTéGcTAAATTAATAGGTAAAT%ATTATTTATéAACTCATAcfYTTAAGAAA%TAG
TTTCTT%ACATTGAAA%TTTTTAAAGATATGCTTAG%TTAAAATTT%ATATTTTTAAATTGCAGAG+CATCTATCG€TTACAGTGGAATA
TTATAT%CGTATTTCAACATTTTTCTéGTTGGTCTTéAAATTACCGéGTGATTGTAéTATGCGATCéCTCAGTGATATTTTTATGG*TCA
CGATCT%GATGACCGG&AACTAAGACAACCTCAAAAATGATAATTAéTTGGGCCTG%GACTTCAAGAAATTAACGCéTTCTGGGGCéAAG
TGAAGCACTGGTAGGCAAAGTGTCTC%TGGGGGATTéCAAAGTTACéTCACAAACTéGTTTCGCTT%CGCCGTGTT%GTTCTGCAA%TTG

CGTAGAATCACTTGGCAATGCGTAGCGCGTACTTGAGCTTCTTGGCCAGATTGAAGCGGCGGTATAAAAGCGGTGGGCACTTCACAACTT

-->>-33/-34-->-23 . . . . . . .
GCAATTTAGTTTCATCCAAGAAGCGCTCGTTATCGCAATGGCTCTGGTTCGCGTGAGT TGTGTAAGTCCGGCTGCTATTTCCGCTCCGAT
MetAlaleuValArgValSerCys

TGGGATGCACTGAATCGATTTGGTTACCTTGCAGATGCTGGCCCTTTTGCTGATTGCCGGTCAAGGTCAGGCGBLGCCGGTGAAGACCBA
MetlLeuAlaleuleuleulleAlaGlyGInGlyGInAlaAlaProVall.ysThrGl

AGGTCGCACCTTGGGCCTTCTGGGCGGTGGATTTGGTGGCAGTGTAGGACTTAGTGCCGGCATCGGAGTGGGTGGTGGCCTGTATAGCGG
uGlyArgThrLeuG) yLeuleuBl yGlyGlyPheGlyGlySerValGlyleuSerAlaGlyIleGlyValGlyGlyGlyLeuTyrSerG]

TTTCGGAGGCGGTGGCTATCCTGGTGGCTATGCGAGTGGATACCCAGGTGGATATGGTGGTGGCTACTCAGGCTATAACGGCTACGGAGG
yPheGlyGlyGlyGlyTyrProGlyG) yTyrAlaSerGl yTyrProGlyGlyTyrG1yGlyGlyTyrSerGlyTyrAsnGlyTyrGlyG)

CAGTGGATTCGGAGGTGGCTACTATCCAGGAGGAGGTTACTCCGGCTTTGGACACAGGCCGCATTACCACGGAGGATACTATCCGGGLGG
ySerGlyPheGlyG1yGlyTyrTyrProGlyGlyGlyTyrSerGlyPheGl yHisArgProHisTyrHisG1yGlyTyrTyrProGlyG)

TGGATCGTACCACAATCAGGGCGGATCTTATGGCGGCCACTATAGTCAGTCACAGTACTCGAATGGATATTACGGAGGTGGTGGCTATGG
yGlySerTyrHisAsnGInG1yGlySerTyrGlyGlyHisTyrSerGInSerGInTyrSerAsnGlyTyrTyrGlyGlyGlyGlyTyrG]

AGGCGGTGGCTATGGAGGCAATGGCTTCTTTGGAAAGTAAAGATGCCAAATCTTGCCACCGGGATAGTTAAGTACTTGTGATTGACCCTT
yG1yG1yGlyTyrGlyGlyAsnGlyPhePheGlyLysEnd

TGTAGATTGTAAAATAAACGAAAAAACATAACCAGATTTAGTAAGCTCAATTCAAGGCACTTAAAAATCCGGTTTTCCTGTTGGAAATAT
------ f,

TGTCCTTGGCGCTGCCTTTGTGATTATTCTCTCACTGATTTTTATGAAGCAGACGCGACGTGCATAAATTTAATGGCCAAAGATCCAAGA

TTTATGCGCAAGTCTGACTAATCCATTGCCTCGAAATTATCTGGGAATTC 823

Edg91 A SEQUENCE. Strain, Canton S. Accession, M71250 (DROEDGY1A).
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transcription initiation sites). The 3’ end was obtained from a ¢cDNA sequence.
There is an intron after Cys-8 (Edg91 A Sequence) (Apple and Fristrom 1991).

Developmental Pattern

As is true for Edg78E, Edg91 is expressed during the time of pupal exocuticle
synthesis (8—12 h after pupariation) in both larval and imaginal epidermal cells.
Also as for Edg78E, a 20-HE pulse in imaginal discs in vitro, induces
transcription of Edg91A4 (Apple and Fristrom 1991).
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The Cytochrome ¢ Gene Cluster:
Cytcl, Cytc2

Chromosomal Location: Map Position:
2L, 36A10-11 2-[52]

Synonyms: DC4 and DC3

Product

Cytochromes c, small heme-binding proteins important in the mitochondrial
electron-transport chain.

Structure and Function

Two Cys residues near the N-terminus bind the heme group. Another region
near the N-terminus has a primary role in the import of cytochromes ¢ into
mitochondria in vitro; other portions of the molecule are also necessary for this
transport (Sprinkle et al. 1990). These proteins are ubiquitous among eukary-
otes and, judging from comparisons made among cytochromes ¢ from 30
species, they are highly conserved. The CYTCI sequence is very similar to the
consensus sequence for other eukaryotic cytochromes c: at every position,
the residue present in CYTC1 is found also in some other eukaryotic cyto-
chrome ¢. CYTC2, on the other hand, is more divergent and has some unique
characteristics: at 12 positions, the residues found in CYTC?2 are not represented
in any other eukaryotic cytochrome ¢ (Fig. 10.1) (Limbach and Wu 1985). It
is not known whether the two Drosophila proteins have specialized functions.

Organization of the Cluster

The two genes are arranged in tandem with approximately 2.5 kb between the
3 end of Cytc2 and the 5 end of Cytcl. These are probably the only genes
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Dm cl .MGVPAGDVE KGKKLFVQRC AQCHTVEAGG KHKVGPNLHG LIGRKTGQAA GFAYTDANKA KGITWNEDTL FEYLENPKKY IPGTKMIFAG LKKPNERGDL IAYLKSATK* .
Human ..... MGDVE KGKKIFIMKC SQCHTVEKGG KHKTGPNLHG LFGRKTGQAP GYSYTAANKN KGIIWGEDTL MEYLENPKKY IPGTKMIFVG IKKKEERADL IAYLKKATNE *
Dm c2 ...MGSGDAE NGKKIFVQKC AQCHTYEVGG KHKVGPNLGG VVGRKCGTAA GYKYTDANIK KGVTWTEGNL DEYLKDPKKY IPGTKMVFAG LKKAEERADL TAFLKSNK*. .
Yeast MTEFKAGSAK KGATLFKTRC LQCHTVEKGG PHKVGPNLHG IFGRHSGQAE GYSYTDANIK KNVLWDENNM SEYLTNPKKY IPGTKMAFGG LKKEKDRNDL ITYLKKACE* .
CON ------G--- -G---F---C -QCHT-E-6G6 -HK-GPNL-G --GR-~G-A- G--YT-AN-- K---W-E--- -EYL--PKKY IPGTKM-F-G -KK---R-DL I--LK----- -

F16. 10.1. Comparison of the human (Accession, M22877), yeast (Accession, V01298) and Drosophila (Dm)
sequences. The CON(sensus) line displays all positions for which there is agreement among the four sequences.

There are 77%, and 67% overall identities between the human protein and CYTC1I and CYTC2, respectively.
Sequences aligned with the GCG Pileup program
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Cytcl
rcTGATéACGTTGCGAéGcccTCCAcéceceTArTAGTGAGAGCAAAGTATGTGGG%TAAAAAGGGGGTGGCCGCAAATGGAAATGéAGA
CTACGT%AGATAATAA%TTCGGGCCT%ATCAGAAACAACAGCCGAC%AATGCACTTAGCATGAGCAATTTTAATAA%TCCGTTTCCéCAG
GAGcTTATCAATTGTTfACATAACGG&GCAAGGGGA&AAATATTAA%TCACGGchATAAcTAccTACATTAAccCATTATTchcAAGc
ATGGAAATTTTIGATGATATAAAGACGTTATTATTT%AATACCTTAAAAATATATAATATTATATAAGTAACGTTGéGAAATCAAC%GGr
TAATAAATTTTAAATT%CGGGTTTAT&TATTCAATAATCTTTTGATAATGTATGec}GAAAGTGAAéCTTTTATCAéTATcTACACAATG
GtTCAT%GTGGCTAATAATAAATGGTATCAAATATcé?ATAAcrArfTTTTGCAGTGAAACCAGAAfrTCGGACTAAGTACArAAGéAAA
TGATATAAAATATATA*TGTAATCAA}TTATCAGAA&AGAACAAAT}AATTGGTAGEAGTTATGAAETTTGAACCA%TTAGTAGCCAGTT
-->-677.

TTTTAAGTTTTTCAAACCTAAGATGTAAGATAACAGATATATTGGTTACCCTTGTTTTATGAACCACTCATTAATAACAAACATTTCTTT

TTACAGTCGAGTCCGTGTTAACACATTAATTAACCACATAATCCATAATGGGCGTTCCTGCTGGTGATGT TGAGAAGGGAAAGAAGCTGT
MetGlyValProAlaGlyAspValGluLysGlylysLysLeuP

TCGTGCAGCGCTGCGCCCAGTGCCACACCGTTGAGGCTGGTGGCAAGCACAAGGTTGGACCCAATCTGCATGGTCTGATCGGTCGCAAGA

heValGinArgCysAlaGInCysHisThrValGluAlaGlyGlyLysHisLysValGlyProAsnleuHisGlyLeulTeGlyArglysT

*kk *kx

CCGGACAGGCGGCCGGATTCGCGTACACGGACGCCAACAAGGCCAAGGGCATCACCTGGAACGAGGACACCCTGTTCGAGTACCTGGAGA
hrGlyGinAlaAlaGlyPheAlaTyrThrAspAlaAsnLysAlaLysGlylieThrTrpAsnGluAspThrieuPheGluTyrleuGluA

ACCCCAAGAAGTACATCCCCGGCACCAAGATGATCTTCGCCGGTC TGAAGAAGCCCAACGAGCGCGGCGATCTGATCGCCTACCTGAAGT
snProlysLysTyrIleProGlyThriysMetI1ePheAlaGlyLeul ysLysProAsnGluArgGlyAspleulleAlaTyrLeulysS

CGGCGACCAAGTAATGGTGCTGTCCATCAACTTACCCACAACAACTGCAGGATGTCAAACTGTATTATTGTGTTCAGTCACAGTCCGGCA
erAlaThrlLysEnd

CGCAAATGCAGCAGCAGCAACAACTACAACTACAAATCAACATAGTACAGACCTAAAGAACTACAATTATGTTAATTATAAAGTTTAAAT

AGGACAATTTATTATTTAATTTAAATAAAAAGTGGAATATTTAATTCAAACCCGATGAGAATTGTGACATCCACAAAAAAGTTAAATAAT

AAAAAAAGAACTAAAAAATGATATAAAATCTGTTTTATGCGAGGACCTGGTTTTTGTAGCTCGCAGGTCAAAAAGAATAAAAAAAGCTTC
TTCAGATTTTTGACTCGGGCAACTCAAATTAAAAATAAGAGATACCAATCATATTTATAAAACAATTGTCCTGGCAATTTCTATCAATAG

GTATCTGTTAGTCGTCAAACTCGACTGCG 792

Cytcl SEQUENCE. Strain, Canton S. Accession, X01760 (DROCYCDC4).

~677

-587

-497

-407

-317

-227

-137

43
(15)

133
(45)
223
(75)

313
(105)

403
(108)

493

583

673

763
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Cytc2
GTAATA%AAATATATAAATAATATCA+TCTCTGAAAAATATCAAAT&CACTCTTGTAAATTTAAAA&AAATTTAAT%TTAAGATAA%TGG
TTGAGA+AAACATAGT%AATATTTTCAATTGATCCT%TAAATTTTAAATTGCAGGTéAATATCATC&CTGTGTGAC&GTTGTATGCéGCA
TGGTTC(‘:ATGTCTCTT%CCCGTTATT(':ATTTCCCTC"IGCTTTGTTT‘.rTTTTTTTTT1.'TTTGGTTTT(;TTATGCGGT(;GCATCTGTT‘}TTG
CCACAG(;AAAAATGTT;\AGAGAGGGGAAGGCAGGGG(;CGAAAACGGA.\GAGTGCGTAI.\ATTGCGTTT’.IMTTGGAAG(.%AAATGTTCN‘\AGC
ACATGTéCATCTGCTAéTCAACGAAT%GGTTGGGAAAGGGGGTGGAAAAGGGGTTG&AAGCCGAATGTGTCTGCTAATTGAATTAC%TTC
GGTTGC1"TTTCCCATTAGAAGTGCCG(;CAAGTTCTC(;AGCTGCTTG%TTGCTTTTCII\TTTAATACC(.:ATTTTGATT’;’AATTTTCGT%TTT
CCTATT%TTCTGACCCAATTTTGTTT%GCTTTCGTGéATTAGCAGC%GTCTCTGTC+ATCGCTGTGéAGCCAAGAGAGTGACCAAGAGAA
ACGCTC%CTCTCTCTC%CTCAGTTGTéCAGGACTTG&ACTTTTCAAACGGTTTTTTAGGACACTGAAACAAATTGAATCTGTTTTTETTT
TCTATCAAATTTTTAG%TCTACACTT%TCTTTTTCT%TTCTTTTTT%TTTTTTCGGAATCAACCAA+TTCTATTTGATCCAAATTAACAA
::;:43?

AARACAAATAACAAAAAATTAAAAAATATAGAAATAAAAGCTGCATAAAAAGTTGAATTCTAAATCATAAATATCATTTTTCCCTATTTG

TCTTTCAGGCTTCCAAGATGGGTTCTGGTGATGCAGAGAACGGCAAGAAGATATTTGTGCAGAAGTGCGCCCAGTGCCACACCTACGAAG
MetGlySerGlyAspAlaGluAsnGlyLysLysI1ePheValGInLysCysAlaGlnCysHisThrTyrGluv

dekh KAk

TGGGGGGCAAACACAAGGTGGGCCCAAATCTTGGCGGGGTCGTGGGTCGCAAGTGTGGCACAGCAGCGGGATACAAGTATACCGATGCCA
alGlyGlyLysHisLysValGlyProAsnlLeuGlyGlyValValGlyArglysCysGlyThrAlaAlaGlyTyrLysTyrThrAspAlaA

ATATAAAGAAGGGCGTTACCTGGACAGAGGGGAAT TTGGACGAGTACCTCAAGGACCCGAAGAAATACATTCCCGGAACAAAGATGGTGT
snllelysLysGlyValThrTrpThrG1uGl yAsnLeuAspGluTyrLeulysAspProLysLysTyr11eProGlyThrLysMetValP

TCGCAGGTCTTAAAAAGGCTGAGGAGCGGGCCGATTTGATTGCCTTCCTCAAGTCAAACAAGTAGAATCGCCTGCGAAACAACAAGATCG
heAlaGlyLeul ysLysAlaGluGluArgAlaAspleulleAlaPheleulysSerAsnLysEnd

GCCACCATGCTATCCAGAAAACTGCGCTTAAAGACTACAAACATATTCAAAAGATGACGTATTTCACTTGGATTTCGAAACTTTGATTGG
GAATGGTCGAGCTCAAATACATTTCAAAAAGGTTTACTTTCACTTTAGCCAATTAAAGTTGATAAACCAAAAACCCTCTTCTTAATTCAA

GTTGTGTGCGACGCGGGTGGAGGAAAGTGTTGTACCAATCAGCTTTGGTCACAGTTGGT TTTATGGTCCTACTAGCAAAATGTAATAAAT

TGGAGAAGCTTGTTAAATAATGCAAATTTTCCAGAGGCTTTCCAATATAGTCCCCTTAATAGGGGAAAAAATTACTTATACGCCGTGTGG

TGGATAAATACGGGTACAAAAGCTT 728

Cytc2 SEQUENCE. Strain, Canton S. Accession, X01761 (DROCYCDC3).

-827

-737

-647

-557

-467

=317

-287

-197

-107

-17

73
(25)

163

(58)

253
(85)

343
(105)

433

523

613

703
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responsible for cytochrome ¢ production in Drosophila (based on Southern
analysis) (Limbach and Wu 1985).

Cytcl
Gene Organization and Expression

Open reading frame, 108 amino acids. The 5’ and 3’ ends have not been
identified, a tentative site of transcription initiation was indicated based on
sequence elements. A putative TATA box at —99 and a polyadenylation signal
at 517 suggest a mRNA of approximately 600 bases, in reasonable agreement
with an observed RNA of 0.9 kb bases. There are no introns in the coding
region (Cytcl Sequence) (Limbach and Wu 1985).

Developmental Pattern

Expression is highest in first instar larvae and adults and lowest in third instar
larvae. In adults, expression is higher in the muscle-rich thorax than in the head
or abdomen. Expression of Cytcl is 25-150 times higher than that of Cytc2
(Limbach and Wu 1985).

Cytc2
Gene Organization and Expression

Open reading frame, 105 amino acids. The 5 and 3’ ends have not been
identified, a tentative site of transcription initiation was indicated based on
sequence elements. A putative TATA box at —80 and a polyadenylation signal
at 607 suggest that the mRNA is approximately 700 bases long, but the only
transcript detected by northern analysis is 2.1 kb long; this indicates that the
elements described here do not constitute the whole gene. There are no introns
in the coding region (Cytc2 Sequence) (Limbach and Wu 1985).

Developmental Pattern

Cytc2 is present uniformly in all postembryonic stages and in adult head, thorax
and abdomen. Expression is at very low levels relative to that of Cytc! (Limbach
and Wu 1985).
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The Dopa decarboxylase Cluster: Ddc,
[(2)amd, Cs, DoxA2

Chromosomal Location: Map Position:
Ddc 2L, 37C1-2 2-54
I(2)amd 21, 37B13-C2 2-54
Cs 2L, 37B13-C2 2-54
DoxA2 2L, 37B10-13 2-53.9

Organization of the Cluster

The Ddc cluster is arbitrarily defined as those genes that fail to complement
D2LYTW130, 37B9-C1 to 37D1-2, an 8-12-band deletion in the left arm of
chromosome 2. The cluster contains 18 genetically identified genes plus three
transcription units for which no mutations are known. Some of the genes in
this cluster seem to be functionally related, most of them being involved in the
formation, sclerotization and pigmentation of cuticle. Several genes in the
cluster have mutant alleles that are female sterile. For three genes, Ddc, I(2)amd
and DoxA2, some of the gene-product biochemistry is known; these genes are
involved in catecholamine metabolism (Fig. 11.1) (Wright 1987).

Most of the genes are grouped in two very dense subclusters. The centromere-
proximal sub-cluster contains nine elements in 25 kb of DNA, 70% of which is
transcribed; the distal sub-cluster includes seven genes in 22 kb (Fig. 11.1)
(Wright 1987).

The sequences of Ddc and I(2)amd are related, and it is probable that the
genes originated by duplication. It appears unlikely, however, that all the genes
in the cluster are members of a single family; the sequences of /(2)37Cc¢ and
Cs, for example, are not obviously related to Ddc or l(2)amd. Three genes in
the proximal cluster and one in the distal cluster are presented here.
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Fi1G. 11.1. Ddc cluster (centromere to the right), from Wright (1987), updated in 1992 by T. R. F. Wright: “The genetic and molecular

organization of the Ddc-region. Deficiencies: Solid lines represent deleted DNA with dashed lines indicating uncertainty of the position of

the breakpoint. Cloned DNA coordinates in kb from Gilbert et al. (1984). Small triangles above the cloned DNA line physically locate

small deletion mutations and short lines underneath designate regions which hybridize to mRNAs or cDNAs with arrowheads representing
direction of transcription. Transformed DNA lines indicate the segments of DNA that have been transformed by P elements. All the gene

symbols except hk, Dox = DoxA2, Bh, amd = 1(2)amd, Cs, Ddc, and fsTWI = fs(2)TWI should be preceded by *1(2)37°, e.g., 1(2)37Ba.
Effective lethal phase designations: E embryonic; L larval; P pupal; V' viable. Asterisks underneath a gene symbol indicate the mutant

alleles of that gene alter catecholamine metabolism, express a mutant cuticular phenotype, or produce melanotic tumors. Sterility

phenotype: Individuals hemizygous for female sterile, ts, or hypomorphic alleles or heterozygous for complementing heteroalleles are

female sterile = f5 or both male and female sterile = mfs. See text for the sources of the information included in this figure.” The
transcription unit Cs is designated C2 in this figure. The transcription unit Cf is actually transcribed toward the centromere.
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Ddc
(Dopa decarboxylase)

Product

Dopa decarboxylase (DDC, EC 4.1.1.26).

Structure

DDC is a homodimer of 54 kD subunits (Clark et al. 1978). Two forms of the
enzyme, which are generated by alternative splicing, have been isolated; one is
found in the central nervous system and the other in the epidermis (Morgan
et al. 1986).

The amino acid sequence has considerable similarity with the DDC of
mammals (Fig. 11.2) (Scherer et al. 1992), and prokaryotes (Jackson 1990). The
heptapeptide consisting of residues 332 through 338 has similarities with the
pyridoxal binding sites of porcine DDC and feline glutamate decarboxylase.
Lys-337 is probably the pyridoxal-binding residue. See also 1(2)amd below.

Function and Tissue Distribution

This enzyme catalyzes the decarboxylation of dopa (3,4-dihydroxy-L-phenyl-
alanine) to dopamine, and of 5-hydroxytryptophan to serotonin. DDC is
involved in tanning of the cuticle, and most of the enzyme is found in the
epidermis where its activity peaks during the molting episodes. DDC is also
involved in the synthesis of neurotransmitters and is present in a group of 150
serotonergic and dopaminergic neurons of the central and visceral nervous
system (Wright et al. 1976a, 1976b; Konrad and Marsh 1987; Beall and Hirsh
1987, for reviews see Wright 1987 and Hirsh 1989).

Mutant Phenotype

Amorphic mutations are lethal; death occurs mostly in late-embryonic and
larval stages. A few individuals survive to the pupal stage. Survivors have
cuticular structures that are characteristically incompletely pigmented and
sclerotized.

Gene Organization and Expression

Open reading frame, 475 or 510 amino acids; expected mRNA size, 2,067 or
1,923 bases, depending on splicing. The 5’ end was defined by S1 mapping and
primer extension. The 3’ end was defined by cDNA sequencing. There are three
introns, one in the leader, spanning —692 through — 57, one after the Ser-33
codon and one in the Arg-62 codon. Two alternative splicing products have
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FiG. 11.2. Comparison of the rat (Accession, M27716) and Drosophila (Dm) DDCs. There is 60%,
overall identity between the two proteins. Sequences aligned with the GCG Pileup program.
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amd Cs Ddc Cc

T -

12 kb

F1G. 11.3. Organization of the genes in the immediate vicinity of Ddc.

been detected. One is a 2.3 kb RNA in which all exons are present. The other,
the most abundant, is a 2.1 kb RNA produced when the small second exon is
spliced out together with the first two introns (Ddc Sequence). In the latter case
the leader is spliced, in frame, onto the middle of the original open reading
frame, and translation seems to start from an AUG six bases downstream of
the splice site (Met-36) (Eveleth et al. 1986, Morgan et al. 1986). Transcription
is toward the telomere (Fig. 11.3) (Spencer et al. 1986a).

Another gene in this cluster, Cs, is located immediately downstream of Ddc.
The two genes are transcribed convergently and their untranslated 3’ ends
overlap by 76 bp (Ddc Sequence) (Spencer et al. 1986a; Eveleth and Marsh
1987).

Developmental Pattern

The splicing reaction is tissue-specific with the 2.3 kb RNA occurring in
embryos and in the nervous system and the 2.1 kb RNA involved in cuticular
tanning. The 2.1 kb RNA is the predominant form during larval development;
it is found in the integument fraction, and its level fluctuates according to the
intensity of cuticle deposition (Eveleth et al. 1986; Morgan et al. 1986; Krieger
et al. 1991).

Promoter

Proximal Elements P-element-mediated transformation of genes carrying 5’
‘deletions established that the 209 bp upstream of the transcription initiation
site (up to position —1,093 in the Ddc Sequence) are sufficient for normally
regulated full expression of Ddc in the epidermis. Deletions that leave only 25 bp
of the 5 region (up to position —909 in the Ddc Sequence) result in much
lower levels of mRNA production, but transcription is started correctly despite
the absence of the TATA box (Hirsh et al. 1986). Progressively lower levels of
DDC are produced when deletions are introduced in the segment between
— 1,093 and —922. In that segment, five putative regulatory elements have been
identified on the basis of sequence similarities between the distant species D.
melanogaster and D. virilis. Each of the putative regulatory elements includes
the consensus sequence C(A/T)GCG(G/A) (Scholnick et al. 1986). In addition,
a dimer of this consensus sequence, designated element 1 and lying between
positions —970 and —957 is necessary for central nervous system expression
in both glial cells and neurons. Element I is totally conserved in the two species,
and this is the only segment of the proximal promoter region that is protected



-2521

-2431

-2341

-2251

-2161

-2071

-1981

~1891

-1801

-1711

-1621

-1631

~1441

-1351

-1261

-1171

-1081

-991

-901

-811

-721

-631

114 AN ATLAS OF DROSOPHILA GENES
Ddc
CCAATTAATTACAGATCGATCCTAAAACGAATCTAATCACTTGCCCATATCATATAGAT TCAGACTAAATACGTGACCTATTGAAGCTCA

GCGATGTGATGTGTACACCAAACACCCGCTCGTTTATCTCTGCCCTTGTTTACCCCATATGATGCCTGTTTATGCAATCCCCCTCTCAAA

GGGTGGAGCACCCAGCGCATTAAAATCGAAAGCAGAGCCGTTGGCATGGCCGTATAAATCTGTTGATTCAGCCAAGTGATTTGCCAAAGT
GGCTTCGTTGAAATGTCAGGCACACGCACTTTGCTCGGCACTCAGCAACAGTTGGACCACCCGCAGGATTCTTAGCAGCCCTACACTGAA

AGAAATTATTTTCTTTTGTCGTAGGCTAAAAATGTTTACTTGATTCTTTTAAATAGTAATTAAAGGAAGAGAATGATTTTCCTGTCGTAT

TiGCCAATTTC%ATTGATATT%CAACTGAAT%TTGAAATTCéGGCCAAGTAACTGGCATCCAAAAGCTTTC%ATAGTAATT%TGAATTTT
TéTCAGTGTATéCGGAACTGCéCGCTCAAAAGGCTCAACCTAGCCCACTTCéCCTAGCACAATGCGAAAGTéAGTGAGAGCATTGGATTA
T%TGACGTCACAATTCCATGAéCGGTTCAAAAAGCACGTCA%ATGTGGTGC+CTAATAACCéGTTTCCAAGATGCGCGTAAAGCTGCCAT
TéCACGGCTTAATCAATTTCT%GTCTTTCCTACGAATAYAA&TTTGTTTACATTTTTTGCG%GATTTTTTC%TCGGGGAGT&CAAGAAAA
AéCCTGTTTCGAGTGACTCATAATTGGGGGA+TCCTGACGA€ATCGCTCTC%TTCCACAAA%TCGAGTTGGéAACGACGTGAGCAGAATT
CAAAATGTTTTGCTTGCTGTT%TAAATATCAéTAGGTTCTCAAACTAATTTéAAAAATAATéAAATTAAGTiCACAGAGCTéGCAAATAA
AATGTAATAGC+TGCATGTATGTATATATATATATTTTTTTAAATTCTAAA+AAATCCATGAAAAATAATGéCTTTGATATéCAGTTACT
GATTCAGCGCC&AATTAATGCATGTTCCAAAAAAGTGTCAAAAAACGTGCAéAAATCAAACéAGAGCAGAA%TTGTTTTTA&GACAGCGG

CTGCGATTCGAAGTTCAGCGGCTGCGGACTGCGATTGAACCGGTCCTGCGGAATTGGCAGCGCTGCTGGACGGGCTTTAAAAGCCATGGL

. . -->-883 . . . . .
CAAGAGCCGGGCAGCGCTCAGTTAAGAGGAGAACGCCAAGCGCACAGCAATCAGCACCGAAATATCAGCATCGAAATATCAGCAAATAAA

TATTAGCTGTTCTAAACCAGGAGGGCAAACTGAACTTGGAGCAAAGATTTAGT TCGGAACGGAAGTAAAGCTCGGCAACAAGTGCAAACA

ATTAAAAGCAGGTTAACTAAAGTGCAACGGTGAGAGACGAAAGTGTGGCTCCTCAACAGCCTCAGCTGCCTGAAGTGCTTGGCCAACATA

ATGAGTGCATGGTGCATGCGAAAGATTCATTTCGGGGCTAACGCTGCGTATACGTAATGTGTATCTAAAACTGGGCATATACTATAGCCT
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TGCTTCGGTTCAATTTGATAGTTCGGGCCCCGAATTCTATAGTGCTTAAGCTTTTCTCGGCTTTCGGTATCTGCATGCTTTTGTGTATCT

ATTAAAATAAGATTTTAGCTGGCAACAAGTCGTCGTCTCAATGCCAACTTGTTTACGTTGTTAAAATTGGAATTTAGAAAAAAAAAAAAT

ATAAAGCAGTCTTGATTAATGCAAGAATGCATTAAACATTCTAATTACCATACTAATTCACAGCCTATACTTAAGCAGCGCACTCGATGG
GAAAACGCTTTAAACTATTAATACCTTAATACCTTATTATTATAACTATTATCATCATCGTTTTGCCTATCAAGTAATTAGTATTCAATG

TCETTCATTTGTCATGTTTGCAGCGATACAGTTTTTTGTTTGAGCTGLTGCACTAATTAGCACTATCTTCAAAAACGCACTTCTATTAAT
. ) ) o ) ) ) : .
AACACTTTCAATAATCGCACATTCTTTCATATTAGCTCTAACCATTCGAGTTCATATCATTGCAAAAGTCAAACGAAAAGTARATCTCTG
I GATC

-452

-362

-272

-182

-92

| |=B~ORF

AAATGAGCCACATACCCATTAGTAACACAATTCCAACAAAACAAACTGATGGTAATGGTAAAGCTAACATTTCGCCGGATAAGCTGGATC
MetSerHislleProlleSerAsnThrlleProThrLysGlnThrAspG)yAsnGlyLysAlaAsn]leSerProAsplysLeuAspP

CCAAGGTTTCGGTATGTCTATTGGGTTTAGGTATAGAGCCAACAATTATGCACGTCTGATAACTAAATACTTTTGCATCCACATCAAGAT
roLysValSer n

CGACATGGAGGCGCCGGAGTTCAAGGATTTTGCCAAGACAATGGTCGACTTTATAGCCGAATATCTGGAGAATATACGCGAAAGGTGAGC
eAspMetGluAtaProGluPheLysAspPheAlalLysThrMetValAspPhelleAlaGluTyrLeuGluAsnlleArgGluAr

CAGATTTAGAC%TCCTACTCAATTAGCTTGAATTAAACTTAATTTAGCGTA%AAATTTCAT%TATATGGTA%CAGAATCAG%CGCTTGAC
C%CAGCATTTTACGTTCGAAT&GAAAGTTCG%TCTGCTCGA%TCGAATCCCéGGGCAAGTGAATGACATTTéGCACACGTT%TGAGATTA
G%CACGGGAAAéTCGCACCGA}CGGACATTTéCATTGCTATATATATCTATATATATATATEATTTTGTTTAGGGGGTTGA&GCGACCTT
CéCATTAGCTCéAGGGCCAAG%ACTTTCGCTéCTCTTGGGCéGAAAACTAA%TAATTAAATéGCTTTGTTGAGTTGGCGTG%CAAGGTCG
T%TTTCATGTA%ACGAGTATAéATATAATTGéACTGCTAACéCCTTGGCCAAAAGCAATTCéGGTATTTCAéTATTCTTGGéCAATTCTT
CiAACGGCTTCéTTTCCATTA&CTTGAAAAT&AAAGTCAGC%AAGTAAACAATTTTCTATA&TACAGCTGC%GAGTTTGTT%GCCCATCG
AéAGTCGCTGAAATTAATGGT%AATTGAAAA%CAAGCTTAAéTAGAGCGTAATATAATAAT%CATTTTGCT%TATTAAAGT%CCTTCGAC
A%TGAAGTTTCAAAACTATTT+CTTAGTTAGATAACTTTTTAAACGAATCT%TGTTAATTGAAGATACATA%ATATAGAGAAATTATCTT
T%TATJTTCTT%TTTTCACCT&TTAGTAGTAéTTCCTTTTAATTGAAAGGA%AGAAAATCC&ACCATCATTATCAGCATTGéCTCTCTAT
C%ATATTCTGT%CCCATAGCAATTTGCTACA%ATTCGTATTéATTTTCATGéCAGTGGCAAéAAGTTGGGGéTGGTTGGATéGGTGTCCT
TéAACCCCAATéATTCCTGATéCCTTTGTTGéCTAACTGAG%TTCGCAGCCAATTAGCAAGéAGCTTTTAC%GAATGGGCG&CAAAATGC

AATCAGAACGTAACGCAATTTTCGCAATTACAGGCGCGTTCTGCCGGAAGTGAAGCCTGGCTACCTGAAGCCATTGATTCCGGATGCTGE
gArgValLeuProGluValLysProGlyTyrLeulysProLeulleProAspAlaAl

GCCCGAGAAGCCGGAGAAGTGGCAGGATGTGATGCAGGACATCGAGCGAGTCATCATGCCGGGCGTGACACACTGGCACAGTCCCAAGTT
aProGluLysProGlulysTrpGInAspValMetGinAsplteGluArgValIleMetProGlyVal ThrHisTrpHisSerProLysPh

TCATGCCTACTTCCCCACGGCCAACTCGTATCCAGCGATCGTTGCGGACATGCTGAGTGGAGCGATTGCCTGCATCGGATTCACGTGGAT
eHisAlaTyrPheProThrAlaAsnSerTyrProAlalleValAlaAspMetLeuSerGlyAlalleAlaCysl1eGlyPheThrTrpll

(continued)

88
(30)

178
(34)

268
(62)

358

448

538

628

718

808

898

988

1078

1168

1258

1348
(81)

1438
(111)

1528
(141)



1529

1619

1709

1799

1889

1979

2069

2159

2249

2339

2429

2519

2609

2699

2789

2879

2969

116 AN ATLAS OF DROSOPHILA GENES

CGCCAGTCCCGCGTGCACGGAACTCGAGRTGGTCATGATGGATTGGCTGGGCAAGATGCTGGAGCTGCCGGCAGAGTTCCTGGCCTRTTC
eAlaSerProAlaCysThrGlulLeuGluValValMetMetAspTrpleuGlylysMetleuGluleuProAlaGluPheleuAlaCysSe

GGGCGGCAAGGGTGGCGGTGTCATCCAGGGCACGGCCAGTGAGTCCACACTGGTGGCTCTGC TGGGAGCCAAGGCCAAGAAGT TGAAGGA
rGlyGlyLysGlyGlyGlyValIleGInGlyThrAlaSerGluSerThrLeuValAlaleuleuGlyAlalysAlalysLysLeul ysGl

GGTGAAGGAGCTCCATCCGGAGTGGGATGAGCACACCATCTTGGGCAAGTTGGTGGGCTACTGCTCGGACCAGGCTCACTCATCCGTGGA
uVallysGluLeuHisProGluTrpAspGluHisThrIleleuGl yLysLeuValGlyTyrCysSerAspGinAlaHisSerServalGl

GCGGGCTGGTCTTCTGGGCGGAGTAAAGCTCCGTTCCGTGCAGTCCGAGAATCACAGAATGCGTGGTGCTGCCCTGGAAAAGGCCATCGA
uArgAlaGlyleuleuGlyGlyVallysLeuArgSerValGinSerGluAsnHisArgMetArgGlyAlaAlaleuGluLysAlalleGl

ACAGGATGTGGCCGAGGGTTTGATTCCCTTCTACGCGGTGGTCACCCTGGGCACCACCAACTCCTGCGCCTTCGACTACTTGGATGAGTG
uGlnAspValAlaGluGlyLeulleProPheTyrAlaValValThrleuGl yThrThrAsnSerCysAlaPheAspTyrieuAspGluCy

TGGACCGGTGGGAAACAAGCACAATTTGTGGATCCATGTGGACGCTGCCTATGCCGGATCCGCTTTCATTTGCCCCGAGTATCGCCACCT
sGlyProValGlyAsnLysHisAsnlLeuTrpIleHisValAspAlaAlaTyrAlaGlySerAlaPhelleCysProGluTyrArgHislLe

GATGAAGGGCATCGAATCAGCAGACTCTTTCAATTTCAATCCACACAAATGGATGCTGGTGAACTTTGACTGCTCGGCCATGTGGCTGAA
uMetlysGlylleGluSerAlaAspSerPheAsnPheAsnProHisLysTrpMetLeuValAsnPheAspCysSerAlaMet Trpleuly

GGATCCCAGTTGGGTGGTCAACGCGTTCAATGTGGACCCTCTTTACCTGAAGCACGACATGCAGGGATCAGCTCCGGACTATCGTCACTG
sAspProSerTrpValValAsnAlaPheAsnValAspProLeuTyrLeulysHisAspMetGInGlySerAlaProAspTyrArgHisTr

GCAAATCCCACT TGGACGGCGATTCAGGGCACTGAAGCTCTGGTTCGTCCTCCGGETGTACGGTGTCGAGAATCTCCAGGCCCACATCLG
pGInlleProleuGlyArgArgPheArgAlaleul ysLeuTrpPheValleuArgleuTyrGlyValGluAsnleuGInAlaHisIleAr

CAGACACTGCAACTTTGCCAAGCAGTTCGGGGATCTCTGCGTGGCGGACTCCAGATTTGAACTGGCCGCCGAGATCAATATGGGATTGGT
gArgHisCysAsnPheAlalysGInPheGlyAspleuCysValAlaAspSerArgPheGluleuAlaAlaGlulleAsnMetGlyLeuVa

CTGCTTCCGGC TGAAGGGCAGCAACGAGCGGAACGAAGCTCTTCTCAAGCGAATCAATGGACGCGGCCACATCCACTTGGTTCCCGCCAA
1CysPheArgleul ysGlySerAsnGluArgAsnGTuAlaleul eul ysArgl1eAsnGlyArgGlyHisIleHisLeuValProAlaly

GATCAAGGATGTCTACTTCCTCGCGATGGCCATTTGCTCGCGATTCACCCAGTCCGAGGACATGGAGTACTCGTGGAAGGAGGTCAGCGL
sIlelysAspValTyrPheleuAlaMetAlalleCysSerArgPheThrGInSer6luAspMetGluTyrSerTrplysGluValSerAl

CGCTGCCGACGAGATGGAACAGGAGCAGTAAAGTGGTTGTGCAGGTCTGTTCCGTGTTTAGTATATAAATTAATATAGTAAACTTAARATT
aAlaAlaAspGluMetGluGInGluGInEnd

GGACCAGTATGATATATAATGCATTGTGACTTGGAACCCGGAACAGACCATACACTTTCCACTTGCGACATGTTTAGGGAATTTACATCG

CAACAAAAGATGGTTCGTCCATCGCTACATTATATTTATAGTATCCTATCATTGTATCATTGATGTTGTTCATGATTTTTATTGTTAACG
Cs (M)
= n

TTATGCGCCTAATTAAAACAAATGTATTCTGCTTAAAAATACAAACGAATTGTAACTATAAATTTTGACTAGTTTTCGTGTTGATATACA
------ I, 0k

CTGTACATTTAGCAGCCCATTCGGATTTCCATTTCACT 3006
Ddc SEQUENCE. Accession, X04661 (DRODDC). The sequence was corrected by
J. Hirsh by addition of a G at position —932. The acceptor site of the leader intron is
15 bases upstream from the position proposed by Morgan et al. (1986) (Shen and
Hirsh, personal communication). Footprints in the promoter region are indicated by
underlining; there are eight in the distal region and one in the proximal region. B-ORF,
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from nuclease digestion by an extract from embryonic nuclei (Bray et al. 1988,
1989). It has been reported that Ddc and Ubx may have a regulatory protein
in common (Biggin and Tjian 1988).

Distal Elements In addition to the proximal elements, expression in the central
nervous system also requires certain more distal cis sequences located in an
863-bp segment between —2,506 and —1,643 (Johnson et al. 1989). Eight
protein-binding sites were detected within that segment (Ddc Sequence) by
nuclease protection assays. Partial deletions of the distal promoter region,
re-introduced into transgenic organisms, showed that uf8, uf9 and uf10 are not
essential for neuronal expression. On the other hand, deletion of either uf7 or
bf2 and uf3 leads to complete loss of neuronal activity. The element cfl appears
to be essential for expression in the medial dopaminergic neurons (Johnson
et al. 1989). The gene for a POU/homeobox protein that binds to cfl has
been cloned (Johnson and Hirsh 1990). A 40-bp segment between —2,519
and —2,479 is necessary for expression in serotonergic neurons (Johnson et al.
1989).

K2)amd
(a-methyl dopa sensitive)
Product
Unknown.
Structure

The sequence of the coding regions show 55% identity with the dopa decar-
boxylase sequence. The amino acid sequence similarity is particularly high near
a putative pyridoxal-binding site (starting at position 298) (Eveleth and Marsh
1986; Marsh et al. 1986).

Function

AMD is thought to be involved in the metabolism of catecholamines
judging by the a-methyl dopa sensitivity of mutants (for a review, see Wright
1987).

(continued) between positions 84 and 85, is a 4-bp insertional mutation that alters the
reading frame of the second exon and leads to the absence of DDC in the central
nervous system but not in the epidermis (Morgan et al. 1986). The putative
pyridoxal-binding site starting at Asn-332 is underlined. The poly(A) site, ,(A)| (near
2,850) of the partly overlapping gene Cs, is indicated.
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1(2 )amd

TCAAGCTAAATTAGTTAGATCAAAGAATAAACAAGTCAGTTGCGCCGTTTTAATGATTCTCAAAACTAGCCAGATTGGCTGAACCGACAG

. . . . . . .1-149 .
CTCTGGAGGCTGTCCAGAGAAGTCGGAGTATAAAAGGCCAGTCACCGGCGATCGGTTTCAGAGTGAACCTCAGGCAACTTGGAGGAGCAT

CAACGGATCGGGAACTGAAATCGAGTTGGGCAAACAAATCAAAAACGAAAACGGGGAAATAAAACCAAAACAAACAGAACGTAAAAAGTG

CAAATAGAAAACGATATCGCAACATTGTCAGCGGTATGGATGCCAAGGAGT TTCGGGAATTCGGCAAGGCCGCCATTGACTACATAGCCG
MetAspAlalysGluPheArgGluPheGlylysAlaAlalleAspTyrIleAlaA

ACTATCTGGAGAATATTCGGGATGACGACGTACTGCCCAATGTGGAGCCAGGCTATCTGTTGGACCTGCTGCCCACAGAGATGCCGGAAG
spTyrLeuGluAsnlleArgAspAspAspValleuProAsnValGluProGlyTyrLeuleuAspleuleuProThrGluMetProGluG

AGCCCGAAGCGTGGAAGGATGTCCTCGGCGACATTAGTCGCGTCATCAAGCCGGGACTGACCCACTCGGAGTCGCCTCACATGCATGCCT
TuProGluAlaTrplysAspValleuGlyAsplleSerArgVal I1elysProGlyLeuThrHisSerGluSerProHisMetHisAlaT

ACTACCCCACCAGCACCTCGTATCCCTCCATTGTGGGCGAGATGCTGGCCAGCGGGTTCGGCGTCATCGGATTCAGCTGGGTATGTTGGT
yrTyrProThrSerThrSerTyrPraSerlievalGlyGluMetLeuAlaSerGlyPheGlyVal 11eGlyPheSerTrp

TTATéGTGAAATCTéCTGCTGCTG&TGCTGCTGC%TCTGGCCCA%TGTTTTGGCéGGCTGAATGéGCGCTCATTéTGCCGGGTGéGTGAA
AGTGAATCCAAGAA&TCGACAAACAGGTTGCCAC%GCACCGGACéGAAGAGAGT%GTTCACACAAATCAATCGG&AATTGTCAC&AAATA
AAAGéAATAAAATTéGGCAGCAGAéTCACCTTAAAGGCATACAAATAAATTTAAATGTATATAGAATTGATTAGéCAAACCCAAACTAGA
CGTT%CGCAAACAA%ATTTGTCAT%GCGAACAAAéAAGTTACCAéCGAACAAAAACTTAGTGAAATAAACCCTAéTTTAAATTA%AATAT
ATTTéTAAAAATTAéTATATGTATéTATTCCGGA+TTAATAGTG+ATTACAAACGGATGGAGTTATCTTCAATG&ATAATTTCT%ACATA

ATAATTCGTATAATCCCCCACAGATCTGCAGTCCCGCCTGCACAGAACTGGAGGTGGTGGTCATGGACTGGCTGGCCAAGTTCCTGAAGE
11eCysSerProAlaCysThrGluLeuGluValValValMetAspTrpleuAlalysPheleul ysL

TGCCCGCACACTTCCAGCACGCCAGCGATGGACCAGGAGGCGGGGTGATCCAGGGATCAGCTAGCGAGGCTGTGTTGGTGGCTGTCCTAG
euProAlaHisPheGInHisAlaSerAspGlyProGlyGlyGlyVallleGInGlySerAlaSerGluAlaValleuValAlaValleuA

CTGCCAGGGAACAAGCTGTGGCCAACTACAGGGAATCGCATCCGGAGCTGAGCGAAAGTGAGGTGLCGTGGCCGCTTGETGGCCTACTCCT
laAlaArgGluGinAlaValAlaAsnTyrArgGluSerHisProGluleuSerGluSerGluvalArgGlyArgieuValAlaTyrSerS

CGGACCAGAGTAACAGCTGCATTGAGAAGGC TGGAGTCCTGGCTGCCATGCCGATTCGATTGCTGCCGGCTGGAGAGGATTTCGTACTTA
erAspGinSerAsnSerCysIleGlulysAlaGlyValleuAlaAlaMetProlleArgleuleuProAl aGlyGluAspPheValleuA

GAGGCGATACACTGAGAGGAGCCATCGAGGAGGACGTGGCAGCGGGCAGGATTCCGGTGATCTGCGTTGCCACTCTGGGCACCACGGGCA
rgGlyAspThrLeuArgGlyAlalleGluGluAspValAlaAlaGlyArglteProVal I1eCysValAlaThrleuG) yThrThrGlyT

CTTGTGCCTATGACGATATTGAATCCCTGTCCGCTGTCTGCGAGGAATTCAAGGTGTGGCTCCATGTTGATGCCGCGTATGCCGGTGGAG
hrCysAlaTyrAspAsplleGluSerLeuSerAlaValCysGluGluPhelysVal TrpLeuHisValAspATlaAlaTyrAlaGlyGlyA

CCTTTGCTCTGGAGGAATGTTCGGATTTGCGAAAGGGATTGGATCGCGTGGACTCGCTAAACTTCAACCTGCACAAGTTCATGCTGGTCA
TaPheAlaleuGluGluCysSerAsplLeuArglysGlylLeuAspArgValAspSerLeuAsnPheAsnLeuHisLysPheMetLeuValA
--------------------- PYR
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ACTTCBATTGCTCGGCCATGTGGCTAAGGGATGCCAACAAGGTGGTCGACAGCTTCAATGTGGATCGCATCTATCTGAAGCACAAGCACG
snPheAspCysSerAlaMet TrpLeuArgAspAlaAsnLysValValAspSerPheAsnValAspArglleTyrleul ysHisLysHisG

AGGGTCAGTCGCAAATTCCTAGACTTCCGTCATTGGCAAATCCCCTGGGTCGCCGCTTCCGAGCTCTAAAAGTCTGGATCACATTCCGCA
1uG1yGInSerGInileProArgleuProSerl.euAlaAsnProLeuGlyArgArgPheArgAlateulysValTrplieThrPheArgT

CTCTGGAAGCCGAGGGATTGCGAAACCATGTCGCGAAGCACATCGAGTTGGCCAAACAGTTTGAGCAGCTTGTGCTCAAGGATTCGCGAT
hrieuGluAlaGluGlylLeuArgAsnHisValAlaLysHisI1eGluLeuAlalysGInPheGluGInLeuValleul ysAspSerArgP

TCGAGCTGGTGGCTCCTCGTGCCCTGGGACTGGTTTGTTTCCGGCCCAAAGGTGACAATGAGATTACCACCCAGTTGCTGCAACGGCTTA
heGlulLeuValAlaProArgAlaleuGlyl euValCysPheArgProlLysGlyAspAsnGlulleThrThrGInLeuleuGlnArgleuM

TGGATCGAAAGAAGATCTACATGGT TAAGGCCGAGCATGCGGGTCGTCAGTTTCTGCGATTCGTCGTATGCGGCATGGACACCAAAGCCT
etAspArglysLys1leTyrMetVallysAlaGluHisAlaGlyArgGinPheleuArgPheValValCysG) yMetAspThrLysAlaS

CCGATATTGATTTCGCCTGGCAGGAGATCGAGTCTCAACTGACGGACCTGCAGGCGGACGAATCCTTGGTGGCCCGCAAATCGGGARACG
erAsplleAspPheAlaTrpGInGlulleGluSerGInLeuThrAspleuGInAlaAspGluSerieuValAlaArglysSerGlyAsnY

TCGGCGATCTTGCGCACGACTTCCAGATCCATCTGAGCACCGAAAATGCAACGCACGAGAAATCTCAGTGAGAAAAACGGATAAACTATT
alGlyAsplLeuAlaHisAspPheGInlleHisLeuSerThrGluAsnAlaThrHisGluLysSerGInEnd

TATGTTTAGGGACAACCTAGTTAGTTTGCGATGTAGTTTTTAACTTTCCACATGTTTATAAATAAAGTGAAATTAAATGTACGATCATTT
------ [,

GGCACGTTTTCTATAAAGGTAGAGTGGTTTTTCCCTGTCATTTTTTTTTGTCGAAAAAGTTCCCAACATTCTCTGTTAAACTTTCTGCCG
AGGCTTTAGTTTTTTAAGCATTACAAATATCGTCGACTTTTATTTTAAAATTTAAAACCAAAATTTTCGCGGCTTAGTGTGACTGCATTT
GGTTATGAATCGATACACTTCTTCATCGCCCTTCGATAAGTTCGCCAAGGTCTATCGTCATGTGCCGATCCGCAGGGCAAACAGCTGTTT

CTCCCAATTGGGACCACCTGATATCGGTTAAATAACAAAGTATAAACAAAACAAAAATATCTGTTTCCCTTAATTCAATATTTTGATTAG
. . . . . . . EcoRI
CTTTGAATAGCGTTTAGTGCTATTTCTCATAAATATAGAATAGAAGCAGCCGCGGCTCGCCTTTGTACGAATTC 2559

I(2)amd SEQUENCE. Strain, Canton S. Accession, X04695 (DROL2AMD). The
sequence ends at the EcoRI site at which the Cs Sequence, begins. The exclamation
mark indicates the 5 end of the longest cDNA sequenced.

Gene Organization and Expression

Open reading frame, 510 amino acids; expected mRNA size, 1,782 bases. The
5" end was tentatively identified on the basis of sequence features in the
neighborhood of the 5’ end of a cDNA clone. The 3’ end was identified from
the sequence of two cDNA clones. There is one intron after the Trp-105 codon.
The distance from the polyadenylation site of 1(2)amd to the transcription
initiation site of Cs is 682 bp.

Although the length of the coding region is the same as that of Ddc, and
the sequence is similar, the position of the introns in the two genes do not
match. In the aligned sequences, the 5’ end of amd coincides approximately
with the second Ddc intron; and the amd intron is approximately 250 bp away
from the position of the third Ddc intron (Fig. 11.3 and 1(2)amd Sequence)
(Eveleth and Marsh 1986).
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Cs
EcoRl . . . . . . . .
-658 GAATTCTCAGATTTCGTGAGTAAATAATCATATATGTAACATACAAATACATCCGAATTACTATAACCCTTTCAGCCAAGTTTGGAATTA  -569

-568 GACACCCAAACTGCCAATTGGATAACCGGCGACCATTGTGGTGGATACTATGATTCTGCTTTTTAAAAACAACTTGGACGTGTGGCACTT  -479

. . . . . . v . .
-478 TAAAGGCCTATACGCCTCTCAGCCTGTCAACAAATATTAAAAAATCTGGCAAAATTCTAAAAATAACTTGATTTACTTTCGGAACTCCAG  -389

. . | . . . : . . [

-388 GAAACTAGGCCCGCTTGCCATGCAATGGTAAGTTGAACAGCTCCAGCGGATTTGAATGTGCAAACTAAACCTTCTCTTGATCCCCGCAGT  -299
_ I

-298 TTTAAACTGGCCAGCAGGCGCAGCTTATACAATGCACGGGTTCTACAGGCGGATAACATCGGCGACAAGCAACGCAGTCCAGATCTGGAG  -209

-208 CGGCGCGCCAAAATACCCAGATAGTGGTCGTGGGCGCAGGACTCGCCGGTCTCTCGGCGGCCCAGCACCTCTTGTCGCACGGCTTTCGGE  -119

~-118 GCACTGTGATCCTGGAGGCCACAGATCGTTATGGCGGCAGGATTAACACCCAGCGCTTTGGTGACACCTACTGTGAACTAGGCGCCAAGT  -29

-28 GGGTAAAGATCGATGGATCGCAGGATTCGATGTATGAACTGCTACGCAACACGGAAGGC TTGGGGAAGCAGATAAAGCAGGCCGGATCGG 61
MetTyrGluLeuleuArgAsnThrGluGlyleuGlylysGIn]lelysGInATaGlySerG  (21)

62 GCCACCTATCTTCAGGATGGAAGCCGCATCAATCCAGCCATGGTCGAGCTTATCGACACGCTATTTCGGCAGCTTTGCCAGGCTTCAAGG 151
1yHisLeuSerSerGlyTrpLysProHisGinSerSerHisGlyArgAlaTyrArgHisAlalleSerAlaAlaleuProGlyPhelysV  (51)

152 TCTCCGAACGAGTTAAAACGGGTGGTGACCTGCACTCGCTGGACAATGTCATGAACTACTTTAGAACAGAAAGCGATCGCATCATTGGCG 241
alSerGluArgVallysThrGlyGlyAspleuHisSerl euAspAsnVaiMetAsnTyrPheArgThrGluSerAspArgllelleGlyV  (81)

242 TCTCCTTCCAGCATCCTAAGGATCAACTGGCGGCACGCGAGATCTTCCAATCGCTGTTCAAGGAGTTCGGCAGCATCTTGGGATGCTGCC 331
alSerPheGlnHisProlysAspGInLeuAlaAlaArgGlullePheGinSerLeuPhel ysGl1uPheGlySerlleleuGlyCysCyslL  (111)

332 TGGAGTACGTGAACATCGAACACATAACCAAGTGTCCAGTGCAGCAGGAACAGCGCCCGCGTTATGTGCCCACTGGTCTAGATAATGTAG 421
euGluTyrValAsnlleGluHisIleThriysCysProValGInGInGluGinArgProArgTyrValProThrGl yLeuAspAsnValV  (141)

422 TGGACGATCTCATTCAGAACATGGACAAAGCGCAGCTGCAGACCGGAAAGCCTGTGGGCCAGATACAGTGGACACCAGCGCCGATGAAAA 511
alAspAspLeulleGinAsnMetAsplLysAtaGlinteuGInThrGlyLysProValGlyGInIteGInTrpThrProAlaProMetlysS  (171)

512 GTGTGGGTTGCCTGGATGGCAGTCTTTACAACGCCGATCACATAATATGCACCCTGCCGCTCGGGGTGCTCAAAAGCTTTGGCGCGTTCT 601
erValGlyCysLeuAspGlySerLeuTyrAsnAlaAspHisllelleCysThrieuProleuGl yValteulysSerPheGlyAlaPheC  (201)

602 GTTTCGACCCACGCTGCCGCTGGACAAGATGCTGGCTATCACGCAACCTCGGCCTTTGGCAATCCCCTCAAGATATATCTCTCCTACAAG 691
ysPheAspProArgCysArgTrpThrArgCysTrpleuSerArgAsnLeuGlyLeuTrpGinSerProGinAsplleSerLeuleuGinG  (231)

692 AAGCCATTCTGGTGGCTAAAGGGAAGCTGCGCCATGGAACGTTCTGAATCTTCGTAGAGCAGCAACCGAACGCAACTGGACGCAGCAGGT 781
TuAtalleleuValAlalysGlylysLeuArgHisGlyThrPheEnd (245)

782 CGTGGAGA%AGCCAGGTGéCCAGCAGTCAGCATGTGCTéGAGGTGCATéTGGTGGCGGATACTACGAGéAGATCGAGAAGCTGCCCGA%G 871
872 AGGAGCTGETGGAGCAGA%AACTGGTCTéCTAAGGCGC%GCGTGAGCAéTCACCTGGTéCCGTACCCAéAGGAACTGC%GCGTTCCAAéT 961
962 GGAGCACC%CGGCCTGCTACCTCGGCCGéTCCGTCCTTACTTCTCCACéAACAGCAGTéCCCGGGATG%CCAGCGACTéGCCGCTCCGéC 1051
1052 TGGGCGAGAAGTCCGGGG%CTGCTCTTT&CTGGGGATGéAACCTCGCTéAAAGGCTTTéGAACCATTGATGCCGCCACGTCCAGTGGCAT 1141

1142 CCGAGAAGCCCAATGTATCATTGACTACTATCTGAAAAGCGTGCACTGCGGTTAAGTGAAATGGGAAATCCGAATGGGCTGCTAAATTGT 1231
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ACAGTGTATATCAACACGAAAACTAGTCAAAATTTATAGT TACATTCGTTTGTATTTTTAAGCAGATACATTTGTTTTAATTAGGCGCAT
D _(A)]
n

AACGTTAACAATAAAAATCATGAACAACATCAATGATACAATGATAGGATACTATAAATATAATGTAGCGATGGACGAACCATCTTTTGT
------ (A,

TGCGATGTAAATTCCCTAAACATGTCGCAAGTGGAAAGTGTATGGTCTGTTCCGGGTTCCAAGTCACAATGCATTATATATCATACTGGT
CCAATTTAAGTTTACTATATTAATTTATATACTAAACACGGAACAGACCTGCACAACCACTTTACTGCTCCTGTTCCATCTCGTCGGCAG
CGGCGCTGACCTCCTTCCACGAGTACTCCA 1621

Cs SEQUENCE. Strain, Canton S. Accession, X05991 (DROCSG). The sequence starts
with the EcoRI site at the end of the 1(2)amd Sequence. The exclamation mark
indicates the 5" end of the longest cDNA sequenced. The poly(A) site, ,(A)| (at 1,267)
of the partly overlapping gene Ddc, is indicated.

Developmental Pattern

A 2 kb RNA is detected in 8—16 h embryos and, at a much lower level, in adults.

Cs
Product

Unknown. It has been questioned whether this protein is ever synthesized,
although the corresponding mRNA is found in association with polysomes. No
mutations have been recovered in this transcription unit despite intensive
screens involving the region (Eveleth and Marsh 1987 and references therein).

Gene Organization and Expression

The longest open reading frame is 245 amino acids; but several smaller open
reading frames exist, some with the starting codon upstream of the longest one.
The presence of those upstream AUGs and the very poor codon bias displayed
by this mRNA suggest that translation may be very inefficient. The expected
mRNA length is 1,696 bases, in agreement with a 1.9 kb band detected in gels.
A cDNA sequence was used to define the 5" end. The 3’ end was obtained from
the sequence of two cDNAs that included poly(A) tails. There is a leader intron
at —361/--300 (Cs Sequence) (Eveleth and Marsh 1987).

Developmental Pattern

Transcription of Cs occurs mainly in the first 8 h of embryonic development;
the highest levels of transcript are detected in 3 h embryos (Spencer et al,
1986D).

1321

1411

1501

1591
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DoxA2

L 1(2)378b. <-- . . . . . .
GTGCGATGTTATCGGAGTATCGATATCGAAAAGGCTTAACGGAATTGTGGTAATGTTTTATTGCAATTTAAATAAAAATACGCTTTTACT

GAGTGCGTAACTTAAGAAATTCCTAACCCAAATTAAAGCAATAGATACATTTACTGTAAAACATTAAAAATAAATTCCTATAACATATGA

GACTGAAAGTTCGCTCAGTGTACCGTAAAACGTATCGATAAATTGAAACGTAACGGCTTAACAGCTCTGTTAACCAACTAAATTTACCAG

. . . .-->-89 . . . .
CACTGCCTGTAGCCGAAAACGAATAAGAAGAAGAAGCGACATTACTAGGCATTTTTGATTGGGATTGAGAAAAACAAAAGAAAAGTCGGC

TATATTTGTGACCCCAGTAAATTGAGAGTTCCATTACAAAATGACCAACGCAACGGACATCGGTGCTAACGACGTGGAGATGGAGGTGGA
MetThrAsnAlaThrAsplleGlyAlaAsnAspValGluMetGluValAs

TCCAACGGCGGAGACGCTGGCTGACGAGAAGAAGAACCAAGATGTGGCCGCCGTGCAGGAGATCCGCGAGCAGATTCGTCAGATTGAGAA
pProThrAlaGluThrieuAlaAspGlulysLysAsnGlnAspValAlaAlaValGInGlulleArgGluGIinlleArgGinlleGluly

GGGGGTAGCCTCGAAAGAGTCGCGGTGAGTAGTGCAAGAATTAAAATCTTGTCCCTTCCTTATTATGGCTCATTTCCGCCAACAGCTTCA
sGlyValAlaSerLysGluSerAr gPhel

TCCTGCGCGTCCTTCGCAATTTGCCCAACACTCGTCGCAAGCTGAACGGCGTCGTCTTCCGGAATCTTGCACAGAGTATTTACCCCGLTG
leLeuArgValleuArgAsnLeuProAsnThrArgArgl ysleuAsnGlyValValPheArgAsnLeuAlaGInSerlleTyrProAlaG

GTGCAGATCGTGAGGCGGCCGTGGCTTTGATGCCCGCTGTGGAGAAAGACGCCACCGAGCTGLCCGATGTTCCCAAAAAACAAGTTGCCA
1yAlaAspArgGluAlaAlaValATaleuMetProAlavalGluLysAspAlaThrGluleuProAspValProLysLysGInValAlaT

CCAAGGCTCCAATCGCCGAGGTCGATGCCTACTTCTACCTGCTCCTGCTGGTCAAGCTCATCGACGCCAGTGATTTAAAGCGGGCCGGAA
hrLysAlaProlleAlaGluValAspAlaTyrPheTyrLeuleuleuleuVallysLeulleAspAlaSerAspleul ysArgAlaGlyl

TTAGCGCCGACGCCCTAATGGCCAAAATCTCCATCCAAAACCGACGCACCCTTGATCTGATTGGTGCCAAGTCCTACTTCTATTTTTCAA
leSerAlaAspAlaleuMetAialysIleSerIleGinAsnArgArgThrieuAspleul TeGlyAlalysSerTyrPheTyrPheSerA

GAGTGGCGGAGCTAAAAAACTCACTGGAAGGCATACGCTCGTTCCTGCACGCTCGTCTGCGCACCGCTACGCTGCGTAATGATTTTGAAG
rgValAlaGluLeul ysAsnSerLeuGTuGlylleArgSerPhelLeutisAlaArgleuArgThrAlaThrleuArgAsnAspPheGluG

GCCAGGCGGTGCTTATTAACTGTTTGCTCCGCAACTACTTGCACTATGCTTTGTACGACCAAGCCGACAAGCTGGTAAAGAAATCCGTCT
1yGlnAlaValleulleAsnCysLeuleuArgAsnTyrLeuHisTyrAlaleuTyrAspGinAlaAsplysLeuVallyslysServValT

ACCCGGAATCGGCCAGCAACAATGAATGGGCGCGTTTCCTGTACTATCTAGGTCGGATTAAGGCCGCTAAGCTGGAGTACAGCGATGCCC
yrProGluSerAlaSerAsnAsnGluTrpAlaArgPheleuTyrTyrLeuG)lyArglleLysAlaAlaLysleuGluTyrSerAspAlaH

ACAAGCATCTGGTCCAGGCCCTGCGTAAGTCGCCGCAGCACGCTGCCATCGGCTTTCGTCAGACGGTTCAAAAGCTAATTATCGTTGTGG
isLysHisteuValGlnAlaleuArglLysSerProGinHisAlaAlalleGlyPheArgGinThrValGinLysleultellevalvalG

AGCTGCTTTTGGGCAACATCCCGGAGCGTGTGGTGTTCCGGCAAGCCGGTCTTCGCCAATCTCTTGGTGCCTACTTCCAGCTCACGCAGG
luLeulLeulLeuGlyAsnIleProGluArgValValPheArgGinAlaGl yLeuArgGInSerLeuGlyAlaTyrPheGlnLeuThrGlnA

CCGTGCGTCTGGGCAACTTGAAGCGCTTCGGCGACGTGGTATCCCAATACGGACCCAAGTTCCAACTGGACCACACATTCACCCTGATTA
laValArgleuGlyAsnLeut ysArgPheGlyAspValValSerGInTyrGlyProlysPheGlnLeuAspHisThrPheThrleullel

TCCGGCTGCGCCACAATGTGATCAAGACGGCAATCCGCTCCATCGGACTATCGTACTCACGCATCTCGCCGCAAGACATTGCCAAGCGGL
leArgLeuArgHisAsnValllelysThrAlalleArgSerIleGlyLeuSerTyrSerArglTeSerProGinAsplleAlalysArgl
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230
(57)

320
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(237)
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1040
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1130
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1220
(387)
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TAATGCTAGACTCCGCGGAGGATGCCGAGTTTATTGTATCGAAGGCTATACGGGACGGCGTGATTGAGGC TACGTTGGACCCAGCCCAGA
euMetLeuAspSerAlaGluAspAl aGluPhelleValSerLysAlalleArgAspGlyVallleGluAlaThrleuAspProAtaGlnA

ATTTCATGCGCAGCAAGGAAAGTACGGACATCTACAGCACCCGGGAACCGCAGCTGGCCTTTCACGAGCGCATCTCGTTCTGCCTGAACC
snPheMetArgSerLysGluSerThrAsplleTyrSerThrArgGluProGlnLeuAlaPheHisGluArglleSerPheCysLeuAsnL

TGCACAACCAGAGCGTTAAGGCCATGCGCTATCCCCCAAAGTCCTACGGCAAGGAT TTGGAGAGCGCCGAGGAGAGACGCGAGCGGGAGC
euHisAsnGlnSerValLysAlaMetArgTyrProProlLysSerTyrGiylLysAspleuGluSerAlaGluGluArgArgGluArgGluG

AGCAGGACCTTGAGCTGGCCAAGGAGATGGCCGAGGATGATGAGGATGGTTTCTAAGCGGCTGATTCTGCAAATTAATTTGTGCTTGCAT
1nGInAspleuGluleuAlalysGluMetAlaGluAspAspGluAspGlyPheEnd

TCATTTTTATAGAAATATAATCCGCAATTAAATAAGTTACAATAATTTCGGAACTTTTTAATTAGGTATTGGAATCAAATAGTTCAGAAC
------------ lw, 1w,

TGATCTTCTTTATTCAAGCAAAGTTGTATGTTGTTGTTGGTAGACATCAAATTCATCGTAGAATGAACATTAAGTTCCATTCTG 1754

DoxA2 SEQUENCE. Accession, M63010 (DRODOXA?2). At —364 is indicated the 5
end of the neighboring gene 1(2)37Bb, which is transcribed in the opposite direction.

DoxA2
(Diphenol oxidase component A2)

Product
Component A2 of phenol oxidase (PO) (EC 1.10.3.1).

Structure

Sequence comparisons involving entire amino acid sequences show 579 identity
between DOXA2 and the mouse tum™ transplantation antigen P91A; the
similarity is even greater in the C-terminal two-thirds of the protein (Pentz and
Wright 1991).

Function

PO has three components: Al acts on monophenols, A2 and A3 on diphenols,
including dopa and its derivatives; it is involved in the oxidation of cate-
cholamines to quinones, compounds that are subsequently utilized to produce
melanin or to cross-link cuticular proteins. Thus, PO plays a central role in
eggshell and cuticular sclerotization, in melanization and in defense against
pathogens. A2 (like Al and A3) is synthesized as a proenzyme and activated,
probably by proteolysis, via an activation cascade.

Mutant Phenotypes

Homozygous DoxA2 mutants die primarily during the larval stages; however,
rare pharate adults can be recovered, and these are totally unpigmented (Pentz
et al. 1986 and references therein).
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Gene Organization and Expression

Open reading frame, 494 amino acids; expected mRNA length, 1,649 and 1,657
bases in agreement with a 1.7 kb band detected in gels. There are two alternate
3’ ends; the positions of these were obtained from two c¢cDNA sequences
terminating in poly(A) tails. SI mapping and a ¢cDNA sequence were used to
define the 5’ end. There is no apparent TATA box. There is an intron in the
Arg-55 codon (DoxA2 Sequence) (Pentz and Wright 1991).
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Elongation Factor Genes: Ef 1a.1, Ef 1o.2

Chromosomal Location: Map Position:
Eflal 2R, 48D 2-[64]
Effa2 3R, IG0E 3-[102]

Synonyms: Ef-1aF1 and Ef-1aF2

Products

Translation elongation factor 1 alpha (EFla), one of three components of
elongation factor 1.

Structure

There is remarkable conservation of the amino acid sequence in very distant
species (Fig. 12.1). The similarities are particularly noteworthy in a region near
the N-terminus that is thought to be the GTP binding site and in the
neighborhoods of Ala-92, Lys-244 and Lys-273, residues that are considered
important for tRNA binding (Walldorf et al. 1985; Hovemann et al. 1988).

Function

EF-1a is involved in the GTP-dependent binding of charged tRNAs to the
acceptor site of the ribosome. A decrease in EF-1a levels after emergence of
adults seems to play a role in the aging process (Webster 1985). Conversely,
increased expression of Ef 1al under the control of a heat-shock promoter leads
to extended life spans (Shepherd et al. 1989).

Comparison Between Ef lal and Ef 1a2

There is 90.5% identity and 93.3% similarity between the Drosophila sequences.
Differences between the amino acid sequences of EFlal and EFla2 are
comparable to the interspecific differences found between the fly and rat
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LTl

Om Eflafl 1 v
Om Eftaf2 1 Q A
Rat Efla T A s
EhEfla P T q SA N $ F
CON MGKEK-HINI VVIGHVDSGK STTTGHLIYK CGGIDKRTIE KFEKEA-EMG KGSFKYAWVL DKLKAERERG ITIDI-LWKF ETSKYYVTII DAPGHRDFIK
1 50 100
pm Eflafl WD) D) F S EA S VoM H
Dm Efiaf2 0 F T EA s 1 As
Rat Efla v v Y T oK v oT 1 oT N
Eh £fla VI v 1 sy M AIQ. . KQE 1AFL T  OKIP FQ
CON NMITGTSQAD CAVLI-AAGT GEFEAGISKN GQTREMALLA -TLGVKQLIV GVNKMDS-EP PYS--RYEEI KKEVS-YIKK -GYNP--VAF VPISGW-GDN
101 150 200
Om Eflafl T EG E NDK VO A A A vV T Vv AIT Q
Dm Eflaf? EK SE E KEKCID A Q L M N VLY T
Rat Efla A KT D SST LE € T vV M T vV s
EhEfla I T Yoo P IG SVT E V s 1 TIQ SGvSSC I T A
CON MLEPS-NMPW FKGW-V-RK- G-A-G-TL-- ALD-ILPP-R PTOKPLRLPL QDVYKIGGIG TVPVGRVETG -LKPG-VV-F AP-N--TEVK SVEMHHEAL-
201 250 300
Dm Eflafl Vv LY AN K AN AIL V S TTEN. F
Om Eflaf2 M LY N R AN SIK Y TGITD . A
Rat Efla L oV N D ME G 1 SA A ALK I S KLD . FL
Eh Efla QI RLT DIK N SA QAVCE M RK s ELLST T SMG EEY N S
CON EA-PGDNVGF NVKNVSVK-- RRG-VAGDSK N-PP-GAADF TAQVIVLNHP GQI--GYTPV LDCHTAHIAC KF-E--EK-D RR-GK--E-G -PK-IKSGDA
301 350 400
Dm Eflafl NS A QE NF DASG AE T 6K+
Dm Eflaf2  IVL S S QE S NF ETTS AE Q K*.
Rat Efla DM G M S SDY DK AAGA SQ Q A*.
EhEfla LKI T E AK K VoOTPR . e
CON AIV--VP-KP LCVE-F--FP PLGRFAVRDM RQTVAVGVIK AV--K----G KVTK-A-KA- K-K--
401 450 465

FiG. 12.1. Comparison of the two Drosophila Efia sequences (Dm) to the corresponding sequences of Rattus

norvegicus (Rat) (Accession, X63561) and Entamoeba histolytica (Eh) (Accession, M92073). The CON(sensus) line
indicates positions at which all four sequences agree. There is 86%, overall identity between the rat and
Drosophila proteins. Sequences aligned with the GCG Pileup program.
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Eflal

CTCAAGCTTCCATTGTTATTTAAAGTTCTATTACGTTAGGGTTCACATACAAATTAAAGTGGCAGGTTCTATCTCAAAACATTCGTTCAA

AATGCGGACTAéTAATGCAATiGTTATTGTT%TTACATATTAAAAGATATG%GTTCCAATA%TACGTATAGAAATTATAGA&ATCGTTTT
G%AGAAAATAC%TTTGGAATCACTGATTATT%AGTTTTTCA%ATAAAAACAATGTCGAGCAAACAAGGTTT%TTAAATTCC*CAATCTTT
AéGTTATTGTAiTTTGCCACT%TCAATCACT%AAATTTCAA%AAAATGAAG%GCTTCATTCéCGCGTAGTGéAAACACCGCAGTGGGAAC
AéGGTTTCTGC%CTTTTGACAéTTGCGTAGC%TCGGTCACAéCATGTGTCAAACGAGGCTTéCTGTGCTGAéCTCTGCCGAACGCTCGTT

-->-1431 . . . . . [ . . )
CACTTTGTTCGAATCCGTCGCCGCTTAGACTTCETGATTTCTCATTCAGC TTATTAGAGAGTAAGTTTTACCTGCGAGECTATAATTAAG

|

TéATTTCTGCAAAAAAACTGCAGGGGGGAAAEAATTTATAAACAAATATGCAGCTGAGACG&CGAATTTGTéCATATTTCCAGTGTTTTT
CéTGTGTGTGTéTAATAAACCéGGAGATAAC&TCTAACTGCGGTTTTCCAAAGTGAAAGGTéGCCATAGAAéCAAACACGTéGCAAGTCT
GéAAAGGCAAAAATTTTAACTéGCGTTCCCAéTTAAAGTTCéCAGCATTCTéAAAATAATT+TCCGGCTTT%CCGGCCGCA%TTTCGCCC
TéCAATATGGTéCACTTAGCG%GTAATTACT+TGCCACGCCéACGCCGGACACAGAGGTCA&CCACCAGATéTGCTCATTAACCGAGAAA
AAAAAACGTGC+TTCTCTCTTéCCTTTGTCA%GGCCTATAGATATTCCTTA&TCTTTCTTT%TGCGGCATGéAATTCTAAAATGGCGACC
CAGTGGCGTGAGTCAAGTGGGéGAAAAAATTéGCCTGGCAAEAAGCGAAAAAATGTGCTTT+TTGGGTTTCéAGCCCATTAéCATATCTG
G%GTAATGGCA&TCGCATCAG&TATTTCGCCATTTCCAACC&ACTCAATAA%TGGTTTTGG%AAAATGGCTéCCGCTGCAC%ACGTTCTT
GATTAATTCGT%GTGTGCCCC+CTCTTTTTCATTTCTTTCCAATTACCAAT%GTGCCACCGéGGCGGAGACéCTTGCATTTéTACAAGTC
AéACACGCACAéTAATGCACA%CCGCCATTT%GGTCTCTCT&TCTTCCTCT&TTACTTTTTéCGGCCGGCAACAGCGTCACACAAATACA
CAGGCATAGATATACACACGCATAGGCAGATAAGCACATGTéTATTTGCGAATTAAATTTGéTGGAATTTTéCTTTGGACTéTTCGATTT
AACATGATGATéATTTTTCAG%TCTGCTACTéAAGAGAGTTéACAGAAAGCAAAAATACCAAAATCACTGAAACAAAATCGAGTTTCCAT
A+GGAATTTTA%TTGCACGCTéTTTTCTGTAéTTGCGCCCCACTCGTTTTA&CCACACCCC%ACATGCGGG&ACTGGTCCTAACCTCAAA
AAACACGTTTTGTACGGCTGCAAGAGTTTGAéGTTAGGTTG%GCTCGCGCA%GCAAACAAAAGTCGAACGTACGCTAGGGAAATGAGAAA

GTGTTATACCCACTAATAATTGTAGTTGTAATCCCACCGAATTGTTTTACCCTTTGTTTATTCCAACCTCTCTTGCTCGCCAACCCGCCG

. . . . . . 4 . .
AACCCTGCAACCTTCCAATGTTCCAACGTTCCGTTAATCCAACACTCGAATACACACAACAGCCATAGTGTAATCATCCAACATGGGCAA
|_ MetGlyLy

GGAAAAGATTCACATTAACATTGTCGTGATCGGACACGTCGATTCCGGTAAGTCGACCACCACCGGACACTTGATCTACAAGTGCGGTGG
sGluLyslTeHisITeAsnlleVaiVallleGliyHisValAspSerGlylLysSerThrThrThrGlyHisLeulleTyrLysCysGlyG)

TATCGACAAGCGTACCATCGAGAAGT TCGAGAAGGAGGCCCAGGAGATGGGAAAGGGATCCTTCAAGTACGCCTGGGTTTTGGATAAGTT
yIleAspLysArgThrIleGlulysPheGlul ysGluA1aGInGluMetGlyLysGlySerPhelysTyrAlaTrpValLeuAsplysLe
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-1702

-1612

-1522

-1432

-1342

-1252

-1162

-1072

-982

~892

-802

-712

~622

-532

-442

-352

-262

-172

-82

(3)

98
(33)

188
(63)
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189 GAAGGCTGAGCGCGAGCGTGGTATCACCATCGATATCGCCCTGTGGAAGTTCGAAACTGCCAAGTACTACGTGACCATCATTGATGCCCC 278
uLysAlaGluArgGluArgGlylleThrIleAsplieAlaLeuTrpLysPheGluThrAlalysTyrTyrValThrilelleAspAlaPr  (93)

279 CGGACACAGGGATTTCATCAAGAACATGATCACTGGTACCTCGCAGGLCGATTGCGCCGTGCAGATTGACGCCGCCGGAACCGGAGAATT 368
oG1yHisArgAspPhelTelysAsnMetI1eThrGlyThrSerGInAlaAspCysAlaValGinlleAspAtaAlaGlyThrGlyGluPh  (123)

369 CGAGGCCGGTATCTCGAAGAACGACCAGACCCGCGAGCACGCCCTGCTCGCCTTCACCCTGGATGTGAAGCAGCTGATCGTTGGTGTGAA 458
eGluAlaGlylleSerLysAsnAspGInThrArgGluHisAlaleuleuAlaPheThrLeuGlyVallysGInLeulleValGlyValAs  (153)

459 CAAGATGGACTCCTCCGAGCCACCATACAGCGAGGCCCGTTATGAGGAAATCAAGAAGGAAGTGTCCTCTTACATCAAGAAGGTCGGCTA 548
nLysMetAspSerSerGluProProTyrSerGluAlaArgTyrGluGlullelyslysGluValSerSerTyrIleLysLysValGlyTy  (183)

549 CAACCCAGCCGCCGTTGCCTTCGTGCCCATTTCCGGATGGCACGGCGACAACATGTTGGAACCCTCTACCAACATGCCCTGGTTCAAGGG 638
rAsnProAlaAlaValAlaPheValProlleSerGlyTrpHisG) yAspAsnMetLeuGluProSerThrAsnMetProTrpPhelysGl  (213)

639 ATGGGAAGTGGGACGCAAGGAGGGTAACGCTGACGGCAAGACCCTGGTCGATGCCCTCGATGCCATCCTTCCCCCAGCCCGTCCCACCGA 728
yTrpGluvalGlyArglysGluGlyAsnAlaAspGlyLysThrieuValAspAlaleuAspAlalleleuProProAlaArgProThrAs  (243)

729 CAAGGCCCTGCGTCTGCCCCTGCAGGATGTGTACAAAATTGGCGGTATTGGAACAGTACCCGTGGGTCGTGTGGAGACTGGTGTGCTGAA 818
pLysAlaleuArgteuProleuGlnAspVal TyrLysI1eGlyGlyl1eGlyThrValProValGlyArgValGluThrGlyValleuly (273)

819 GCCCGGTACCGTTGTGGTCTTCGCCCCTGUTAACATCACCACTGAGGTCAAGTCCGTGGAGATGCACCACGAGGCCCTGCAGGAGGCCGT 908
sProGlyThrValValValPheAlaProAlaAsn]lleThrThrGluVallysSerValGluMetHisHisGluAlaleuGInGluAlaVa  {303)

909 TCCCGGAGACAACGTTGGCTTCAACGTCAAGAACGTGTCCGTGAAGGAGCTGLGTCGTGGCTACGTTGCCGGTGACTCCAAGGCTAACCC 998
1ProGlyAspAsnValGlyPheAsnVallysAsnValSerVallysGluLeuArgArgGlyTyrValAlaGlyAspSerlysAlaAsnPr  (333)

999 CCCCAAGGGAGCCGCCGACTTCACCGCCCAGGTCATCGTGCTGAACCACCCCGGTCAGATTGCCAACGGCTACACCCCAGTGTTGGATTG 1088
oProlysGlyAlaAlaAspPheThrAlaGinValIleValleuAsnHisProGlyG1nl1eAlaAsnGlyTyrThrProValleuAspCy  (363)

1089 CCACACCGCTCACATTGCTTGCAAGTTCGCTGAGATCTTGGAGAAGGTCGACCGTCGTTCCGGCAAGACCACCGAGGAGAACCCCAAGTT 1178
sHisThrAYaHisI1eAlaCysLysPheAlaGlulleLeuGlulysValAspArgArgSerGlyLysThrThrGluGluAsnProLysPh  (393)

1179 CATCAAGTCTGGCGATGCTGCCATCGTCAACCTGGTGCCCTCTAAGCCCCTGTGCGTGGAGGCCTTCCAGGAGTTCCCCCCTCTGGGTCB 1268
ellelLysSerGlyAspAlaAtalleValAsnLeuValProSerLysProLeuCysValGluAlaPheG1nGluPheProProleuGlyAr  (423)

1269 CTTCGCTGTGCGTGACATGAGGCAGACCGTGGCTGTCGGTGTCATTAAGGCTGTCAACTTCAAGGATGCCTCCGGTGGCAAGGTCACCAA 1358
gPheAlaValArgAspMetArgGinThrValAlaValGlyValllelysAlaValAsnPhel ysAspAlaSerGlyGlylysValThrly  (453)

1359 GGCCGCCGAGAAGGCCACCAAGGGCAAGAAGTAGCTGGTTTGCTTCCACTCAACAACAACAACAACACGCAGTAGTAGCAGCAACAACAA 1448
sAlaATaGluLysAlaThrLysGlyLysLysEnd (463)

1449 GéATATAACCAACATCATAATéCAGCCAACAACACCACTCAATAATACCAGéAACAGCAGCAGCGAACACAATAGTAGTATAACACCAAC 1538
1539 AéCTGTCCTGCéCAAGATGACéGATAAGATGATGTTTCAGCAGAAGCATAAGTTTAATTTC%TCCATCGAAAGGAGTTTCGACGGATACG 1628
1629 AATGCTAAATGéAGACGAGGCéGCCTTCACTéGGAAATCGG%GGATCCCAAéGATAAGAGTéCACACTGGGAAAACACTTG&ATTTATGC 1718
1719 A%CCACTCCTCATCCACTTCCéCGTCGATCT*TAGTTTACTAAATATGGTA%GATGCACGCAGTTGACTTCéTTTTATCATATCATATAT 1808
1809 AéGAATCCTCTéTAGCATTTA%GATATCGTT%AAATTAACC%TTATACTTTéATATGTATCATTTATCTTAéCCTACTTTTéCACACACT 1898
1899 AéTTTGTACACAAGAAAAGAA&CAGAATAGAAGCGATAAAC%ATATTTACAAAAAAAATAAAAACCCTATT%TTGTATTTC%TTTGTTTT 1988

. . ) . . — | (R)
1989 TACCACCCAGCCCGTAAMAGAGCACTCTCTTTTTGGTTGTTGCCTCCOGATTT 2041 "

Ef1al SEQUENCE. Strain, Canton S. Accession, X06869 (DROEF1AF1).
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sequences (Fig. 12.1); this suggests that the two genes in Drosophila originated
as an ancient duplication. The sequence similarity between the two genes
outside of the coding regions is very limited; and there is great discrepancy in
the number of introns (Walldorf et al. 1985; Hovemann et al. 1988).

Efial
Gene Organization and Expression

Open reading fame, 463 amino acids; expected mRNA size, 2,054 bases, in
agreement with a single RNA band of 2 kb. The 5 end was defined by primer
extension, cDNA sequencing and RNA sequencing. There is no apparent TATA
box. The 3’ end was obtained from S1 mapping and the sequence of a cDNA
clone. There is one intron at —1,371/—20, in the leader (Eflal Sequence)
(Walldorf et al. 1985; Hovemann et al. 1988).

Developmental Pattern

Expression is high throughout development, but it declines with age in adults
(Webster 1985). It is also 5-10 times higher in adult females than in males
(Walldorf et al. 1985; Hovemann et al. 1988).

Promoter

At —1,804 (373 bp upstream of the transcription initiation site) there is a
sequence very similar to the HOMOLI1 box of yeast. In yeast, this sequence
occurs upstream of several genes for translation factors and ribosomal proteins
(Walldorf et al. 1985; Hovemann et al. 1988).

Efla2
Gene Organization and Expression

Open reading frame, 462 amino acids; expected mRNA size, 2,555/2,558 bases,
in agreement with a single RNA band of 2.5kb. The 5" end was defined by
primer extension and by sequencing of a cDNA. There is no apparent TATA
box. The 3’ end was obtained from a cDNA sequence. There are four introns:
two in the leader, at —1,811/—567, and —479/—30, —27 (this intron has
two acceptor sites, and both are used), one in the Gly-275 codon and one
after the GIn-343 codon (Ef1a2 Sequence) (Walldorf et al. 1985; Hovemann
et al. 1988).
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Efla2
TAAGCGI.\ATAGTGTGCI.\CAATGTCTT"TTGCAATTAG%GGTGAATGT(;CATACTTTA(;TGACAGTCC('iTGAAAGTAC%ATATTATTT;’ATC
TGCMN.\GACTCAGTT‘.[AAGAGAATA'}AAAATATTC(;ATGMTGGTAGTMMTTG'}ATTACTATT%TTATTTTGG'}ACGTTTTATACTT

AAGGGATGGAAACTTTATTTAAGTCAAGAAATCCGCATAATGCAATAGGAAACCCAAGGCCCTTGTCATACATGGAATCCTGTGCCATCT

. ) i ) -->-1833 . | . .
CTAGGTCGBAATCAGTTCAGCTCCETTCACCTCAGCATCGTTGCTTTTTCGGTCTTTCCT TTTGTGATT TCGAGGTAAGTGCACGCAGA
-

GCTCCC&TTAAAATTG%GAAAATATTAATAGGCATTéATTAGTTGTéGAAATGTAAAAAGGGAAAG%CCCAGAATTéCCTACCCTGéATT
ATTAGG&GAATTTCGG%TCGATTTCCAACCTAAAGAAAGTTCTAAAéTAAAGAAAG%TCCGAAAAG%GAGAGAGTG%AAGTGATTT&CGC
TGCCGG&CGGTCTTCT&ATTCCTTTTéCATAATAGC%GTGTAAATCéATTCGAATTéGAAATTGGT%TTCCAGCGA&CTTAAATTG&AAG
TAAATTAATAAAGTTGéATAGACTTTéGAATTCCAA&ATGGCGACC&GCTGCATGTéTGTGCGCGT%CGATTTTGC&TGGATTGTA&CCG
TTTCTCéTTCCCGTTC+CAAGCCGTT+ATTCCCGAG%AGTTTCTAT%GGAATTCGCAGGCAAAAAAAAAATATCCGéGGCATGATGéCAC
ATGGTTAGCAGATTAT}TTCTTGCCC%GCATCTCTGACGAAGTATT%TGCATATTC}TTCCCCCTTéATTCCCATTéCTTCTTCCAATTT
GCACTTéGATGCAAATACAAAGATTTAAAAATGGCA%GCAGGAAAA%CGGCAAGTGAAACTGTCAC%GGGGTAGAAAATAAATCACAACG
CCCTGCAGTTCTCGCCéTCTCTTTCCéTTCCTTCTC%GCATGACCAéCAAGTGCAC%GCGCCCGTT&GCCGTCCCT%TCTCTCCCG&TCT
CTCCATéTCCCTCTACAGTTTTTCACéCTTTGGAATéGCGGGATTT%CGCCGCACGACCGCCACCGAATGCCGATGéTTTTGGCCA%TTC
CCTTTGéATTTTCTTCéACCGTGCTGéGAAAGTTGC&AAATTTCGGéATTTCGACA%TTGGCTTAA%TGAAATCCG%TTGGGTGTG&GAT
TTTCAT%GGTTTTCCCACTAAAAACGéCGGCCGGCA&ATTTTCGCCATGCACTGCCéCACTTCCCGéCTTTCCGACéAGGGTTTCTéTTC
GGCTTAATCCTCTCCAGCCGAGGAGA&TGCATTTTC&CAGTACGCA&ACTTCGGCTéCATTCGTTT&TGTCTGGGG&TCGTTATTGATTT

TTCGCCCGGTGCACTTCGGCAGAGGATATACACGGCAGTCTTTAACCAACAGACACTTGGCCCGGTCGTGGTCCGGCTGCAGAGTACGGA

AGATCCGCATAGAGTTTAAAAACTGCCATTTTTATGACAACGATTTCCTTCTAATTCTAGGATATAGCGTCGCGTGGGTTTGTGATCAGT

-
TTCTAAGTGCGCCAGTTGCCGAGTAATAAGAAACTCTAGAAAGTCTCGTGAAAACAGGTGAGTTTTTCTGCTTGTAAATTCTTGCTGCAT

A
AGATTTGTGGGCAAAAATATTATGGGAATATGGGTGTATTTCTCAATCGTACACATTAGTGTCCATAAGAGTCCGTAAAAACATACATGT
GTATTTATATTTTTCCTATTATTCAGTATAAGGCTTAATTTGAACTAATTGGTAAACTTTTCGCGTGATTTTCGTGTTTACTCTTGAATT
GTTTAAAATTCGTATTTTCGAAATATAAAAGTTCAACGGTTTTCCCTGTGTACGTTTGTGCCGTCCGTATGAAGTGTGCTTTTGGTGTCG

CCACCACGATGACACGACCCACAGCATACAGACGTCACTCGTCTGCACCACCCATTAAGT TCAGACCCACATTGGCATGCTACCTCCCCG

(continued)
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. . . . . 10 . . .
AGTACGGAAACCACCCACTTTGCTCATCCGAATACCTGCATCCCTTCTGTCTCCCAGCAGCTCTAAAAAATAGCTTAATCTGCAAGGATG
il Met

GGCAAGGAGAAGATCCATATTAACATTGTGGTCATTGGCCATGTGGACTCCGGCAAGTCGACGACCACCGGCCACTTGATCTACAAATGL
GlyLysGluLysIteHisI1eAsnIleValVallleGlyHisValAspSerGlyLysSerThrThrThrGlyHisteulleTyrLysCys

GGCGGCATCGACAAGCGTACGATTGAGAAGT TCGAGAAGGAGGCCCAGGAAATGGGAAAAGGCTCCTTTAAGTACGCTTGGGTACTGGAC
GlyGlyIleAspLysArgThrileGluLysPheGluLysGluAlaGinGluMetGlylysGlySerPheLysTyrAlaTrpValleuAsp

AAGCTGAAGGCAGAGCGGGAGCGGGGCATCACCATCGACATTGCCCTATGGAAGT TCGAGACGTCCAAGTACTATGTGACCATCATCGAT
LysLeulysAlaGluArgGluArgGlylleThrlleAsplleAlaleuTrpLysPheGluThrSerLysTyrTyrValThrilelleAsp

GCCCCTGGTCACAGGGATTTCATCAAGAACATGATTACCGGTACCTCTCAGGCCGATTGTGCGGTGCTGATCGACGCCGCCGGAACTGGA
AlaProGlyHisArgAspPhellelysAsnMet1leThrGlyThrSerGInAlaAspCysAlaValleulleAspAlaAlaGlyThrGly

GAGTTCGAGGCCGGGATCTCGAAGAACGGCCAGACCCGCGAGCACGCCCTTCTGGCATTCACGCTGGGCGTGAAGCAGCTTATTGTGGGE
GluPheGluAlaGlylleSerLysAsnGlyGInThrArgGluHisAlaLeuleuAlaPheThrLeuGlyVallysGInLeulleValGly

GTCAACAAGATGGACTCCACTGAGCCGCCGTACAGCGAGGCCCGCTACGAGGAGATCAAGAAGGAGGTGTCCTCGTACATCAAGAAGATC
ValAsnLysMetAspSerThrGluProProTyrSerGluAlaArgTyrGluGlullelyslysGluValSerSerTyrllelysLyslle

GGCTACAATCCGGCCTCGGTGGCCTTCGTGCCCATCTCCGGATGGCACGGCGACAATATGC TGGAGCCGTCCGAGAAGATGCCCTGGTTC
GlyTyrAsnProAlaSerValAlaPheValProlleSerGlyTrpHisGlyAspAsnMetLeuGluProSerGlulysMetProTrpPhe

AAGGGATGGTCCGTGGAGCGCAAGGAAGGCAAGGCAGAGGGCAAGTGCTTGATCGACGCGCTGGACGCGATCCTTCCACCCCAGLGTCCC
LysGlyTrpSerValGluArglysGluGlyLysAtaGluGlyLysCysLeulleAspAlaLeuAspAlalleleuProProGlnArgPro

ACCGACAAGCCGCTGCGCCTGCCGCTCCAGGACGTCTACAAGATCGGAGGCATCGGAACCGTACCAGTAGGTCGTGTGGAGACTGGTCTC
ThrAspLysProleuArglLeuProteuGlnAspValTyrlysI1eGlyGlylleGlyThrValProValGlyArgValGluThrGlyleu

CTCAAGCCAGGTAAGGCTCCGGBTTGATGAGGTCGGGTGTGGGCCCTCTTTTCTCTTTGGGCACTTCATACATGTATTCTGCAAAATTTG
LeuLysProG

GGTCGA&AGTGGGCTGéCATCCAACAéCCACCGCCTéCAAAGCGGAéCCGCAACGAAGTCTTGCGCATGTATGCAT%ATTGAGCGAACGT
CTTCGTEGAGAGCGAGACCCTCCACC%CATGCACTTéGTGAAATTC}CACTCCGAAéAGCTTCCAT%TTCAACATGAAAGTGAAAGGCCA
TTAAAA+AAAATAACC&TAGCTAACAiATTAATATA%GTAGAGCTA%TGATTCAAA+AAAAATAAA%TGGAGTTAG%TCGAATAATATCG
CTCCACéTTTCTCTCTéTGTATGCAC&CACCCCCATéCAAATGTCTACACATAACG%CCGGATATG%AACTTCGTT%CGGTCGCTT&GTT

TCCGGTTTCGTTTCAGGCATGGTCGTCAACTTTGCGCCGGTCAACCTGGTCACCGAAGTAAAGTCTGTGGAGATGCACCACGAGGCTCTC
1yMetValValAsnPheAlaProValAsnLeuValThrGluVallysSerValGluMetHisHisGluAlaleu

ACCGAAGCCATGCCCGGCGACAACGTTGGCTTCAACGTGAAGAACGTGTCCGTGAAGGAGCTCCGTCGTGGCTATGTGGCCGGCGATTCC
ThrGluAlaMetProGlyAspAsnValGlyPheAsnVallysAsnValSerVallysGluleuArgArgGlyTyrValAlaGlyAspSer
AAGAACAATCCTCCTAGGGGAGCAGCCGACTTTACCGCTCAGGTAGGGTAACAAAGATGAGAAATCTTTGATAGTTGAACTCATCTTTGT

LysAsnAsnProProArgGlyAlaAlaAspPheThrAlaGin

TTGGTTTTTTTTTTTTCTTTTTGCCCACAGGTGATTGTGCTCAACCATCCGGGCCAGATCGCCAATGGGTACACTCCCGTCTTGGATTGE
VallleValleuAsnHisProGlyGInlleAlaAsnGlyTyrThrProVallLeuAspCys
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CACACGGCGCACATTGCCTGCAAGTTTTCCGAGATCAAGGAGAAGTACGACCGCCGTACGGGCGGAACCACCGAAGACGGGCCGAAGGCT
HisThrAlaHislleAlaCysLysPheSerGlullelLysGluLysTyrAspArgArgThrGlyG)yThrThrG1uAspGlyProlLysAla

ATCAAGTCCGGGGATGCGGCCATCATTGTGCTGGTGCCCAGCAAGCCGTTGTGCGTAGAGAGCTTCCAGGAGT TCCCACCGCTGGGACGG
IlelysSerGlyAspAlaAtallelleValleuValProSerLysProleuCysVal6luSerPheGlnGluPheProProLeuGlyArg

TTCGCTGTGCGCGACATGAGGCAGACCGTGGCCGTGGGCGTCATCAAGTCGGTGAACT TTAAAGAGACGACCTCGGGCAAGGTGACAAAA
PheAlaValArgAspMetArgGinThrValAlaValGlyValllelysSerValAsnPhelysGluThrThrSerGlyLysValThriys

GCCGCTGAGAAGGCACAGAAGAAGAAATAACTAGGGTACCAGCAGAACAACGTCATCACTCGAACCCAACAACAACAAAAACAGACGGCT
AlaAlaGlutysAlaGinlysLyslLysEnd

AGAGCAACAGCAGCAA&AACACACAAéAACAATACAéATGTCAAAA%TATAATACCéACTCGACGA%CAAATTCACACCTTGACTC&ATG
GCAAGAéAGACACCAA%TACTACTAT%ACTAGCTGC%GGGAGAAGCéGCAGATATTAACCGAAATCéAGCAGATTA%ACCCTATATAATA
ACCACAéGTACGATTAéCGAGGAGAGéAGCATCAGG%GCAGCGAGGATGCGAAGGAéGAGCCCTTCéAGCCTCGCCéGGTCGGTTT%GGT
CGCCTTéGCCGTGGTGéTCTACTGCAéCTATCTGAAéATGTATCGTéACCGCAAGTéCTTTCGTAGéAAACCACCCéCTAGCCACTéCGC
AGAGTGéATAGGGGCC%CCGGAGCAC%GCTGTAGCCéGCCCCTTCGATATATACTCATCTCTAAAA&TAACCTTACACTTGATTAG&AGC
CACACA%CCGGTCGCA%CCACCTGTT%CGAATGGAT%TTAAACACT%TTTATACTT%TGATAAGTCAAGTCGGAGG&ATTCGATTTAAAA
TCTATTéAAATATGTAATTTCCGAAT%TAGTTTTAAACCACGTCCG&GCTCCCAAAAATCCCCCGAACCGAAAAGAéTACATTCGCéATG
AATTCAAAATTTCTCT%GAAACCAAAAAAAACAAATéCTTAAGAAG%ATTACAAAAAAGAAATCAA&ATTACACACATAATCATGCGGTT
TTTGAAAACATTATAAATGTTTAATCéAGCCTCATT%GCATTTGCA%ATTACATAA%ATACGTTAG&CACATGTCA%CTCATTGCC&ATA
ATAACC%GCATCCTGCATATTATACA&GTTAATCTCACACTCTGAA%TTATACAAA&CGAAGACAA%TGTAACCGA&ACCAGAACAATTC
TTGGATACAGAACATG%TGGCTTGATAAAAGATCTT%TAAATGATGAGAAAAATAAAGGAAGCTTAACCGTAAAATACCACACACGAACG

: : ) . zmmee- [(A),
CCTTTTAATTGAAAAATACTTGAATATCTATGAAGAAAATGAATTC 3019

Ef1a2 SEQUENCE. Strain, Canton S. Accession, X06870 (DROEF1AF2).

Developmental Pattern

The level of expression is lower than that of EfIal, and it peaks during the
pupal stages (Walldorf et al. 1985; Hovemann et al. 1988).

Promoter

There are no obvious similarities with the promoter region of Ef 1ol (Walldorf

et al. 1985; Hovemann et al. 1988).
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even-skipped: eve

Chromosomal Location: Map Position:
2R, 46C3-11 2-58
Product

A DNA-binding regulatory protein of the homeodomain type important in
establishing the segmentation pattern of the embryo.

Structure

The homeodomain occurs toward the N-terminus (Val-70 to Arg-129). The Gin
residue in position 9 of the third homeodomain helix (eve Sequence, H3) makes
EVE a homeoprotein of the Antennapedia (Antp) class (Hanes and Brent 1991).
Another noteworthy sequence feature is the Ala-rich segment spanning Ala-146
to Ala-179. Similar Ala repeats have been found in the genes caudal, engrailed
(en), Ultrabithorax (Ubx) and Kriippel (Kr); in the Kr product the Ala-rich
region seems to be associated with the repressor function of that protein
(Macdonald et al. 1986; Hoey et al. 1988; Biggin and Tjian 1989; Licht et al.
1990; Harrison 1991).

Function

Binding sites for EVE have been found in the region of the eve promoter
proximal to the site of transcription initiation and in the en promoter. The
sequences of the binding sites are quite different in the two promoters. The
consensus for the EVE binding site of the en promoter is TCAATTAAAT; this
is similar to binding sites of other homeodomain proteins of the Antp class and
was designated as class I (Levine and Hoey 1988; Hanes and Brent 1991). In
contrast, the EVE binding sites near eve have in common the sequence
TCAGCACCG and were designated as class II (Hoey and Levine 1988). EVE
binding sites with segments combining features of both class I and class II
sequences also exist in the eve autoregulatory region, 5.4-5.2 kb upstream of

135
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eve

CCCGGGCAGTGAGGAATTCCTCCGAAAGTCGGGTCCTCCGTTCTCCAGCCGAAGATTTTTTCGAGCAACCAAAATATTATGGTGTGCCCC

</111111]1/denfl

CCTGTCCCTGTTCCTCTGCAG -5200

AATATAACCCAATAATTTGAAGTAACTGGCAGGAGCGAGGTATCCTTCCTGGTTACCCGGTACTGCATAACAATGGAACCCGAACCGTAA

TGCAGCGTTTCGCTTTCGTCCTCGTTTCACTTTCGAGTTAGACTTTATTGCAGCATCTTGAACAATCGTCGCAGT TTGGTAACACGCTGT
a1 2 J o gt2

ATCCCAATCCCAATCCCAATCCCTTGTCCTTTTCATTAGAAAGTCATAAAAACACATAATAATGATGTCGAAGGGAT TAGGGGCGCGCAG
----------------------- gtl ~~-=-------bcdl/kr3

-498 CCCGCCCGTCCCGCTCGCTCCTGCGG
=======>]]

AGCAAGCCTGCGGGCGGGCGAGACAAAAGATTCGTTCGCTCATCGCTATAATACCAAATCGAACTCTCTCTCTCTCCAGCTCGGGAGTGL
</11/10 <IHETTT9

CATGCCAGCATGGCCAGGACCTCCTCATGGTCCTGCCGAGCAGAGAACGCGGCTCCATCCCGCTGCTCCGGGTCCTGCTCCTCCGCTTTG
< 8b >8a =======>7

TCCCGCCTCGTTATCGCCGCTCAGCACCGAGAGCACAGCAGCGCATCCACTCTCAGCACCGCACGATTAGCACCGTTCCGCTCAGGCTGT
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. (=-> -->)-98/-93 . . . . .
GGGTGGCTGAGAGCAGCACACTCGAGCTGTGACCGCCGCACAGTCAACAACTAACTGCCTTCGTTAATATCCTTTGAATAAGCCAACTTT
1117>1

GAATCACAAGACGCATACCAAACATGCACGGATACCGAACCTACAACATGGAGAGCCACCATGCCCATCACGACGCCAGTCCCGTGGACC
MetHisGlyTyrArgThrTyrAsnMetGluSerHisHisAlaHisHisAspAlaSerProValAspG

AGAAGCCCCTGGTTGTGGACCTCTTGGCCACCCAGTACGGCAAGCCCCAGACACCGCCTCCCTCGCCAAATGGTAAGTTTAAAGATAAAG
InLysProleuValValAsplLeuLeuAlaThrGInTyrG1yLysProGInThrProProProSerProAsnG

CCGAGCAAACGTGACGAGTTACTTACACCCAATCTTTCCTCTGTCCAAAACAGAATGCCTATCCAGTCCGGATAACTCCTTGAACGGCAG
1uCysLeuSerSerProAspAsnSerleuAsnGlySe

CCGCGGCTCGGAGATTCCCGCCGACCCGTCGGTACGCCGCTATCGCACCGCCTTCACCCGTGACCAGCTGGGTCGCTTGGAGAAGGAGTT
rArgGlySerGlulleProAlaAspProSerValArgArgTyrArgThrAlaPheThrArgAspGlnLeuGlyArgLeuGlulysGluPh

| * * * eme-— Kmmrmwma——— Ko — =

CTACAAGGAGAACTACGTGTCCCGTCCCCGTCGCTGCGAACTGGCCGCCCAGCTGAACCTCCCGGAGAGCACGATCAAGGTGTGGTTCCA
eTyrLysGluAsnTyrValSerArgProArgArgCysGluleuAlaAlaGlnLeuAsnleuProGluSerThrilelysVal TrpPheGl

_.__-Hl *  mrmm e —————— Kemmmm e m—— - Hz * e S P *o ok ko

GAACCGCCGCATGAAGGACAAGCGTCAGAGGATCGCCGTCGCCTGGCCCTACGCAGCCGTCTACTCCGATCCCGCCTTCGCCGCCTCCAT
nAsnArgArgMetlysAsplysArgGinArglleAlaValAlaTrpProTyrAlaAlaVal TyrSerAspProAlaPheAlaAlaSerId
-*--*H3* * * | HOMEODOMAIN

CCTCCAGGCCGCCGCCAACAGCGTGGGCATGCCCTATCCGCCCTACGCCCCCGCTGCTGCCGCCGLTGLTGCCGCCGCCGCTGCCGTGGL
eleuGInAlaAlaAlaAsnSerValGlyMetProTyrProProTyrAlaProAlaAlaAlaAlaAlaAlaAlaAlaAlaAlaAlavalAl

CACCAATCCGATGATGGCCACCGGAATGCCCCCGATGGGCATGCCCCAGATGCCCACAATGCAGATGCCCGRACACTCGGGACATGLCGG
aThrAsnProMetMetAlaThrGlyMetProProMetGl yMetProGInMetProThrMetGInMetProGlyHi sSerGlyHisAlaGl

CCATCCCTCGCCCTACGGACAGTACCGCTACACGCCCTACCACATCCCCGCCCGCCCGGCGCCGCCACATCCCGCTGGTCCTCATATGCA
yHisProSerProTyrGlyGInTyrArgTyrThrProTyrHisI1eProAlaArgProAlaProProHisProAlaGlyProHisMetHi

TCATCCGCACATGATGGGATCCAGCGCCACGGGATCGTCGTACTCCGCCGGTGCCGCCGGCCTTTTGGGCGCTCTGCCCTCCGCCACCTG
sHisProHisMetMetGlySerSerAlaThrGlySerSerTyrSerAlaGlyAlaAlaGlyLeuleuGlyAlaleuProSerAlaThrCy

CTATACCGGACTGGGTGTGGGTGTGCCCAAGACCCAGACGCCGCCGCTGGATCTGCAGTCGTCGTCATCGCCGCACTCCTCCACGCTGTC
sTyrThrGlyLeuGlyValGlyValProlysThrGInThrProProLeuAspleuGinSerSerSerSerProHisSerSerThrieuSe

CGTCTCGCCAGTGGGATCCGATCACGCCAAGGTGTTCGACCGCAGTCCAGTGGCTCAATCCGCTCCATCAGTTCCTGCTCCCGCTCCACT
rValSerProValGlySerAspHisAlalLysValPheAspArgSerProValAlaGInSerAlaProSerValProAlaProAlaProle

GACCACCACCAGCCCGCTGCCCGCTCCCGBCCTCCTGATGCCCAGTGCCAAGCGGCCTGCCTCCGACATGTCGCCGCCGCCGACGACAAC
uThrThrThrSerProleuProAlaProGlyLeuleuMetProSerAlal ysArgProAl aSerAspMetSerProProProThrThrTh

TGTGATTGCGGAGCCCAAGCCGAAGCTCTTCAAGCCCTACAAGACTGAGGCGTAAGCCCGCGATCCACACACACTCTCGCLCCCCCCCCC
rVallleAlaGluProlLysProlLysLeuPhelLysProTyrLysThrGluAlaEnd

CTGCTCCCCCAAAGATTGTACAAACTAGTCTTAGTCAGCCTCATCTATTTATTCCCGAAGATTGTACAGATTGTAGAGTAGCTAATTGTA

GTCATAATTAAGGCGCAAAATCAAATTAAGAAATAAATGCGAAAATAACATTGAAAATTATACGACACACACTGTTTATTTGCACTACCT
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the transcription initiation site (see Promoter). The binding of EVE to these
sites is required for autoregulatory function as shown by germline transforma-
tion experiments (Jiang et al. 1991).

EVE is important in establishing segmentation in the early embryo. The
anterior borders of EVE stripes define the anterior border of the corresponding
en stripes at the anterior borders of odd-numbered parasegments. In the trailing
edge of the stripes, EVE represses fushi tarazu (ftz) expression, thus defining
the anterior border of FTZ stripes in even-numbered parasegments (Lawrence
et al. 1987; Ish-Horowicz et al. 1989). EVE seems to act directly on eve, ftz, en
and wingless (Macdonald et al. 1986; Harding et al. 1986; Frasch et al.
1988).

Tissue Distribution

As detected by antibody staining, EVE protein is localized in nuclei; and it
peaks briefly during the cellular blastoderm and gastrulation stages of embry-
onic development. EVE is first detectable in division-cycle-12 nuclei throughout
the embryo; by cycle 13, staining disappears from the poles and becomes
restricted to a band that extends from 70%; to 209, egg length. Soon afterwards,
the striped pattern along the antero-posterior axis of the embryo develops
(Appendix, Fig. A.3). After germ band elongation, EVE protein persists only
in neurogenic cells. The developmental pattern of EVE protein follows closely
the distribution of eve transcript (Frasch et al. 1987; see below).

Mutant Phenotypes

eve is one of the pair-rule genes, hypomorphic eve mutants are embryonic lethals
having only half the correct number of segments. The missing elements
correspond to the posterior region of T2 and the anterior of T3, the posterior
of Al and anterior of A2, etc; i.e., every other segment boundary and
neighboring areas (corresponding to odd-numbered parasegments) are missing.
In amorphic mutants, the bands of ventral denticles are replaced with a uniform
“lawn” of denticles, so that all obvious trace of segmentation is lost (Niisslein-
Volhard and Wieschaus 1980; Niisslein-Voihard et al. 1985; Akam 1987).

(previous pages) eve SEQUENCE. The segment from —202 to 1,423 has accession
number M14767 (DROEVE). The segment —498 to —203 is from Read et al. (1990).
The segment — 1,601 to —931, the stripe 2 element, is from Stanojevic et al. (1991).
The segment — 5,400 to — 5,200, the autoregulatory region, is from Jiang et al. (1991).
GAGA (////>) and TCCT (====>), cores of the GAGA and TKK regulatory
protein-binding sites, are underlined and numbered; dashes (----) underline EVE,
BCD, HB, GT and KR binding sites. The limits of the homeodomain are marked by
vertical lines under the sequence, asterisks indicate conserved amino acids, and dashes
underline the presumptive helices.
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Gene Organization and Expression

Open reading frame 376 amino acids; expected mRNA length, 1,416/1,421 bases.
There is a small uncertainty about the position of the 5’ end of the transcript:
RNase protection experiments localized the 5" end at position —93 (Macdonald
et al. 1986) while S1 mapping and primer extension indicate it is at position
—98 (Frasch et al. 1987). RNase protection was used to define the 3’ end. There
is an intron within the Glu-47 codon (eve Sequence) (Macdonald et al. 1986;
Frasch et al. 1987).

Developmental Pattern

This section was excerpted from Macdonald et al. (1986) and Frasch et al.
(1988). The level of eve transcript is very low in 0-2 h embryos, it peaks in
2—-4 h embryos and then persists in ever-decreasing amounts until the first larval
instar. Early in nuclear cycle 13 (syncytial blastoderm), the transcript is localized
in the peripheral cortical region of the embryo forming a broad band, as
indicated by in situ hybridization. Over the next 30 min, this band intensifies
and expands until it covers most of the future segmented portion of the embryo
(20-70%, egg length). As it expands, the band becomes subdivided into two,
then four and then seven stripes to produce the “zebra” pattern of expression
that is characteristic of pair-rule genes.

By the middle of nuclear cycle 14A (late syncytial blastoderm), expression
is localized in seven stripes, six of them being five- or six-nuclei wide while the
seventh posterior-most stripe is 6—8 nuclei wide; the stripes are separated by
2-3 nuclei wide spacers. Each eve stripe is asymmetric, with the anterior cells
showing the highest level of expression; this is the first sign of segment polarity.
Some transcript is also detectable in the yolk nuclei occupying the central region
of the embryo. During blastoderm cellularization, the stripes narrow to a width
of 2-3 nuclei.

At the beginning of gastrulation, the most anterior eve stripe is positioned
immediately anterior to the cephalic fold. The ftz transcripts, which also display
a seven-stripe pattern, are shifted posteriorly relative to eve such that the two
genes are expressed in alternating parasegments. As gastrulation proceeds, seven
minor eve stripes appear between the major ones. A similar pattern of
alternating major and minor stripes is also exhibited by en; however en major
stripes occur in even-numbered parasegments while eve major stripes are
localized in odd-numbered parasegments. At this stage, eve expression seems
to be localized to the anterior region of each of the 14 parasegments.

During germ band elongation, the segmented expression of eve disappears,
and a new site of accumulation appears posterior to the last major stripe. This
new site corresponds to cells of the proctodeal primordium, cells that also
express en, hairy and paired.

After gastrulation, eve expression can be detected only in small clusters of
neural ganglion mother cells in each parasegment; eve expression continues in
the nerve cord until late in embryogenesis. The rapid disappearance of eve
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transcript and protein suggest that these molecules have very short half-lives.
In the grasshopper, expression of the eve cognate gene occurs in neuroblasts
that occupy equivalent positions to those that express eve in Drosophila; the
“zebra” pattern of expression of early embryos, however, is absent. This suggests
that the role of eve in short germ band embryos is restricted to neurogenesis,
and the pair rule function was acquired secondarily during the evolution of
higher insects (Patel et al. 1992).

In null mutations, the sites of major and minor stripes, i.e., odd-numbered
parasegments and the anterior regions of even-numbered parasegments, are
missing. Thus, only the posterior regions of even parasegments are left; they
correspond to the denticle belts of T2, A1, A3. etc., which, becoming fused
without any naked cuticle to separate them, form the denticle “lawn” mentioned
above. In weaker alleles, only the sites of major stripes, i.e., the odd-numbered
parasegments, are missing (Niisslein-Volhard et al. 1985; Macdonald et al.
1986).

Promoter

Regulation of the seven major stripes was investigated in some detail. The
production of the striped pattern seems to occur in two phases, an early phase
when seven regions of expression are established and a late phase when these
regions become narrower and expression intensifies such that stripes become
more sharply defined. The early phase is regulated by the gap gene products
and the maternal morphogen BCD (product of bicoid), all of which are
expressed in broad, non-periodic and partly overlapping areas (Appendix, Fig.
A.2). The late phase is controlled by the pair-rule gene products, EVE included,
which are distributed periodically along the antero-posterior axis of the embryo
(Goto et al. 1989; Harding et al. 1989 and references therein).

Early expression in stripes 1, 4, 5, and 6 seems to require unidentified
cis-acting elements located more than 8.0 kb upstream of the transcription
initiation site. An element located between 3.8 and 3.0 kb upstream of the
transcription initiation site is required for early expression in stripe 3; and
elements between 1.65 and 1.15 kb upstream of the transcription initiation site
are required for expression in stripes 2 and 7 (Goto et al. 1989; Harding et al.
1989).

The late or autoregulatory function is controlled by a segment between 5.9
and 5.2 kb upsiream of the transcription initiation site. A construction in which
the 5.9-5.2 kb segment is linked to a reporter gene is expressed in all seven
stripes only if the host organism is wild-type for all pair-rule genes. In the
absence of the stripe-specific, early control elements, however, expression, is
much weaker (Goto et al. 1989; Harding et al. 1989).

In the segment regulating transcription in stripe 2, there are the following
protein binding sites: five for BCD, three for the hunchback (hb) product (HB),
three for the giant (gt) product (GT) and six for the Kriippel (Kr) product (KR)
(eve Sequence). In the stripe 3 promoter segment, there are 18 HB binding sites.
The BCD binding sites have the consensus GGGATTAGA; KR binding sites
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are derivatives of the decamer AACGGGTTAA and the HB binding sites have
the consensus G/CA/CATAAAAAA (Stanojevic et al. 1989; Small et al. 1991).

When KR binding sites are inserted into the promoter region of a reporter
gene, the expression of the reporter is repressed by KR (Licht et al. 1990).
Studies on cultured cells transfected with one or more of the putative regulatory
genes (bcd, hb, gt or Kr) under the control of the Actin 5C promoter and
co-transfected with a reporter gene under the control of the stripe 2 regulatory
segment showed that BCD and HB are activators and that GT and KR are
repressors of stripe 2 transcription. These results suggest that relatively high
levels of BCD and HB in a region that includes the second stripe stimulate
eve transcription; posterior to stripe 2, the band of KR accumulation represses
transcription, thus defining the posterior boundary of stripe 2 (Appendix, Fig.
A.2 and Fig. A.3); anteriorly, a region of GT accumulation defines the anterior
border. The interactions between the regulatory factors seem to occur through
direct competition for binding sites. Eight binding sites in the stripe 2 segment
are sufficient for proper regulation, and these sites are arranged in two clusters:
the proximal cluster includes a BCD and an HB site, overlapped respectively by
KR and GT binding sites; the distal cluster includes two BCD sites also
overlapped by a KR and a GT site (eve Sequence) (Small et al. 1991). This view
of the regulation of stripe 2 expression is supported by studies on transgenic
organisms carrying various binding-site mutations (Stanojevic et al. 1991).

The results described above are consistent with genetic studies indicating
that KR is a repressor of eve and with the finding that establishment of the
“zebra” pattern (early phase) requires the function of gap genes hb, Kr, Knirps
and tailless (Frasch and Levine 1987).

Maintenance and refinement of the striped pattern (late phase) is dependent
on the pair-rule genes eve, hairy and runt (Frasch and Levine 1987) and the
autoregulatory region, 5.9-5.2 kb upstream of the transcription initiation site.
EVE, in cooperation with the general transcription factor GAGA (and possibly
with a zinc-finger protein coded by the gene tramtrack [ttk]), seems to interact
directly with a 200-bp segment in the autoregulatory region (eve Sequence)
(Jiang et al. 1991; Read and Manley 1992). The GAGA binding site has a
sequence related to GAGAG (Biggin and Tjian 1988) while the putative binding
site for the ttk product includes the octamer GGTCCTGC (see below) (Jiang
et al. 1991).

Two other clusters of EVE binding sites in the eve promoter are necessary
for transcription, one in a region 3.1-2.9 kb upstream of the transcription
initiation site and the other in a proximal region, 295-44 bp upstream of the
transcription initiation site (¢4 and e5 in the eve Sequence). The proximal ones
belong to the class 11 of EVE binding sites as already discussed (Hoey and
Levine 1988). Sites e4 and €S also bind the product of prd; e5 comprises two
sections and can bind two PRD molecules, one through the homeodomain
and the other through the paired domain (Treisman et al. 1991).

In vitro assays in the presence of proteins from embryonic nuclear extracts
showed that sequences between 179 and 72 bp upstream of the transcription
initiation site are required for transcription. Protein-binding assays identified
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12 binding sites in the segment between 574 bp upstream of the transcription
initiation site and 175 bp downstream of the transcription initiation site. Eleven
of those sites are between 390 and 0 bp upstream of the transcription initiation
site and one is 45 bp downstream. Eight of the eleven upstream sites probably
bind the GAGA factor (1-6, 9, and 10 in the eve Sequence) while the remaining
three (7, 8, and 11) seem to bind a different factor and share sequences related
to GGTCCTGC. The GAGA-binding protein is relatively constant through
development; but the TCCT-binding factor, the product of ttk, is apparently
restricted to developmental stages when eve 1s active (Read et al. 1990; Read
and Manley 1992).
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fushi-tarazu: ftz

Chromosomal Location: Map Position:
3R, 84B1-2 3-47.5
Product

A DNA-binding regulatory protein of the homeodomain type important in
establishing the segmentation pattern of the embryo.

Structure

The homeodomain occurs between Ser-257 and Arg-316 (Laughon and Scott
1984). Like Antennapedia’s (Antp) homeodomain (ANTP-HD), the ftz homeo-
domain (FTZ-HD) has a Gln in position 9 of helix 3 ( ftz Sequence, H3); this
gives FTZ a binding specificity that distinguishes it from the bicoid (bcd) and
paired (prd) products, in which Lys and Ser respectively occupy position 9
(Treisman et al. 1989). FTZ occurs as a family of phosphorylated isoforms; 19
differently charged forms were detected. Given the numerous Ser and Thr
residues available for modification, the total number of specific isoforms could
be much larger. Some isoforms are specific to certain embryonic stages (Krause
and Gehring 1989).

Function

The binding of FTZ-HD to the engrailed (en) promoter binding site bs2 is
similar to the binding of ANTP-HD to this site (Kp = 6-8 x 1071 M); in
particular, the Gin in position 9 of H3 interacts with CC in the bs2 sequence
GCCATTAGA (Percival-Smith et al. 1990). In vitro, FTZ binds as a monomer
to 10-12 bp binding sites. Six of those base pairs are critical, the optimal
sequence being C/TAATTA with an equilibrium dissociation constant of
2.5 x 1071 (Florence et al. 1991).

FTZ is required for embryonic expression of the Antp proximal promoter
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ftz
AAGCTTTATATTCTCAACAATATTATGCTATTAAAATATTGCTGGTTTTCTGCTGTTATAGAATCATTTTTAAAAGTATAACGTAAAAAA  -331
TAAAATAAAACTAGTATTCATTTGAAAAATCAGCGGGCATATAATTTATATCATATTTTTAAAATTTCGGCAAAGGATGTTTGCATAAAG  -841
TTTTTACTGTTTACTAGTCATTTTGGAAGTGCGTTTGTTGGTTTTTAGGCAAATACCGGGCACAGGAGTGAGTTTGGGAATCGGGAGTTG  -751
CGCACTTGCTTGGCCACGAGGGCAAACAAAAAGCGCAAACACGCGACCCTCGGCCACGCGTATTCCTGATCCCAGGGATCGGACGTAATG -661
TTATCCTTTGGCCGCCCAGTGCCACGAAATAAATTCGGAGGGAAAGGGCATCGGGT TCCGGAACAACTGGCAGCCAGTCTTCGGTGTTTT  -571
GCGCGCTGGCAAAAATCCAGAGAAATTTTTAGGGAACCATAAACGGGCCGGGGAAAAAGCCTCTGCCCCGAAGGAACGTTTTCAGCAACA  -481
---------------------- ae2a
GTTTACAGTTTTTATGTCTTTATGATTATTGCAATTAGAGGAGATCGGCTGAGAGTCGCGCCCTCTCGCTCTGCGCACCTCATAGGTAGG  ~391
-------------------- ae2b R e [-K ]
CACCTCATGGCCGTAATTACTGCAGCACCGTCTCAAGGTCGCCGAGTAGGAGAAGCGCGCGGGCGGATAAATCGCGATGATAATGGGCGC  -301
--------------- rel --------**--—————--del=ftz-fl -~---m-----ommmmooooeeeooore?
GATGGGTAGGTAATAAGCCGCGCAGCAGGTAGGCACCGTACGGATAAAGTTGCCAGGACCTCGGATAACTTCCCCTCTCCGTGCCTGCAA  -211
------------------- B Rl ¥-X L0 2 SIS Rt
------- *--~ f1z-f3

GGACATTTCGCCGGAGGGGTGGCTGCGAACAGCAGCCGGCAAAGTGTCATGCGCAGGGATATTTATGCGCTATAACGGCGAGCGTGTGCC  -121
L EEEEEE de2=ftz-f2 II
. . . . . .==>-69 . .
GAGGGCTCTCTGATTTTGCTATATATGCAGGATCTGCCGCAGGACCAGCTCATTCGCAAACTCACCAGCGTTGCGTGCACATCGCAGAGT  -31
TAGAGAAGAAATCTAGCAATACACATCCGATATGGCTACCACAAACAGCCAGAGCCACTACAGCTACGCCGACAACATGAACATGTACAA 59

MetAlaThrThrAsnSerGInSerHisTyrSerTyrAlaAspAsnMetAsnMetTyrAs  (20)
CATGTATCACCCCCACAGCCTGCCGCCCACCTACTACGATAATTCAGGCAGCAATGCCTACTATCAGAACACCTCCAATTACCACAGCTA 149
nMetTyrHisProHisSerLeuProProThrTyrTyrAspAsnSerGlySerAsnAlaTyrTyrGlnAsnThrSerAsnTyrHisSerTy  (50)
TCAGGGCTACTATCCCCAGGAGAGTTACTCGGAGAGCTGCTACTACTACAACAATCAGGAGCAGGTGACCACCCAGACTGTACCGCCCGT 239
rGInGlyTyrTyrProGInGluSerTyrSerGluSerCysTyrTyrTyrAsnAsnGInGluGInValThrThrGinThrValProProva  (80)
GCAACCCACCACCCCGCCGCCCAAGGCCACCAAGCGCAAGGCCGAAGATGATGCTGCTTCCATCATCGCCGCCGTGGAGGAGCGACCCAG 329
1G1nProThrThrProProProLysAlaThrlysArglysAlaGluAspAspAlaAlaSerIlelleAlaAlavalGluGluArgProSe  (110)
CACACTGAGGGCTCTGCTCACCAATCCCGTGAAGAAGCTGAAGTACACCCCCGACTATTTCTACACAACCGTCGAGCAGGTGAAGAAGGE 419
rThrievArgAlaleuleuThrAsnProValLystysLeulysTyrThrProAspTyrPheTyrThrThrValGluGlnVallysLysAl (140)
TCCCGCCGTAACCACCAAGGTCACCGCCAGCCCCGCTCCCAGCTACGACCAAGAGTACGTGACTGTGCCCACGCCCAGCGCCTCCGAGGA 509
aProAlaValThrThrlysValThrAlaSerProAlaProSerTyrAspGInGluTyrValThrValProThrProSerAlaSerGluAs  (170)
TGTCGACTACTTGGACGTCTACTCGCCCCAGTCGCAGACGCAGAAGCTGAAGAATGGCGACTTTGCCACCCCTCCGCCAACCACGCCCAC 599
pValAspTyrLeuAspValTyrSerProGinSerGInThrGInLysLeul ysAsnGlyAspPheAlaThrProProProThrThrProTh  (200)

(continued)
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. . . . T=Ual2 . T=Uall. . . .

CTCTCTGCCGCCCCTCGAAGGCATCAGCACGCCACCCCAATCGCCGGGGGAGAAATCGTCGTCAGCTGTCAGCCAGGAGATCAATCATCG

rSerLeuProProleuGluGlylleSerThrProProGinSerProGlyGlulysSerSerSerAlaValSerGInGlulleAsnHisAr
Leu Leu

AATTGTGACAGCCCCGAATGGAGCCGGCGATTTCAATTGGTCGCACATCGAGGAGACTTTGGCATCAGGTAGGCATCACACACGATTAAC
glleValThrAlaProAsnGlyAlaGlyAspPheAsnTrpSerHisIleGluGtuThrleuAlaSerA

AACCCCTAAAAATACACTTTGAAAATATTGAAAATATGTTTTTGTATACATTTTTGATATTTTCAAACAATACGCAGTTATAAAAGCTCA

TTGAGCTAACCCATTTITTCTTTTGCTTATGCTTACAGATTGCAAAGACTCGAAACGCACCCGTCAGACGTACACCCGCTACCAGACCCT
spCysLysAspSerLysArgThrArgGInThrTyrThrArgTyrGinThrie

I * * K mmmma | P,

. . . . . . . T=fa7ts . .

GGAGCTCGAGAAGGAGTTCCACTTCAATAGATACATCACCCGGCGTCGTCGCATCGATATCGCCAATGCCC TGAGCCTGAGCGAAAGGCA
uGluLeuGlulysGluPheHisPheAsnArgTyrlleThrArgArgArgArglleAsplieAlaAsnAlaleuSerLeuSerGluArgGl
e H1 L *Val--mmmmem HZ * oo

. . . . Al=Rpl . . .
GATCAAGATCTGGTTCCAAAACCGACGCATGAAGTCGAAGAAGGATCGCACGCTGRACAGCTCCCCGGAGCACTGTGGTGCCGGCTACAL
nllelLysIleTrpPheGlnAsnArgArgMetLysSerLysLysAspArgThrLeuAspSerSerProGluHisCysGlyAlaGlyTyrTh
m KoK KoK A k{3 * * | HOMEODOMAIN

CGCGATGCTGCCGCCACTGGAGGCCACAAGCACCGCCACCACCGGGGCACCATCGGTGCCAGTGCCCATGTACCACCACCACCAAACCAC
rAlaMetLeuProProleuGluAlaThrSerThrAlaThrThrGlyAlaProSerValProValProMet TyrHisHisHisGInThrTh

CGCCGCCTACCCCGCTTACAGCCACAGTCACAGTCATGGTTATGGCCTGCTCAATGATTACCCTCAGCAGCAGACCCACCAGCAGTACGA
rAlaAlaTyrProAlaTyrSerHisSerHisSerHisGlyTyrGlyleuleuAsnAspTyrProGInGinGInThrHisGInGInTyrAs

TGCCTACCCGCAGCAGTACCAACAGCAGTGCAGCTACCAGCAACATCCACAGGACCTCTACCATCTGTCTTGAGGTCCGGCGATGCTCAG
pAlaTyrProGInGInTyrG1nGInGInCysSerTyrGInGInHisProGInAspLeuTyrHisLeuSerEnd

%TACTCTCTTéCCCAGAGCGéAACCGAAAGéCGTACCGCCACGAAACCGAAGCGCACTTC%CTCGACCAT*TGTAGGTGA&ACGCAAATG
ACACAGCCGAéAACGAAGCTéCGACGCGATéAGTTGCACAéTAGAGGGCGéACTCCCTACéGTGCCCAGGACATTTTGGG&ACAAGGACG
AGTGCGCAAG%GCAGAAGGCAGAGGCAAAA&AGGCAGCGCAAACAGAAAAéGAGCCTTGC%GCGCGCGGAACCCAGTGGC%GGCCATGAT
éGGTTCTCAGéGATCGATTAéCTGCGGCCAAACACAAGCCéAAAACACTCAGCTGGGAGTéATAATGGCCAAGAGACTTGGAGACTGACA

CACATGTTTTTGTACATATAGTAGTTAAGATATTCCTATCATAGAATTCTATTTATTAAAATATACGAGTAAAGTAAATCGATCGAATTT

AAAACAAATCAAGTTGAACA%TCATTTGGCAATTTGTGAAGAAGAGTCTTGGGCATGCTGéAATTTGACTéCTTTAAAATiTTAAACTTA
%AGGCCGTGG&GCGTATGTGéAATACATTTéATATGTATA%GTGTTGAAA%ACAATTAAA%GCCTTTCAA%GATAACTAC%CAATAAACT
iCCGAACTTA%ACGAAACGCAAACGATTTAATGTTGAGCA&GAATCGTACAAATTCGAGCAGCTGCATTT*GTCGCTTCA&TCCCCCTCA
%CCCTGACCCATTGCTGTCT&CCGGATTTTéTATTAAATGéACTCTTTTCéCCAGAGAAAATGTCACATT%TGGTCTGGC%TCGGGGCAT
ATCTACCACCéCATCCCTGC%CCCTTCCTCéCTCCGACGC%GCACGTTCC%CTATTGAAG}GAGACATTGATTGGTAATT%TTCATTGCA

CATCCGTGACAGTTATGGGTAACGCAACGCAAAAGGAAAAGCCCGGTGCGGAATCGGATTCGGAATCAGAATCAATATCAAAGGCAAAGG
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(P2) and Ultrabithorax (Ubx) (Ingham and Martinez-Arias 1986). In experi-
ments carried out using cultured cells, FTZ stimulates Ubx transcription if a
segment of Ubx that extends from 225 to 292 bp downstream of the transcrip-
tion initiation site (Ubx downstream element U-B) is present (Winslow et al.
1989). Two FTZ-HD binding sites were detected in Antp by DNase I protection
assays; these are approximately 500 bp upstream of the P2 transcription
initiation site. Other homeodomain binding sites were detected near the distal
transcription initiation site, but it is less certain that they are functional. The
consensus sequence of these binding sites is CAATTA (Nelson and Laughon
1990).

FTZ is also required for expression of the ftz gene itself (see Promoter)
(Hiromi and Gehring 1987; Ish-Horowicz et al. 1989), and it is also involved
in the regulation of the segment polarity genes en and wingless (wg) (Howard
and Ingham 1986; Lawrence et al. 1987, Ingham et al. 1988).

ftz is one of the pair-rule segmentation genes. Its overall function is thought
to be to define the anterior border of even-numbered parasegments (Lawrence
et al. 1987).

Tissue Distribution

FTZ is first detectable by antibody-staining after the 13th nuclear division; it
is localized in nuclei in seven stripes each approximately four nuclei wide (the
spacing between stripes is also four nuclei). During gastrulation, the stripes
narrow to three nuclei wide; FTZ stripes disappear just before the germ band
is fully extended (Carroll and Scott 1985). FTZ and EVE (product of
even-skipped) accumulate during approximatey the same time in development.
At first, the areas of EVE and FTZ accumulation overlap somewhat; but, as
the stripes become narrower and better defined, the two products end up in an
alternating pattern, FTZ in even- and EVE in odd-numbered parasegments
(Appendix, Fig. A.3) (Frasch and Levine 1987). In embryos with fully extended
germ bands, antibody staining is visible in 15 metameric clusters of nuclei within
the developing ventral nervous system,; this staining disappears soon after germ
band shortening is completed (10-12 h of development). In 12-15 h embryos,
FTZ reappears in the developing hindgut (Carroll and Scott 1985; Krause et
al. 1988).

ftz SEQUENCE (opposite). Strain carrying marker p*. Accession, X00854 (DROANTCF)
(modified by adding a G at —259 as per Brown et al. 1991). The following mutations
are indicated: fizV*!3, Pro-215 to Ser-215; ftz'*7%, temperature-sensitive, Ala-291 to
Val-291; and the chromosome 2 translocation ftz®P!, with a breakpoint after position
1,091 (Laughon and Scott 1984). The “zebra” element regulatory sites ftz-f1, ftz-f2
and ftz-f3 are from Ueda et al. (1990) and Brown et al. (1991). Sites ae2-ae3 (to
which activators bind), rel1-re3 (to which repressors bind) and del-de2 (to which both
activators and repressors bind) are from Topol et al. (1991). ae2a and ae2b
correspond to the CAD-binding sites, cdre of Dearolf et al. (1989b).
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Mutant Phenotypes

Homozygotes for null alleles of frz show severe developmental abnormalities
that become evident at about the time ftz should be expressed. These mutants
have haif the correct number of segments due to the absence of regions
corresponding to even-numbered parasegments (Wakimoto et al. 1984).

The dominant gain-of-function mutations Uall, Ual2 and Ual3 cause
substitutions in Pro-211 and Pro-215 ( fiz Sequence) which increase the half-life
of FTZ from <10 min to 40 min. The increase in level and persistence of the
protein and the concomitant expansion of its domain result in the correspond-
ing suppression of eve expression in odd-numbered parasegments; this leads to
abnormalities in the parasegments where ftz is normally not expressed, the
anti-ftz phenotype. The Ual mutations affect a segment of the polypeptide
{Thr-210 to Ser-221) that seems to be conserved in other early development
genes (hb, eve and prd) as well as in myc. It has been suggested that those
12 residues serve as a signal for protein degradation (Kellerman et al. 1990).
PEST-like sequences, also thought to be involved in protein degradation, are
present in that region (Rogers et al. 1986).

Gene Organization and Expression

Open reading frame, 413 amino acids; expected mRNA length, approximately
1,770 bases (assuming it extends for 20-30 bases beyond the putative poly(A)
signal highlighted in the ftz Sequence), in agreement with an observed RNA
of 1.8 kb (Laughon and Scott 1984). Primer extension analysis was used
to identify the 5" end (Dearolf et al. 1989a; Ueda et al. 1990). The 3’ end
was not determined. There is an intron in the Asp-253 codon (Laughon and
Scott 1984).

fiz is centromere-proximal to Antp, separated from it by about 30 kb, and
transcribed in the opposite orientation (Weiner et al. 1984; Wakimoto et al.
1984).

Developmental Pattern

Jiz transcripts appear in embryos after the 1 1th nuclear division; they accumu-
late along the periphery of the embryo between 659, and 159 egg length.
Between this stage and the end of nuclear cycie 13, the signal intensifies and
becomes less uniform along the antero-posterior axis. Eventually, in nuclear-
elongation-stage embryos (cycle 14), fiz RNA becomes localized in seven stripes
positioned between 65%, and 15% egg length, and it remains so through the
completion of blastoderm cellularization. The anterior-most stripe is positioned
posterior to the cephalic furrow. Stripes are 3-5 cells wide, and they are
separated from one another by 3-5 cells. This segmented pattern persists
through the early stages of gastrulation, but by the time the germ band is fully
extended, ftz transcripts are no longer detectable.
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The strongest embryonic expression of fiz is restricted to the period between
2h and 4 h of development approximately (Hafen et al. 1984). The turnover
rate of ftiz mRNA is extremely high (half-life, 7-14 min) (Edgar et al. 1986);
and the phenotype of a gain-of-function mutation 7(2; 3) fiz®?! seems to be the
result of increased mRNA stability, possibly because of the loss of degradation
signals in the 3’ untranslated region (Kellerman et al. 1990).

The developmental pattern of ftz expression was also studied using the
promoter region of ftz and p-galactosidase as a reporter enzyme. This method
demonstrates that the seven stripes are sharper and more intense at the anterior
border and that they fade posteriorly. The sharp anterior edge of each stripe
coincides with the anterior edge of en expression in even-numbered para-
segments, and it thus defines the anterior edge of these parasegments. (The same
kind of pattern is observed for eve expression, except that it is the odd-numbered
parasegments that are involved.) The S-galactosidase method also demonstrates
segmental staining of prospective ventral ganglia neuroblasts in fully extended
germ-band embryos (Hiromi et al. 1985; Lawrence et al. 1987).

Promoter

Approximately 6 kb of 5" sequences are required for normal fiz expression (as
measured by the ability of fragments of various sizes to rescue ftz mutant
embryos in transgenic experiments). However, fusions of the promoter to the
reporter gene lacZ showed that the most proximal 0.62 kb of 5 sequences
(“zebra” clement) are sufficient to produce the “zebra” pattern of expression.
A segment between 2.45 and 0.62 kb upstream of the transcription initiation
site is required for expression in the ventral nervous system. A segment further
upstream, between 6.1 and 2.45 kb of the transcription initiation site, functions
as an enhancer of expression of the “zebra” pattern. In the absence of this distal
enhancer element, the striped pattern of expression is weaker, mostly restricted
to the mesoderm and extended anteriorly, so that one or two extra stripes
appear anterior to the cephalic furrow (Hiromi et al. 1985).

The “Zebra” Element The striped pattern of fiz expression seems to be
established through a combination of generalized activation of the gene
throughout the embryo and a specific pattern of repression. Two systems of
repression contribute to the ftz expression pattern: one system represses
expression in the anterior and posterior poles of the embryo, and the other
represses in the inter-stripe regions of the “zebra” pattern (Edgar et al. 1986).
Several activator and repressor sub-regions were identified within the “zebra”
element by promoter deletion analysis, and they were found to correspond to
protected regions in footprinting analysis ( ftz Sequence) (Dearolf et al. 1989a;
Topol et al. 1991).

A search for frz-promoter-binding proteins yielded three fractions: FTZ-F1,
FTZ-F2 and FTZ-F3.

FTZ-F1 first appears in 1.5-4.0 h embryos (at the time the fiz stripes occur);
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it then diminishes, to reappear after 13 h of development and in larval and
adult stages. FTZ-F1 binds to four sites in the ftz gene: site I is a 21-bp
segment from —362 to —343 ( ftz Sequence), sites Il and I1I are in the coding
region, and site IV (to which binding is 10 times weaker) partly overlaps the
binding site of FTZ-F2 (see below). Sites I, I and III have the consensus
sequence YCAAGGYCRCCR. Close contact with FTZ-F1 seems to be made
by the two consecutive Gs of the top strand (marked by an asterisk in the ftz
Sequence) and the two Gs on the bottom strand that are opposite the Cs at
positions 8 and 10. Expression of a construction containing the “zebra™ element
attached to lacZ in transgenic embryos showed that mutations of site I that
abolish FTZ-F1 binding lead to overall reduced expression of fiz, in particular
in stripes 1, 2, 3, and 6 (Ueda et al. 1990). The sequence of FTZ-F1 has
similarities with proteins of the steroid receptor superfamily both in the putative
DNA-binding region and in the putative ligand-binding domain (Lavorgna et
al. 1991).

FTZ-F2 is present at low levels in 1.5-4.0 h embryos, and its concentration
rises after 40h as expression of ftz diminishes. FTZ-F2 affords protection
against nuclease digestion to two sites within the “zebra” element that share
the sequence TGCNAGGACNT ( ftz Sequence): {tz-f2 I (abbreviated f2 I) and
ftz-f2 11, located between —260 and — 200. The two adjacent Gs marked with
asterisks seem to interact directly with an FTZ-F2 residue as indicated by
methylation interference. Mutant ftz-f2-binding sites are unable to bind FTZ-
F2. When such mutations are part of a “zebra”-element-lacZ construction,
there is continuous lacZ expression along the antero-posterior axis; i.e., the
repression of the ftz promoter in the inter-stripe regions fails. These mutations
also lead to precocious expression of fiz, as early as the third nuclear division
(Brown et al. 1991). FTZ-F2 is probably the product of tramtrack (ttk), a
Zn-finger protein (Harrison and Travers 1990; Brown et al. 1991; Read and
Manley 1992).

FTZ-F3 also bind to the “zebra” element, partly overlapping the FTZ-F2
binding sites (Brown et al. 1991).

CAD, the product of the segmentation gene caudal (cad), a homeodomain
protein that forms a gradient of increasing concentration from the anterior to
the posterior pole, participates in the regulation of ftz expression. CAD
activates expression of ftz in the posterior regions of the embryo through its
binding to the hexanucleotide TTTATG that is present in the protein binding
sites ac2a and ac2b of the “zebra” element ( fiz Sequence) (Dearolf ct al. 1989a,
1989b).

Distal Upstream Enhancers A DNA segment that extends from approximately
6.1t0 3.5 kb upstream of the transcription initiation site can direct transcription
of the basal Hsp70 promoter and an associated reporter gene in a seven-stripe
pattern in both ectoderm and mesoderm. The 2,574-bp segment contains
multiple regulatory regions; from distal to proximal they are: (1) the most
upstream 330 bp portion of this segment, which seems to be an activator of
parasegment 4 expression; (2) the Distal Enhancer, extending from 331 to 1,502,
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which is capable of directing expression in seven mesodermal stripes; (3) the
583-bp Element A of the Proximal Enhancer, between 1,780 and 2,363, which
can direct expression in seven stripes in the ectoderm and mesoderm; (4) the
211-bp Element B of the Proximal Enhancer, which is required, in conjunction
with element A, for ectodermal expression (Pick et al. 1990). There is also a
scaffolding attachment region that occurs in an AT-rich segment between
positions 575 and 763 of this distal upstream regulatory region (Amati et al.
1990).

FTZ itself seems to interact with the Distal Enhancer region to activate
transcription (Hiromi and Gehring 1987; Ish-Horowicz et al. 1989). Numerous
FTZ-binding sites are found within the Distal and Proximal Enhancers, and
two independent autoregulatory loops seem to control expression (Harrison
and Travers 1988; Pick et al. 1990). The product of ¢tk binds to DNA in the
distal upstream region (Harrison and Travers 1988, 1990).

The pattern of ftz expression also depends on the products of gap genes
and other pair-rule genes, eve and h in particular (Carroll and Scott 1986;
Howard and Ingham 1986; Harding et al. 1986; Frasch and Levine 1987,
Ish-Horowicz and Pinchin 1987).
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hairy: h

Chromosomal Location: Map Position:
3L, 66D8-15 3-26.5
Product

DNA-binding regulatory protein of the basic helix-loop-helix (bHLH) type
involved in embryonic segmentation and neurogenesis.

Structure

Sequence comparisons indicate that the HLH motif extends from Ala-45 to
Arg-90 (h Sequence), with 269 identity to a region of the mammalian oncogene
myc. The helices have the amphipathic nature characteristic of dimer-forming
regulatory proteins such as the products of the genes daughterless (da),
Enhancer of split [E(spl)], extramacrochaetae (emc), twist and of the achaete-
scute complex genes ac, sc, Isc and ase. In the h and E(spl) proteins, the
sequences of the basic regions, adjacent to and upstream of the HLH domain
are more closely related to each other than to those in the da and AS-C proteins
(Rushlow et al. 1989; Harrison 1991; Van Doren et al. 1991).

Within the h sequence, the OPA (CAG) repeat occurs several times and
results in stretches of Gln, Ala or Ser in the C-terminal half of the protein. Near
the C-terminus there are also regions of similarity to PEST sequences (segments
rich in Pro, Glu, Ser and Thr that may be degradation signals). There are three
potential glycosylation sites, at Asn-9, Asn-209 and Asn-296 (Rushlow et al.
1989).

Function

During embryonic development, the HAIRY product seems to act as a repressor
of fushi tarazu ( ftz) helping to define the posterior border of ftz stripes. In h
mutants, ftz expression occurs, but the striped pattern fails to develop (Howard
and Ingham 1986; Carroll and Scott 1986; Ish-Horowicz and Pinchin 1987).
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h

éGGCGCGTGGéGGTTTCTGTéGCTGTTAAA&TCGCAACGT%GCTGTTAAAAGAGCCCTACéATCAACAGTATACATAGTA%AGTATATAT
AGTATAGTTTATGGATACTA%ATATAAATAATATCAACATAGTTAGTATC%AAGATAAGA%TTTCTGTATATTTTAAACT%AATAGTCAA
/.\ACTATATGGI"ATTTTGAGT(.:TAGTGAATAI.&CCATTTTGAI.\TGATAATGG(.IACACAAATT(.iAATTCATTGATCTTATAAAI-\TACAAGCAA
ATAATAATAC&TATAATATTATACATATGC%ATAATGTTA%TATCAACGC&TTTACGATTATTAAATAGT%AACCAACATéGTCCAAAAT
éATTCGAAATACCTTCAAGG&GTTCTTTATéGTACCACCAACGTGTTTGT%TTGTTTTCAéTGATCAGGG&TCCCGGGGC%TATGGGGAA
%CTGGGGGATéTGGCGCTGTéTAATTTTAGACGCAATTAGéAATGCGCACATTTTTGTTG%TGCTTGCGC&TTTTCGACTATAAATTTTT
éCCACAGTTTATTTTAGAAG&TGCATGTGA%CGGGTCCGC&AACAACAACAATGGGGCGT&AAATTGGGCéTTCAACGCAéAAACAACTG
éGAGTGTATC%GTATCTGTGACTGTATCTT+AGCGTTGTA%CCGTGAGATACATCCACACéTTTGGCTGT%TTTTGGCCA&CTAGCATGA
iGTAGCTAGCATGATGTAAAACGCCGCCAAéGTTTTCCGAéCTCTCGTTT%TTTTTCTTT%TTGTTTATT%TCTTTTTTG&TTTTCGTTG
éAATTAAATTéGCATGCACAAGTGCCGCCTéTGCCGCCGA&ACCGCCTCTéCCGACGCTGACCGCGGCGGéCCGCCTTTTéATCGGCTGC
éAAATTGTAA+TGGAACGCGAAGGTGTTGTéGACGTCCGCéACTACCGTC%ATATATATA%GTATCCATA;TGTTGGGGCATGTGTTCTC
éGCATAACAA(.:cTTcTcTGG&GACCAcMcGCACAACA(;TTTAGAcAA(‘:CcTCAAAAA%TTCAGAAAT%CCCCTAACT%TTTGAGTAT
1"TTCACGAAT(.:GATAGATAT(':‘.CATATTTGTAAGACGTGAT%GTTGATTAA(;TTTAATTTCI.\TTTAGTTAT%AAGCGGAAA%TAAGTGTAG
iAAAATCAAA%TAACTTCTAAACGTTTTTTiACTCATCTTéATTAGAGTCAACTTTATTAéTTTCTATAAAAACACTGCCAGGTGGTTTC
éTTATAAAAAAAATATTGTAAACACCCGTT%TTAGCCAAC%TTAATGTTTAAAGCCTGAC}GACTCATTCéAATGTAACT%TGTTGACGA
%TCGTGGTTT%GGTATAACT"ICACTAATCAGTGGTCAGAG"TCCAAGTCAG(.SCTTTAAAAA'.I'ATTTCCCAA('SAACAAACGT(.‘.AAAGATAAC
éTAATTTCTC%TTATAGATCéTGTAACCTAAATATGTGTCATCTACCTTTACTGAGCTCAéCCTGGTTAAACTAATTACA%GGTTATTAC
éATTTCTTAGAACTTAACCCATATTTTGTAéATAATAGAAéGCTTAAGCAéTTATTTAAAATATCACTTTéGGTTGTAACéAAATGTGTG
%GACGCACTT%GGCTTTTTAéTACCAAATAAACAATATAA%TTAAGCTTCATTTTCACCG%AATATTCCCAGTTTTCACAGCAATGCCCC
%CTTCTCATTéTGCTAATGAATGGTTAGTT%TCTGATGCCéGACTATTCCéCGTGTCGCG%AATTATAGT&AACCTTCGA%TAATCATTA
éTCCAAAACWACAACAAA‘;'AATATATGAI.\AAACGTGAAI.\ATCCAACGC]"GCACGTAGAI'\GCCATCAAGI.ZTGAATCTAA(.:‘-CGTCCGGCG
éAGCACGTGTéATCCACGCAéCCTTGTCCAéAGCGATTTCéATTTCATTTAGCCCGTTGGéGGCTATCGA%CAAAAGCCAAAAGGGCGAC
(.:TTCACTTAA%TGAGGCGTA(.:GGCATGCTGI.\ATGAGTCGG"[TGTACAGAC%GGTCTGGAAAATGCTAGGG(;GATAACTATI:\GCCACCACC
(.:ACTGccCGA+CGCCCAACCI'\CCCAACCAC(.:CACTchecE:TAGCGTGCGéACAACCTTG+GATCTTGTT%ACTGTTTAG&GACCCCCGA
(;CCGCAGATA(EACAGTACACAGCACAAAAN-\CCGAACCTG‘i’CGCACTGGG(;TGGCGTCATATAGCCAGCTATTTTCACCT%CTATGGGAC
éTCGTCGCGT%GGccGCATG;\ATCAGCAAA(':CACGAACGG&GAGCCACCAéAAAccACCGEAGAAGCAGCAACAACACCM.\CACCACCGC

GACCATCACCAACAGCACAGCCAGAAACACAGCCTCTTGTGAATCCCTCAGT TAGCAGAGCCCAGCAGAGTCAAGCCAAACCGATCGCTG
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~780 ATCGACCGACCGACCGACGATCACCAATGGGGGTTTCGCAGTGTGATTTCCAAAAAGGAAGAAATGCCCATTCCCGCGAGCCACGGGGGE — -691
~690 GTATGAGTAACGCGGTGTGTACTTTAGGTACCGCTCACAAGCGCGAGCACGCACACACACACGCACACACTGAAGCGAGCAGGTAGCGCA  -601
~600 TAATGTATACCCCTAGGTAGCCGCAATGCCAGTGCAATTGTATTGGTGCGGTCGTGTGGCTCGCGCTCGCGTCTCGCAGCGGCGATTTAG  -511

. . -->-490 . . . . .
-510 CCTACGAACCTGTCGATCAATCGTCAGTCTTCCGCCGAGAGCCCAGCGATAAGGTAGTCCCGCTACGCTCCGCAACATCCAGACCGAGTA  -421

~420 AAGCAAATACTTATATATATATATACATACATATATATAGCGCAACCATCCGAAAGCCGAACGATCGATCTTCTGCTTCGTGCCGAGTCG  -331

. . . -->-294 . . .
~330 TTTCGGTCTTTTAATCGCACTGCAGCCAGAACCTGCTGCTCATTCGCCTGCCGTATTTCGTAGCGTGCGGTTCTATCGCTCCGCTTTGAT — ~241

-240 AAACCGAATCGAAATCTAGAGAACCCCCCCAGACACAATACCATTTTACGTGCTTCTCTGCGACGCTGCGCGAAAGTGAAACCACCAAGT  -151
~150 GAACTTGAAAAAAAAAAAAACTGACAACTTGAGTTATTCTAAAAAAAGCAAAAAAGCAGTGAACTTATATTGCAAAGAGCAGCAAATTCA  -61

-60 GATTTGCTGCCAAGTGAAAACCAAACTGTGCCTCAAACTCAACAAACAATATCTGACCGAAATGGTTACCGGCGTAACAGCAGCCAACAT 29
MetValThrGlyValThrAlaAlaAsnMe  (10)

30 GACCAACGTTCTGGGCACCGCCGTTGTGCCGGCCCAGCTCAAGGAGACGCCGCTCAAAAGTGACCGTCGGGTAAGTTTCTTTCGAGAAAA 119
tThrAsnValleuGlyThrAlaValValProAlaGinLeul ysGluThrProLeul ysSerAspArgArg (33)

120 ATAAGACTCGAAAAAAAAAAACCAAAGCCAAAAACAAAAAACCCCGTCAA%GGATTAAAT&AGAACCTCTAGTTCCCCGAAATCTGTGGA 209
210 %TAACTGAAG&GAACCAAAC&GAGAATTCC&CTAATTGAGAGCCACCCAC%TCGAGCTCAAGTTGATTTCéATTCGCGAC%GTGGGCGAC 299
300 %GGCCCCATCAATCCCGCTGéCCAAATGCA%TTCCTTTTTAGCCATCTCC&ACATGGCTGéCTGGGAATAAAAATACGAAATAAAGAAAA 389
390 ACACTCTGAGéCAGACCAAAAAAAGGCCGCAACTGCCGTCéCGCGCCAACACAAAGCGAA+TTATCTCGCéTCGCGTTGG%GGCATTTAC 479
480 %ATATGGCATATGGCATACTACTCCGACTA&ACACACGCTECATCCATTCATGAGTGCCGéCCAAAATTGéCTGGCGYAGéTGCCCACCA 569
57¢ éCTCCCCAGA%TCGGACTCGéATTCGGATT%GGCTGCCAC%TGGCGCGTGéGTCGCGTGG%GGCTGCAAT%GTCGGTCAT&AGCCGCCGT 659
660 +TTTGGCCAT%CGAACGGCA&CGGTTCAATéAGTTGGCCAéAAAAAAAAAACTGACTTCA%GCGAGTCCAAATTTGGCAA&TTGTGCTCC 749
750 éTAGATAATAATGTACCTAG%TATGGCATC%TCGAATTTC&CGCTCTGACéTTGTCACAT%CTCTTTATT%TTGCTCATA&CTGGTTGGT 839
840 +TATTTATAG&CACTGGCTG%AATTTATAA&CGCCAAACTATTTTTAAATAAATGCCTCGéCCGAGTGGCéCTATAAATAéAGCACGCGC 929
930 éGTGCGACTAAATTTGGCCG&CAGCCAGTCAATCCGCTCCéCAACCTACGéCGCCTCCTCéTTGATCTCC%CCAATCCAA%TGAAGACCC 1019
1020 ATGCAGCTTC&TCTATTTTTéGGTCGTTGCATGAGGTCAAATTAGCCGTG&AAAAGCCGTéACTAATCGA%GTTTTTTTT*CCATTTCTT 1109
1110 éCCTCTTGCAéTCGAACAAGéCCATCATGGAGAAACGCCGACGTGCCCGTATTAACAACTéTCTCAATGAACTCAAGACT&TGATTCTGG 1199
SerAsnLysProlleMetGlutysArgArgArgAlaArglleAsnAsnCysLeuAsnGluleulysThrleulleleuA  (60)

______ L L T T T ST S S P R P |

1200 ATGCCACCAAAAAAGACGTAAGTATCAGACAAAAATATAAGT TAAAAGCCACAAAAAAATAAAAAAAACTACATATTTGAAATTATCTCA 1289
spAlaThrlLysLysAsp (65)
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AATATTTTTTAAAAGTTTAAATCATTGACTAATTTCCAAATTATTTTCTCTCTCTACTTTTAGCCGGCTCGCCACTCCAAATTGGAAAAG
ProAlaArgHisSerlysLeuGlulys

GCCGACATTCTGGAGAAGACAGTAAAGCATCTGCAGGAGCTGCAGCGCCAGCAGGCAGCCATGCAGCAGGCCGCCGATCCCAAGATTGTG
AlaAsplieleuGlulysThrValLysHisLeuG1nGluLeuGInArgGinGinAlaAlaMetG1nGInAlaAlaAspProLysIleval

T FeaKmmoooooe Fommmmoes o Helix 2

AACAAATTCAAGGCCGGATTCGCCGACTGTGTGAACGAGGTTAGCCGCTTTCCCGGCATCGAGCCCGCCCAGCGTCGTCGCCTGCTACAG
AsnLysPhelysAlaGlyPheAlaAspCysValAsnGluValSerArgPheProGlylleGluProAlaGinArgArgArgLeut euGln

CACCTGAGCAACTGCATCAATGGCGTTAAGACAGAGCTGCACCAGCAGCAGCGCCAGCAGCAACAGCAGTCCATCCACGCCCAGATGETG
HisLeuSerAsnCyslleAsnGlyVallLysThrGluleuHisG1nGInGInArgGinG1nGInGInGInSer]leHisAlaGlnMetLeu

CCCTCGCCGCCCAGCTCGCCGGAGCAGGATAGCCAGCAGGGAGCAGCGGCACCCTACCTCTTTGGTATCCAGCAGACGGCCAGCGGTTAC
ProSerProProSerSerProGluGlnAspSerGinGInGl yAlaAlaAlaProTyrLeuPheGlyIleGinGInThrAlaSerGlyTyr

TTTCTGCCCAATGGCATGCAGGTGATCCCCACCAAGCTGCCCAACGGTAGCATTGCCCTCGTGTTGCCCCAGAGCCTGCCCCAGCAGCAG
PheleuProAsnGlyMetGInVallleProThrlysLeuProAsnGlySerlleAlaleuValleuProGlinSerteuProGinGInGin

CAGCAACAGTTGCTGCAGCACCAACAGCAGCAGCAGCAACTCGCCGTCGCAGCAGCAGCAGCGGCCGCAGCAGCAGCACAACAGCAACCC
GInGInGInLeuleuGInHisGInGInGInGInGInGInLeuATlaValAlaAlaAlaATaAlaAlaATaAlaATaA1aGInGInG1nPro

ATGTTGGTTAGCATGCCCCAGCGTACAGCCAGCACCGGATCCGCCAGCTCGCACTCCTCCGCCGGATACGAGTCGGCGCCCGGAAGCAGE
MetLeuValSerMetProGinArgThrAlaSerThrGlySerAlaSerSerHisSerSerAlaGlyTyrGluSerAlaProGlySerSer

AGCAGCTGCAGCTACGCCCCGCCCAGTCCGGCCAACTCTAGCTACGAGCCCATGGACATCAAGCCATCGGTCATCCAGCGCGTGCCCATG
SerSerCysSerTyrAlaProProSerProAlaAsnSerSerTyrGluProMetAspllelysProSerVallleGInArgValProMet

GAACAGCAGCCCCTGTCGCTGGTGATCAAGAAGCAGATCAAGGAGGAGGAGCAGCCCTGGCGGCCCTGGTAGAGGGTGTCTGCATATGCA
GluGInGInProleuSerLeuValIlelysLysGInIlel ysGluGluGIuGinProTrpArgProTrpEnd

}ATCATATAGéATAGCCACCéCTATCGAATéTCCCGCTTT%AAGACTGAC&CC&CACAAC%CATCCAACTéACACACATGéGCAGGCGTT
éTGCGCATGCéCGTAGACAT%TCACATCAT%CGCCGGGAT%GCGCAAATG%TGCTTTGAAéTGTTGCAAA&ATGCGAATC&TAAACTCGG
%TCACAACTTéGTTGGCTTAéTTTCCTGGC%TATATCCTGéAAACCCGTCéACGAGGCTAAGGACCTTCA;CAGACGCAC&CACACACAA
ACACACACACéCAAACGTTG}TATAATTTA%TTATTATTA%ATTATGTAA%CGATTTGAAAGAACGGTAT%CTACCAGGA&ATCGCCAAA
éTACCTCAGT&CAAGTACTTéGTGTTGAAT%GCCTCATGTATTATGTATTACTCTTTGAA%AACAGCAAA%CAGCAAAAG%CTTCCAAAC
ACAGAAAATGAAAATGCGAAAATAAGCACC%GAAAAGCTGAAATACTTTT%ATGAAAAAGATAAACGCAAAAGCATAACT&TTACACGTA
éTCGTACATC%CCATTTAAG%ATAGGTTTTéTACCATAGCéAGCTAAGCCéCTTAGGGTT%CTCTCGCTC%TAAGTCTAA%CAAAGAATA
ATTATATTTA+AAAACACACAAATCTATTCéTAAGGCCACéTGATATAGTéAACATAATGAGCTTCTAAGAAAACAAAACAAGAATTTGA

TGCAAGCAAAAGCAAAAAAATCAACAAGAAAGAAAAAACAAACAAACAACACACTAAAAAGAAATAAATTTAARAGATTCTACTAAAAAA

TCAAATACGCAAAACGGATTTGTTATTGTGGTTGGGGTATCTTTTCCTGGGTTTTTTTTTCATTCGGGTGAAAGTCCGATTATGGTTATT
L),

TTTTTTGTTTTAGAGGTCAAACGCTTTGAGTGACAGGAAACTTATCGAGCCCCCCGACTTATCGTAGCAAATTTCGACGCTAATTATTAT
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During adult development, h seems to counteract the function of ac-sc complex
genes in the development of sensory organs (Botas et al. 1982; Ingham et al.
1985b). It has not been possible, however, to demonstrate direct interaction of
HAIRY with any of the ac-sc complex products involved (Van Doren et al.
1991).

Tissue Distribution

HAIRY is intranuclear, as revealed by antibody staining. In cellular-blastoderm-
stage embryos HAIRY-containing nuclei are distributed in eight stripes. After
the onset of germ band extension, HAIRY rapidly disappears from the seven
posterior stripes. (This pattern of occurrence is quite similar to that observed
at the RNA level, see below.) A little later, in embryos having fully extended
germ bands, HAIRY is transiently detectable in cells associated with pairs of
tracheal pits (parasegments 4-13); still later, during germ band retraction and
the following stages, HAIRY appears in the mesoderm, proctodeum and anal
plates (Carroll et al. 1988; Hooper et al. 1989; a detailed comparison of the
metameric distribution of HAIRY and other pair-rule-gene products is pre-
sented in these references). HAIRY also occurs in the imaginal discs of
third-instar larvae and early pupae. In the eye-antennal disc, HAIRY is
transiently present in a band of cells just anterior to the morphogenetic furrow.
In leg discs, HAIRY is localized in groups of cells that evolve into longitudinal
rows during disc eversion. In wing discs, expression occurs along presumptive
wing veins. In all these imaginal structures, HAIRY is excluded from peripheral
neurons and sensory organs (Carroll and Whyte, 1989).

Mutant Phenotypes

h belongs to the pair-rule class of segmentation genes. In amorphic h embryos,
certain metameric elements fail to develop in alternating segments. The missing
structures correspond to the regions where gene expression is detectable (see
below). Hypomorphic mutations are viable; they result in extra microchaetae
and other sensory organs in the adult epidermis. In these hypomorphic mutants,
the adult phenotype can be rescued by expression of & coding sequences under
the control of a heat-shock promoter 6-11 h after pupariation (Ingham et al.
1985b; Carroll et al. 1988; Hooper et al. 1989; Rushlow et al. 1989).

Gene Organization and Expression

The open reading frame that is thought to produce active protein is 337 amino
acids long. However, the Met at position 10 occurs within a very good

h SEQUENCE ( previous pages). Accession, X15904 (DROHAIRG). The amino acids
underlined constitute the HLH domain. Asterisks mark the hydrophobic residues
thought to participate in the formation of dimers.
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translation initiation context and so may serve as an alternative initiation site.
There are two mRNAs, al, with an expected size of 2,335 bases and a2, with
an expected size of 2,139 bases; this is in agreement with the results of northern
analysis. The two different sites of transcription initiation involved in produc-
tion of the two mRNAs are 196 bp apart, and neither one has a canonical
TATA box. Primer extension and S1 mapping were used to define the 5’ ends.
The 3' end was obtained from a cDNA sequence that included a poly(A) tail.
There are introns after the Arg-33 and Asp-65 codons (k Sequence) (Rushlow
et al. 1989).

Developmental Pattern

h transcripts are first detectable in 2-4 h embryos, and they remain present
throughout larval development. a1 mRNA is prevalent up to 4 h, then both
mRNAs are equally represented until the end of larval development, except for
late third-instar larvae when «2 becomes more abundant. In pupae, h mRNAs
nearly disappear, but they become abundant in adults, with the two RNAs
occurring in nearly equal amounts (Rushlow et al. 1989).

In situ hybridization shows that h mRNA in cell-cycle 12 embryos (syncytial
blastoderm) is nearly uniformly distributed around the periphery of the embryo.
Labeling then differentiates an anterior dorsal region (region 0 or AD) that
extends for 12-15 nuclei at 95-859 egg length (Appendix, Fig. A.3) and a
region of continuous labeling from 75%; to 20% egg length. In the latter region
labeling becomes discontinuous; before the completion of cellularization (mid-
cycle 14), the labeling is distributed in seven evenly spaced stripes, each
approximately 3-4 nuclei wide. In the abdominal region, the stripes of
expression correspond to the posterior portion of the odd-numbered segments
and the anterior portion of the even-numbered ones. This pattern is carried
forward into the thoracic and cephalic regions, with the AD patch correspond-
ing to the labrum (Appendix, Fig. A.3). When gastrulation starts, the cephalic
fold invaginates between h stripes 1 and 2. Soon thereafter, the striped pattern
disappears; and, by the time of germ band elongation, h transcripts are most
evident in the hindgut and the foregut (Ingham et al. 1985a).

Promoter

As in the case of even-skipped (eve), the cis-acting regulatory region is very
extensive, >14kb; and the striped pattern is the result of independent
regulation of the individual stripes by various segments of the regulatory region.
Thus each section of the regulatory region responds to unique positional cues
along the antero-posterior axis of the embryo to activate transcription and
produce a particular stripe. The positional cues are given by maternal products,
gap genes and other pair-rule genes such as eve.

A construction that carries 14 kb of upstream sequences and the coding
region of h is sufficient, in germline transformants, to rescue the embryonic
mutant phenotype, but the adults that result exhibit a severe hairy phenotype.
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This suggests that the region controlling h expression in adults is located more
than 14 kb upstream of the transcription initiation site (TIS) (Rushlow et al
1989). The 14 kb of upstream sequence was further subdivided into stripe-
specific segments using lacZ as a reporter gene in germline transformation
experiments. The whole 14 kb segment resulted in expression in the seven
posterior stripes but not in the AD zone. Expression in individual stripes
requires the following segments: stripe 1, 4.9-4.0 kb upstream of the TIS; stripe
2, several elements dispersed between 9.4 and 4.0 kb upstream of the TIS; stripes
3 and 4, several elements dispersed between 14.0 and 6.4 kb upstream of the
TIS and elements further upstream; stripe 5, a segment between 6.8 and 4.0 kb
upstream of the TIS; stripe 6, a segment between 9.1 and 5.2 kb upstream of
the TIS; stripe 7, a segment between 11.0 and 9.4 kb upstream of the TIS. The
positions of stripes produced by many of these artificial promoters are shifted
slightly relative to positions of normal h stripes. Thus, with the possible
exception of stripe 1, sequences other than those listed here for each stripe are
required for normal expression (Howard and Struhl 1990; Pankratz et al. 1990;
Riddihough and Ish-Horowicz, 1991).

The products of the gap genes knirps (KNI) and Kriippel (KR) bind, with
varying affinities, to several regions of the h promoter. For example, KR, which
is thought to act as a repressor, binds with high affinity to the region responsible
for stripe 6, and KNI, which is thought to act as an activator, binds with low
affinity to the same region. The formation of stripe 6 then, probably results
because there is only one zone along the axis of the embryo where KNI is in
high enough concentration to stimulate A transcription while KR concentration
is so low that it does not repress h; this zone is in the posterior region of the
embryo that corresponds to stripe 6 (Appendix, Figs A.2 and A.3). By this
argument, the anterior border of stripe 6 is defined by the posterior slope of
KR’s bell-shaped concentration distribution. More posteriorly, stripe 7 may
arise by similar interactions involving KNI and the product of the gap gene
tailless (TLL). In this case TLL would act as a positive regulator at high
concentration; and KNI would act as a repressor, defining the anterior border
of stripe 7 through its posterior concentration gradient (Pankratz et al. 1990).
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hunchback: hb

Chromosomal Location: Map Position:
3R, 85A3-Bl1 3-48
Product

DNA-binding regulatory protein of the Zn-finger type involved in the earliest
stages of embryonic pattern determination.

Structure

The amino acid sequence of HB suggests that there are two Zn-finger domains,
one with four fingers, the other with two. Two short segments near the
N-terminus (boxes A and B, hb Sequence) have some similarity to the Kriippel
(Kr) protein (KR, another finger protein) and to the retrovirus HIV-1 pol
product (Tautz et al. 1987; Evans and Hollenberg 1988; Harrison 1991).

Functions

HB participates in the transcriptional regulation of several developmentally
important genes; it recognizes a sequence distinguished mainly by a run of 6 As:

1. HB binding sites have been found in the hb promoter itself where it is
thought to stimulate transcription (Treisman and Desplan 1989).

2. Binding sites for HB have also been demonstrated in the even-skipped
(eve) promoter elements responsible for two of the embryonic stripes (#2 and
#3) in which eve is expressed; here again HB probably acts as a positive
regulator of transcription. (Stanojevic et al. 1989, 1991; Small et al. 1991).

3. HB has been demonstrated to repress Kr expression (Hoch et al. 1991).
Kr expression normally occurs in an embryonic band immediately posterior to
the area of HB accumulation (Appendix, Fig. A.2). HB is thought to be a
repressor of Kr at high concentration (thus defining the anterior edge of the
Kr zone of expression), and an inducer at low concentrations (Hiilskamp et al.
1990).
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hb

CATACAAATAATAAGTTATCCTTTTGTATTGTATAGAGAAAAAAAGGTTTTTACCAATGAACTATGAATAATGAATAATAATAATAGTTT

<-

TTTTTTTTAGTCCARAATTTGTCATTAAACCTAGT TAGAACAATCGCTCCTAATTTATCATTCTAAAAGCGAACATTCCGCTTGEGAAAA
----------- hb8 ————-

CCAAATTAAGTTAACACGCACAGCAACAGGAAAATGTGTTAAAGCAACAAGGAATCTCCTCGGCCCAAACTTCCATCGTCCCAATTGCAG

TTGGCTAAGTTGTTAATGTGTCTGGGCTTAAAGT TGCCCAAAAAACAATTGGCGAAGGCCCCCCATCTTCCTCCATTTCCGCTCTCTCAC

AGCGCCAGAAAATGCAAAAGGATAAAATGAGCGAGTCAGAGCGAGAGAGTGGGTGAGTGAGTGAAAGAGCGAACGCCACGAAGGGGATGC
TGTTTAGTTATTGCTTTTGGGGATGGGGAAAGTCACTCAGATTTACAGCTAGCATCCGTATCCGTTTTGAGTGAGTTTCGTCGTTACGTT
GTTGATGCTCTCCGGCTGCTCTCTCATTTCGATTTCTGCTTCTCCGTGTAACGGCTCTCGTGCGCCTTTGTGTTGTTGCACTTCTGGCAT

TTGTTTTTGCTTTGCAATTGAGATTTTAGATTTGAGTTCTTTTTTGGCGAGTGCACTGTTGTGAGGAGCAGTGAGGAGATTTTCAGCTAT

. . . -->-3662 . . . .
TAGAAGAGCCCGCTGAGCGTGAGTTTGGTCAGTTGTGCTCCGAGTCCCGAAAACGAAAGTCGCCAGCATTGACAGGCAGCCACGGAAATA

CAAAAATAACCAAACATCCAAAGGACGAAACGTAACTGCTATCAAAACAAATATTGCCATTAAATACAATTAAACTTCGTGCTTGTGCTA
AAAGATAACCAATTGCAAAAAGACTTTTGTCCCGAAAACTTATTTTTTGGCAAAGACCACATCCCGCACATGCGCGAATTCCGCGAAAAA
GAAAGCACAAAAGCAAGCTAAAAAGCGAGGCCCAAAAAATAGACAAAAACGAAGAGCAAGGAGCCCCCACATCGCCGCTCCCCCTCGCAC

GCACTGTGCGTGTTGGTCTAACGGTAACCGTGCCGCGGTCAAGCGAGAGAGTGGGAAAGAGAGAGT CCGLGAGCGAAAAGCGAAAACTTA

CG+GCTCCTGCTéCTGCTCCCGéTTCCCGTTTéCAAATTCTCECGCAGAATTéCACTTGGAC%GTCCGCAAééTAAGTAACTéGGCGTAC
-
CA%CCAATATCC%AGTTATACA&TGCATTCGA&CTCCAATAAATCGTAAAAAACACATGGAG&TAGAAATTCéCAAAAGCTT%CCGCGGA
TAAACAAATAAA&AAGAATTACAAATCGCTTT%GCGGGAGCAAATGCCAAAA%GTTGGGGTA%CCAGAATATACACAGTTTT%GTGAGGA
TT%ACATACGCCéTGTAAATTT%AATTTAGTTéTCAATTGATACGAAATCTG*TTTTTTTTA%AGAATATAT%CGATATATAéTTGTTTA
ATTATAATTCATCATGTGATATACTTTCAAAAGAAACAGATTTAAATAGT%CGTTTATATéCTATTATGCACTATGCTTAATGTATTTTA

--- hb3
(continued)

-4593

-4503
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-4323
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-4143
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-3873
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CTTTATTAATTCATGCTAATCTGATGACTGATAACCAATTTGCTTATTCTATGTCATAATCACCTTTAATCCCAAGTACTCAACTTTCTT

éTAGTTCTGCACATTTTCTTéTTCTCTTCT%GTTGTTTGTAATCGAGTGC%TCTTTTTCTéTCTAACCTTAGGAACACAAACAAGAGATC
TCACACACATGCACACACACAA&CACACAGAG%GGTAAATCA%TGCTAAAAA%GCAAATGGCAAAAATTCTAAAACAATATT%TAAAATC
TG%CTGGCTTTTéGCCGATCTT&GGGTGAACT%GTTTTTTGC&CGCTCTGTC%GTTTTTGCC%AGAACTGCAéCGTATATCCAACCCCCA
ACéGACCCCCCCéCCTCCTCAT%TGCTCCTCC%AAGCAACGC&CCTGGCCACGCCCCCCTCTACGCCTGACAéCTAATTTTA%TTGTTTA
CA%GTCGACTTTéATGTTGTTT%TTTTTCGCC%TCCTGCCCCECAAATAACCéCTTCAATTT%TAGCATTTC%TTTCGCTCT%CTTTCGG
CAAATGCATTTT&GACTTTTCT%TTTTAATAA%TTAAATTTAéACATCGAAC%ATAATTCAAAGTCAACGTGGCAATTTTTTAATGGCAA
ATAGTTCGGCAC+TGCCAAAATéCATTTCAAA%ATAATGAATACACCTATGTéACGCTCGCAGGCTTTGTTT%TTTTTTTTG*TTAGGAT
GA%GATGGGAAT&ATTATTGCA&GATCTTTTGéAGAATTGAT%GTCATCCGA&AGTTTTAATéTTTGCCGACAAAAAGAACT&AGCGCAT
TT&AAACAAATGGGGCTTTGTTAGGCGCATAAAAATAAATATéCACATATTA%ACGGGATATATTTATAAAC&GCAAATGACATTGAATC
AC%TCAGTCAGCAGCAGCAGTG&AGTTTTCCC%AAACGAATG&AGCTCCAAAAAACAACAAG%TGTTCTAAG&CAACAACATAACGGTTG
CAACTACACATAiGTATACGCA%ACATACATA%ATTTTATATACGCCTGCAAACAAGCAGGCATATCCTGCT&TTGGCTTGC%TTTTGTA
CGéATTTTTCAAéAAAAACATT%TTTGTGTGG&GCATTTTCTéCGTTTTCGAATTTTTCCAT%TTTGCCATT%TCATGATAT&TTTAGAG
GG%TAAAAAGGGGGCGGTGTTGéGGTGGGGGGGGAGGCACCAAAAACGACTAéCACATGTTTAGTTTACTTT%GCAGTTTCG&TTGCCTG
GC%GCACTCGTTéTGGCCACACéACGCCACTAACCCCCACTGéATGGTCCCCATGCCCCCACéCCTGCCCCC+TGGCCCATG&CCCTGCC
CGéCGTAATATTAATTTTACAC+TGGCCTTTAGTTTGGCTTTéTTGCTGTTG%TGGGCATGGEACAAAAAAGéCCAGACGAAAGGCGAAA
AT%CTCTTTGTT%CATAGTGCGéACACACACTAACACACTTGéCGAGCAATTAATTTTGGCT%TCTTTAAAAATATCCACAAAAGCGAAT
TTAAATAAATAT&CTAAGCTTCATTTTGTGTGéTGCACTTTC%GTTTCCTGAACCATCAATTATGCCTAAGTATTGTAGATAiTTTAGCT

GCCAGATAGCACAGCACCATCCTCCCATAATAATATTCCGTAAATGCCCCTTTTTCCCGTTTTGCGTTTTTAATAATATTTACTTGAAAG
Y R — S hb2

CACAAACAATTAGCCAAAAATGCAGCAACTGCACAATTTTTCAGTGTGAAATTGGAAATGGAAAAAATATAGGCAACAAGCAATTTTAAT
GCGAGAATTATTAGAAAAACTACGCAAATCAAAGTGAAATGTCTGGCGGAAAATTGTTGTCAGGAAAATGTTTTTCAAATGGGTGTGTAA

TAATTATACTGCACATATTATGCATATAGTTTAGTTGGTCCTTAGAGTTTTCCCGCAGGTGTAAGCAGTTCTGATCCGTTAATTTAGTTA
------ da/lsc <-

AGTCCCGCAATCCTTTTTACTTTTTATTATTAACTACGAAACTGCCCACGCTAGCTGCCTACTCCTGCTGTCGACTCCTGACCAACGTAA

TCCCCATAGAAAACCGGTGGAAAATTCGCAGCTCGCTGCTAAGCTGGCCATCCGCTAAGCTCCCGGATCATCCAAATCCAAGTGCGCATA
---> bcd-Al <-

-2

-1:

-72
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ATTTTTTGTTTCTGCTCTAATCCAGAATGGATCAAGAGCGCAATCCTCAATCCGCGATCCGTGATCCTCGATTCCCGACCGATCCGCGAC

. --> -->-444/-440 . . . . . .
AATTGTTCAGTCAGTCACGAGT TTGTTACCACTGCGACAACACAACAGAAGCAGCACCAATAATATACTTGCAAATCCTTACGARAATCC
CGACAAATTTGGAATATACTTCGATACAATCGCAATCATACGCACTGAGCGGCCACGAAACGGTAGGATAT TGTTAGCCATTACCAAGTG

-

TCTCCATTTTGAACACAAAATCACTCAAATCGCCTTCAGGGGGTGGGTGCCGCCCAGCCACCCCTGACGTATTTTTTGTTAGGGGTGGTG

CCGCAAGCACACCAAAAAAAGAGAAAAAAAAAATAAAAGCGAGGAAAAATAAAATGAAAAACAAGCGGAAAAAAAGAGGAAAAAACTCGA
CGCAGGCGCAGTGCATGAATGAATAAATGAATATGCCCACTAACCCCACTCTCTCTGTTTTCTTATCCATTACAGCCGTCTAGAGCCGCC

I-

AAGATGCAGAACTGGGAGACGACAGCCACGACCAACTACGAGCAGCACAACGCCTGGTACAACAGCATGTTCGCGGCAAATATCAAACAG
MetGInAsnTrpGluThrThrAlaThrThrAsnTyrGluGinHisAsnAlaTrpTyrAsnSerMetPheAlaAlaAsnllelysGin
|- box A

GAGCCAGGTCATCATCTCGACGGGAATAGCGTGGCCAGCAGTCCGCGCCAATCGCCCATTCCCTCGACCAATCACCTGGAACAGTTCCTC
GluProGlyHisHisLeuAspGlyAsnSerValAlaSerSerProArgGinSerProlleProSerThrAsnHisLeuGluGInPheleu

AAGCAGCAGCAGCAGCAGCTTCAGCAGCAACCCATGGATACCCTGTGCGCCATGACCCCATCACCCAGCCAAAACGATCAAAACAGCCTG
LysG1nGInG1nG1nGinLeuG1nGInGInProMetAspThrleuCysAlaMet ThrProSerProSerGinAsnAspGlnAsnSerlLeu
|- box B -

CAGCATTACGATGCTAACTTGCAGCAACAGTTGCTGCAGCAACAGCAGTACCAGCAGCATTTCCAGGCAGCCCAGCAGCAACATCATCAC
GinHisTyrAspAlaAsnLeuGTInGInGInLeuleuGInGInG1nGInTyrGInG1nHi sPheG1nAlaAlaGInG1nGlnHisHisHis

CATCACCATCTGATGGGTGGATTCAATCCGCTGACGCCACCTGGTCTGCCCAATCCCATGCAGCACTTCTATGGCGGCAATCTGCGACCE
HisHisHisLeuMetG1yG1yPheAsnProLeuThrProProGlyLeuProAsnProMetGlnHisPheTyrGlyGlyAsnLeuArgPro

AGTCCGCAGCCCACGCCCACATCTGCCTCCACAATTGCGCCCGTTGCAGTTGCCACTGGCAGCAGCGAGAAGT TGCAGGCACTAACACCA
SerProGinPraThrProThrSerAlaSerThrileAlaProValAlaValAlaThrGlySerSerGluLysLeuGlnAlaleuThrPro

CCCATGGATGTCACACCGCCTAAGTCGCCGGCCAAGTCGAGTCAGTCGAATATTGAGCCGGAGAAGGAGCACGATCAGATGTCGAACTCC
ProMetAspValThrProProlysSerProAlalysSerSerGlnSerAsnlleGluProGlulysGluHisAspGinMetSerAsnSer

AGCGAGGACATGAAGTACATGGCCGAGTCCGAGGACGATGATACCAACATCCGGATGCCCATCTACAATTCGCACGGCAAGATGAAGAAC
SerGluAspMetlysTyrMetAlaGluSerGluAspAspAspThrAsnlleArgMetProlleTyrAsnSerHisGlyLysMetLysAsn

TACAAGTGCAAGACCTGCGGCGTGGTGGCCATCACCAAGGTGGACTTCTGGGCGCACACCCGCACCCACATGAAACCAGACAAGATCCTG
TyrLysCysLysThrCysGlyValValAlalleThrLysValAspPheTrpAlaHisThrArgThrHisMetLysProAsplysIleleu

(continued)
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CAGTGCCCGAAGTGCCCGTTCGTCACCGAGTTCAAGCACCACTTGGAGTACCATATCCGGAAGCACAAGAACCAAAAGCCCTTCCAGTGE
GInCysProlLysCysProPheValThrGluPhelysHisHisLeuGluTyrHisI1eArgLysHisLysAsnGInlysProPheGinCys

GACAAATGCAGCTACACGTGTGTCAACAAATCCATGCTAAACTCGCACCGCAAGTCGCACAGTTCTGTGTATCAGTACCGTTGTGCGGAT
AspLysCysSerTyrThrCysValAsnLysSerMetLeuAsnSerHisArgLysSerHisSerSerValTyrG1nTyrArgCysAlaAsp

TGTGATTACGCCACCAAGTATTGCCACAGCTTCAAGCTGCATCTGCGCAAGTATGGTCACAAGCCCGGCATGGTTTTGGACGAGGATGGC
CysAspTyrAlaThrLysTyrCysHisSerPhelLysLeuHisleuArglysTyrGlyHisLysProGlyMetValleuAspGluAspGly

ACCCCGAATCCCTCGTTGGTCATCGATGTTTACGGCACGCGTCGTGGTCCGAAGAGCAAGAATGGTGGACCGATTGCCAGTGGAGGAAGT
ThrProAsnProSerLeuValIleAspValTyrGlyThrArgArgGlyProLysSerLysAsnGlyGlyProlleAlaSerGlyGlySer

GGCAGCGGCAGCCGGAAGTCAAATGTTGCAGCTGTCGCTCCGCAGCAACAGCAATCTCAGCCAGCTCAGCCAGTCGCCACATCTCAGCTG
GlySerGlySerArgLysSerAsnValAlaAlaValAlaProGInGInGInGInSerGinProAlaGInProValAlaThrSerGlinLeu

AGTGCCGCCCTGCAAGGATTCCCTCTGGTTCAAGGCAACTCCGCTCCTCCGGCGGCATCTCCAGTGCTCCCGCTGCCCGCCTCTCCTRLL
SerAlaAlaleuGInGlyPheProlLeuValGlnGlyAsnSerAtaProProAlaAlaSerProVallLeuProLeuProAlaSerProAla

AAGAGTGTGGCCAGTGTGGAACAGACGCCCAGCTTGCCCAGTCCAGCCAATCTTCTGCCTCCTCTGGCCAGCCTTCTGCAGCAGAACCGE
LysSerValAlaSerValGluGInThrProSerLeuProSerProAlaAsnLeuleuProProlLeuAlaSerLeul euGInGInAsnArg

AACATGGCCTTCTTCCCCTACTGGAACCTCAATCTCCAGATGCTGGCCGCCCAACAACAGGCCGCTGTCTTGGCCCAATTGTCGCCAAGA
AsnMetAlaPhePheProTyrTrpAsnLeuAsnLeuGlnMetleuAlaAlaGinGInGInAlaAlaValleuAlaGlnLeuSerProArg

ATGCGAGAGCAACTGCAGCAACAGAACCAGCAGCAGAGCGACAATCAGGAGGAGGAGCAGGACGATGAGTACGAGCGTAAGTCAGTGGAC
MetArgGluGInLeuGlnGInGInAsnGInGInGInSerAspAsnGInGluGluGluG1nAspAspGluTyrGluArglysSerValAsp

TCTGCCATGGATCTGTCCCAAGGAACGCCAGTGAAGGAGGATGAGCAGCAGCAACAACCGCAGCAGCCGCTGGCCATGAATCTCAAGGTG
SerAlaMetAspLeuSerGInGlyThrProVallysGluAspGluGInG1nGInG1nProGInGInProLeuAlaMetAsnLeut ysVal

GAGGAGGAGGCCACGCCTCTGATGAGCAGCTCGAATGCCTCGAGACGCAAGGGACGCGTCCTCAAGCTGGACACCCTGTTACAACTGCGA
GluGluGluAtaThrProLeuMetSerSerSerAsnAlaSerArgArglysGlyArgValleulysLeuAspThrieuleuGinLeuArg

TCGGAGGCCATGACATCTCCCGAGCAACTGAAAGTACCCAGCACACCCATGCCAACTGCATCCTCGCCCATTGCCGGACGCAAACCCATG
SerGluAlaMet ThrSerProGluGinteulysValProSerThrProMetProThrAlaSerSerProlleAlaGl yArgLysProMet

CCCGAGGAGCACTGCTCGGGCACCAGTTCGGCAGATGAGTCGATGGAGACGGCCCATGTGCCGCAGGCCAATACCAGTGCCAGTTCGACG
ProGluGluHisCysSerGlyThrSerSerAlaAspGluSerMetGluThrAlaHisValProGInAlaAsnThrSerAlaSerSerThr

GCGTCCAGCTCGGGGAACAGCTCCAATGCCAGCAGCAATAGCAACGGCAACAGCAGCAGCAATTCCAGCAGCAATGGAACCACCTCAGCG
AlaSerSerSerGlyAsnSerSerAsnAlaSerSerAsnSerAsnGlyAsnSerSerSerAsnSerSerSerAsnGlyThrThrSerAla

GTTGCAGCTCCTCCATCCGGAACTCCGGCGGCGGCGGGTGCCATCTACGAGTGCAAGTACTGTGATATCTTCTTCAAGGACGCCGTGLTC
ValAlaAlaProProSerGlyThrProAlaAlaAlaGlyAlalleTyrGluCystysTyrCysAspllePhePheLysAspAlaValleu

TACACCATTCACATGGGCTACCACAGCTGCGACGATGTGTTCAAGTGCAACATGTGCGGCGAGAAGTGCGACGGACCCGTCGGCCTCTTC
TyrThrlleHisMetGlyTyrHisSerCysAspAspValPhel ysCysAsnMetCysG1yGlulysCysAspGlyProValGlyLeuPhe
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GTTCACATGGCCAGGAATGCTCACTCCTAAGTTCCCCATCACCATCACCTTGTTATTATTATTTATCACTATTATCATATAATCGTTGTC
ValHisMetAlaArgAsnAlaHisSerEnd

CAGAATTGTATATATTCGTAGCATAAGTTTTCCAAACATTATTTTGTTGTCGAAAATTGTACATAAGCCAATTAAGCCGCTAATTCTAGA
CCTAAGTTTATCTAACTATCCTAACTGTATTGAACTGTAGCCACCTTTCAATCTGTCTCCTATACACTCTTGTATTTTCGAAATCGACTA
AAAACCCTGAAAACGGTTTAAAAACTATCATAAATGCATGGAGAAACATAAGCCTAAGTTAAATCTAATTTGTAAGTTGAGTCAAGCGAA

ACAACCAAACAATACCAACAGTCCAAAGTCAAATTAATAAAATATAGTTTATAACATATACATAATGAGTATGTTTTCTAAAATAATTAA

TTAGTCTTATTTAACCTAACATATTCGTATATGCGCATAACACTCAGTTCTTTCTCTGATATTATTCTCTCAGTATTTTGTTAGTTGAAA

GCGAATTCGAATCGAACGAAATCAAATCAAATAAATCCAATTATTCAATATAATTTCACAAGTTTTTCGCTTTTTITTTTGTTGTTAACC
------ 1)
n

TTTTGGCCAATAATGACAATATTTTCGATGCAACTGAAACTGACGAAAGAAGAAGTACAAATTTAGAGATTTTTAAAGAGTAGCTAAGAT

GCGCGAAATCTGAGCAACGGATCAAATTAG 2997

hb SEQUENCE. Strain, Canton S. Accession, Y00274 (DROHBG). Binding sites for
DA/LSC (da, Isc products heterodimer), BCD, HB and KR are indicated by
underlining the short sequences that match the consensus (or its complement) in each
binding site. The presumptive Zn-binding Cys and His residues are underlined.

4. HB-binding sites exist in the knirps (kni) regulatory region (Pankratz et
al. 1992) where HB may act as a repressor at intermediate concentrations, thus
positioning the anterior border of kni expression more posteriorly than the
anterior border of Kr expression (Hiilskamp et al. 1990).

5. HB binds to a bithorax region enhancer (BRE) and thereby represses the
expression of Ultrabithorax in the anterior half of the embryo (Qian et al. 1991).

Tissue Distribution

HB is a nuclear protein localized initially in the anterior half of the embryo. It
does not appear until the hb RNA antero-posterior gradient is apparent (see
below), and thereafter it follows the general distribution of this RNA (Tautz
1988). After gastrulation, HB is detectable in four longitudinal rows of cells
(68 cells per row per segment) that correspond to the first wave of differentiat-
ing neuroblasts (Cabrera and Alonso 1991).

Mutant Phenotype

This gene belongs to the gap class of segmentation genes. In amorphic kb
embryos, gnathal and thoracic segments are absent, and there are abnormalities
in abdominal segments 7 and 8; it is an embryonic lethal (Niisslein-Volhard
and Wieschaus 1980; Ingham 1988).

2337

(758)
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2517
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Gene Organization and Expression

Open reading frame, 758 amino acids. There are three mRNAs: the two
transcribed from a proximal promoter have an expected size of 2,996 and 3,000
bases, and the third, transcribed from a distal promoter, has an expected size
of 3,348 bases. These expected sizes are consistent with the two RNAs of
approximately 2.9 kb and 3.2 kb detectable by northern analysis. Of the three
transcription initiation sites, the most upstream was deduced from Southern
analysis and sequence features while the other two were defined by S1 mapping
and sequence features (hb Sequence and Fig. 16.1) (Tautz et al. 1987).

The two proximal initiation sites are under the control of a single promoter
included within the leader intron of the distal transcription unit that extends
between — 3,170 and — 18. The proximal transcripts have leader introns that
extend between —300 and — 18. There are no introns in the coding region
(Tautz et al. 1987).

The 3" end was deduced from Southern analysis and sequence features. All
transcripts have the same protein-coding capacity (Tautz et al. 1987).

The proximal breakpoint of the deficiency Dfi3R)p-XT104 is within the
transcribed region and transcription is toward the centromere (Tautz et al.
1987).

Developmental Pattern

Overall, expression of hb is restricted to oogenesis and the first 8 h of embryonic
development.

The distal promoter is first expressed during oogenesis, and the mRNA
persists after fertilization. The 3.2 kb maternal RNA is uniformly distributed in
newly laid eggs. Between the 8th and 11th rounds of embryonic nuclear divisions
(Appendix, Fig. A.1), an anterior -posterior gradient develops, probably by
differential degradation, and under the control of oskar (Tautz et al. 1987; Tautz
1988).

The first embryonic expression of hb is from the proximal promoter, and it
starts at the 11th or 12th nuclear divisions under the control of the bicoid gene
(bed) product (BCD). A combination of threshold effect and BCD gradient
leads to uniform transcription of the 2.9 kb RNA in the anterior 45% of the
embryo, with a sharp posterior boundary. Initiation of transcription by the
proximal hb promoter is one of the earliest transcriptional events in embryo-
genesis. After cycle 14, with the beginning of gastrulation, the 2.9 kb RNA

hb-d hb-p

Bl

8 kb

Fic. 16.1. Gene organization
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disappears (Driever and Niisslein-Volhard 1988, 1989; Schréder et al. 1988;
Struhl et al. 1989).

Beginning at cycles 13-14 the 3.2 kb RNA is transcribed in a band at
approximately 53% egg length (Appendix, Figs A.2 and A.3) and in a region
of the embryo that corresponds to abdominal segments 7 and 8. During
gastrulation, the spatial distribution of the 3.2 kb RNA increases in complexity;
and after germ band extension, it becomes undetectable (Tautz et al. 1987;
Schréder et al. 1988).

Promoter

A 1.5-kb segment of DNA upstream of the distal transcription initiation site is
insufficient for correct expression of the 3.2 kb transcript. On the other hand,
a considerably smaller segment, one that extends between 50 and 300 bp
upstream of the proximal site of transcription initiation is sufficient for correct
developmental expression of the 2.9 kb transcript (Schrdder et al. 1988; Driever
and Niisslein-Volhard 1989). The active core of the proximal promoter is a
100 bp segment that extends between — 540 and — 640 bp (Struhl et al. 1989),
although some binding sites for the homeodomain protein BCD, as well as for
the finger proteins HB and KR, are found further upstream in the proximal
promoter region (hb Sequence).

The consensus sequence of the BCD-binding sites is TCTAATCCC. While
the central TAAT seems to be the most conserved element (Driever and
Niisslein-Volhard 1989), the terminal CCC is important for discrimination
between the BCD and Antennapedia homeodomains (Hanes and Brent 1991).
Transcription from the proximal promoter in the posterior half of the embryo
is repressed by KR, for which there are two binding sites in this promoter
(Treisman and Desplan 1989; Licht et al. 1990). The existence of numerous
binding sites for hb product (hbl-hb8) seems to indicate that this gene is also
autoregulated (Stanojevic et al. 1989; Treisman and Desplan 1989).

At —847 there is a binding site for heterodimers of the helix-loop-helix
proteins DA (daughterless) and products of the achaete-scute complex. This site
may be responsible for activation of hb in neuroblasts, an activation that
requires the lethal of scute product (Cabrera and Alonso 1991).
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The Heat-shock Gene Cluster at 67B:
Hsp22, Hsp23, Hsp26, Hsp27, HspG1,
HspG2, HspG3

Chromosomal Location: Map Position:
2L, 67B 2-[28]
Synonyms for HspG1, HspG2 and HspG3: Genel, Gene2 and Gene3

Products

Small heat-shock proteins (HSPs): proteins of 22, 23, 26, and 27 kD, and three
other small heat-inducible proteins.

Structure

The small HSPs of Drosophila are thought to be homologous to those of many
other species, from bacteria to mammals and higher plants. Although diverse
in sequence, they all share the following features: (1) heat-inducibility; (2) some
structural characteristics; and (3) the ability to form polymeric aggregates. In
some species, Drosophila included, these proteins are phosphorylated and
associated with RNA (see Lindquist and Craig (1988) for a review).

The polypeptides encoded by six of the genes in this cluster (HspG2 is the
exception) have two regions of similarities: (1) the 15 N-terminal amino acids,
a hydrophobic segment with some resemblance to signal peptides; and (2) a
segment of approximately 108 amino acids near the C-terminus with sequence
similarities that range between 45% and 75%. In the latter segment, the first
83-amino-acid stretch matches approximately 509 of the mammalian o-
crystallin B2 chain; in HspG3, the crystallin-like region is only 50 amino acids
long (Fig. 17.1) (Ayme and Tissiéres 1985; Ingolia and Craig 1982; Southgate
et al. 1983; Pauli and Tonka 1987). The sequence similarities exhibited by these
six genes, their uniform lack of introns, and their clustering, suggest that they
are evolutionarily related to one another.

17
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FiG. 17.1. Comparison of six of the sequences in the 67B cluster. A residue is indicated in the CON(sensus) if
three or more polypeptides agree in that position.
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Function

The specific function of small HSPs is unknown, but they seem to protect cells
from heat damage. An extensive mutagenesis screen focused on the 67A-D
region failed to uncover mutations in any of the small HSP genes. This failure
and the sequence similarities among the genes in the cluster suggest functional
equivalency and redundancy (Leicht and Bonner 1988).

HSP27 is localized in nuclei (Beaulieu et al. 1989). During development, the
level of this protein parallels the transcription profile of Hsp27 (Arrigo and
Pauli 1988).

Organization and Expression of the Cluster

The seven heat-inducible genes are clustered within 13-14 kb (Fig. 17.2).

In the absence of heat shock, all seven genes are expressed late in the third
larval instar and during early pupation under the control of f-ecdysone
(Thomas and Lengyel 1986). The level of expression is not uniform for the
various genes: Hsp23 is the most active gene; Hsp26, Hsp27, HspG1 and HspG3
are intermediate in activity and Hsp22 and HspG?2 are the least active (Sirotkin
and Davidson 1982; Mason et al. 1984; Ayme and Tissieres 1985). The seven
genes are also expressed individually at other times in development.

All seven genes respond to heat shock (optimal temperature 35-36°C) at
every stage of development except for early embryogenesis (Zimmerman et al.
1983), with HspG2 response being lower than that of the others.

Transcriptional response to heat shock depends on the presence of at least
two copies of a short, nearly palindromic sequence known as the heat-shock
element, hse: CTNGAANNTTCNAG (Pelham 1985). In different genes, the
position of the hse’s varies considerably; their effect is independent of position
so long as they lie within several hundred bp of the TATA box (see Hsp70).

Hsp22
Gene Organization and Expression

Open reading frame, 174 amino acids; expected mRNA length, 957 bases.
Primer extension and S1 mapping were used to define the 5’ end. S1 mapping
was used to define the 3’ end. There are no introns (Hsp22 Sequence)

Hsp27 Hsp23 HspG1 Hsp2b Hsp22 HspG2HspG3

12 kb

F1G. 17.2. Cluster organization
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Hsp22

GAATAAATGAAGATTTTAATATTAATAGCTAAAAAAAAACAGAAAACTTAAATTATTTGTTAATATTAAGCTGTATTTTTCATATATCTC
------ I(A)n Gene2
. . HindII1 . . . . . .
AAGTTCTAGACTGCCCATGCAAGCTTATCAATACACACACGTATACACTCGCACTCAGAAAGCTGTGCACTCCCACAAAACTCTCTCTCC

CACTCTCTAATCGAGCTCTCTCAATGTGTCTCTCTGCGTATGGAAACTGACCTTCCCCAAGGCGCAACAGCGAGAGAGAACTTCGCTAAA

TGCTAAAATAAAAGGTAAATAAAGTAATATTTGGACACCCAGAGAGCCCCAGARAC TTCCACGGAGT TCGC TAAAGAACAGTGAACAACE
- == —-- - hse3

CCTAACTABATGCCATTGCCCGATTTCAGGCAAAGCGGAAAAT TGCATCAGCARAGGECGAAGAAAATTCGAGAGAGTGCCGGTATTTTC
—— e - hse2 - - - ---
. : . . : : -->-250 .
TAGATTATATGGATTTCCTCTCTGTCAAGAGTATAAATAGCCACCGGTTGGACACTACGCTCTCAGTTCAAAAAAACCAAACCAACTGCT
-~ hsel iz

AACAACTCGAAGAAAGTCAACTAAATTAAAATTTCGCCAGCTAAATAGAAATTTCATACGATTGAAACCTCAGACAACAAGATTATCTTC
GAAACATAGAGGAAAAATTTAAAAAAAAAGCCAAGAAGTATTTCAAAGATAACAATTGGACGGAATTTCATCAAATTATTCGAATTTGCA

TAAGAAGCTTTATTTGGAAAAACCCAAGTTACCTTATCAACTACAATGCGTTCCTTACCGATGTTTTGGCGGATGGCCGAGGAGATGGCA
MetArgSerLeuProMetPheTrpArgMetAlaGluGluMetAla

CGGATGCCACGCCTCTCCTCGCCCTTTCACGCCTTCTTCCACGAGCCGCCCGTTTGGAGTGTGGCGCTACCGAGGAACTGGCAGCATATT
ArgMetProArgleuSerSerProPheHisAlaPhePheHisGluProProVal TrpSerValAlaleuProArgAsnTrpGinHisIle

GCCCGCTGGCAGGAGCAGGAGTTGGCTCCGCCGGCCACCGTCAACAAGGATGGCTACAAACTCACCCTGGACGTCAAGGACTACAGCGAG
AlaArgTrpGInGluGinGluleuAlaProProAlaThrValAsnLysAspGlyTyrLysleuThrLeuAspVallysAspTyrSerGlu

CTGAAGGTCAAGGTGCTGGACGAGAGCGTGGTCCTGGTGGAGGCAAAATCGGAGCAGCAGGAGGCCGAACAAGGTGGCTATAGTTCCAGG
LeuLysVallysValleuAspGluSerValValleuValGluAlalysSerGluG1nGInG1uAlaGluGInGlyGl yTyrSerSerArg

CACTTCCTCGGCCGATACGTTCTGCCGGATGGATACGAGGCGGACAAGGTGTCCTCGTCGCTGAGCGACGACGGCGTTCTGACCATCAGT
HisPheleuGlyArgTyrValleuProAspGlyTyrGluAlaAsplysValSerSerSerLeuSerAspAspGlyValLeuThrIleSer

GTGCCCAATCCTCCAGGCGTGCAGGAGACACTCAAGGAGCGTGAGGTGACCATCGAGCAGACTGGCGAGCCGGCAAAGAAGTCCGCCGAG
ValProAsnProProGlyValGInGluThrLeulysGluArgGluValThrIleGluGInThrGlyGluProAlalyslysSerAlaGlu

GAGCCAAAAGACAAAACCGCCAGTCAGTAGAAATAAGT TGAGATTATACTAAAACCGATAAAATGCTAGTGAACTCCTATGTTTAGATAT
GluProLysAspLysThrAlaSerGinEnd

TCCAAAACCTATCAAATTTAAGTTCTTGTTAAATTAACAAGTTAATTTTAAAACAATTGTGATTCGGTAGCCCGCAAGCCCAATAATTTT

ATTTAGAAGAAAATAAATATTTGAAAAGACTATGATCAARATATTTACTTTNATTGGT TGGGTTGGGAACACATTTGATATGGATAGTAT
------ TOR

TATAGATTATTATATATATCTGTCAAGTCT 795

Hsp22 SEQUENCE. Strain, Oregon R. Accession, J01098 (DROHSP671). Dashes
underline bases that match the consensus hse sequence. HspG2 is immediately
upstream of Hsp22: its poly(A) signal (— 763) and last poly(A) site (— 702) are indicated.
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(Holmgren et al. 1981; Ingohia and Craig 1981, 1982; Southgate et al
1983).

Developmental Pattern

Hsp22 is expressed in the third larval instar and, at barely detectable levels, in
early pupae (Mason et al. 1984).

Promoter

A 209-bp segment upstream of the transcription initiation site (to position
—458) includes three hse’s, and is necessary for full developmental and
heat-inducible expression, as was demonstrated by study of 5 deletions
(Klemenz and Gehring 1986). These studies also suggest that the segment
between —443 and —383 is involved with hormonal induction. The first
26 bp of the leader seem to be important for transcription and for the
preferential translation of Hsp22 mRNA at high temperature (Hultmark et al.
1986).

Hsp23
Gene Organization and Expression

Open reading frame, 186 amino acids; expected mRNA length, 874 bases.
Primer extension and S1 mapping were used to define the 5’ end. S1 mapping
was used to define the 3’ end. There are no introns (Hsp23 Sequence) (Holmgren
et al. 1981; Ingolia and Craig 1981, 1982; Southgate et al. 1983).

Developmental Pattern

Hsp23 is expressed in late third instar larvae as well as in early pupae, when
it is the Hsp gene that is most abundantly transcribed. Hsp23 transcript
reappears transiently in newly eclosed adults (Mason et al. 1984; Ayme and
Tissiéres 1985).

Promoter

Deletion analysis of the promoter region suggests that heat inducibility is
controlled by a segment of the promoter region between —260 and — 729. This
segment includes five of the six hse’s that occur within the promoter (Pauli et
al. 1986). A segment between —250 and —490 is responsible for ecdysterone
induction (Mestril et al. 1986).
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Hsp23

TTTCCCCACTACAGAGCCCCATTCTTGGATATTAATTAAAGTTAATAGCTTAAATGCCAGGCCATAAAAAGAAGAACTGTTCTGCTGTCT

CGAAGTTTCGCGAATTTACTCCATCCTTCGTGGAATATACTCCAACCTTCCTATCTGCTATGTATGTACATACATACGTGCTTACATACG
- ==~ - hse6 - - - - hseS -- -- --- hsed

TACATCTATACATACACATAATATTTGCCGGTGCTGATGCGACTTATCACTCCACCAGGCCTTTTCATTCCCACTCCCCTAGGAGATTGE

TCATTTTCCATAGCGATACTCTCACTTTCAATGGCAGATAATGCGTAATTGCGGCAAATTCGAGAACTCTGCGATATTTTCAGCCCGAGA
== - --- - hse3 e hse? - -

AGTTTCGTGTCCCTTCTCGATGTCGATGTTTGTGCCCCCTAGCACACAGACACGACGCGCACACACACAGCGCCGACGGGCGCCGCACAC
- --- - hsel

. . . . . -->-111 . .
TTCGACAGCAAGCGGTTGTATAAATATCCGGCACTTTCGTGCAACCGGCGTCAGTTGAATTCAAAAAGCCAAAGCGATAACAGCTAAAGC

GAAAGTAACCTATTAACAAAAGAAGTTTATTCTT TGAAGGAGGAGAATCATCTTGAAGCAATTAAAAAACAAAAATGGCAAATATTCCAT
MetAlaAsniieProl

TGTTGTTGAGCCTTGCCGACGATTTGGGCCGAATGTCGATGGTGCCCTTCTATGAGCCCTACTACTGCCAGCGCCAGAGGAATCCCTACT
eulLeuleuSerLeuAlaAspAspleuGl yArgMetSerMetValProPheTyrGluProTyrTyrCysGInArgGlnArgAsnProTyrl

TGGCCCTGGTTGGACCGATGGAGCAGCAGCTGCGCCAGCTGGAGAAACAGGTGGGCGCCTCGTCGGGATCGTCGGGAGCCGTGTCGAAAA
euAlaLeuValGlyProMetGluGInGInLeuArgGInLeuGlulysGTnValGlyAlaSerSerGlySerSerGlyAlaValSerlys!

TCGGAAAGGATGGCTTCCAGGTCTGCATGGATGTGTCGCACTTCAAGCCCAGCGAACTGGTGGTCAAAGTGCAGGACAACTCCGTCCTGG
1eGlylysAspGlyPheGinValCysMetAspValSerHisPhelysProSerGluleuValVallysValGlnAspAsnSerValleuV

TGGAGGGCAACCATGAGGAGCGCGAAGATGACCATGGCTTCATCACTCGTCACTTTGTCCGCCGCTATGCTCTGCCACCCGGTTATGAGG
al61uGlyAsnHisGluGluArgGluAspAspHisGlyPhelleThrArgHisPheValArgArgTyrAlaleuProProGlyTyrGluA

CTGATAAGGTGGCCTCCACCTTGTCCTCCGATGGTGTCCTGACCATCAAGGTGCCCAAGCCACCGGCAATCGAGGATAAGGGCAACGAGC
laAspLysValAlaSerThrieuSerSerAspGlyValLeuThrIlelLysValProlysProProAlalleGluAsplysGlyAsnGluA

GCATCGTTCAGATCCAGCAGGTGGGACCCGCCCATCTCAATGTGAAGGAGAATCCCAAGGAGGCGGTGGAGCAGGACAATGGCAACGATA
rglteValGInlleGInGInValGlyProAlaHisLeuAsnVallysGluAsnProlysGluAlaValGluGlnAspAsnGlyAsnAspl

AGTAGAGGACTCGTTCCGGGAGATGCCCTGCATTATTTAACCATTATCAAAGTCATACATCTGTTTTATAAGCTGTAGTTATCCAAGGAC
ysknd

ACTTCACTCATACACAATAGCCATTAAGGGTGTCCTGCTTTAATCTTAGTTTGGAATATGTATTACTAAAT TGGCGAAATTAATATTACC

CATAAAAATAAATAACAAGTACACTTACTTATAATTGTGTTTGGTCTGTTTTTCTGGTTGGTTATGGGTTACTATTACTATTACTATTAC
------ [ (A)
n

TTCGGGAATTGTTTGGGTAGCTCGGCCCTTTTTCCTGTGATCCCGGTTCTAGATTTACTTTCTGCATTGTATATTGCATTGTTGTGTCAC
GTAAAATGGCATTTTTATTTAATTGTTGTTTGTGTACATAACTGACTTTTTACATTACTTCGGTAAAGAGTCTTGAAGCTATGAATGTAA

GGAACTCCAGTCAAGGTTAAATCCTTATGTAAAGCATGCATAAGTACATCATGTACATACATACGTACATAAAAATATACATCCCTTTTC
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Hsp26

Gene Organization and Expression

Open reading frame, 208 amino acids; expected mRNA length, 949 bases.
Primer extension and S1 mapping were used to define the 5" end. S1 mapping
was used to define the 3’ end. There are no introns (Hsp26 Sequence) (Hoimgren
et al. 1981; Ingolia and Craig 1981, 1982; Southgate et al. 1983).

Developmental Pattern

In addition to being expressed in late third instar and early pupae, this gene is
active in ovarian nurse ceils in egg chambers at stages 7-10; the transcripts are
transferred to the oocyte where they persist until the blastoderm stage of
embryogenesis (Zimmerman et al. 1983; Mason et al. 1984). Hsp26 promoter
expression in several other tissues, including spermatocytes was detected using
lacZ as a reporter gene (Glaser et al. 1986).

Promoter

The effects of partial promoter deletions on Hsp26 gene expression, as well as
the localization of DNA-binding proteins suggest that hsel-2 and hse6 (Hsp26
Sequence) are the cis-acting sequences responsible for heat-inducible expression
of Hsp26 (Cohen and Meselson 1985; Pauli et al. 1986; Simon and Lis 1987,
Thomas and Elgin 1988). Nuclease protection studies identified (1) a constitu-
tive footprint overlapping the TATA box and a fixed-position nucleosome
between hse1-2 and hse6 (Thomas and Elgin 1988) and (2) a footprint produced
by the GAGA-binding factor that extends from —312 to — 264 (Gilmour et al.
1989).

Further upstream, from —704 to —534 there occurs a cis-acting region
necessary for ovarian expression. All of the necessary information for ovarian,
larval, pupal and heat shock expression is contained within the segment —910
to —169 (Cohen and Meselson 1985). Within that segment, two copies of the
ovary-specific regulatory sequence (—704 to —534) are required to stimulate
transcription of a basal-promoter/reporter-gene. Stimulation is very specific to
the nurse cells and oocytes in egg chambers from stage 6 onwards. Footprinting
experiments with ovarian nuclear proteins identified two binding sites in this
171-bp fragment (onfla and onf2a in the Hsp26 Sequence). Integrity of these
sites is required for maintenance of the regulatory activity of the 171-bp

Hsp23 SEQUENCE (opposite). From —613 to 995: strain, Oregon R. Accession, JO1100
(DROHSP673) with additions from Pauli et al. (1986) (see also V00210, DROHS09).
From 996 to 1461, strain, Canton S, Hoffman and Corces (1986). Dashes underline
bases that match the consensus hse sequence.
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Hsp26
Pstl . . . . . . .
TGCAGCAAAACCGAGGAACTGGCCAAGTGAAGTCGAACTAAAAGAAAGAACATAAATAGTAATTAAGACAAAATAATAATCTGCACGGGT
[ (&), (minor) Genel

AGGCGTGCGTTTTATTCCATACGTGTTTCTTGTGGTTTTCTTTTCTTGCATTTCACACAAAAAAAAAGAAGCGAGAAAGCTGACGGGARA

CAAAGTAAAACTTAAAGACAGAAACACGAAATAATGTACTTAATAAAGAGGAAAACCAGAATAAAAAAAACTGACGTTTTGTTTTGTTGC
------ 1(A), (mad)

CGTTAGCCGGCTRTTTCTTTTGCGCTCTTTCTAGAAAATTGCAACAACTCTCTAGAAACTTCGGCTCTCTCACTCATACAGGCGCACTAG
----- -- - hse] -- --- --- hseb
|- f6 -1

CTCTGCTTTTGCGCGTACGACAACAACTACTTTAAAATTTCTCGAAACTCATGGCATTTATTGGGAAAGGTTAGTTAGTTTTATTTTTTG
- mm e e ~ - hse4-5

TTTTTAGAGCAGCATTCAATTTAGACTTTTATAAAAGAAATTTCTAATTTGATCCCTCGTTTATCAAACGATACAAAGCTATATTCATAA
--- --- hsel

TTTTITCTCTCTGTGCACGTTCTCTCTCTTCTCTTCTCTCTCTCTACTCTTTCCTTTTTCTGTCACTTTCCGGACTCTTCTAGAAAAGCT
S S
|- GAGA protein -1 |- f1-2 -|

. . . . -->-183 . . .
CCAGCGGGTATAAAAGCAGCGTCGCTTGACGAACAGAGCACAGATCGAATTCAAAAATCGAGCAGTGAACAACTCAAAGCAACTTTGCGC

AAAAGCAAAACTTCAAACGAGAAAAAAAAGGATTAAAAACCTTTGCTTACAAGTCAAACAAGTTCATTCAACTTAACCAAAGAAAAAATA

TTTCAATCTCGCAAAAGGAACATAACCTAAAGGAAACGTAAAAATGTCGCTATCTACTCTGCTTTCGCTTGTGGATGAACTCCAGGAGCC
MetSerLeuSerThrLeuleuSerLeuValAspGluleuGInGluPr

CCGCAGCCCCATCTACGAGCTTGGACTGGGATTGCATCCGCATTCCCGCTACGTGCTGCCCCTTGGCACTCAGCAGCGCCGTTCCATCAA
oArgSerProlleTyrGlulLeuGlyleuGlyLeuHisProHisSerArgTyrValleuProleuGlyThrGinGInArgArgSerlleAs

CGGATGCCCTTGCGCATCGCCGATATGCCCATCGTCGCCCGCCGGCCAGGTTTTGGCTTTGCGGCGCGAGATGGCCAACCGCAACGACAT
nGlyCysProCysAlaSerProlleCysProSerSerProAlaG) yGinValleuAlaleuArgArgGluMetAlaAsnArgAsnAspl]

TCACTGGCCGGCAACCGCCCATGTGGGCAAGGATGGATTCCAGGTGTGCATGGACGTCGCCCAGTTCAAGCCCAGTGAGCTCAACGTGAA
eHisTrpProAlaThrAlaHisValGlyLysAspGlyPheGInValCysMetAspValAlaGlnPheLysProSerGluLeuAsnVally

GGTGGTGGACGACTCCATCTTGGTCGAGGGCAAGCATGAGGAACGCCAGGACGACCATGGTCACATCATGCGCCACTTTGTGCGCCGCTA
sValValAspAspSerIleleuValGluGlyLysHisG1uGluArgGInAspAspHisGlyHis11eMetArgHisPheValArgArgTy

CAAGGTTCCCGATGGCTACAAGGCGGAGCAAGTGGTCTCGCAGCTGTCGTCGGATGGCGTGCTCACCGTCAGTATTCCCAAGCCGCAGGL
rLysValProAspGlyTyrLysAlaGluGInValValSerGlnLeuSerSerAspGlyValteuThrValSerlleProlysProGlnAl
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CGTCGAGGACAAGTCCAAGGAGCGCATCATTCAAATTCAGCAAGTGGGACCCGCTCACCTCAACGTTAAGGCAAATGAAAGCGAGGTGAA 587
aValGluAsplLysSerLysGluArgllelleGinl1e6I1nGInValGlyProAlaHisLeuAsnVallysAlaAsnGluSerGluVally (196)

GGGCAAGGAGAACGGAGCACCCAACGGCAAGGACAAGTAAAGGAGCCATCATCATCCAACATCATCCATCATCATTCCCCTACTTAATTG 677
sG1yLysGluAsnGlyAlaProAsnGlyLysAsplysEnd (208)

TTCCTAATTTATTGCATTGTATTTGTAATGAGCTAAAGACTAGAATACTCATATTAATTTAATAAATCCTTTTGTTCACCTGGTGTGGAA 767
------ TOR

AA;TAAAATTGT%GCGACTTTTéTATATGAAAéTTGGTTTTTéAAAGAGGCAAATATTTGGAAATCGATCCGAAGATTTGAA%TGGGCGC 857

GAéGAGGTGAAGACCCATTCGTAAACACCAGT&TTTCTACCAAATATTTATTéCGCATTTATiATATCAACTACGGGTACAA%TTGTATT 947

TTATTTATGTTTéAATCCAATT%AAATGTTCGéCTGCAATTGéTTGGTGTCCéAAAATAGTTéACCTTGAGT%AGGCGCATT&GATGGTT 1037
GGéATTTGGGTT%GGTAAACACACATTCACTG&TTGCCTTCC%GATTTCTGAéACATGGTCCACTATTTCCAéGGCAGGGCCAGCTTTCC 1127
GG}TTCATGAACéCGGACCAATéTCTCTCCGGéCGTGTAGTAETTGGCTGGCéGCGGTGGTGéAGCCTTGATéGTGAGGATGéCATCGCT 1217
GGATATGTCCGAéATTACCTCA%TGGCATTGTATCCGCGGGG&AGAAGGTAC%TCCTCACAAAGTGCCGCTCéACTAGGCCA%TGGAACC 1307
CTéGTCGCGACGATTGTGATTTéCCTGGACGA%GACATAGTCéTCATTGGTT%TGACCACAA%GTCGTGGGGATGAAATTGT&GTATCGA 1397

T 1398

Hsp26 SEQUENCE. Strain, Oregon R. The segment —672/1,398 is from GenBank:
Accession, J01099 (DROHSP672), as modifed by Thomas and Elgin (1988) (see also
X03890, DROHSP26G). The segment —942/—839 is from HspGl Sequence. The
segment —838/—673 was kindly supplied by R. S. Cohen. Dashes underline bases
that match the consensus hse sequence. fT is the footprint associated with the TATA
box; f1-2 and 6 are footprints associated with hse’s. The onf’s are ovarian-nuclear-
factor binding sites. The polyadenylation sites of HspGI are indicated.

fragment. Second copies of these binding sites occur at — 798 (onflb) and —474
(onf2b). The nuclear factors that bind to onfl and onf2 are ovary-specific
(Frank et al. 1992).

Hsp27
Gene Organization and Expression

Open reading frame, 213 amino acids; expected mRNA length, approximately
1 kb. Primer extension and S1 mapping were used to define the 5 end. The 3’
end has not been defined. There are no introns (Hsp27 Sequence) (Holmgren
et al. 1981; Ingolia and Craig 1981, 1982; Southgate et al. 1983).
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Hsp27

CGGCAAACATGAGGAGCAGCACGAAGCGAGACAAGGGTTCAATGCACTTGTCCAATGAAAATACAAGCTCTGTTGCACTCTGAAAAGACT
GCTTTTAAAAGCGCGATAAGAGAAGAAAATGTTTTAAATAAATACATATATCTGCATATATACGTACATGTACATATGTATGTACTGCAT
TTTAACTGTTCGTTTTGCTTTTTATTCGCAAAGAGAAACTCCCAGAAAAGAAATGTCAAGAAGTTTCTGGTTCTTTCTCCCTCTCTCTAT

hseS === - - - === == --= == - hse3-4

GAAAAGCCGCTGTGCCAGAAAGAGCCAGAAGATGCGAGAGARAACTGTTTGT TGAAT TACGGGGCGTATTCAAAGGEGC T TTTAAATGTC
- ee- - -eo - - - hsel-2

GCTTAAATTTTAAGTTTGACAGGCTAATAATTGCTTGCCTATATCTAAATATTATTATATTTGCATTAGGGGATCATAGGGAAAACCTTC

TCTGCAGGCAAAATCTAACGAAGATGGCAACCCCCCATCATTTTATTAAAGTTCCGTCCCTGGTTGCCATGCACTAGTGTGTGTGAGCCC
. -->-118

AGCGTCAGTATAAAAGCCGGCGTCAACGTCGCCCGAGCACAGTCTAAACTGAAAAAT TGAAGGCAAACGTTGAAGCAAACTTCGCTAAAA

AAATTCGAAAAAGCAAAAAAAATTCCTTTGTCTAGACAGGGT TGTGAATAAAGAGAAAAAAAATCAAAAATGTCAATTATACCACTGETG
MetSerIlelleProlLeuleu

CACTTGGCCCGGGAGTTGGATCATGACTACCGCACCGACTGGGGGCATTTGCTGGAGGATGACTTCGGTTTTGGCGTCCATGCCCACGAT
HisLeuAlaArgGluLeuAspHisAspTyrArgThrAspTrpGl yHisteul euGluAspAspPheGlyPheGlyValHisAlaHisAsp

CTGTTCCATCCGCGTCGCCTGCTACTGCCCAACACCCTGGGACTGGGTCGTCGTCGTTATTCGCCGTACGAGAGGAGCCATGGCCACCAC
LeuPheHisProArgArgleuLeuleuProAsnThrLeuGlyLleuGlyArgArgArgTyrSerProTyrGluArgSerHisGlyHisHis

AATCAAATGTCACGTCGCGCGTCGGGGGGTCCAAACGCTCTGCTGCCCGCCGTGGGCAAAGATGGCTTCCAGGTGTGCATGGATGTGTCG
AsnGInMetSerArgArgAlaSerGlyGlyProAsnAlaleuleuProAlaValGlylysAspGlyPheGInValCysMetAspValSer

CAGTTCAAGCCCAACGAGCTGACCGTCAAGGTGGTGGACAACACCGTGGTGGTAGAGGGGAAGCACGAGGAGCGCGAGGACGGCCATGGA
GInPhelysProAsnGluLeuThrVallysValvalAspAsnThrValValValGluGlyLysHisGluGluArgGluAspGlyHisGly

ATGATCCAGCGTCACTTTGTGCGCAAGTATACCCTGCCCAAGGGCTTTGACCCCAACGAGGTAGTGTCCACTGTCTCATCCGACGGTGTG
Met11eGInArgHisPheValArglysTyrThrLeuProl ysGlyPheAspProAsnGluValValSerThrVal SerSerAspGlyVal

CTGACCCTCAAGGCCCCGCCGCCGCCCAGCAAGGAACAGGCCAAGTCGGAGCGCATTGTCCAGATCCAGCAAACGGGGCCTGCCCATTTG
LeuThrLeul ysAlaProProProProSerlysGluGinAlalysSerGluArglleValGinlleGInGInThrGlyProAlaHisleu

AGCGTCAAGGCACCGGCACCCGAGGCTGGCGATGGAAAAGCCGAAAATGGCAGCGGCGAGAAAATGGAGACTAGCAAGTAAAAGACGAAA
SerVallysAlaProAlaProGluAlaG) yAspGlyLysAlaGluAsnGl ySerGly6lulysMetGluThrSerLysEnd

AGAGGAAGAAGACTAGGAGATGAAGAAGACGAGAAGAGGAAGAAGACTAGAAGAGGAAGAAGTCGTGAAGGAGGAAGAAGACGACGAGAT
TCGCTGGCGAAGCACGAGAGAAAGAAGAATTTAAAAGAAGAAACGGGAGTGTTGCCGCGCTGCTCGGAGAGAGCAAGACTAAAAAGGACA
CACCACAACACACCCAATGTATTACATTCACACACATCACATCATTACATCATCATCATAACATCCTAGACTAAGTGATTTTAAACTCCA

TTTATCATAATGCATAAAAAAAACAAAATTTT 953

_604

_514

-421

-33|
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_151

-6%
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(7}

111
(37)
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(127
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561
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651
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741

831
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Developmental Pattern

The pattern of expression during late third instar, early pupal stages and
oogenesis is similar to that of Hsp26 (Zimmerman et al. 1983; Mason et al.
1984).

Promoter

Studies of 5’ deletions established that the 579 bp upstream of the transcription
initiation site {to position —696) are sufficient for full response to induction
by ecdysterone (late third instar expression) or heat. The effect of the two
treatments is mediated by two independent regions of the promoter: the
hormonal-response segment extends from —696 to —572, and the heat-
induction segment from positions —486 to —345. This latter segment includes
five hse’s in two clusters (Riddihough and Pelham 1986; slightly different results
were reported by Hoffman and Corces 1986). The positions of the hormonal
and heat-inducible regulatory regions are well correlated with DNase hyper-
sensitive sites (Costlow and Lis 1984).

HspG1
Gene Organization and Expression

Open reading frame, 238 amino acids; from the major 5 end (at —92), the
expected mRNA lengths are 1,423 and 1,904 bp, in agreement with bands of
1.6 and 1.9 kb seen in gels (the 1.9 kb band is the stronger). Primer extension
and S1 mapping were used to define the 5 ends. S1 mapping and cDNA
sequences were used to define the 3’ ends. There are no introns (HspGl
Sequence) (Ayme and Tissieres 1985; Vazquez 1991).

Developmental Pattern

HspGl is expressed in late third instar larvae, in white pupae and in freshly
eclosed adults (Ayme and Tissieres 1985). Heat shock causes a weak response
in embryos and adults but a 10100 times stronger response in pupae. This
developmental response seems to be hormonally controlled, because cells in
culture respond much more strongly to heat shock if ecdysterone is present
(Vazquez 1991).

Hsp27 SEQUENCE (opposite). Strain, Oregon R. Accession, J01101 (DROHSP674) as
modified by Riddihough and Pelham (1986). This sequence follows immediately after
position 1,461 in the Hsp23 Sequence (Hoffman and Corces 1986). Dashes underline
bases that match the consensus hse sequence.
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HspGl
TTTTA+TACTATGTAéAAGGGGGCA+CTCGTACGCAGCATGCTCTéAAGTTTTGC%CTTTCCGAC%GCAGCTGGCATATACACCA%ATCA
ATACAAACATACTATA%AATATAATA%ATGGCCATA&AGAATTGTA}CCCGCAGCTéAGTTCGGGGéCCCAGTAAAfTTTTAGCAAAGTC
TCCACTéTCTGGCCTCéGTCTGGATG+TGTTGGTGT%GTTGTTGTT%TTTGCATTT%GGAGCTTTTéAACCGGTTGéCATCGCTTGéACT
TeecTA}GTAAcCAcAfAceAArcCAécAATATCATéATcArcTeT6TGGCAGGGTACATACATATéTATGTAGATACAAATGTATATec
CGACAC&ATATGTATGéTTGCCCCAGACGCTGTCAC%GCGCATGTT%ACGCGACGC&GGTTGCCAA%CCTCCAGCT&TGACAACAG&GGA
TTTGTAéCTTCCAGGCéGCCTGCCAG&CAGCCAGCCAGCCAGCTGT%GTTGTAGTTGTTTATCGCCGGCGGACTCGAATTCGCATCGGCA
AGCCGGEACGAGAcTcAGAccTcrCAécTGTTcecTéAATGcceecAGTGGAAATTEAGCTGCAACACGGACCACTiTACATArAcécce
TCTATA+GGATATTTG%ATATATGAG%ACATATATG%ATATCGCCGéTACAAGGAAEATGGCATCTéTTGGGGGGGATATTCGTGCATAT
-=>(minor}. .

ATGCTTCGATTTCAAGCCGGTTTGCCTCTYTTACTTATCTTTTTTTATTTGGTTTTGCAACGTTGCAGTTTGGTTTGTCTGGTTTCTCGC

CGACTACGAGTACGAGTACTTTCTTTGTTCTCTGGCTATCTGCGGTAGAGGAAAAGTATCTCTTATTTCGTGTATATAGCAGAAAATGGC
ATAGTACATGGCTTGACTGACTGTTTTAATGGGTAGCCCTTCCCCTTGGCTGAGGCTTCTCTGGAGGAGTTGCATTAGTTTTTCGCCTGG

. . . . . -=>(minor) . . .
GAGCTGGCCTGGAAGCCGACTGGAAGTGACCAGGTTTTCCATTCAGCGCTGCACAGCCGLTTAAAAGCGTCGACATTCAGCCATAAGGGC

. . -->-92 . .-=>(minor) . . .
TCAAACGCAGTCCAGTTGGAGGCCAGAACGGATCGCCGCCGGTTCCCAGACGACACCAATCCCCGCAAGACCTAAAAAATAAAAGATATA

TCTTAGCCAGATAGGAAGAAAGTGAAAATGTCGCTGATACCGTTCATACTAGATTTGGCCGAGGAGCTGCACGATTTCAATCGCAGCCTG
MetSerLeulleProPhelleleuAspleuAlaGluGluLeuHisAspPheAsnArgSerteu

GCAATGGATATAGATGATTCGGCCGGATTCGGGTTGTATCCACTGGAGGCCACCTCACAGTTGCCACAGCTGAGTCGTGGCGTTGGGGCG
AlaMetAsplleAspAspSerAlaGlyPheGlylLeuTyrProleuGluAlaThrSerGlnLeuProGlnleuSerArgGlyValGlyAla

TGGGAATGCAATGATGTGGGTGCCCATCAAGGGTCAGTCGGCGGCCATCGCAGCATCGCCATCATCCGTACAATCGTGTGGCCGGAGCCA
TrpGluCysAsnAspValGlyAlaHisGInGlySerValGlyGlyHisArgSerileAlallelleArgThrileValTrpProGluPro

AGACTGCTTGCTGCAATAAGTCGCTGGTGGAGC TGGAAAAGGAATTGGGCGATAAGGGCACGTCCGGGGCAAGCGGCACGACCAGTGGCC
ArglLeuleuAlaAlalleSerArgTrpTrpSerTrplysArgAsnTrpAlalleArgAlaArgProGlyGinAlaAlaArgProvalAla

AACGGGGCCAGCAAATCCGCCTACTCCGTGGTGAATAGGAACGGCTTCCAGGTGAGCATGAATGTGAAGCAGTTCGCCGCCAACGAACTG
AsnGlyAlaSerLysSerAlaTyrSerValValAsnArgAsnGlyPheGInValSerMetAsnVallysGInPheAlaAlaAsnGluleu

ACCGTCAAGACCATCGATAACTGCATCGTGGTCGAGGGTCAGCACGACGAGAAGGAGGATGGCCACGGGGTGATCTCGCGCCACTTCATC
ThrvalLysThrlleAspAsnCysIieValValGluGlyGInHisAspGlul ysGluAspGlyHisGlyVallleSerArgHisPhelle

CGCAAGTACATCCTGCCCAAGGGCTATGATCCCAACGAGGTGCACTCGACCCTCTCCTCGGACGGCATTCTGACGGTGAAGGCGCCGCAG
ArgLysTyrIleleuProlLysG)yTyrAspProAsnGluValHisSerThrLeuSerSerAspGlylleLeuThrVallysAlaProGin

CCACTTCCAGTCGTCAAAGGCAGCCTGGAACGACAGGAGCGCATCGTAGACATCCAGCAGATATCGCAGCAGCAGAAGGATAAGGATGCG
ProLeuProValVallysGlySerlLeuGluArgGInGluArglleValAspl1eGInGInlleSerGInGInG1nLysAspLysAspAla

63
(21

15
(51

24
(81

33
(11

42
(14

51
(17

60
(20

69
(23



394

184

374

364

)54

144

234

324

414

504

594

584

174

Heat-shock Gene Cluster at 67B: Hsp22, Hsp23, Hsp26, Hsp27, HspG1-G3 183

CACCGCCAAAGCCGTCAGAGGTAGAGCAGCAGGCGCACGTAGTGCCACCACTTCCACTTTAAATCCGACTGCACCCACACCACTCCTTCG
HisArgGInSerArgGlnArgEnd

CTCTCGéTCACTCTCGéCGAGAGCAAéGGCAAGGTCAGGAAGAGACAGAGATGGAAATGCCGGCTG+TTCGCCCAT%TCAATGAGG&TGC
TGCTGCéGCTGCTGTTéCGATGGAAG&CCTTCCACCéCAGGAACCAéTTCCAGTGCEAACAATGGCéTTGCAGAACéAGAATCAGAéTCC
ATGGAAéTGGCGTTGG&CAAAAACGAAGAGACTGCCAATGTGGATGAACCCACACCéAATCCCGTTATAAGCTACGAAGAGGAGCAAAAG
GCAGAGéATGCAAATGéCAACGAAGTéCCCGTTGCC%CGAATAACGéCAATGGAGCAGTCGCAGCAéCCGAGGATG%GAAATGCCGéTGG
CCAAGAAACCGAAATC%CCACGGAAGACAGCAAAGA&GAGCAGGCGéAGAAGTTGA%AAAGTAGAGAAATGGAGGA&AAGGGCGGCéAGG

. . . . . . Pstl . .
CAACTGGCAGCCGTAGAATGCGGCCATTCTACTGGCCAAAAACCAAGGCGAAAATGGAGCCACTGCAGCAAAACCGAGGAACTGGCCAAG

TGAAGTCGAACTAAAAGAAAGAACATAAATAGTAATTAAGACAAAATAATAATCTGCACGGGTAGGCGTGCGTTTTATTCCATACGTGTT
((A)n(minor)

TCTTGTGGTTTTCTTTTCTTGCATTTCACACAAAAAAAAAGAAGCGAGAAAGCTGACGGGAAAAGCACTCAATTACTAATAGTGGGAGAT
TGCGGGCGTTATATGTATGTATGATTTCCTAAAAACATATGTGACAACAACTACAAGTATTCCATACGTGTTTCTTGTGGTTTTCTTTTC

TTGCATTTCACACAAAAAAAAAGAAGCGAGAAAGCTGACGGGAAAAGCACTCAATTACTAATAGTGGGAGATTGCGGGCGTTATATGTAT
------------- onflb/Hsp26

GTATGATTTCCTAAAAACATATGTGACAACAACTACAAGTATTCCCAAAGTAAAACTTAAAGACAGAAACACGAAATAATGTACTTAATA
-------------- onf2a/Hsp26

AAGAGGAAAACCAGAATAAAAAAAACTGACGTTTTGTTTTGTTGC 1818
------ | (A),, (major)
-------------- onfla/Hsp26

HspGl SEQUENCE. Strain, Oregon R. The segment —1,196/1,400 is from GenBank:
Accession, M26267 (DROHSP1). Downstream of the PstI site, the sequence continues
in the Hsp26 Sequence. Several changes were introduced between 1,311 and 1,400
following R. S. Cohen (personal communication). The binding sites of Hsp26 ovarian
nuclear factors are indicated. Dashes underline bases that match the consensus hse
sequence.

HspG2
Gene Organization and Expression

Open reading frame, 111 amino acids; expected mRNA length, 465-622 bases
depending on which of the muitiple polyadenylation sites and promoters are
used, or approximately 2 kb when a polycistronic mRNA is made in response
to heat shock. The corresponding RNA bands are observed in northern biots.
Two transcription initiation sites were defined by primer extension analysis and

783
(238)

873

963

1053
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HspG2

GTGGAGTTTAACGGTTTGTCTGCGCCCTTTTATAGAGACGGAAGAGCTTTGCCCATTGCCACAGAGCTTTTCTGGAGCAGCAACTCGTTG
<< zmmm-s Gene3

TTTCGTTGAT TCTAGEGAGACAAC TGGGAACCTTCTGGGGGCCAAGC T TTCGTAGACCGTAAACTGTTATATGTGATCTGCTTTAAGGTA
e hsed --- --- - hse3

. . . . . -->-252 . .
TGTACATACATTGTATGTATAAAGTGGGTACAGATAGCAAGCTCTGTATTGGAGATCATACCATAAGATTTTAATTTTAAATTCAAAGTG

AAATCGGATACGGATGAGAGACGCAATCTCCAGTGTTAGCTGGACAAACAAGACGACACCACGATAATCAAAATGCGATAAGCAAGTACG
-

. A . . . e .
GACATACAAATGTACATACCCGAATCTTTAATCTTGAACCTCATAAATGGATCATCTGCGCCCAGCTGGCAAGTCAGTTGTTATTCAGCT
hse2 - --- -- - -- --= -—--x-- hsel |

GGCGAACCGGTTGAAATTCGTGCTCCGCCCCATTACTACAATGGCCACGTACGAACAGGTTAAGGATGTTCCCAACCATCCGGATGTGTA
MetAlaThrTyrGluGlnVallysAspValProAsnHisProAspValTy

TCTTATCGACGTTCGACGGAAGGAAGAGCTCCAGCAGACGGGCTTCATTCCAGCCAGCATCAATATACCCTGTAATAAACTACTTTCCCT
rLeulleAspValArgArglysGluGluleuGInGInThrGlyPhelleProAlaSerlleAsnlleProL

AGTATTTGCTTTATTACCATTTGTTTTATTACTATTTTTTTTACTTAGTGGATGAACTGGACAAGGCTCTAAATCTGGATGGATCTGCTT
eulspGlulLeuAspLysAlaleuAsnLeuAspGlySerAlaP

TTAAAAACAAGTACGGAAGATCGAAACCGGAGAAGCAGTCGCCAATCATATTCACCTGCCGGTCGGGAAATCGAGT CTTGGAAGCAGAGA
heLysAsnLysTyrGlyArgSerLysProGlulysGInSerProllellePheThrCysArgSerGlyAsnArgValleuGluAlaGlul

AAATTGCCAAAAGTCAGGGATACAGCAAGTGAGCTTTAAAAGTTTATTATAGTTGCAATACTTTATATCGGATACATATACATATGTATG
ysIleAlaLysSerGInGlyTyrSerAs

CTCATTTTAGTGTGGTGATCTACAAAGGCTCCTGGAATGAATGGGCTCAAAAGGAGGGACTTTAACGATAAACGTCGCTATATTTCTGAA
nValVallleTyrlysGlySerTrpAsnGluTrpAlaGinLysGluGlyleuEnd -

TAAATGAAGATTAATATTAATTAATTAATTAATTATTAATAGCTAAAAAAAAACAGAAAACTTAAATTATTTGTTAATATTAAGCTGTAT
TON [(R) HA)
n n

TTTTCATATATCTCAAGTTCTTGACTACGCCCATGGCAAGCTT 633
------ HindII1

HspG2 SEQUENCE. Strain, Oregon R. Accession, X07311 (DROHGSG?2). In the first
line, double underlining marks the inverse complement of the TATA box of HspG3.
The sequence ends in the HindlII site located at —650 in the Hsp22 Sequence.
Dashes underline bases that match the consensus hse sequence. hse3 and hse4 are the
same segments labeled hse2 and hsel, respectively, in HspG3. The x-mark under the

TATA box marks a nucleotide that also belongs to hse1-2 (two partly overlapping hse’s).

HspG3 SEQUENCE (opposite). Strain, Schneider cell line 3. Accession, X06542
(DROHSPG3). The inverse complement of the HspG2 distal TATA box is at
—370/--365. Dashes underline bases that match the consensus hse sequence; hsel
and hse2 correspond to hse4 and hse3, respectively, of HspG2.

50
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(41

23
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32
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HspG3

CCACTTTATACATACAATGTATGTACATACCTTAAAGCAGATCACATATAACAGT TTACGGTCTACGAAAGCTTGGCCCCCAGAAGGTTC
<< zoo=- Gene? - e s

CCAGTTGTCTCCCTAGAATCAACGAAACAACGAGTTGCTGCTCCAGAAAAGCTCTGTGGCAATGGGCAAAGCTCTTCCGTCTCTATAAAA
----- - - hsel m==o-
. . -->-167. . . . . .
GGGCGCAGACAAACCGTTAAACTCCACATTCGAGTCGGAAAAGTCAAGGTGAATTGTGCGCCAAACTGCAGCTGAGATTGTGGATTCACA

CCGCTGGCAAATCAACCCTTGGATACTTTTGAAAGGAAAACAGGTCGTCGGTTCAACGAACCTCCTTCCGCCAGATACACAAGAAGTTAA

GCAAAGAAAAGTAAAATGCCAGATATTCCCTTTGTCTTGAATTTGGACTCCCCGGACTCCATGTACTACGGCCACGATATGTTCCCGAAT
MetProAsplleProPheValleuAsnLeuAspSerProAspSerMet TyrTyrGlyHisAspMetPheProAsn

CGCATGTACAGGCGATTGCATTCGCGGCAGCATCATGATCTTGATTTGCACACCCTGGGTCTGATTGCCCGGATGGGTGCACATGCCCAT
ArgMetTyrArgArgleuHisSerArgGinHisHisAspleuAspleuHisThrieuGlyLeulleAlaArgMetGlyAlaHisAlaHis

CACCTGGTGGCCAATAAAAGGAACGGAGAGCTGGCTGCATTGAGCCGCGGTGGAGCCTCAAATAAGCAGGGCAATTTCGAGGTCCATCTG
HisLeuValAlaAsnLysArgAsnGlyGluLeuAlaAlaleuSerArgGlyGlyAlaSerAsnLysGinGlyAsnPheGluValHisLeu

GATGTGGGACTCTTTCAGCCAGGTGAACTGACCGTCAAACTGGTCAACGAGTGCATTGTGGTCGAGGRAAAACACGAGGAGCGCGAGGAC
AspValGlyLeuPheGinProGlyGluleuThrVallysLeuValAsnGluCysIleValValGluGlyLysHisGIuGluArgGluAsp

GATCATGGACATGTATCCCGGCATTTTGTTCCGGCCGTATCCGCTGCCCAAGGAGTTCGATTCGGATGCCATTGTTTCCACTTTGTCGGA
AspHisGlyHisValSerArgHisPheValProAlaValSerAlaAlaGInGlyValArgPheGlyCysHisCysPheHisPheValGly

GGATGGAGTTCTCAATATCACGGTTCCACCATTAGTTTCCAAGGAGGAGCTCAAGGAGCGCATCATACCCATTAAGCATGTGGGTCCATC
GlyTrpSerSerGInTyrHisGlySerThrlleSerPheGInGlyG1yA1aGInG] yAlaHisHisThrHisEnd

GGATCTCTTCCAGGAATGGAAACGGTCATAAGGAGGCCGGTCCGGCAGCTTCTGCTTCAGAGCCAGAAGCCAAGTGAAGAGCCCCETCCT
AAAGATTGCAGCCTAAGCAGCCAAGTGATTTCCCAAGACTCTCGTTTATCGTTGCACCAAAAAAAAAGTCCAAGAAAGTATCGCACAAAT

CGTATTATATTTATTAATTTATTATTAGCTACATTTTAAACAGTCCAATCAAATTTTTAAGACTAATCGAAATCCAGTATTAATAAAGGA

ATATGAATGTCTCAGTAATCAAAAGACTTTTACTAATATTTAAGAGCTTAATTCATATCAAAAAGCACGAAATCCAATTTTGGGTACAAT
[(a),

ATTAACTTTCCTTTéTTCGATTAGACAGGTATTAAAAGCTGTGCATATTAAAAA%AGGTCCCCGéATGTCAATCéTACTTAAAAAAGCTT
TGGT%AGCCTTTTCéCAGGTGCGA%TGAGTGAAC%TTTGAACTT%GAAATGAAAéCCCGCCATAAGTGTAATTA%CGATAGCTT%TAGTC
ATCT+TCCAAAACTATCTATCGAAéTAACAGTTT%TAACAAGTGéTAAGTCAACéATAAATTTAATAAAAGAAA&TAACATTTAATTACA
CAAAéTATATATAT%ATTTTTAAAéTTATTTAGCAGATGGAGTAéATTATAAAC%AATTTATTT%GTTTGGGAT%ATAATCTGAATAATA
AAAAéCCGTGACATATTGCATGTTéCCCATCTCCAGCTGGCACTéTAACCTCAAAAAAATGTTT%GTTTACTTT%GCGCCGCTC%GCAGT
TCATAATTCCTGCAAATTAATCAGiAAAACAGAT%GCCAAGCCCéCGTTCTAACAACACCCCAA&AATGCTCTGéACAACCACAATACGT
AAGTéGGAGCCTTTAAACCTACAGAATCATCACTATATTATGCCéAAAACCCCCACTGATTTATéAAATTCGGT%GATTTTACAGCGCGG

CGGCATGGCGAGTTCGAATGGCAGGATCCCAAGTCCACGGATGAAATGTAAGTCCCTAGAGAGAAGCTAATTGTACACAATATAACCAAG
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cDNA sequences. Sequencing of multiple cDNA clones suggested three different
3’ termini; at least one of which may be an artifact of cDNA cloning resulting
from the presence of a stretch of As. Transcripts from the distal promoter have
an intron between — 135 and — 64, and transcripts from both promoters have
introns within the Leu-41 and Asn-94 codons (HspG2 Sequence) (Pauli et al.
1988).

Developmental Pattern

The distal transcript is testes specific; it appears first in early pupae and persists
in adult males. The proximal transcript appears first in 7-h embryos, reaches a
maximum at 10-12 h and persists through the second larval stage. It drops to
very low levels in third instar larvae and adults, but rises to a second
pronounced peak in early pupae.

Heat shock induces transcription from the proximal promoter but normal
termination fails so that the HspG2 heat-shock transcripts extend to the next
polyadenylation site, that of Hsp22 (Hsp22 Sequence and Fig. 17.2). However,
the amount of Hsp22 transcript in the 2 kb RNA is a small fraction of that
derived from the Hsp22 promoter. Whether or not the polycistronic nature of
this mRNA is functionaily significant is not known. The two introns are
properly excised. Of the genes in the cluster, HspG2 is the least responsive to
heat shock (Pauli et al. 1988).

Promoter

There are 430 bp between the divergent, heat-inducible, transcription initiation
sites of HspG2 and HspG3, and there are four putative hse’s in that region.
Whether some hse’s are allocated to one gene and some to the other or whether
they are shared is not known.

HspG3
Gene Organization and Expression

Open reading frame, 169 amino acids; expected mRNA length, 979 bases, in
agreement with the observed 1.0 kb major RNA. Upon induction, two minor
RNA bands (1-2%; of the major band) are also detectable; they are 1.6 kb and
2.3 kb long and appear to result from downstream extension of the major RNA.
The site of transcription initiation was determined by primer extension, Sl
mapping and the sequence of a cDNA clone. The polyadenylation site was
obtained from the sequence of a cDNA clone. There are no introns (HspG3
Sequence) (Pauli and Tonka 1987).
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Developmental Pattern

During embryogenesis, the expression of HspG3 is first detectable at 7-8 h and
reaches a peak at 10-12 h. No mesage is detectable through most of the larval
period, but it reappears in the late third instar and peaks in early pupae. HspG3
responds strongly to heat shock (Pauli and Tonka 1987).
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The Hsp70 Gene Family: Hsp70A7d,
Hsp70A7p, Hsp70C1d1, Hsp70C1d2,
Hsp70C1p

Chromosomal Location: Map Position:
Hsp70A7d, Hsp70A7p 3R, 87A7 3-[51]
Hsp70C1d1/2, Hsp70Clp 3R, 87ClI 3-[51]
Products

Heat-shock proteins of 70 kD, HSP70s, the most abundant type of heat-shock
proteins.

Structure

The sequence of Drosophila HSP70s is 70-80% identical to heat-shock proteins
of groups as distant as vertebrates and vascular plants (Fig. 18.1), and some of
the properties discussed below are from studies in other organisms. The different
members of the Drosophila HSP70 family are no less than 979 identical. Two
distinct regions have been identified in these proteins. The more highly
conserved region is near the N-terminus; it contains an ATP-binding site and
has weak ATPase activity. The other region, closer to the C-terminus, is more
variable, and it has sites important for nucleolar localization. It has been
suggested that a hydrophobic pocket on the protein surface is the site of HSP70
binding to hydrophobic residues of partly denatured proteins (Lindquist and
Craig 1988; Schlesinger 1990 and references therein).

Function

Organisms subjected to mildly elevated temperatures become more tolerant of
subsequent high-temperature exposure. It has been suggested that HSP70 may
be capable of preventing the denaturation of cellular proteins; and, with the
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Fic. 18.1. Comparison of HSP70s from Drosophila, the pig (Accession, M69100) and Petunia (Accession,
X13301). The CON(sensus) line indicates positions at which all four sequences agree. Where there is no such
agreement, the residue occupying that position in each sequence is indicated. There is 899 overall identity
between Hsp70A7 and the porcine sequence. Sequences aligned with the GCG Pileup program.
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expenditure of ATP, it may be involved in the renaturation of denatured
proteins and the dissociation of abnormal protein complexes. HSP70 is related
to other non-heat-shock proteins known as “molecular chaperones”. Molecular
chaperones are involved in the translocation of proteins across membranes and
also seem to have a role in controlling denaturation and renaturation of proteins
(Schlesinger 1990; Gething and Sambrook 1992).

Tissue Distribution

HSP70 is present at low levels in untreated flies. During heat stress, Hsp70
transcription increases, and HSP70 becomes prominent in the nucleus and the
nucleolus where it forms tnsoluble complexes. After return to normal tempera-
tures, HSP70 levels remain high for some time, but the protein returns to the
cytoplasm (Velazquez and Lindquist 1984; Schiesinger 1990).

Organization and Expression of the Clusters

The two Hsp70 genes at 87A7 are separated by a 1.6 kb spacer, and they are
divergently transcribed. At 87C1, a centromere proximal gene, Hsp70Clp, 1s
separated from two centromere-distal genes, Hsp70C1d! and Hsp70Cl1d2, by
40 kb of DNA. The distal genes are tandemly transcribed toward the telomere
while the proximal gene is transcribed in the opposite direction. None of the
Hsp70 genes have introns (Fig. 18.2).

A large portion of the spacer between the proximal and distal copies at
87C1 is made up of simple sequences designated alpha, beta and gamma; these
are arranged in various repeat patterns. The gamma element includes a copy of
the Hsp70 regulatory region and, in response to heat shock, it promotes
transcription of the spacer sequences. As far as is known, the spacer transcripts
have no coding capacity and area non-functional (Ish-Horowicz and Pinchin
1980; Hackett and Lis 1981).

A
A7p A7d
7 kb
B
Cip C1d1 C1d2

T

F1G. 18.2. Organization of the Hsp70 clusters. (A) Cluster at 87A7. (B) Cluster at 87C1.
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In D. simulans and D. mauritiana, there are only four Hsp70 genes; that is,
two divergently transcribed genes occur at each of two loci corresponding to
87C1 and 87A7. Thus, it appears that duplication of the distal gene at 87C1
and multiplication of the simple spacer sequences are recent events unique
to D. melanogaster (Leigh-Brown and Ish-Horowicz 1981; see reviews in
Schlesinger et al. 1982).

All copies of Hsp70 are very similar, especially in the coding and 5’ regions.
In a segment that extends from —610 to 1 (the first codon), the vartous genes
present the following frequencies of base substitution, addition, or deletion
relative to Hsp70Cl1dl1: Hsp70C1d2, 0.5%; Hsp70Clp, 1.4%,; Hsp70A7d, 6.5%,.
In contrast, at the 3’ end of the genes, Hsp70C1dI is much more similar to
Hsp70Cip than to Hsp70CI1d2. Within the segment —610/1 Hsp70A7d and
Hsp70A7p differ by 39, but further upstream the two sequences appear
unrelated. Because sequence similarities and repeats occur in blocks having no
apparent functional significance, it has been suggested that much of the
sequence conservation of the Hsp70 genes may be due to intergenic corrections
rather than negative selection against deleterious mutations (T6rok et al. 1982).

Developmental Pattern and Promoter

Transcription of the Hsp70 genes in Drosophila occurs only in response to heat
and other stressful conditions usually associated with protein denaturation; i.e.,
no developmentally related expression occurs (Mason et al. 1984).

Most studies of transcription regulation were carried out with Hsp70A47
promoter sequences. However, given the great deal of sequence conservation
in the promoter regions, the available information about transcriptional
regulation probably applies equally to all Hsp70 genes. As is true for other Hsp
genes, the heat-shock response seems controlled by the heat-shock element (hse)
consensus sequence CTNGAANNTTCNAG that must be present in at least
two adjacent copies (Pelham 1985; Bienz and Pelham 1987).

Germiine transformations involving 5 deletions demonstrated that the
97 bp upstream of the transcription initiation site (to coordinate —348), a
segment that includes hsel and hse2 (Hsp70 Sequences), are sufficient for
normal levels of heat-induced transcription (an approximately 100-fold increase
as compared to the uninduced state) (Dudler and Travers 1984). Thus, these
two hse’s seem to be the main functional regulatory elements. Repositioning a
51-bp segment that includes the two hse’s at various distances from the TATA
box does not affect expression very much (Simon and Lis 1987). This flexibility
contrasts with the sequence conservation noted earlier.

More detailed studies involving in vitro mutagenesis, germline transforma-
tion, and in vitro binding assays led to a reassessment of the sequence elements
responsibie for heat induction. The conclusion from those studies is that hse’s
possess alternating repeats of the 5-bp unit NGAAN and its reverse comple-
ment, NTTCN. There are three or four such units in the hse’s of the Hsp70
genes (Xiao and Lis 1988; Perisic et al. 1989).

Transcription is activated by a heat-shock transcription factor (HSF). HSF
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Hsp70-Cld1 and Hsp70-A7d
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TAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACAATCTGCAGTARAGTGCAAGT TAAAGTGAATCAATTAAAAGTAACCAGCAACCA  -118
TTAAACT AA AA c G GTC
AGTAA--=-=~-~ ATCAACTGCAACTACTGAAATCTGCCAAGAAGTAATTATTGAATACAAGAAGAGAACTCTGAATACTTTCAACAA---  -28
G --- A
GTTACCGAGAAAGAAGAACTCACACACAATGCCTGCTATTGGAATCGATCTGGGCACCACCTACTCCTGCGTGGGTGTCTACCAGCATGG 62
MetProAlalleGlylleAspleuGlyThrThrTyrSerCysValGlyValTyrGInHisGl (21)
G T AC T C C
CAAGGTTGAGATTAACGCCTATGACCAGGGCAACCGCACCACGCCGTCCTACGTGGCTTTCACAGACTCGGAACGCCTCAATGGTGAACC 152

ylLysValGlulleAsnAlaTyrAspGInGlyAsnArgThrThrProSerTyrValAlaPheThrAspSerGluArgleuAsnGlyGluPr (51)
Ile Asn Ile

c G
GGCCAAGAACCAGGTGGCCATGAACCCCAGAAACACAGTGTTTGACGCCAAGCGACTCATCGGCCGAAAATACGACGATCCCAAAATCGE 242
oAlalysAsnGlnValAlaMetAsnProArgAsnThrValPheAspAlalysArgleul1eGlyArglysTyrAspAspProLyslleAl (81)

G 6 c
AGAGGACATGAAGCACTGGCCTTTCAAAGTTGTAAGCGATGGCGGAAAGCCCAAGATCGGGGTGGAGTATAAGGGTGAGTCCAAGAGATT 332
aGluAspMetLysHisTrpProPheLysValValSerAspGlyGlylysProLyslleGlyValGluTyrLysGlyGluSerLysArgPh  (111)

c c CGG A AC
TGCTCCCGAGGAGATCAGTTCGATGGTGCTGACCAAGATGAAGGAGACGGCGG--~AGGCGTATCTGGGCGAGAGCATCACGGATGCAGT 422

eAlaProGluGlulleSerSerMetValleuThriysMetlysGluThrAlaG--~1uATaTyrLeuGlyGluSerIleThrAspAlava (141)
AlaGlu
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[+ c
CATCACAGTTCCAGCTTACTTCAACGACTCTCAGCGCCAGGCTACCAAAGACGCCGGTCACATCGCCGGCCTGAATGTGCTCCGCATCAT
111eThrVaiProAlaTyrPheAsnAspSerGinArgGinAlaThrLysAspAlaGlyHisIleAlaG] yleuAsnValLeuArgllell

c c
CAATGAGCCCACGGCGGCAGCATTGGCCTACGGACTGGACAAGAATCTCAAGGGTGAGCGCAATGTGCTTATCTTCGACTTGGGCGGCGE
eAsnGluProThrAlaAlaAlalLeuAlaTyrGlyLeuAsplysAsnlLeul ysGl1yGluArgAsnValleullePheAspleuGl yG1yGl
c 6
CACCTTCGATGTCTCCATCCTGACCATCGACGAGGGATCTCTGTTCGAGGTGCGCTCCACAGCCGGAGACACACACTTGGGCGGCGAGGA
yThrPheAspValSerIleleuThrlleAspGluGlySerLeuPheGluValArgSerThrAlaGl yAspThrHisLeuG) yG1yGluAs
TT c
CTTTGACAACCGGCTAGTCACCCACCTGGCGGAGGAGTTCAAGCGCAAGTACAAGAAGGATCTGCGCTCCAACCCTCGCGCCCTACGACG
pPheAspAsnArgLeuVal ThrHisLeuAlaGluGTuPheLysArglLysTyrLysLysAspLeuArgSerAsnProArgAlaleuArgAr
Asp
c T c

CCTCAGAACAGCAGCTGAACGGGCCAAGCGCACACTCTCCTCTAGCACGGAGGCCACCATCGAGATCGACGCATTGTTTGAGGGCCAAGA
gleuArgThrAlaAlaGluArgAlalysArgThrLeuSerSerSerThrGluAlaThrlleGlulleAspAlaleuPheGluGl yGinAs

G c G
CTTCTACACCAAAGTAAGCCGTGCCAGGTTTGAGGAGCTGTGCGCGAACCTCTTCCGCAACACCCTGCAGCCTGTGGAGAAGGCCCTCAA
pPheTyrThrlysValSerArgAlaArgPheGluGluLeuCysAlaAsnLeuPheArgAsnThrieuGlinProValGlulysAlaleuAs

Asp

T

CGATGCCAAGATGGACAAGGGTCAGATCCACGACATCGTGCTCGTCGGCGGATCCACTCGCATTCCCAAGGTGCAAAGTCTGCTGCAGGA

nAspAlalysMetAspLysGlyGInlleHisAspIleValleuValGlyGlySerThrArglleProlysValGlnSerLeul euGInGl
As

c T
GTTCTTCCACGGCAAGAACCTCAACCTATCCATCAACCCAGACGAGGCAGTGGCATACGGAGCTGCTGTGCAGGCCGCTATCCTCAGCGG
uPhePheHisG1yLysAsnLeuAsnLeuSer]1eAsnProAspGluATaValAlaTyrGiyAlaAlavalGinAlaAlalleleuSerGl
p

AGACCAGAGCGGCAAGATCCAGGACGTGCTGCTGGTGGACGTGGCCCCACTTTCATTGGGAATTGAGACCGCTGGAGGTGTAATGACCAA

yAspGlnSerGlyLysITeGinAspVaileuLeuValAspValAlaProleuSerLeuGlylleGluThrAlaGlyGlyValMetThriy
c A A G

GCTGATCGAGCGCAACTGTCGCATTCCGTGCAAGCAGACTAAGACGTTCTCCACGTACTCGGACAACCAGCCCGGAGTCTCCATCCAGRT

sLeulleGluArgAsnCysArgIleProCysLysGInThrLysThrPheSerThrTyrSerAspAsnGlnProGlyVaiSerlleGInVa
Aa

GTATGAGGGCGAACGTGCGATGACGAAGGACAACAATGCATTGGGCACCTTCGATCTGTCCGGCATTCCACCTGCACCAAGGGGTGTGCC
1TyrGluGlyGTluArgAlaMet ThrLysAspAsnAsnAlal.euGlyThrPheAspleuSerGlylleProProAlaProArgGlyValPr

T c
CCAGATAGAAGTAACCTTCGACTTGGACGCCAATGGAATCCTGAACGTCAGCGCCAAGGAGATGAGTACGGGCAAGGCCAAGAACATCAC
0GInIleGluVal ThrPheAsplLeuAspAlaAsnGlylleleuAsnValSerAlalysGluMetSerThrGlyLysAlalysAsnIleTh

(continued)

512
(171)

602
(201)

692
(231)

782
(261)

872
(291)

962
(321)

1052
(351)

1142
(381)

1232
(411)

1322
(441)

1412
(471)

1502
(501)



1503

1593

1683

1773

1863

1953

2043

2133

2223

2313

2403

2493

2583

2673

196 AN ATLAS OF DROSOPHI{.A GENES

A G G
GATCAAGAACGACAAGGGACGCCTCTCGCAGGCCGAGATTGATCGCATGGTGAACGAGGCTGAGAAGTACGCCGACGAGGACGAAAAGCA
rIielysAsnAsplysGlyArgLeuSerGInAlaGlulleAspArgMetValAsnGluATaGlul ysTyrAlaAspGluAspGlulysHi

Ar

AG c c cC T 6 G A AT
TCGCCAGCGCATAACCTCTAGAAATGCTCTGGAGAGCTACGTATTCAACGTAAAGCAGTCCGTGGAGCAGGCGCCCGCTGGCAAACTGGA
sArgGInArglleThrSerArgAsnAlaleuGluSerTyrValPheAsnVallysGInSerValGluGInAlaProAlaGlyl ysLeuAs
g Val His Leu Ala

T A [ o T
CGAGGCCGACAAGAACTCCGTCTTGGACAAGTGCAACGAAACTATTCGATGGCTGGACAGCAACACCACCGCCGAGAAGGAGGAGTTCGA
pGluAtaAspLysAsnSerValLeuAsplysCysAsnGluThrIleArgTrpleuAspSerAsnThrThrAlaGlulysGluGluPheAs

Asp Asp
C c c T T GACT GGT
CCACAAGATGGAGGAGCTCACTCGCCACTGCTCCCCTATCATGACCAAGATGCATCAGCAGGGAGCGGGAGCAGCTGGGGGT -~ -CCGGG
pHisLysMetGluGluleuThrArgHisCysSerProlleMet Thel ysMetHisGInG1nGlyAlaGlyAlaAlaGlyGly---ProGl
Leu GlyAla Gly
A c G G A G G G G TCTAAT 17
AGCCAACTGTGGCCAACAGGCCGGAGGATTTGGCGGCTACTCTGGACCCACAGTCGAGGAGGTCGACTAAAGCCAAATAGAAATTATTCA

yAlaAsnCysG1yGInGInAlaGl yGlyPheG1yGlyTyrSerGlyProThrValGluGluValAspEnd
Arg

ATCAA GG A A C TA GGT ATA AT TTTA GTTTTTGAG CTG T AG A GT T GATCGA A CCA
GTTCTGGCTTAAGTTTTTAAAAGTGATATTATTTATTTGGTTGTAACCAACCAAAAGAATGTAAATAACTAATACATAATTATGTTAGTT

AG CAACAAT 6T T ACC AA TA C AG CTTAATT A CAA ATGT TTGCT AG AAA TA ATTA TTA G AAT T
TTAAGTTAGCAACAAATTGATTTTAGCTATATTAGCTACTTGGTTAATAAATAGARTATATTTATT TAAAGATAATTCGTTTTTATTETC
—————— (87¢1) ===~~~ (87A7)

AA TCAACT
AGGGAGTGAGTTTGCTTAAAAACTCGT TTAGATCTGTCCTCGAGRAATTATTTATT TAAATGCGATGGAGAGCCGECGCCGAATCRAAAA
[(A), (87A7)

CTTTACGEGCTTAAAAG&ACGAGTTGG&ATCCCTAGTAAACAGCTGT%CGTGAAGATATGCAGTGCAAACGAAAAAC&CGCCTACAAATA
TTGTTAT%TTGATTAGA+TACGGATTAéAGAATGGAAéCGCCGTTCGéCCCGCTAAG%GAGTCCTGCACCAAGGCGTéGGCGACAGGiGT
ACGAGAAATGTAAGCTGéCCTCGCAGGAGATCCGTCA%CCCAATTGGGAAATGTAAT&TTTGCCAGAATGGTTACGGAGTTCAACAA&AA
AAACAGT&TATAGAAATAATAGCCTTTéCTTTCCTCA%ATGTATGTAAATATGTAAAATAAGTCACAACTAAATTCTAATACACTTC%CA
GTCTTAAATTAATTTTA%CGTATATTAAAACAGAAGAAAGTCCGTTAATCGTTGATTiCGTTAACTAAAAGTACAAAATAATCTTTAATC

| Ca. coordinate -640 of Hsp70-Cld2
TTTAGAAGCGCAGCAATGTT 2692

Hsp70 SEQUENCES. Accession, JO1104, J01105 (DROHSP7D1) and J01103
(DROHSP7A2). The numbered line shows the sequence of Hsp70CIdI; where the
sequence of Hsp70A47d differs, the changed bases are indicated above and the amino
acid substitutions below the Hsp70CId] sequence. Dashes represent gaps in one
sequence relative to the other. Asterisks below the sequence mark positions that
match the hse consensus.
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has an apparent M, of 110kD and binds with high affinity (dissociation
constant, 4 x 1071?) to two contiguous segments designated f1 and f2 in
the Hsp70 Sequences; these binding sites extend from —315 to —290 and from
—340 to — 315, respectively (between 40 and 90 bp upstream of the transcrip-
tion initiation site). Two additional binding sites occur farther upstream, at
—440 to —415 (f3) and at —510 to —485 (f4). The binding of HSF to these
secondary sites has a minor effect on in vitro transcription; it is not clear what
their in vivo role might be. All the binding sites overlap hse’s (Wu et al. 1987,
Topol et al. 1985).

HSF seems to preexist as an unbound monomer in all cells. In response to
heat, it is reversibly changed to the active form capable of specific DNA binding;
that change includes the formation of oligomers (Westwood et al. 1991). Heat
treatments as short as 30 s are sufficient to induce detectable binding of HSF
to Hsp70 promoter fragments (Zimarino and Wu 1987). Binding of HSF to hse
is highly cooperative, and the cooperativity is itself temperature-dependent
(Xiao et al. 1991).

At normal temperatures, RNA polymerase IT binds to the region around
the transcription initiation site of Hsp70 (coordinates —186 to ~263), and
transcription is initiated but blocked. It is only after heat shock, and presumably
after binding of HSF, that the transcription block is released and RNA
polymerase 11 becomes detectable along the whole length of the gene (Gilmour
and Lis 1985, 1986; Rougvie and Lis 1988).

Another factor, a 66 kD protein, seems to associate with the segments of
alternating CT (or GA) sequence found between positions —415 and — 360
and between —325 and —319. This same protein, the GAGA, factor binds
sequences upstream of the histone genes His3 and His4, the heat shock gene
Hsp26 and Ultrabithorax (Gilmour et al. 1989).

Hsp70 mRNA is very stable and efficiently translated at 36°, but has a
half-life of only minutes at 25°. This insures that when Drosophila flies or cells
are returned to 25° after a heat shock, HSP70s cease to be synthesized. AU-rich
sequences in the 3’ untranslated region of the mRNA are responsible for the
specificity of temperature-dependent degradation of Hsp70 mRNA (Petersen
and Lindquist 1989).

Hsp70A47d
(Distal gene at 87A7)

Gene Organization and Expression

Open reading frame, 643 amino acids, expected mRNA length, 2,389 bases.
Primer extension and S1 mapping were used to define the 5’ end. The 3’ end
was obtained by S1 mapping (Hsp70 Sequences) (Karch et al. 1981; Tér6k and
Karch 1980; Toérok et al. 1982).

The transcription initiation site of Hsp70A7p (the proximal gene at 87A7)
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is approximately 1,630 bp upstream of the Hsp70A7d transcription initiation
site. Only a few hundred bp at the 5" and 3’ ends of Hsp70A7p have been
sequenced. Assuming conservation of the intervening coding region, the segment
of sequence similarity between Hsp70A7d and Hsp70A7p extends approxi-
mately from coordinates —600 to 2,130 (Hsp70 Sequences and Fig. 18.1).
This would leave, between the inverted repeats, a spacer of approximately
940 bp made up largely of blocks of simple sequence DNA (Mason et al. 1982).
The two genes do not seem to share regulatory elements, i.e., each has its own
cis-acting hse’s.

Hsp70C1dl
(first distal gene at 87C1)

Gene Organization and Expression

Open reading frame, 641 amino acids; expected mRNA length, ca. 2,360
bases. Primer extension and S1 mapping were used to define the 5 end.
The 3’ end was not defined (Hsp70 Sequences) (Ingolia et al. 1980; Karch
¢t al. 1981).

The repeat containing Hsp70C1d2 (the second distal gene at 87C1) begins
576 bp downstream of the Hsp70C1d1 termination codon (ca. coordinate 2510).
The two genes are part of a tandem duplication of approximatey 2,900 bp from
coordinates — 820 to 2,080 of Hsp70CId1. Such alignment leaves a spacer of
approximately 430 bp between the repeats (from 2,080 to 2,510) (Hsp70
Sequences and Fig. 18.2); it is not clear whether this spacer originated at the
time of the duplication or whether it arose by sequence divergence at one or
both ends of the repeat. Hsp70C1d2 has been only partially sequenced but it
appears very similar to Hsp70C1d]1. The most extensive sequence divergence
occurs within the last 100 bp at the 3’ end, especially around the polyadenyla-
tion signals (T6rok et al. 1982).

The region of sequence similarity between Hsp70C1dIl and Hsp70C1p (for
which only the 5 and 3’ end-sequences are available) starts near coordinate
—600 and extends to coordinate 2,540. The overlap of Hsp70A47 with Hsp70C1p
sequences extends from — 600 to 1,940.

Related Genes

Hsp68 at chromosomal location 95 D is a heat-shock gene related to the Hsp70
family. Hybridization data indicate that Hsp68 and Hsp70 are 75-85%, identical.
Seven other genes identified by cross-hybridization are the heat shock
cognate genes, Hscl-Hsc7. They are expressed very strongly during develop-
ment but are not heat-inducible or clustered (Lindquist and Craig 1988).
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janus: janA, janB

Chromosomal Location: Map Position:
3R, 99D4-8 3-[101]
Products

The properties and functions of janus products are unknown. Allowing for nine
gaps, there is 37%, sequence identity between JANA and JANB.

Organization of the janus Cluster

janus is a small but complex locus that includes two partly overlapping
transcription units: janA is upstream and its 3’ untranslated region contains
the transcription initiation site of janB (jan Sequences and The Serendipity
Gene Cluster Fig. 28.1) genes probably originated by duplication, judging from
their sequence similarities and the comparable positions of two of the three
introns in each gene (Yanicostas et al. 1989).

janA
Gene Organization and Expression

The structure of all the transcription products is not yet clear; a final description
will be possible only after more cDNA sequences become available. There are
two initiation sites, 18 bp apart, two polyadenylation sites, 5 bp apart, and a
facultatively spliced intron that spans part of the leader and part of the coding
region. The open reading frames are 119 and 135 amino acids long, and the
expected mRNA length is between 638 and 731 bases depending on which 5
and 3’ ends occur and whether or not the leader intron is spliced. These sizes
are in agreement with a 0.8 kb band observed in RNA gels (but see below).
Primer extension and a cDNA sequence were used to define the upstream 5’
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JanA and janB
ATTCGGCTTAAACAATTTAATTTGTGTATATTTTGTTGTGAACGCCAGAGCTGTGCCGATAGTGCCGATAGTATCGACTGCGTGCTGTCG

<-- Sry-beta
GCGTAATCGATAAATTTGCTGTCACTGATAACAACGTTTTCTTTTTGAGTTTATTAATTATTACTAAAATATACTGAGTAGTACAAAAAA

~-->-81 (janA) ~->-63 . | .
ACATTGCTGGACTAAAGCAGCGTTTTTGGAAAATTTGCCGGTTGGTAAGACATTAAATTCTGTTTTCAAACACTTTTCCACAATGAATCG
_ | MetAsnAr
. . |. } . . . . .
CCTCCAACTGCTTTCCAAAGGACTACGACTGATTCACAAAATGTCCGAGGAAGCACTTGCCGGCGTGCCACTGGTGCACATCAGTCCAGA
gteuGlnLeuleuSertysGlyteuArgleulleHisLysMetSerGluGluAlaleuAlaGlyValProleuValHislleSerProGl

-

GGGCATCTTCAAGTATGTCATGATCAATGTCTTCGATGGAGGAGATGCT TCAAAGGCGGTGATCCGCGGAT TTGCGGACTGCACATGGCA
uGlyllePhelLysTyrValMet11eAsnValPheAspGlyGlyAspAlaSerLysAlaVallleArgGlyPheAlaAspCysThrTrpHi

TGGTAAGTCGGATCCTCATCACCCATCAAGTGCCCACTTAGCTTGGTTACTGTCCCACAGCCGACATCT TCGAGCGCGAGGAGGAGGTCT
sA laAspllePheGluArgGluGluGluValP

TTAAAAAACTGGGGC TGCGGGCCGAGTGTCCTGGCGGCGGTCGCATTGAACACAATCCCGAGAAGAAGTACTTGAAGGTCTACGGATACT
helysbysLeuGlyleuArgAlaGluCysProGl yGlyGlyArglteGluHisAsnProGlulyslysTyrLeulysValTyrGlyTyrS

CGCAGGTGGGTCTATTCCTTGAGTAAAGGGGTCGCTGEGCAGTGGATGGACTGATGTATCTAACTACTTGARAAATTTTCTGGAGTTCTA
erGin

ATCAAGTCTTTCTATTTAAGGGCTTTGGAAAAGCTGATCACGCGCAGACCAAACGCATCCTGGCCACCAAATACCCGGACTACACGATLG
GlyPheGlyLysAlaAspHisAtaGInThrlysArglleleuAlaThriysTyrProAspTyrThrileG

AAATCTCCGATGAGGGATATTAGCTGCAATCAACGAGAGAAGACTCCACATAAGCACACTGACATGAATTTATACCATTGGCTTCGATCC
TulleSerAspGluGlyTyrEnd ey

-->696 (janB) .
TGTGTGCCATGATTTTATTGGAAATGGCATTTAAAATTGAGAAATACTCTGAAAGGCAGTTAGTCTGTAGCTTTGCAACTGCTCGCACTA

AACCTTTTCGGATCTAAATTAATCAGTTTGTACACAAATTTCGTTTCTTITTCCTTTGGT TAAATAAAATGAAAATGTTCAAGTCATTGCG
MetlysMetPhel ysSerLeuAr

-262

-172

-82

(3)

98
(33/17
188

(63/47

278
(74/58

368
(104/8

458
(105/8

548
(129/1

638
(135/1

728

818
(8)

LM, (A (anh)

TCTGCTTCCTCATATTGTTYCTCCOTTTCGTAAGGCT TAGGAATATTCAATATTAAGATTTACAAGCCCTAATATACTTGGT TTTAGAAA
gleuleuProHisIleValSerProPheG Tnt

AATGTTACTCAACCGATTTGATAAGTTTGGTAGGCGT TCCCCGGGTCAAGATAACCAAGGGTCAGAATCGTTATTTGTTGGTGAATATTC
ysCysfyrSerThrAsaLeuI1eSerLeuValGlyVa1ProArgVa1LysI1eThrLysGlyGlnAsnArgTereuLeuValAsn[1eH

ATACGCATGGCTTCACGAAGTATGGAAGAGTTATTGTCCGTGGCGCCGATGTTGACAATCACTGTGAGTTTCCACTGCTGGACGCTTAAC
isThrHisGlyPheThrlysTyrGiyArgVallleValArgGlyAlaAspValAspAsntisL

CTTGAGCAGTCTTACAAATCCTTCTYTCAGTGGCGGTCTTCGACTCGATTTTGGAGGAGC TGGAACCCGAGGGCATATGTGCCAAAATLL
euAlaValPheAspSerlleleuGluGluleuGluProGluGlylleCysAlalysIlel

908
(19)

998
(49)

1088
(70)

1178
(303



1179

1269

1359

1449

janus: janA, janB 203

TCGGTGGTGGAAGGAT TCTCAACGAGGCAGAAAATAAAAAAATTAAGATCTATGGCACCTCCAGGGTAAGTAGAGGATCCTTGGTCCTTG
euGlyGlyGlyArglleteuAsnGluAlaGluAsnLysLysIlelysIleTyrGlyThrSerArg

AAGCACCGGCTAATGGTTCTTGATGGGTCTCCCTAGACTTTCGGCGGTGCTGATCACACAAGGACAAGGAATATACTTCAAGCGTGGACT
ThrPheG1yGlyAlaAspHisThrArgThrArgAsnileleuGinAlaTrpThr

ACTTATAAGGACTTTAAGATAACCGTTAAACAATAAAGTTGCATAAATTTCGAAAATGGAAATTCAGTACTAATAAAAAGAAAATAGAAT
ThriyriysAspPhelysileThrValLysGlnEnd  ——--ee

ATAAAACTAGCGCTCTTTCAATATTATTAAGGGGTAATCGACAGGCGATTGTAATTTGGCTTCGATCCTGTGTGCCATCATTTTATTGGA
LA)y (janB)

jan SEQUENCES. Strain, Canton S. Accession, M27033. The TATA box and
transcription initiation site of Sryf are indicated (near —200).

end; and primer extension was used to define the downstream 5" end. The 3’
ends were obtained from two cDNA sequences. There is a leader intron starting
at —41, with an acceptor site at +29. One cDNA in which this intron was
spliced out, and one in which it was not, were sequenced. If this intron is spliced
out, translation might start with Met-17 at +49. There are also introns in the
Ala-64 and after the GlIn-105 codons (jan Sequences) (Yanicostas et al. 1989).

Developmental Pattern

The 0.8 kb janA transcript is present at all developmental stages in both sexes;
it is particularly high in 0-12 h embryos and in the ovaries of adult females. In
addition, there is a 0.95 kb transcript that differs from the 0.8 kb transcript only
in the length of its poly(A) tail. The 0.95 kb transcript is sex-specific, occurring
only in males from the third larval instar onward; the highest levels are in the
adult male, where it is found in the gonads (Yanicostas et al. 1989).

Promoter

The gene Sryf is upstream of janA and transcribed in the opposite direction
(see Sry, Fig. 28.1). Less than 100 bp separate the putative TATA boxes of Sryf
and janA; and since they are both expressed at high level in ovaries, it is likely
that the two genes share regulatory sequences (Yanicostas et al. 1989).

janB
Gene Organization and Expression

Open reading frame, 140 amino acids; expected mRNA length, 579 bases.
Primer extension, S1 mapping and a cDNA sequence defined the 5’ end. The
3" end was obtained from S1 mapping and a cDNA sequence. There are introns

1268
(111)

1358
(129)

1448
(140)

1538
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in the GIn-18 and Leu-70 codons and after the Arg-111 codon (jan Sequences)
(Yanicostas et al. 1989).

Developmental Pattern

jonB transcripts are present only in males from the third larval through the
adult stages; the highest levels occur in adults. Expression appears to be
restricted to the gonads. The leader region of janB has striking sequence
similarity with the leader element of mst(3)gl-9, a gene that is thought to
mediate spermatid-specific translation (Yanicostas et al. 1989).

Promoter

Accurate and tissue-specific transcription requires no more than 175 bp up-
stream of the transcription initiation site of jenB (Yanicostas et al. 1989,
Yanicostas and Lepesant 1990). When there is active transcription of janA,
there is a reduced accumulation of RNA from the janB transcription initiation
site; this is probably a case of transcription interference similar to that observed
in Adh (Yanicostas and Lepesant 1990).
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knirps and Related Genes: kni, knrl, egon

Chromosomal Location: Map Position:
kni 3L, 77El-2 3-[46]
knrl 3L, 77E1-2 3-[46]
egon 3L, 79B 3-[47]
Products

DNA-binding regulatory proteins of the steroid/thyroid hormone receptor
superfamily that includes receptors for vitamin D and retinoic acid in
vertebrates.

Structure

Throughout this superfamily of proteins, the region extending from Cys-5 to
Arg-81 is conserved, with 20 amino acids being identical in all of the related
proteins and 40 others common to several of them (kni Sequence). In the
kni-group proteins, as in other proteins in the superfamily, the conserved region
is divided into two putative finger domains: one with four Cys (C,) and one
with five (C) (Evans 1988; Evans and Hollenberg 1988; Nauber et al. 1988;
Harrison 1991). The three proteins encoded by the kni-group genes are more
than 809 identical in the finger regions and identical for a group of 19 amino
acids adjacent to the fingers (KNI box), but they are completely divergent in
other regions. kni and knrl have several segments of short repeats (Fig. 20.1)
(Rothe et al. 1989).

It should be noted that the classification of KNI-group proteins with the
hormone receptor superfamily is based on similarities in the DNA-binding
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kni
GAATTCCiCTGCCTGAT(":CAACAAATGAAAGTCAAATGGAAAATCTTéTGGGAAGTCIA\GCTAACGAGl,'TTTTGTTAAéAGTATACCT:fAG
ACATGGT'.[TAGTACATC(;GTTGAAGTTfTATATTTTA%AATACTAGC(-:ACACTTCGGAGTGAAAAAG%CAAGGTTCC%GTCTTTGGG%CT

GAACAACCCTTTTGGTACAATGCGCGCCCATAAAAGGGT TAAGCACATCGGTTAGCGGCATAAAAGGGTTAAACAGGTAGCTCCTTCTTY

CTTTTTGéCTTTGAGCAAACAACAATAAATAYTCATAAAAAGAGCTTAAGTGCCGCCATAAGGCTCC%TGTTTACACAAAGGAGAAA%TA
TGTTGGAAGTTGACTTT%AAAAGGGTTACAATTAAAT}CGATTGATAiTTGTATTTTATTGAGTATAATGATGGTGAAGGTGTGGATAAG
AAAGTTT%ATAATATTTAAGAATAATA%AATTTCATGATTTATTTGCéAAATATTACiCTACTAAAAéTGTAATATTAATAAAATTA%TA
AAATAAT%ATAATTATAiTCTATTCATATTGAACTTG&ATGGTTTAAACCTATTTTTéTATGCTATT%TAGAACCAG&TTGCAAATCAAC
TACTTTAATATGAATCA%TCTGAATCCéGGTAATAGCéCGTCTAAATAGTATTTTTTATAACTTTTCéGACGCAATTACATACTCAA%AA
TACTCAA&TATCGTTTT%TTGCTATGAATCAATGCAGATCTCTTATTéATTAACTTC%AATTAAAGCéTTTCAATTTATTGCCAAGT&GC
GGTTATGéAAATTTTAAéACATTTCATéAAATCTTGAéAATCAGTTTéTGAATCACAéAGAAAGTGGéAATATTTCCéGCGGAAAAAéGT
TTTGAAAATCAAACTAG&TGTTAGGCAiACAGGCAAC%CTAAATGTA&CCAAAAACCGGCGGACTTTéAAAAGAAAAéCCCAAGCGAATT
GGCCTCCAACCATTTCGATTTCGAGCAéCCAAAACCG%CCGCCCATG&CAAAAAAAT&AGCAGCTGT%AAAAATGAAGTCAATAGCT%AG
TCAATGTéGTGTGTGTG%GTGTGTGTGéTGTTCGAGTéAGTGAGAAA%CCAGCCGCCéTTAGCACGCGAGTATCTTTAATAAATAAA&GA
ATAACGAATAATATCAGéGCCATGCAAATAGCCTGAT%ACAGGGAAC%CAAAATCGAéAGAGAGAGAéAGACTGAGCéTGAGATCTGAAT
GAGTGAG%GAGTGTTTTéTATTCATTCAACAACAGAG&GTTAACATT&TGCTAACAT%TCGCTCGAG}GGGGTTCGAACTCAATGCG&AT
GTGTGCG%GCTCGATCG&TCTCTCACTéGATCCGAGTéTTAAAGGTGéTGGTTTCAG&CGTGATTTA*CAGAGAGCTéGGGCTGAAAACT

GGTAAGTTTGCTTTGGTGTGAGTGCGAGTACATAAGCCAAAGAGTTCGGCCAGTAGGCGAAACACAGAAACGCTTCTTGCCAGTCGAACC

. . v . . . .
TCTCAGCCAGAAATCAGTCGTCAGCTAGTAGCCGAAGTGTCAGTTACACACATCGAGGATTCCCAAACCGCGTTGTTTCGGCGATCAAAA

ACCATACATCACATCAAATCGTATCCAAAATTATAATCAAAGTGTTGAAAACCTGAATCACTCAGACTGATCGAAAAGTGCTTGCAAACC
GAAAACAAAACAAAAAAAAAAAAAATAACAGACACAAACTGCCAAAGT GAGAAAACGTGCAGCAACGATCGCGAATCGCTGCAATTAAAA

AGTCGTCATAAACCTAGTGCCCATCCAACAAAAAAAAGCAAAAAGGTAAGT TCTGAGCGAGGGAGACAACATGAGATCAAAGTCAATTCA

_l

CGGTTCTTGTTTTTGGGTCGCGGCCGTCGGCAAATTTTACGATCCCTTGTGCACTACTTTTATTTTTTACTGTTTCACGCGAAAAACTAA
CGGCCACATTTCCATCTTTTCCTTATTTTTTTGCGTCCCGAGGCAGCGGGAAAAAAATCACAATTTTCATAAGCCGAATTTTCTATTITT
TGTTTGACTCGGGAAAAATCGGCGTGAGTTTTTATGGCCGAACGTCAAGGTCTGGACTGCTGCTGCATTTTTTTAGGGAACA&TATTTTC

GCAGCACTCGTAATGACTTCGAATAAAAAAGAAAATCTACCTGAGTTTTATGACTGGACAGCGCGAAAAAAATGAAAATGAACGCATAGG
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GTTGCATAATCCGGCAGCTTAAGTTTTTTGGCCTGTTGTGATCATAAAAAACGCCCATCCTGTCTAGTTTTTCCCAGTTTCCTATATATA
TCCTGGCCCGCCTAGAGCTCAGCATCAGT TGCTCAGCAGCATTCCAAGCGAACAGATCATACAGCAGATCCTCACAGCGATCGTGAGAAA

AGCATTCAAAATTCCAACARATATCATTCCAAAATGGTGTTCAACTTGGTTAGTGTCCAGAGCCGTTCGCCTACTTGTGGATTACACATA

. . . . . - . . .
TACCTCTCGACCAGTGGATTAAACCCTTACTAACGCGGATTTCTTTACAATCTTCCAGATGAACCAGACATGCAAAGTGTGCGGTGAGCC
MetAsnGInThrCysLysValCysGlyGluPr

| *kk ———kkk

GGCGGCGGGCTTCCATTTTGGCGCCTTCACCTGCGAGGGCTGCAAGGTAAGTTGTGTCTCAAGAAATCCATTGACAAATAAATTAGCAGA
oAlaAlaGlyPheHisPheGlyAlaPheThrCysGluGlyCyslys

ACGTAACCCCCAAGGGGTTAGTTTTAGAAATGTTCGAGGAACAGGCCATCGGCGATTCAAATCGTTGTACCATTGGCCTTAAGTTCTTGA

ATGAATTTCTGCTCTTCTTTTGCTAATCAGTTGCATACCACATAACTAAGCCACATTCGTCCTTCCCTTCGCCATTGCAGTCCTTCTTTG
SerPhePheG

GCCGCTCTTACAACAACATCAGCACCATCAGCGAGTGCAAGAACGAGGGCAAGTGCATCATCGACAAGAAGAACCGCACCACCTGCAAGG
1yArgSerTyrAsnAsnlleSerThrileSerGluCysLysAsnGluGlylysCysllelleAsplysLysAsnArgThrThrlyslLysA

...... *kk *kx e ————— - *kk -

CGTGCCGCTTGAGGAAGTGCTACAACGTGGGCATGTCGAAGGGGGGATCCCGCTACGGACGTCGCTCCAACTGGTTCAAGATCCATTGTC
laCysArgteuArglysCysTyrAsnValGlyMetSerlysGlyGlySerArgTyrGlyArgArgSerAsnTrpPhelysITeHisCysL

TGCTGCAGGAGCACGAACAGGCCGLCGCAGCGGCGGGCAAGGCGCCTCCATTAGCGGGTGGCGTATCGGTGGGTGGTGCCCCGTCGGCCT
euleuGInGluHisGluGinAlaAlaAlaAlaATaGlylysAlaProProleuAlall yGlyValServalGlyGlyAlaProSerAlas

CTTCCCCGGTGGGCTCGCCACACACTCCCGGATTTGGGGACATGGCCGCCCATTTGCACCACCATCATCAGCAGCAGCAGCAGCAGCAGG
erSerProValGlySerProHisThrProGlyPheGlyAspMetAlaAlaHislLeuHisHisHisHisGInGInGInGInGInGInGInV

TGCCGCGTCATCCACATATGCCTCTGCTGGGCTATCCCAGCTATCTGTCCGACCCATCCGCCGCCCTGCCCTTCTTCAGCATGATGGGCG
a1ProArgHisProHisMetProLeuleuGlyTyrProSerTyrLeuSerAspProSerAlaAlaleuProPhefheSerMetMetGlyG

GTGTACCGCACCAGTCGCCCTTCCAGCTGCCCCCACACCTCCTCTTCCCAGGCTACCATGCAAGTGCTGCCGCTGCAGCGGCTTCTGCTG
1yValProHisGInSerProPheGlnLeuProProHisleuleuPheProGlyTyrHisAlaSerAlaAlaAlaAlaAlaAlaSerAlaA

CCGATGCCGCTTACCGGCAGGAGATGTACAAGCACCGCCAGAGCGTGGATTCCGTTGAGTCGCAGAACCGCTTTAGTCCCGCCAGCCAGE
laAspAlaAlaTyrArgGInGluMetTyrLysHisArgGlnSerValAspSerValGluSerGlnAsnArgPheSerProAlaSerGinP

CACCAGTGGTGCAGCCCACCTCCTCGGCCCGCCAGTCGCCCATCGATGTCTGCCTGGAGGAGGATGTTCACTCCGTGCACAGCCATCAGT
roProValValGInProThrSerSerAlaArgGinSerProileAspValCysLeuGluGluAspValHisSerValHisSerHisG1nS

CGTCCGCAAGCCTCCTGCATCCCATTGCCATCCGAGCCACGCCAACCACTCCGACTAGCAGCAGCCCGCTGAGTTTTGCGGCCAAGATGL
erSerAlaSerLeuleuHisProlleAlalleArgAtaThrProThrThrProThrSerSerSerProteuSerPheAlaAl aLysMetG

AGAGCTTGTCGCCCGTTTCGRTTTGCTCCAT TGGCGGCGAAACCACCAGCGTTGTACCAGTGCATCCTCCCACCGT TTCCGCTCAAGAAG
InSerLeuSerProValSerValCysSer11eGlyGlyGluThrThrSerValValProValHisProProThrValSerAlaGinGluG

(continued)
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GACCCATGGATCTGAGCATGAAGACCTCGCGGAGCTCCGTGCACAGCTTCAACGACAGCGGCTCCGAGGATCAAGAAGTGGAGGTGGCTC
1yProMetAspteuSerMett ysThrSerArgSerSerValHisSerPheAsnAspSerGlySerGluAspGInGluValGluValAlaP

CGCGCCGGAAGTTCTACCAACTGGAGGCCGAGTGCCTGACCACCAGCAGCAGCAGTTCCTCCCACTCCGCCGCCCACTCACCGAACACCA
roArgArgiysPheTyrGinteuGluAlaGluCysleuThrThrSerSerSerSerSerSerHisSerAlaAlaHisSerProAsnThrT

CCACCGCCCATGCGGAAGTCAAGCGGCAGAAGC TAGGTGGTGCAGAGGC CACCCACTTCGGTGGCTTCGCGGTGGCCCACAATGCGGCTA
hrThraiahisAlaGluvallysArgGinLlysleuGlyGlyAlaGluAlaThrHisPheGlyGlyPheATaValAlaHisAsnATaAlas

GTGCCATGAGGGGAATATTCGTGTGTGTCTAAGTACACGGCGAAAAAACCAAGTGGGAGGAGTCGCCCCAAAAACCCTCGTTGTTTATTT
erAlaMetArgGlyllePheValCysValEnd

TTTGTTA&TTAAAGAAAATGTAAATTTATTCGTGTGC&CGCTCACAC%TAGGGAAGTGGAAAGAGATAGGGACAGACAGGTTTTGCTéGA
AAGAGACAGCCTGACCAGTTAGTTGCA%TGCACTCGCACACATACAC&TATATACCA&CACACACACACTCACACTCACCTATTGAG&TC
GGATCCAAAAATTATTT*TTATGAAAA&GTTAAAATTéTAAATATATéTTTGAGCTTéTTTGCAATTéTATTTTAAAéTTAGCCGGCGGA
AGAGCCG%AGAAGTAGTAATCATTCCCACCCTCAAATéCTATTGTACATACAAATTG%TAAGTCTAAGAATGATCTT%ATTGTCTCTAAG

TATTTTATTCTATTATAGTCCTAGTTATGGTATGTCTAAAGATTGGCATTTAGGTTTTATACAAAGAAAAATAAAAACTATTAAAAATTA

------ [(a),

AACTTTTéTCGTTTCCAATGCTTTTCGéTGTATTTCAéAATACACAAATTCATATTTéAAGTTTTTG&TTATGGATAATTGAACTAAéTT
ATTTACAATGTCGTCTTéAAGCTCATTAATTCCACGG&ACGTTTACT%CGGTGTTGC+TTTATTGAT%TAATTTTAG%TGTGACATCATA
GAAAAGTéTATTTAATTACAAAACAAA&ACTTTAAGAAAATTATTTAAAAATACTCA%ACAACGTAT%CGTTGTACC%TAAAGTTAA&GA
ACTCTTCiGATTTGTTTAAGCACATTA%TATGGACTA*ATGTCTGGTGCAAACTATCfTTCGGATGTATCTGCTGGA%GTATCAACGAAG
TTTGTCGéCTACCGCACATTCCTATAGéATCAAAGCCAATAAATTAT}TACGTATTCAGCTACCGCTéTTGTTTCAAAATCAGTTCTéTT
CAAACATéCGAGCATATATCCATATACATATATCTGA%CGGCGGTGT&TTTGGCTCGATGTTCGTTAACCACGGGCCAAATGGCGTGGCC
TGTCAATéGCAACACCAAAAAGAGACG&AAAACAAATéCTTTGGCATAAATTCAATCAACATTCGGT%GCAAGTCGA%CGGCGATGG&CG
ATAATAAAACCGATATAéCAGCCGTTAAGTGCTTTGC%GTGCCTGCCEATTGCACTCéCGATTGCTG%AAGGCAGTT&TGTAGTAAA%TA

AAAATGCCACAAATGTTACGCACAGAAATTCGATGCAACCCCCE 2776

kni SEQUENCE. Accession, X14153 (DROKNRI1). krl and kr2 are two KR binding
sites. An exclamation sign at — 1,003 marks the 5" end of a cDNA. Dashes under the
amino-acid sequence mark conserved positions in the C,/C; finger regions, and
asterisks, the relevant Cys residues.

regions only; the C-terminal regions of KNI-type proteins bear no resemblance
to the C-terminal regions of the mammalian receptors to which hormones bind.
Further, there is no evidence that function of the KNI-type proteins in
Drosophila requires the presence of a ligand, as is the case for the steroid/thyroid
hormone receptors.
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kni

Product

Functions

KNI plays an important role in the early stages of embryonic pattern
determination in the posterior region of the embryo. The consensus binding
site of KNI is AA/TCTAA/GATC (Hoch et al. 1992).

1. KNI is one of the regulators of the embryonic “zebra” pattern of
expression of the pair-rule gene hairy (h): two of the functions of KNI appear
to be the activation of stripe 6 of h and the repression of anterior expansion
of stripe 7. Strong binding of KNI to the 4 promoter in the stripe-7 regulatory
element and weak binding to that of stripe 6, has been observed (Pankratz et
al. 1990).

2. KNI has a binding site in cd1, a cis-acting regulatory region of Kr. This
binding site partly overlaps a bicoid protein (BCD) binding site and the two
regulatory proteins compete for binding: excess KNI prevents BCD from
activating Kr (Hoch et al. 1992).

Tissue Distribution

At blastoderm stage, the KNI protein is localized in a band that extends
approximately between 43% and 279, egg length (Appendix, Fig. A.2).

Mutant Phenotypes

This is one of the gap genes. In embryos homozygous for a null allele, abdominal
segments A1-A7 are fused and replaced by a single segment with a broad band
of ventral denticles (embryonic lethal) (Niisslein-Volhard and Wieschaus 1980;
Ingham 1988).

Gene Organization and Expression

Open reading frame, 429 amino acids; expected mRNA length, ca. 2,068 bases.
A cDNA sequence provides the only information on the 5" and 3’ ends. There
are two introns at —732/0 and after the Lys-26 codon. These parameters agree
with an RNA of 2.2 kb detected in northerns. A second RNA of 2.5 kb has been
reported; it is not clear if this is generated by alternative splicing or by
alternative initiation or termination. kni is transcribed toward the telomere (kni
Sequence) (Nauber et al. 1988).

Developmental Pattern

Accumulation of kni RNA is first evident in 2-4 h embryos and reaches a
maximum by 4-6 h. After 8 h the RNA level is very low and it becomes
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F1G. 20.1. Alignment of the KNI-related polypeptides by the GCG program Pileup. Asterisks mark
Cys in the C,/C; finger domains. The KNI box is underlined. The CON(sensus) sequence identifies
residues identical in the three sequences.
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undetectectable in larval stages. The 2.2 kb transcript is present transiently
during the blastoderm stage while the 2.5 kb transcript predominates in the
later stages (Nauber et al. 1988). RNA is first detectable, by in situ hybridization,
after the 11th round of embryonic nuclear division when it appears in a broad
band centered at 40-35%, egg length (Appendix. Figs A.1-A.3). Soon thereafter,
RNA appears at the anterior tip; and, still later, during blastoderm cellulariza-
tion, a third zone of expression becomes evident as a narrow stripe at 75-70%,
egg length. Expression in the posterior domain diminishes during gastrulation
and eventually ceases altogether. In the anterior tip, on the other hand,
expression persists through gastrulation when it exhibits a complex pattern. In
yet older embryos, kni transcription is limited to distinct areas of the epidermis
and gut (Rothe et al. 1989).

Promoter

The expression of kni is stimulated by the Kriippel protein (KR) either directly
or indirectly, and there are two KR binding sites between — 2,300 and — 2,400
(Pankratz et al. 1989; Capovilla et al. 1992). Anteriorly, transcription of kni
seems mainly regulated by the product of hunchback (HB) (and perhaps the
product of bicoid), being repressed at intermediate and high concentrations,
and stimulated at low concentrations. Similarly, kni is repressed by the tailless
product (TLL) which is present at the posterior end of the embryo. It is
proposed that these interactions explain the expression of kni in a broad band
immediately posterior to the band of Kr expression in the mid-section of the
embryo (Appendix, Figs A.2 and A.4) (Hilskamp et al. 1990).

A 4.4 kb fragment upstream of the transcription initiation site is sufficient
for normal kni expression. Deletion mapping of this DNA segment indicates
the presence of several sub-regions in whose absence kni expression in embryos
expands either anteriorly or posteriorly. The presence of HB and TLL binding
sites in those sub-regions led to the suggestion that kni expression is activated
throughout the embryo and that the broad band of kni transcription in the
posterior half of the embryo is achieved through repression by HB (anteriorly)
and TLL (posteriorly) (Pankratz et al. 1992).

knrl
(knirps-related)

Product

Unknown. No mutations are known in this gene (Fig. 20.1).

Gene Organization and Expression

Open reading frame, 647 amino acids. One cDNA of 3,505 bases was sequenced;
a single band of 3.8kb is detected by northern analysis. That cDNA
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sequence provides the only information on the 5 and 3’ ends (Oro et al.
1988).

Developmental Pattern

A low level of maternal knri RNA is uniformly distributed throughout
pre-blastoderm embryos. After the 12th nuclear division a posterior band forms
as is also the case for kni RNA; and afterwards expression of the two genes is
almost the same. However, knrl transcription never ceases altogether; a low
level of expression is maintained in all stages (Oro et al. 1988; Rothe et al. 1989).

egon
(embryonic gonad)

Product

Unknown. No mutations are known in this gene (Fig. 20.1).

Gene Organization and Expression

Open reading frame, 373 amino acids. There is one intron after Lys-26.

Developmental Pattern

Transcripts are restricted to late embryogenesis and they are 10-fold less
abundant than for kni or karl. After germ band shortening, transcripts appear
only in the gonadal primordia that form in abdominal segment 5, as demon-
strated by in situ hybridizations (Rothe et al. 1989).
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Kriippel: Kr

Chromosomal Location: Map Position:
2R, 60F3 2-107.6
Product

DNA-binding regulatory protein of the Zn-finger type that plays a central role
in the early stages of embryonic pattern determination in the mid-section of
the embryo.

Structure

The protein sequence can be divided into three regions. Two of the regions, the
amino-terminal and carboxy-terminal segments (221 and 108 amino acids,
respectively) are >30% Ala, Ser, and Pro. The third region, at the middie of
the protein, is made up of four and a half repeats of a 28-amino-acid segment;
these segments have the characteristics of C,H, Zn-fingers. A potential
glycosylation site is found near the C-terminus. Short segments near the
N-terminus show similarities with the hunchback (hb) protein (Rosenberg et al.
1986; Evans and Hollenberg 1988; Harrison 1991).

Function

Distinct DNA-binding and repressor domains have been identified in KR. KR
finger domains bind to AANGGGTTAA decamers, sequences that are known
to occur in the promoters of several genes controlled by KR (Pankratz et al.
1989; Stanojevic et al. 1989; Treisman and Desplan 1989). Transcriptional
repression is effected through an Ala-rich region of the protein included in the
segment from amino acids 26—110 (Licht et al. 1990).

KR acts as a repressor of the anterior gap gene hb (hb), the pair-rule gene
eve-skipped (eve) (Licht et al. 1990) and probably giant (gt) (Kraut and Levine
1991). In the posterior regions of the embryo, it interacts with the pair-rule
gene hairy (h) and with the gap gene knirps (kni), which it activates, perhaps
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indirectly, by repressing the expression of g, a repressor of kni (Capovilla et
al. 1992). KR-binding sites exist in several of the stripe-specific regulatory
elements in the promoters of eve and h, as well as in the promoters of hb and
kni. These interactions play important roles in the periodic expression of the
primary pair-rule genes eve and h and consequently, in the future segmentation
pattern along the antero-posterior axis of the embryo (Pankratz et al. 1989,
1990; Small et al. 1991; Stanjojevic et al. 1989, 1991; Treisman and Desplan
1989).

KR may be involved in developmental processes other than segmenta-
tion. After gastrulation, the protein can be seen in the nuclei of some
neuroblasts, Malpighian tubule anlagen, amnion serosa and other cells; in some
sites, KR persists until the end of embryogenesis (Gaul et al. 1987).

Tissue Distribution

The Kr protein is localized in nuclei with a pattern of accumulation that agrees
roughly with what would be expected from the regions and stages of embryonic
Kr transcription (see below). The correspondence is not exact, however; the
protein begins to appear 30 min later than mRNA, during the 13th nuclear
division, suggesting that there exists a mechanism of post-transcriptional
control. During the blastoderm stage, when metameric determination is taking
place, KR accumulates in a bell-shaped concentration profile. That is, the
protein is detectable between approximately 60 and 339, egg length (Appendix,
Figs A.2 and A.3) with the concentration being maximum in the middle of the
embryo and declining in steep exponential fashion toward each pole (Knipple
et al. 1985; Gaul et al. 1987).

Mutant Phenotypes

This is one of the gap genes. Embryos amorphic for Kr lack the three thoracic
and first five abdominal segments; Kr is an embryonic lethal without maternal
effect (Nisslein-Volhard and Wieschaus 1980; Ingham 1988).

Gene Organization and Expression

Open reading frame, 466 amino acids. Primer extension and cDNA sequencing
were used to define the 5 end. Two cDNAs having different 3’ ends (368 bp
apart) were sequenced. Spliced and unspliced RNAs are abundant. Thus it
might be expected that RNAs of several sizes ranging between 1,851 and 2,591
bases would be observed. However, only two bands of approximately 2.5 kb
are detectable; one has an intron, the other does not. The intron is in the Thr-13
codon, and there are several short open reading frames within the intron that
might serve for translational control (Kr Sequence) (Gaul et al. 1987).

When a genomic library was searched extensively with a Kr probe consisting
of only the finger domains, eight cross-hybridizing clones were identified. One
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Kr
Kr730 element
BamH1 . . . . . . . .
GGATCCTAAGTTAACTATAATCCAGGCTTAATCACTGGATCAATAACTAAGTAGCATTTTCCGGGATGGAAATATGAAGTTACCTGCATA

TGACCTA&CGATCCTGAAAACTGCTTTAACTTAATCGACATGCATGATCATAAAAAGCAATTTGCTACAATTTATATTTTTTTGCTTTTC
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CTTCTTTTAAGCATCTGGGATCTGGATCAGAAAAGAAAAAGTGTAACGCCTACCTTCAGAAACGGATTAAATTTTTTCAGACAAATAATC
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TAGAGCGCGACGCGYTTTTTCGCGACTCCGCCTGCATTGTTTTTTYTTCAGTTTCTTCAATTCGCAAGAAGGCAGGCCTATGGACCGAAT
| 141 bcda-5 /7/7711111/hb5 11111111111111117hb6

GAGGATCATAATTATGGAATTCCTAAATAAACTAAGAAGGGCAGTCGGCATAGTATTGATCTACCTGTAAGCGTGGGTTCTATCTTTGCC

CCTCGCATTCGAGACTCTCTAGTCACAGGTAGACTGTATACCAGCCTTGAGTTCGTCGGCAATTAAGAAGTCAAATTTCTCTTAAAAACA

------------------ t116
111111
ACAAAAAATGTCAAAGTAAAAACAATGCAAAAAAGATGTGTAACTGAACTARATCCGGC T TAGGATTCTTGCGTCATAAACGTGACTAGG
e knil ~=s-emmss th7
FEEETEREL TR T4 T bed
Wt
TAGCC -2543

. . . . . . . ~~>-184
AATATAATCGAATGAAATTTCAACTACCTCATTTTGCTAAGTCNGTAGACTTTTATAAAAGACAATTTTTGTGAAATCTCTCTACCTCAA

AGTACAAAAGTGTGTACAAAAATTATTCATATCCCTGAAAGTGCACAAAATTCTCAAATGAAATTTTGTTGTCTAAAAAACTAAGCTCCA

AAATCACTAAGGCGAATATTATAGGTGTTTTCTGTGTGCGGGAAAACATTGCGCGACACAAAATTAGGAGCACAAGAAGAATTTGTTGAT
Me

GTCCATATCAATGCTTCAAGACGCACAAACGCGAAGTAAGTATAGACCAAATTAAAATATTCCCCAAGAAAGTAAACTATCTAGAACTTC
tSerlleSerMetLeuGinAspAlaGInThrArgT

TAGTGTCCCCGATCACTTTCTCATTATTAAACAGTCCGATGTCTTTAGGATAGAAAATACAAATGTAATGTAATTGCAGCACATACCGAT
TAGTTGAATTTGTTTACATGTTTGGACAGGAACCGGCACTTAACTCGTTATCGACCAAAACAAAAACTAGTTAGACGAAAATAGAGAGCT
GCGAAAACACTAAGAGTTCGCTCCGTACGAAACTTTCTCTCACACATGAATCATATGTAARATTTTTTTCTCTTTTAAGCCGTTGCTCTT

AAGACATTTCCAAATGAAAACATACTAACTTATGATTTTTTTTTTAGCCTTAGCTGCTGCATTAGCTGGCATAAAACAAGAGGACGTTCA
hrleuAlaAlaAlaleuAlaGlyllel ysGinGluAspValHi

TCTAGACCGTTCCATGTCGCTATCGCCCCCCATGTCGGCCAACACATCAGCTACAAGCGCCGCTGCGATTTATCCAGCTATGGGTCTCCA
sLeuAspArgSerMetSerLeuSerProProMetSerAlaAsnThrSerAlaThrSerAlaAlaAlalleTyrProAlaMetGlyLeuGl
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ACAGGCGGCCGCTGCCTCAGCTTTTGGAATGCTATCACCTACCCAACTTCTGGCTGCAAACCGTCAAGCTGCCGCATTCATGGCCCAACT
nG1nAlaAlaAlaAlaSerAlaPheGl yMetLeuSerProThrGInLeuleuAlaAlaAsnArgGinAlaAlaAlaPheMetAlaGlinle

GCCCATGAGCACATTGGCCAACACTCTCTTTCCACACAATCCGGCGGCTTTGTTTGGGGLTTGGGLTGCCCAACAGTCGCTCCCBLCCCA
uProMetSerThriLeuAlaAsnThrieuPheProHisAsnProAlaAlaLeuPheGlyAlaTrpAlaAlaGInGinSerLeuProProGi

GGGTACGCATTTACATTCGCCGCCAGCCAGCCCGCACTCGCCGCTGTCCACTCCTTTAGGTAGTGGCAAGCACCCATTAAATTCCCCCAA
nGlyThrHisLeuHisSerProProAlaSerProHisSerProLeuSerThrProleuGl ySerGlylysHisProleuAsnSerProAs

CAGCACTCCCCAGCACCATGAGCCAGCGAAGAAGGCTCGAAAGTTATCGGTTAAGAAGGAGT TTCAGACCGAGATCAGCATGAGTGTAAA
nSerThrProGInHisHisGluProAlalysLysAlaArglysleuSerVallysLysGluPheGInThrGlulleSerMetServalAs

CGATATGTACCTATCATCGGGAGGCCCAATATCTCCGCCTTCCAGTGGCAGCTCTCCTAATTCAACGCACGACGGAGCGGGTGGAAATGE
nAspMetTyrLeuSerSerGlyGlyProlleSerProProSerSerGlySerSerProAsnSerThrHisAspGlyAlaGlyGlyAsnAl

TGGATGTGTCGGTGTCTCCAAGGATCCATCTCGCGACAAAAGCTTCACCTGTAAAATCTGCTCACGCAGCTTTGGCTATAAGCACGTGCT
aGlyCysValGlyValSerlLysAspProSerArgAsplysSerPheThrCyslysIleCysSerArgSerPheGlyTyrlysHisValle

TCAGAACCACGAACGCACCCACACCGGTGAGAAGCCTTTCGAATGTCCGGAGTGCGACAAGCGGTTTACTCGGGACCATCACTTAAAAAC
uGInAsnHisGluArgThrHisThrGlyGluLysProPheGluCysProGluCysAsplysArgPheThrArgAspHisHisLeulysTh

CCACATGCGTTTGCATACTGGAGAAAAACCATATCATTGCTCGCACTGCGATCGTCAATTCGTTCAGGTGGCCAATCTTAGACGACATTT
rHisMetArgleuHisThrG)yGiuLysProTyrHisCysSerHisCysAspArgGInPheValGinValAlaAsnLeuArgArgHistLe

GCGAGTCCACACTGGAGAGCGTCCCTATACTTGTGAAATCTGCGATGGCAAATTCAGTGACTCCAATCAGCTTAAGTCCCACATGCTGGT
uArgValHisThrGlyGluArgProTyrThrCysGlulleCysAspGl yLysPheSerAspSerAsnGlnLeul ysSerHisMetleuVa

ACACACCGGTGAAAAGCCGTTCGAGTGLGAACGGTGTCACATGAAGT TCCGACGGCGGCACCATCTGATGAATCACAAGTGTGGCATCCA
1HisThrGlyGluLysProPheGluCysGluArgCysHisMetLysPheArgArgArgHisHisLeuMetAsnHisLysCysGlylleGl

GTCGCCGCCTACTCCCGCGCTTTCACCGGCCATGAGTGGAGATTACCCCGTGGCAATCTCCGCAATTGCTATCGAGGCATCCACGAATAG
nSerProProThrProAlaleuSerProAlaMetSerGlyAspTyrProvalAlalleSerAlalleAlalleGluAlaSerThrAsnAr

ATTTGCGGCAATGTGTGCCACCTACGGAAGT TCGAATGAGTCGGTCGACAT GGAAAAAGCGACACCGGAGACGATGGTCCATTGGATTTG
gPheAlaAlaMetCysAlaThrTyrGlySerSerAsnGluSerValAspMetGlulysAlaThrProGluThrMetValHisTrplleCy

TCTGAAGATGGAGCCAGCTCTGTGGATGGCCATTACAGCAACATCGCACGGCGCAAGGCACAGGACATTCGTCGGGTTTTCCGGCTGLCT
sleulysMetGluProAlaleuTrpMetAlalleThrAlaThrSerHisGlyAlaArgHisArgThrPheValGlyPheSerGlyCystie

CCACCGCAAATCCCTCACGTACCCAGTGATATGCCTGAGCAAACCGAGCCAGAGGATTTGAGCATGCATTCTCCTCGTTCTATCGBATCT
uHisArglLysSerLeuThrTyrProVallleCysiLeuSerLysProSerGinArglleEnd

CACGAGCAAACCGATGATATTGACTTGTATGATTTAGATGATGCCCCGGCTTCTTATATGGGCCATCAACAACATTAGGCCACAACCAGT

CCGAATTGTACATAGCCCTAATCAGTTTTCATTTGATGAAATTGACTGGCATTTATTAACACAAAATTGAAAATTTTGCTATTTCAAAGT
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GGAAAGTAAAAATTGTTGCAACAGGAATATAATGATAAGTACAAGTTTAAAAAAATAACATACAAAAAGTCGAAATTGTACAAAGTAAGC
------ L,

CATACGTATGCTTGTTACGCCAAACCCACCAAATCAAATCGAAAATGTCGTGCCATTCTTTACCTTAAATTTAAGTTATATTCTTAGGTT
CGGAATCTTAAATTGTACATATTCAGCTTACACAGCTGCCAATTGTAAAGTAATCGGCGCTCTAAACATGCTTGTTGCAGAAAAATAAAA
GACACAAAGGTTTAATTAGGAAATCTATAACTAATTTTATTTAATTTATTACGCTTAATTTTTTTATAATTTAATCAAATTCTTTAAGAA

AACAATCGCAATAATCTCAAACAAAACTAACTTCAAGTTAAATAATAAAAAACATTTGTTTGATAATTGTTCTGTTTGCATTCTCTATTT
e Ha),

AAAACTATTATTAAATATAAAAATTTAGTTAATCCTGTTTTTTTAAAGATC 2483

Kr SeQueNcCE. The segment from —267 to 2,483 is from GenBank, Accession, X03414
(DROKR). His and Cys of the Zn-finger repeats are underlined, as is a potential
glycosylation site (Asn-399). The segment from — 3,267 to —2,543 (Kr730) is from
Hoch et al. (1992) and is numbered arbitrarily. This regulatory region starts at the
BamH1 site approximately 3 kb upstream of Kr. Symbols under the sequence indicate
various footprints: ———tll, for TLL; |||bed for BCD, ///hb for HB (Hoch et al. 1991,
1992) and \\\ gt for GT (Capovilla et al. 1992).

of these was characterized in some detail. It was localized to the left arm of
chromosome two in region 26A-B. Sequence analysis identified three finger
domains of the Kr type; greatest similarity was found in the seven amino acids
that separate adjacent fingers (the “H/C-link”; Schuh et al. 1986).

Developmental Pattern

Both Kr transcripts are present primarily in 2-5 h embryos, blastoderm to
gastrula stages (Rosenberg et al. 1986).

Kr transcripts are first detected in syncytial blastoderm embryos, after the
11th nuclear division (Appendix, Fig. A.1). RNA occurs in the peripheral
cytoplasm confined to a band 8-10 nuclei wide in the mid-embryo (55-45% egg
length; Appendix, Figs A.2 and A.4). By the cellular blastoderm stage (3.5 h of
development), the level of transcript has greatly increased; the RNA appears in
a band about 12-14 cells wide as well as in the cytoplasm of yolk cells. During
this stage, Kr RNA also accumulates in a posterior cap; the cap is 10 cells wide
and does not include the pole cells. Early in gastrulation, a third zone of gene
expression develops in the anterior portion of the embryo; and, as gastrulation
progresses, expression becomes yet more widespread. By the end of germ-band
extension (6 h), Kr RNA occurs throughout the embryo, from the posterior
edge of the cephalic furrow and through the thoracic and abdominal anlagen.
The transcripts then begin to diminish; and, by the beginning of germ-band
shortening (8 h), they reach near background level (Knipple et al. 1985).

2072

2162

2252

2342

2432
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Promoter

An upstream segment of DNA 18-kb long is necessary for normal Kr expression.
Within this region, there are at least seven independent cis-acting elements that,
alone or in various combinations control Kr expression at each of the ten
identified embryonic sites where Kr product is found.

Two of the cis-acting elements (cdl and cd2), located from | to 3 kb
upstream of the transcription initiation site, are primarily responsible for
expression in the central domain of the embryo (Hoch et al. 1990). During the
blastoderm stage, the central region of expression is, at least in part, defined
by the gradients of bicoid (bcd) and hb gene products; Kr transcription appears
to be stimulated by low concentrations and repressed by high concentrations
of those proteins (Hillskamp et al. 1990). A 400-bp segment in cdl is essential
for expression of a reporter gene in the central region of the embryo. The
cis-acting function of cdl depends on the presence of wild-type alleles of hb
(repressing Kr transcription) and bed (activating transcription). Clustered in
730 bp of cd! (the Kr730 element) are 10 HB and 6 BCD binding sites (Hoch
et al. 1991). Seven binding sites for the product of ¢/l (TLL) are also found in
the Kr730 element. The TLL sites partly overlap BCD binding sites, and there
is competition for occupancy such that the activating function of BCD can only
occur if TLL concentration is low enough. Similar competition occurs between
BCD and the kni product (KNI); but there is only on KNI binding site, so its
effect does not appear to be so significant as TLL’s (Kr Sequence) (Hoch et al.
1992).

The repressive action of BCD may be effected directly or through its
activation of gt, which in turn would interact with HB to repress Kr (Kraut
and Levine 1991). The repressive action of gt on Kr, if it occurs, would be
mediated by gt protein binding sites in the regulatory regions cd! (Kr Sequence)
and c¢d2 (Capovilla et al. 1992).
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The Metallothionein Genes: Min, Mto

Chromosomal Location: Map Position:
Min 3R, 85E10-15 3-48.8
Mto 3R, 92 3-[68]
Products

Small, Cys-rich cadmium- and copper-binding proteins.

Structure

MTN and MTO share properties with the metallothioneins (MT) of other
invertebrate and vertebrate species: they are small, they lack aromatic amino
acids and Cys residues constitute 259 or more of the protein (Lastowski-Perry
et al. 1985; Mokdad et al. 1987). One striking feature of MTN is the arrangement
of its 10 Cys residues in Cys-X-Cys groups that are distributed almost
identically to the Cys-X-Cys groups in the N-terminal half of mammalian MT
(Lastowski-Perry et al. 1985; Maroni 1990). Otherwise, sequence identity beteen
MTN and MTO, or between either one of the Drosophila MTs and a mam-
malian MT is not extensive, being only 20-25% in all pairwise combinations.

Cu-MTs may be precursors of the copper- and sulfur-rich concretions that
are detectable in the middle mid-gut of larvae fed on Cu* *-containing food
(Tapp and Hockaday 1977; Maroni et al. 1986b; Lauverjat et al. 1989).

MTO has been purified and partially sequenced (Silar et al. 1990); but MTN
has proven surprisingly intractable in this respect, and purification of the
protein has not been achieved (Silar et al. 1990; G. Maroni, unpublished
observations).

Function

MTs are involved in metal tolerance as evidenced by the fact that flies with
duplications for Mtn have increased tolerance to Cu** and Cd* ¥ in the
medium. Such duplication-carrying flies have been obtained from many natural
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populations where it is thought that elevated Cu™* * level has acted as a selective
agent (Otto et al. 1986; Maroni et al. 1987; Theodore et al. 1991). Also, cells
in culture that had been selected for increased tolerance to Cd™ * showed higher
levels of MT (probably MTO) accumulation (Debec et al. 1985; Mokdad et al.
1987). Whether these proteins also serve a role in metal homeostasis is not
known; null mutations are not available.

Tissue Distribution

Synthesis of MT is stimulated by the presence of Cd** or Cu* ™ in the food
and the proteins accumulate primarily in the midgut of individuals so treated
(Maroni and Watson 1985).

Min
Gene Organization and Expression

Open reading frame, 40 amino acids. There are two common alleles: Mtn-3,
thought to be closer to the ancestral allele, is expected to make an mRNA 387
bases long; Mtn' has lost 49 bases of the 3’ untranslated region (Mtn Sequence)
and is expected to make an mRNA 338 bases long. These estimates are in
agreement with RNA bands of 0.4 and 0.5 kb detected by northern analysis.
Primer extension and cDNA sequencing were used to define the 5’ end. The ¥
end was obtained from a cDNA sequence that included a poly(A) tail. There
is an intron in the Gly-8 codon (Mtn Sequence) (Lastowski-Perry et al. 1985;
Maroni et al. 1986a; Theodore et al. 1991).

Duplications occur in natural populations and in laboratory strains; they
always involve the Mtn' allele. The two copies are in direct tandem repeats at
a distance of 1-5 kb of each other (Otto et al. 1986; Maroni et al. 1987; Lange
et al. 1990).

Flies carrying the allele Mtn'3, an allele that is present primarily in African
populations, accumulate approximately 309, as much mRNA as those carrying
Min'; the extra 49 bases in the 3’ untranslated region of Mtn* may increase
its mRNA turnover rate (Theodore et al. 1991).

Developmental Pattern

Cadmium, copper, mercury, silver and zinc induce transcription of Mtn in
larval and adult mid-guts, zinc being the least effective of these metals.
Treatment with high metal concentrations leads to expression in the fat bodies
and other tissues as well. Mtn RNA is not detectable early in embryogenesis,
but it is clearly present, even in the absence of a metal supplement, in 18-24 h
embryos, larvae, and adults (Lastowski-Perry et al. 1985; Silar et al. 1990).
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Mtn

__ EcoRl . . Begin Mtn-.3| .
GAATTCGTTGCAGGACAGGATGTGGTGCCCGATGTGACTAGCTCTTTGCTGCAGGCCGTCCTATCCTCTGGTTCCGATAAGAGACCCAGA

ACTCCGGCCCCCCACCGCCCACCGCCACCCCCATACATATGTGGTACGCAAGTAAGAGTGCCTGCGCATGCCCCATGTGCCCCACCAAGA

C . . . . . . . .
GTTTTGCATCCCATACAAGTCCCCAAAGTGGAGAACCGAACCAATTCTTCGCGGGCAGAACAAAAGCTTCTGCACACGTCTCCACTCGAA
_______ N -

——- Cmmmmmam Qommmeem o
. -->-123
ATCTGGCCAATGTGCATCAGTTGTGGTCAGCAGCAAAATCAAGTGAATCATCTCAGTGCAACTAAAGGCCTAAATAGCCCATACCTACCT

TTTTTGTAAACAAGTGAACAAGTTCGAGGAAATACAACTCAATCAAGATGCCTTGCCCATGCGGAAGCGGTAAGTTCGCAGTCTGGTGTG
MetProCysProCysGlySerG

ATCCTTTAGGATATCACAGATCTTTCAGAGAAATGGTATTATACTAGTATAAAAATTCAATGGTGATTCAATAGTATAAAAATTCAAGGC
TGAAACTATCTGCAAAGTGAAATCTCTGAGTTCGTCTCTCTAAGAAAAGAAGT TCTTCAACTGCGTTTTATAAAATGGAACACTAATGTT

ATATGGCTTATGGATTACAGGATGTACCAGCATGTACTAATTTTTAAATTCTACTTCTTTCCAGGATGCAAATGCGCCAGCCAGGCCACT
1yCyslysCysAlaSerGInAlaThr

. . . . . . . A . .
AAGGGATCCTGCAACTGCGGATCTGACTGCAAGTGCGGCGGCGACAAGAAATCCGCCTGCGGCTGCTCCGAGTGAGCTTTCCCCCAAAAA
LysGlySerCysAsnCysG)ySerAspCysLysCysGlyGlyAsplyslysSerAlaCysGlyCysSerGluEnd

Lys

CGAACTGATTTCTGTATAACTCCCAATACTAAAACGACATGTTTTCTCA T
AGATCTGRAGTAGAGGCGCTGCATCTTGTCTC . . . e i TCTACACAC

CCTGCAATAAATGTCCAATTAAAGTAATTGATGCCTAACTGCGTCTTTTCGGGTTGCATAATCAATTGGTCTGCGGCATTCTAGGTTAGA
""" [(A),
. |End Mtn-.3
TTCGCTTTTATTGGAGGTAGCTTCTAGCTACGTGGTCGGCAATATGCGTCGTGGAAATGGGATGGTCAAGTGTTTTCCACAATGTGCATA

TACATA%GTACATAACACTAAAGTCAéTTGAGCAATATGGTAATCTéAGATGACTAéTTCTGAAGC&ACTGAGGGA*GAGTTCAAA&ACA
CGGCTGACCATGACTG%AGATAAAAA%ACAGTTCGGéGTTAGAATA%AGCCGCTATéGAATGGATAATATTAAAGAATACTAGCTT%AGA
AATAATAAAAATATAT%ACCCTATCAAATTTAAAACéATTTTAGGCATAACAACGAAATGGGTAATéAAAGTTCATATTTAAATCGéCTT
CCATTA%TTTATAGGT&ATTCATAGAAATATATGAT%GTAGACTTA%TATTGCTCAGTCTGTTTTG%GAAATGCCT&GTTTATAGCéCAA

AAGTGCCATATAGTTTTAGATGTAATATGATCGCGCAATTAACATGAAAGTGTAAGAACCCG 1095

Mtn SEQUENCE. Accession, M12964 (DROMETG). The numbered lines represent the
sequence of the Mtn?' allele, above it are the four base substitutions and the extra 49
bases present in the allele Mtn3. Between positions —250 and — 170, the 8-bp cores

of putative metal regulatory elements are underlined.
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Mto
Sspl . . . . . . .
-1072 AATATTGAGTTCTACAGGAATGTTCCCAGGACTACACGGAGAAAAATCGAAGGACACTTTGGGGATGAGAGGATATTCATGCAATTTGTG  -983

-982 GTAAGGAACTGAAGTCATACTC%AACTGAACGGTGCTGGCTG&TCAAGTTATATATGTTTAT&TGATGTTAAATATATACCT%GTGGTCA -893
-892 ACACAAGCACAAGAATCAATTA%ATATTCATTATACCCGTTTAAGATATAGTAAGGTAAATAAAATGTAGAA&GATCAGGATAACTAGAC -803
-802 GAéTTAAAGACTéCAGACAACT%ATCTAAGTCATTCTTTCGT%GCAGGTACA&CTACCAAAAAACTATTTCTATATTTGTTT%CGAAAAC -713
-712 TT%TTTTTTTAC%AAAAGTCATAAATATATATAAAGTTGTTCéGGGTGTTTGéTTTTCCGTG&AACGAACTG+TTTCGTAGC%CCCGCAG -623
-622 AGéTTATAGTTT%TGCCTAATT%GCAGCGCGT%TTTTCCTCTATTAATTTTTAGTTAGCTTT&CACATGTGA*ATTTTTATGéCATTTAC -533
~532 GC%GGGTTTTTTiTGAAAAGAG%TTAGTCGTAAAGCGTTTTTéCAGCCAATA%GAGCATTTAAATTTGTTTTACTACAGGAAAGTCTTTT -443
~442 AT%TATTGTGAAAAACCCGCTGéGTAGCTGCC*GCGCTTTTCATGCTTTTTA%TGTGTGCTTéTGGGCTGTGéGCTGAGTCAéGATACGC -353
-352 GGéGTATACGCAACGTATACGCAACGTGGGCA&CTGATAAGC%GATGAGGAG%TCGTGTGCAéCGAGTTGGCéAGCAATCGCéTGCGCAA -263
-262 AAAGAATTGCCTéGCCTATCGTéTGATAAATTéCGAACEACTéGCCCCAGGC%TGCACACGA&GTGATAAGT%GGGTCAAACAAACAAAT -173
et R TP >

. . . -->-143 . . .
-172 TTGTTTTGGATTTGTGCAATTTTGCACTCGTTCGAGTTCGAGGCAATCGAAGTGGGTATAAAAGTGGGGGAGTTGCCGGACTGGGTCATC  -83

-82 AGTTGAATAGCCAAGCAACAAGCAAACAAGTGAATATCAGTTCGCCTCAGCCAAGTGAAAGTCGAGAAATAGATACATACAAGATGGTTT 7
MetVall {(3)

8 GCAAGGGTTGTGGAACAAGTAAGTGGTACAACGCAGCAGCAAGCTGTATAATTGACAATCGTTCTCGATTCCTCGACAGACTGCCAGTGE 97
ysLysGlyCysGiyThra snCysGInCys  (12)

98 TCGGCCCAAAAGTGCGGGGACAACTGCGCCTGCAACAAGGATTGCCAGTGCGTTTGCAAGAATGGGCCCAAGGACCAGTGCTGCAGCAAC 187
SerAlaGintysCysGlyAspAsnCysAlaCysAsnlysAspCysGInCysValCysLysAsnGlyProLysAspGinCysCysSerAsn  (42)

188  AAATAAGCGGGCCAACTATATAACTAACTGTTTAACTTCTAAACTGGAGCTTAACTCCCAACGAGTTGGCCGCAATAAATAAAGTTTATA 277
Lystnd g bttt (43)

278  AAGATTTTGAGCATTTAAAAGTTTCTGCCGTTAACTTTTTGTTACTGGGCGGTCGGTCATCTTACCAAGCGATAATTATATTTTCGGCTT 367
TOR

368 TTGGCAGCTAAAACCAATTATGGTAAAATAATAAACGTGAGCTGGCATTCAGTTAAGCAAACCGCAAAATAGAATTACATGAAAAATAAG 457

458 CAAACGCAATGCGACAATTTGGGCGGGATTTGCAAATATTTGTATGT TCGCGGACAGCTGCACCGGAATTAAAATCCAATCCATCAGCCG 547
. . . . . . Taql
548 TGATTTCGGTAGAAAACTCACCGAAAGTCCATTGAATTGTGCGCAAAACGGAACATAAATCGA 610

Mto SEQUENCE. Strain, Oregon R. Accession, X52098 (DROMTOG). Between
positions —300 and — 140, the 8-bp cores of putative metal regulatory elements are
underlined.
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Promoter

A fragment that extends from 373 bp upstream to 54 bp downstream of the
transcription initiation site is sufficient for apparently full metal response and
for control of the expression of reporter genes. The addition of 3,500 bp farther
upstream does not seem to increase the metal-induced response. Within the
373-bp segment that precedes the transcription initiation site, there are several
copies of a 12-bp sequence that is related to the mammalian metal regulatory
element (Mtn Sequence). The Drosophila Mtn promoter is capable of supporting
metal-regulated expression of a reporter gene transfected into baby hamster
kidney cells (Maronti et al. 1986a; Otto et al. 1987).

Mto

Gene Organization and Expression

Open reading frame, 43 amino acids; expected mRNA length, 376 bases, in
agreement with RNA detected in northern blots. Primer extension was used to
define the 5’ end. The 3’ end was obtained from a cDNA sequence that included
a poly(A) tail. There is an intron in the Asn-9 codon (Mto Sequence) (Mokdad
et al. 1987, Silar et al. 1990).

Developmental Pattern

Cadmium, copper, zinc, mercury and silver induce transcription of Mto in larvae
and adults, zinc being the least effective inducer (Silar et al. 1990). RNA
accumulations reach levels that are only 30-50%; of the levels reached by Mtn
when the same metals are used (G. Maroni and J. E. Young, unpublished
observations). During embryonic and larval development, in the absence of a
metal supplement, Mto RNA is present at approximately constant levels; in
adult females it is barely detectable; and it is absent from males (Silar et al.
1990).

Promoter

There is no canonical TATA box upstream of the transcription initiation site.
As in the Mtn promoter, there are several short sequences related to the metal
regulatory elements found in mammalian metallothionein promoters (Silar et
al. 1990).
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ovarian tumor: otu

Synonym: Transcription unit K of the chorion gene cluster on the X

Chromosomal Location: Map Position:
X, TF1 X-23.2
Products

Proteins of 98 and 104 kD of uncertain function.

Structure

In each case, the apparent M, is slightly larger than predicted from the sequence,
probably due to the skewed amino-acid composition. OTU proteins are largely
hydrophilic and rich in Pro (approximately 10%,) (Steinhauer et al. 1989;
Steinhauer and Kalfayan 1992).

Tissue Distribution

OTU proteins are localized in ovaries. The 104 kD form predominates in pupal
stages when advanced stages of oocyte maturation are absent. The 98 kD form
is the more abundant one in adult females, when most of the ovarian mass
comprises egg chambers at more advanced stages (G. L. Sass and L. L. Searles,
personal communication).

Mutant Phenotypes

Mutations in otu lead to female-sterility; they have no effect on viability in
either sex or male fertility. Null alleles of otu (the QUT alleles) result in the
total absence of germ cell proliferation. Severely deficient alleles (the ONC
alleles), seem to result in germ cell proliferation with little or no differentiation
while more subtle mutations (DIF alleles) produce ovarioles with mixtures of
egg chambers that have reached various degrees of differentiation (King et al.
1986; Steinhauer and Kalfayan 1992; Sass et al. 1993.
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otu
GAATTCATAGTEGTTGCGTW%GCACACTCG&AAGATAACCAACTAACGACATTTACTAACAATAAACAAAAACATAACTT+ACACGAGA
A(;ACAAAAAACACAAAAAAAAAACAGGAAAA&AAAAGGCACACACAGTCACACACTCACAT(.ZTCTTCCAGA(.:AACTTTTGT('IGCGGTAAC
AéCGCGAACTG;\AAGTTTGCT(.:CTGGCTTCA% TGACTCGCAATTTCGAACTGAGT cT GATGI.XACAAGAACAI‘XCAGTGCGCC(;TGTGGAAA
G(.:GGCAT I'TTC(.:ACCCCCTAA:.\AAGCGGCCA(.icAACAACAG(.ZAACGACAGTAACAAGAACAATTTGAAGGTI.\ACAGAAACT"‘ITTGGGGAT
GACACGGAACAéATGATGCCGéTATCGGTGTéATCGATAGA&GGCGATAACAGGAGTTTTT%AACCGCTCAéCAATATATT%CAAGTATA

YCATACACTTGTGTATTTCATTTAGAAAGTATTCAACAAGATCAGATATATTTATTTTGTTGATAAAATCACGAACCAACTCCATTGATT

. . . . . . . .o LoD
CATTTCCGCACATCACTATTGCCCAATTTCGTTTGTCGGCATCCTTCCAGGCACTGGAAGTTCGTTCTTATACTTTTCGTTCGCATTCTA

e
. ! ||=P1,P2,P4 . -->-668 --->-659/658 . . .
GTTCGCGGGTTCTCTGAAAGGCTAGATCGCGCCATTCGCTTCAATTCTTCGTGTAACGGTGCTAGGTGCGGATGCCAGTGTTATTTTTAA

TTGTTAATTTAATTGTTAACTATTTATAAAAATAGAATTTGTACAACAGAAGACGAACAGCAGAACACCGGTAATATCTCGATTCGATTT
_l

TAACTGTATTAéTTGAAACAT%TATAGTAACGGTAATTTGTéAAGTGACGAAATTAACTAA%TAAGCGCAG&ATGAGAGGC%TTTAAATC
A%TAAATTTTAAACAAATATT%AATTTTCAT&AGCTTCATCACATTTAATT+TGCTCTTTTéCTTCATTTGéCTTTCTACTéCGCCATCT
TéAATTCGCAGéTGCATATTG%CATCTCGCTéTGAAGCCCGGCTTGTATGGAGTCGGTTAA%AATTGGAATATATTTGTAT%GCAGCAAA
T%TGCTTTAAAACTATTAAAG*TAAAAAAAC%ATACAATAG%TAACATAAAATAAGTAATAAAGCTTAGTA%GCGCACTTC%TAGTGAAA

CGACAATAGATAGCAGTTGAAAAGTGATTGTGAAGGTCAAATAGATCGAGGTCAGGGCCCTCTTCTAACTGTTAATTGTGCAATACTTGT

) . . . . . . .
ATTTCAAAGGGAAAACATGACAAAAAAAAAATGAAATGAATAAAATTTAAGTTTCTCGATTCCAGAGTCGCCATGGACATGCAAGTGCAG
|_ MetAspMetGinValGln

CGCCCCATTACGTCAGGCAGCCGGCAGGCCCCGGATCCGTATGATCAGTATCTGGAGAGCCGTGGACTCTACCGTAAGCACACGGCCCGG
ArgProlleThrSerGlySerArgGinAlaProAspProTyrAspGInTyrleuGluSerArgGlyleuTyrArglysHisThrAlaArg

GACGCCTCCAGTTTGTTCCGTGTGATCGCCGAGCAGATGTACGACACCCAGATGCTGCACTACGAGAT TCGGCTAGAGTGCGTCCGLTTC
AspAlaSerSerleuPheArgVal 11eAlaGl uG1nMet TyrAspThrGInMetLeuHisTyrGlulleArgleuGluCysValArgPhe

ATGACCCTAAAACGACGCATCTTTGAGAAGGTAGGCCTCTAACAATCACACATTTTGTAAAAAAAAAAGAAATAATTTTATTTATATCCC
MetThrleulysArgArgllePheGlulys

AGGAAATTCCTGGCGATTTCGATAGCTACATGCAGGACATGTCCAAGCCCAAGACATATGGAACCATGACAGAACTACGCGCTATGTCCT
GlulleProGlyAspPheAspSerTyrMetGInAspMetSerlysProlysThrTyrGlyThrMet ThrGluleuArgAlaMetSerC

GCCTATATCGGTAATTAATCCTTAGTTACTATTTTCTATTAAACTACAAATATATATGATTTCTGTACGACTTCCAGCCGCAATGTTATC
vsLeuTyrAr gArgAsnVallle

(continued)
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CTGTATGAGCCCTACAACATGGGCACCAGCGTCGTTTTTAATCGTCGCTATGCGGAAAACTTCCGTGTCTTCTTCAACAATGAGAATCAC
LeuTyrGluProTyrAsnMetGlyThrSerValValPheAsnArgArgTyrAlaGluAsnPheArgValPhePheAsnAsnGluAsnHis

TTTGATTCGGTTTATGACGTTGAATATATAGAAAGAGCCGCCATTTGTCAATGTACGTAGCCTATTAATATATCCAATTTTGLTTTTTGT
PheAspServalTyrAspValGluTyrIleGTuArgATaAlalleCysGInS

ATATGTACGTTGCTTTCAGCAATCGCCTTTAAGT TGCTGTACCAGAAGCTTTTCAAATTGCCTGACGTATCCTTTGCTGTGGAGATTATG
erlleAlaPhelysleuleuTyrGInLysLeuPhel ysLeuProAspValSerPheAlaValGlulleMet

TTGCATCCACACACCTTCAATTGGGATCGCTTCAATGTGGAGT TCGATGACAAGGGCTATATGGTTCGCATTCATTGCACCGATGGACGA
LeuHisProHisThrPheAsnTrpAspArgPheAsnVal GluPheAspAsplLysGlyTyrMetValArglleHisCysThrAspGlyArg

GTTTTTAAGCTTGATCTGCCAGGGGACACAAACTGCATACTGGAAAACTATAAGCTGTGCAATTTCCATAGCACCAATGGAAATCAGAGC
ValPhel ysLeuAspLeuProGlyAspThrAsnCys1leleuGluAsnTyrLysLeuCysAsnPheHisSerThrAsnGlyAsnGInSer

ATTAATGCTCGAAAGGGAGGCCGGCTGGAGAT TAAAAACCAGGAGGAGCGAAAGGCATCCGGCAGCAGTGGCCACGAACCAAACGATCTG
IleAsnAlaArglysGlyG) yArgleuGlullel ysAsnGInGluGluArglysAlaSerGlySerSerGlyHisGluProAsnAspleu

TTGCCCATGTGTCCAAACCGATTGGAGTCCTGTGTCCGCCAGCTGCTAGATGATGGTCAGTAGAGGTGGT TTCAAACATCAAATGCTTAC
LeuProMetCysProAsnArgleuGluSerCysValArgGint eul euAspAspG

ATAATACTCTCTITTTAGGTATCTCTCCGTTTCCCTACAAAGTGGCCAAGTCCATGGACCCCTATATGTATCGTAATATAGAATTTGATT
1ylleSerProPheProTyrlysValAlalysSerMetAspProTyrMet TyrArgAsnlleGluPheAspC

GCTGGAACGATATGCGCAAGGAGGCCAAGCTTTATAATGTCTACATAAATGACTATAACTTTAAGGTAAACTGTGCAGAACATTGGATTA
ysTrpAsnAspMetArglLysGluAtalysLeuTyrAsnValTyrlleAsnAspTyrAsnPhelys

TCGTTAGCACACATACACACGCACACCAACACACGTTTCATGTCAACCACCCATCCAAATTAACACCCTTTCATTTTGATCTATACACTG
. . . . . . . A=13
GATACACCTTATACTTTACTATACATGTATGTCTTGCCTTATCCTTCCTCGTCTCGTCGCCGTGTTATTTGTTTTCCAGGTGGGCGCCAA
ValGlyAlaly
A=11 . . . . . . .
GTGCAAGGTGGAATTGCCGAACGAAACGGAGATGTACACGTGCCACGTTCAAAATATCTCCAAAGATAAGAATTACTGCCACGTCTTTGT
sCystysValGluLeuProAsnGiuThrGluMet TyrThrCysHisValGInAsnlleSerLysAsplysAsnTyrCysHisValPheVa
Tyr

TGAGAGGAT TGGCAAAGAGATAGTGGTACCTCTTCTTTTTATCTGATTTTCTAGACCCTTGCAGAGAAATGCAAAAATTTCGATTAGAAA
1G61uArglleGlyLysGlulleval

CGATTATCATATTTAACAATTAGTTAAATTTGTTAAAGT TTAGTTAAAAGTATATTAATTGTGGCCCAATGAACTGGTATATAAGTCTAT
AAAATAATTGATCTGCAAGGGCTAAAAATGTTCGGTATCCGAAGCTAATTGTAACTATTTCGCTTTAATAGAGAGCTTACTAATATACAA

ACATATCTGTTGGCTTAGGTCCCGTATGAATCGCTCCATCCCCTGCCGCCAGATGAGTACCGCCCATGGTCGTTGCCATTCCGCTATCAT
ValProTyrGluSerLeuHisProleuProProAspGluTyrArgProTrpSerteuProPheArgTyrHis

CGCCAGATGCCTCGCTTGCCGTTGCCCAAGTATGCCGGTAAGGCCAACAAGTCTTCCAAATGGAAGAAGAACAAGCTGTTCGAAATGGAC
ArgGlinMetProArglLeuProleuProlysTyrAlaGlyLysATaAsnLysSerSerLysTrpLysLysAsnlysLeuPheGluMetAsp

CAGTATTTTGAGCACAGCAAGTGTGATTTGATGCCCTACATGCCCGTGGACAATTGCTATCAGGGTGTGCACATTCAGGACGATGAGCAG
G1nTyrPheGluHisSerLysCysAsplLeuMetProTyrMetProValAspAsnCysTyrGInGlyValHisITeGInAspAspGluGin

CGGGATCATAATGATCCTGAACAAAATGACCAGAACCCGACTACGGAGCAGCGGGATCGTGAAGAACCGCAGGCACAGAAGCAACALCAG
ArgAspHisAsnAspProGluGinAsnAspGlnAsnProThrThrGluGlnArgAspArgGluGluProGinATaGinlysGinHisGIn
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CGCACGAAGGCATCAAGGGTTCAGCCGCAGAACTCGAGT TCCAGCCAAAACCAGGAGGTTTCGGGTTCGGCTGCCCCGCCACCCACTCAG
ArgThrLysAlaSerArgValGInProGlnAsnSerSerSerSerGInAsnGinGluValSerGlySerAtaAlaProProProThrGln

TATATGAATTACGTGCCAATGATACCGAGTCGTCCTGGGCATTTACCGCCACCTTGGCCTGCATCTCCGATGGCTATTGCCGAGGAGTTT
TyrMetAsnTyrValProMet11eProSerArgProGlyHisleuProProProTrpProAlaSerProMetAlalleAlaGluGl uPhe

CCGTTCCCCATTTCAGGAACCCCGCATCCACCGCCAACCGAAGGTTGTGTATACATGCCATTCGGTGGTTATGGTCCACCACCACCGGGA
ProPheProlleSerGlyThrProHisProProProThrGiuGlyCysValTyrMetProPheGl yG1yTyrGlyProProProProGly

GCTGTTGCTTTATCGGGACCGCATCCATTTATGCCGCTTCCTTCTCCACCGCTAAATGTTACCGGAATTGGCGAGCCACGTCGTTCTCTA
AlavalAlaleuSerGiyProHisProPheMetProl euProSerProProl euAsnVal ThrGlyl1eG1yG) uProArgArgSerteu

CACCCAAACGGTGAAGATTTGCCCGTGGATATGGTGACTYTGAGATACTTCTACAACATGGGCGTGGATTTGCATTGGCGCATGTCGCAC
HisProAsnGlyGluAspleuProValAspMetValThrLeuArgTyrPheTyrAsnMetGlyValAspleuHisTrpArgMetSerHis

. . . . . T=5 . . .
CACACGCCGCCTGATGAACTAGGAATGTTTGGATACCATCAGCAGAACAACACTGATCAACAGGCAGGACGGACTGTAGTCATTGGCGCC
HisThrProProAspGluleuGlyMetPheGlyTyrHisGInGInAsnAsnThrAspGInGInATaGlyArgThrValVallleGlyAla

End

. . . . . . T=14
ACAGAGGACAATTTGACTGCCGTGGAGTCAACACCACCACCTTCGCCAGAGGTGGCAAATGCCACAGAGCAGTCACCGCTTGAGAAARAGT
ThrGluAspAsnLeuThrAlaValGluSerThrProProProSerProGluValAlaAsnAlaThrGluGInSerProleuGlulysSer

End

GCCTACGCCAAGCGCAATTTGAATTCGGTTAAGGTGCGCGGCAAACGTCCGGAGCAGCTGCAAGATATTAAGGATTCGCTGGGGCCAGCG
AlaTyrAlaLysArgAsnLeuAsnSerVallysValArgGlyLysArgProGluGinLeuGinAspllelysAspSerLeuGlyProAla

GCATTTTTGCCCACTCCAACGCCATCGCCAAGCTCGAATGGCAGTCAGTTTAGTTTCTATACTACTCCATCGCCGCATCATCACCTGATA
AlaPheleuProThrProThrProSerProSerSerAsnGlySerGInPheSerPheTyrThrThrProSerfroHisHisHisLeulle

ACACCGCCGAGGTTGCTCCAACCGCCGCCACCGCCACCGATATTCTACCACAAGGCGGGACCACCACAGCTAGGGGGAGCAGCTCAAGGA
ThrProProArgleuleuGlnProProProProProProllePheTyrHisLysAlaGlyProProGInLeuGl yGlyAlaAlaGInGly

CAGGTAGGAGTGATACATGCACTAACAAATTCAAAATATTCTATAGGCAATCGACACTCGACCATTTTTAGACTCCCTACGCCTGGGGCA
Gln ThrProTyrAlaTrpGlyM

TGCCAGCTCCGGTGGTGTCCCCCTATGAGGTGATCAACAACTATAACATGGACCCGTCGGCTCAGCCACAACAACAGCAGCCAGCCCCCT
etProAlaProValValSerProTyrGluVal1leAsnAsnTyrAsaMetAspProSerAiaGInProGInGinGInGInProAlaProl

TGCAACCAGCTCCCTTATCTGTCCAATCTCAGCCGGCAGCTGTCTATGCTGCAACGCGTCATCACTAAACAAAGAAAGAGAAAAAAAAGG
euGinProAlaProleuSerValGinSerGInProAlaAlaValTyrAlaAlaThrArgHisHisEnd

GAGCGGGGGCAAAAAACAGATéACTTGAAAGAGAGAGGCCA%ACAGATCGAAGGCACTACA%TCCATTGCAATTAACGGCT%TTAAAATT
TAATCTCACTT%TAAATTTGTAGTTAACTTT%TATAGGCCA%AAGCGTTGG&GCTCTATCA%AAACCATTCAGCTTCTGTA&AACAATCG
A%TGCATAACC%AACGCAAATéTCAACCCAAéTTCATTTTAAAAATGTAAT%TAACGTAAT%TTATGCGAA%TTTTTTAAA&TTAGCCGT
CACGAAATCAAAGAACCACCTATTTATATGA+TTATTTAAAACCCTTCTAAECAAAAATATéTACATACTA%CTACTATATATATACATA

TATATATATATATATATTTATGTGCTCGCTGTTCGGCTAGAGACTCACCTATGTAAAGTGTACCATCAAAAATTAACCATAAATAAAACA

AGATTCAACTGCAG 3812
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By in vitro mutagenesis of otu, two constructions were prepared, one that
could produce only the 104 kD protein and another that could produce only
the 98 kD protein. When introduced into QUI mutants, the 104 kD protein
restores fertility. The 98 kD protein is unable to rescue the QUI mutant
phenotype but does restore some fertility to ONC or DIF type alleles. Thus, it
would appear that the 104 kD protein is capable of carrying out all otu functions
while the 98 kD protein can perform some of the late oocyte maturation
functions but is unable to carry out early oocyte maturation functions or those
required for controlled cell proliferation (A. R. Comer and L. L. Searles,
personal communication).

Gene Organization and Expression

Open reading frame, 811 (98 kD protein) or 853 (104 kD protein) amino acids
depending on splicing; mRNA, 3,045-3,230 bases, depending on the start site
and splicing. The most common RNA is approximately 3.2 kb, but other
cross-hybridizing RNAs occur. The 5’ end was defined by S1 mapping, primer
extension, and the sequencing of two cDNA clones. Several sites are used for
transcription initiation, the main ones being those at positions —668, — 659
and —658 (otu Sequence). There is no TATA box associated with any of
the 5 ends. The 3’ end was defined from a cDNA sequence that contained a
poly-A tail. There are eight introns: one is in the leader between positions
—541 and —7, the others are after the Lys-76 codon, in the Arg-109, Ser-161
and Gly-293 codons, and after the Lys-338, Val-380 and Glin-795 codons.
The 126-base exon starting with the Val-339 codon is often spliced out to
produce mRNA that codes for the 98 kD protein (otu Sequence, Fig. 23.1)
(Champe and Laird 1989; Steinhauer et al. 1989; Comer et al. 1992; Steinhauer
and Kalfayan 1992).

otu SEQUENCE (previous pages). Strain, Canton S. Accession, M30825 (DROOTUA)
and X13693 (DROOTU). Arrows above the sequence, between — 720 and — 658,
indicate possible sites of transcription initiation; the exclamation mark at — 688
marks the 5 end of two independently obtained cDNAs. Several mutations are
indicated in the sequence: otu® and otu'* cause premature termination, and
homozygotes accumulate smaller proteins (both alleles belong to the DIF class); otu'?
is unable to produce the 104 kD protein because it has a disabled acceptor site in
exon 7; and otu'' has an amino-acid substitution in exon 7 (both otu'! and otu'?
affect the 104 kD protein but not the 98 kD protein and both are ONC alleles)
(Steinhauer and Kalfayan 1992). The four P element insertions near the 5 end seem
to affect transcription, and the severity of their phenotypes is generally proportional
to the size of the insertion: otu®! (2.9 kb) is a QUI allele, otu®? (2.0 kb) is an ONC
allele, and otu®? (0.6 kb) and otu®? (0.5 kb) are DIF alleles (Sass et al. 1993).
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ptu Cp38 Cp36

11 kb

FiG. 23.1. otu and neighboring genes Cp36 and Cp38

The otu gene is 0.06 map units away from the chorion protein gene
Cp38, closer to the centromere, and transcribed convergently with Cp38, toward
the telomere; the two 3’ ends are approximately 1.4 kb apart (Fig. 23.1). otu is
amplified, together with the chorion genes, in follicular cells, but it is not
expressed in those cells (Parks and Spradling 1987; see also Chorion Protein
Genes).

Developmental Pattern

The predominant 3.2 kb transcript is present mainly in female pupae and adults.
It occurs in nurse cells and oocytes, and the peak of expression is egg chambers
between stages 8 and 10. This transcript is found at much lower levels in female
heads and thoraxes and in male testes along with other cross-hybridizing
transcripts. Given that null mutations have no effect other than on female
sterility, it is likely that the non-ovarian transcripts lack any function (Mulligan
et al. 1988).

Promoter

Studies of a reporter gene under the control of an otu fragment that extends
from 452 bp upstream of the transcription initiation site to the end of the first
exon, showed expression, in ovaries, in nurse cells and oocytes as well as in the
germarium. In males, expression was detected in the anterior tip of the testes,
in the region of stem cells and primary spermatocytes (Comer et al. 1992).
Constructions with 310 bp of upstream sequence and the complete tran-
scribed region produced apparently normal levels of 3.2 kb RNA and rescued
otu mutations. Similar constructions with only 190 bp of the promoter region,
however, were unable to support gene expression (Comer et al. 1992).
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6-Phosphogluconate Dehydrogenase Gene:
Pgd

Chromosomal Location: Map Position:
X, 2D4-6 1-0.6
Product

6-Phosphogluconate dehydrogenase (6-PGD) (E.C. 1.1.1.44), a member of the
pentose shunt.

Structure

The sequence of Drosophila 6-PGD is 50%; identical to prokaryotic 6-PGD and
60-70%, identical to the porcine and ovine enzymes (Fig. 24.1) (Scott and
Lucchesi 1991). 6-PGD is a homodimer; the monomer has a M, of approxi-
mately 53 kD (Williamson et al. 1980).

Function

6-PGD is responsible for the oxidative decarboxylation of 6-phosphogluconate
(6-PG) to yield ribulose-5-phosphate and reduced nicotinamide adenine
dinucleotide phosphate (NADPH); these two products are important for the
biosynthesis of ribose and lipids, respectively (Wood 1985).

Tissue Distribution

The specific activity of the enzyme increases during the larval stages to reach
a maximum early in the third instar. Activity diminishes late in the third instar
and early pupal stages, then climbs again in late pupae and adults (Williamson
et al. 1980). In larvae, highest activity is observed in fat bodies and actively
dividing imaginal cells (Gutierrez et al. 1989; Scott and Lucchesi 1991).
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AKIVSYAQGF
SKIISYAQGF
-KI-SYAQGF

YDGYRTAKLP
YDGYRHAMLP
YDGYR-A-LP

50
KEFLANEAKD
DDFLANEAKG
-~FLANEAK-

150
SLMPGGHEAA
SLMPGGNKEA
SLMPGG---A

250
LKYKDGKG. Y
L KFQDADGKH
LK--D--G-~

350
MUMREAAREN
MLLRQAATEF
ML-R-AA-E~

450
ANLLQAQRDY
ANL IQAQRDY
ANL-QAQRDY

TKVIGADSLE
TKVLGANSLE
TKV-GA-SLE

WPLIQPIFQA
WPHIKAIFQG
wp-1--1FQ-

LLERIRDTAG
LLPKIRDSAG
LL--IRD-AG

KWRLNYGGIA
GWTLNYGGIA
-W-LNYGGIA

FGAHTYELLG
FGAHTYELLA
FGAHTYELL-

DMVSKLKSPR
EMVSKLKKPR
-MVSKLK-PR

ICAK.ADGEP
TAAKVGTGEP
I-AK---GEP

QKGTGKWTAL
QKGTGKWTAI
QKGTGKWTAT

LMWRGGCI IR
LMWRGGCI IR
LMWRGGCI IR

QEGQFHHTNW
KPGQF IHTNW
--GQF-HTNW

KVMLLVKAGS
RITLLVKAGQ
-~~LLVKAG-~

CCEWVGDGGA
CCDWVGDDGA
CC-WVGD-GA

AALQYGVPVT
SALEYGVPVT
-AL-YGVPVT

SVFLGNIKDA
SVFLGKIKDA
SVFLG-IKDA

TGTGGNVSAS
TGHGGSVSSS
TG-GG-VS-S

AVDDFIQQLV
AVDNFIEKLV
AVD-FI--LV

GHFVKMVHNG
GHFVKMYHNG
GHFVKMVHNG

LIGEAVFSRC
LIGEAVFARC
LIGEAVF-RC

YTSQPELSNL
FDRNPGLQNL
—---P-L-NL

485
TYQA*
SYNA*
~Y-A-

100
PLLSAGDVII
PLLDIGDITI
PLL--GD-T1

200
TEYGDMQLIC
TEYGDMQLIC
TEYGDMQLIC

300
LSALKDERVQ
LSSLKDERIQ
LS-LKDER-Q

400
LLDDFFKKAIL
LLDDFFKSAV
LLDDFFK~A-~

FiG. 24.1. Comparison of the sheep (Accession, 60195) and Drosophila (Dm) sequences. There is 72%
overall identity between the proteins. Sequences aligned with the GCG Pileup program.
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504
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Pgd
Xhol . . . . . . . .

CTCGAGCAGTTCAAGTTCCTGAAGTGAGTTGCGCCACCTTTGTCTTCTCTGAGCGTTACCAATCCTGTTCACAAACTTATTTCCCATAGC
TCCCCCATTTCGGGAT%TCCCTTCTA&ATGCTCATCéAGACCTCGGéCAGCAACGG%GACCACGACéAGGAGAAGA%CAACCAGTT&ATT
GGGGACéGTATGGAGCéTGGCGAGATéCAGGATGGCACCGTAACCG&TGATCCCGG&AAGGTGCAG&AGATCTGGAAGATCGCGAAATGG
TGCCGC%GGGTCTGAT&GAGAAGAGC+TCTGCTTCAAGTACGACATéTCGCTGCCTéTGCGGGACT%CTACAACAT%GTGGACGTGATGC
GAGAGAéGTGCGGTCCéTTGGCCACAéTTGTCTGCGéATACGGCCA%CTGGGGGAC%CTAATCTGCACCTGAACGT&TCCTGCGAGAAGT
TTAACGACGAGATCTA&AAGCGGGTCéAACCCTTCG%CTACGATACACCTCCAAGC+GAAGGGCAG&ATTATGGCGéAGCACGGCA%TGG
CTTCCTéAAGAAGGAC%ACCTGCACTACTCCAAGGA&CCGGTGGCCATTGGCTACA%GCGCGAGATéAAGAAGCTGéTGGACCCCAACAG
CATCCTéAATCCCTACAAGGTGCTTAACTGAAGGCT%CTACCTAATAGATTCTATT%TTTTTGTTTéTGTGTAATT%TCATAACCT%ATA
ATACAGAAATGGCATTAGAAGTGAAT%TTGTTAACT%GTGAAGTTAAAAAGGACCA%CATATTTGGéACGAAACCAATGGGCAAAA&TTA

CTTATAAAATAGTCCGAAAAAATAGTATATACCAGTTTTTACAGTACCACATTATAGGTACTCGGAGGTAATAATAGAAAAAACACTATC

TTTGCATTTACTGTTACACTACGAAGCACTATATTTAGTAGCAGTACTCATTAGAGTCCACTCACAAAATTAGCACCAACCGGCAGTAAT

. TGGTCAAGGATCGGCGATAGCTTCAAACTCCGAAGTTCAAAGTCAAACTGCCGLCCTGCGAAAGCTTCGCGAGTGGAGCTTTTCTGCACT

TATCGATAGCTAACATTGTGGCGCGACTATCGATCGACGAGCTGCCGCTTAACAGTGCCATATATAGATTGTAACATTAGGAGCTCAAAT

-->-34 . . . . . . .
CATTGTTGGAACACAAACCACAAAGAACACACGAAACATGAGCGGGTGAGTAGAGGGAAATTCTCTTTTCCCCGGAGTTTTCCGCGATCC
MetSerGl

TAACGTCGCCCATTTCCGGATTTCTTCCAGACAAGCGGATATTGCCCTCATCGGCCTGGCCGTCATGGGCCAAAACCTGATACTCAACAT
yGinAlaAsplleAlaleulleGlyLeuAlaValMetGlyGInAsnLeul TeLeuAsnMe

GGACGAGAAGGGATTCGTGGTGTGCGCCTACAACCGCACGGTGGCCAAGGTCAAGGAGT TCCTCGCCAATGAGGC TAAGGACACCAAAGT
tAspGluLysGlyPheValValCysAlaTyrAsnArgThrValAlalysVallysGluPheLeuAl aAsnGluAlalysAspThrlysVa

GATTGGAGCCGACTCGCTCGAGGACATGGTCTCCAAGCTGAAGAGCCCCCGGAAGGTCATGCTGCTGGTCAAGGGTGAGTTGCATATCCA
111eG1yAlaAspSerLeuGluAspMetValSerLysLeul ysSerProArglysValMetLeuleuVallysA

AATTCAéCGGCTGGGTAGCGCAGAGCATCGAAAACC&ATTGAAACC%GCTGCAAGCéATCGCTGTG%TGGTGACTCAACTTACATG%GTG
CGCGCG%GCTTGTGAA%TGGTGAAAAAGTCGAAGCAAAGTCATCATéATGACGATT%TTGCGGCTCATATTCCAATéTGCAAAGGGéAAC
GATAGGATAAGCAGGTGAGCTCAATGéTTAAGTTTCéAATCCTATAAAGAGCTTTGAATTCTGTCTAGTTTTCAAG%CAAAACTATEGCA
TACAAAACCTACGAAA%GCCATCCCTATCATTTGTAéAAAAAGAAC%CCTAACCCAéACTTAGTGG%TAAGGCCGCAGCTCAATGA%CTC
TAAACA&TTGTTTTTTéTGTTTACTC&ACCCCCTCAéCGTTTTCTCéCGCTCCCTCéTCTTCCTAC%TCCTTTTAAAACCGCACTT&TGA
TAAAAGéTTTATAAATéGATCAGTCCéATTTCGAAAACCGTAACCA&AAGTGTGGCéTGAGTTTTG%CTAATCACA%AGTTGTGGTAAGC
TGCCTC&ACTTACCTAAACCATCGAG&GAACCCATCAGGTGATTTC&AGGTCACTCACGCGTTCGTéTACCACTCTéGCGTGTCCGAAAC

(continued)

-1117

-1027

-937

-847

-757
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-577
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-397

~307

-217

~127

53
(3)

143
(23)

233
(53)

323
(78)

413
503
593
683
773
863

953
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1314

1404
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1854

1944

2034

2124

2214
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2394

2484

2574

2664

2754
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TCTGCTéACCTCTAGA%CGGCGTGCC&GGCTTATCTéTTCGTGCGAAAGCAACAACAACGCGGCGCAGAGAGAAAT&TTTGACATT&ATA
ATAGGT&ACACAAAATéGGCGATTTTéAGGTGGATT%ACTCGGATT%GACCAGCCGAAAAACCTACATATTCCTCT%CTGCGAGTT&CCA
GGCCAG%GAGTCATTT&GTCTGGAGA&TGCTCCTTAéAAGAATACAéTGCGGGTCAATAACATATG%ACATAGCTC%GGAGGTTTT%GTG
CTGAACATATGTAGAT%TGAAAGTTGéGTGACAGGTiGTGCGAATTéCCACATTCAéAGGGTGGGTéGGAGTAAGGATGACGACACAAAA
AGCTAG%TGGTCATTGAACAGAGCGAGTCCAACAATéTTGACCGCTAGTGTGCCCCACAAACCACCACCAACGACCGCTAGATAGA%AGA
TCAATGéTAGTATCGCéACGACTCGT+GGCCTTATC%GGGTCCACTéCGCTGGAGAACTGCTCACCéGGCGCTAGGéGAATTCCTCATCG
GGGTTC%CAAAAGCTCAACTATCGTAéACTCATTTTéCAAAGCGTTéTTAGCGAGCéCCAGTTCTT%TAACGTAAA&AAATCTTCGATTT
AGCCAGAAAGTAGAGCéTGCGATTGGACAAGGTCGGiTGGTTGCTT%TGGAAAGTCACTGTTTTGGAGGTCACCCTéGTGGCGAGGéGTG

ATCTGCTTTAATCGACTTTACGCTAATCAGATGTAAACTCGATACAATTTCAGC TGGAAGTGCAGTCGACGACTTCATCCAGCAGCTGGT
laGlySerAlaValAspAspPhelleGinGlnLeuVa

GCCGCTGCTTTCCGCCGGCGATGTGATCATCGATGGTGGCAACTCGGAGTATCAGGACACATCTCGCCGCTGCGACGAGTTAGCCAAACT
1ProLeuLeuSerAtaGlyAspVal I1el1eAspGl yGl yAsnSerGluTyrGlnAspThrSerArgArgCysAspGluleuAlalysle

TGGCCTGCTCTTCGTCGGATCCGGCGTGAGCGGTGGCGAGGAGGGCGCCLGLLACGGACCCTCGCTGATGLLCGGCGGACACGAGGCLGL
uGlyleuteuPheValGlySerGlyValSerGlyGlyGluGl uGl yAlaArgHi sG] yProSerLeuMetProGlyGlyHisGluAlaAl

GTGGCCCCTTATCCAACCCATCTTCCAGGCGATCTGCGCCAAGGCCGACGGTGAACCCTGCTGCGAGTGGGTGGGCGATGGAGGCGCCGE
aTrpProLeulleGInProllePheGInAlalleCysAtalysATaAspGlyGluProCysCysGluTrpValGl yAspGlyG]yAlaGl

TCACTTCGTCAAGATGGTGCACAACGGCATCGAATACGGTGACATGCAGCTGATCTGCGAGGCGTACCACATCATGAAGAGCCTGGGACT
yHisPheValLysMetValHisAsnGlylleGluTyrG] yAspMetGinLeulleCysGluAlaTyrHisIleMetlLysSerLeuGlyle

GTCGGCTGACCAGATGGCAGACGAGT TCGGCAAGTGGAACTCGGCCGAACTGGACTCCTTCCTCATTGAAATCACGCGTGATATTCTTAA
uSerAlaAspGInMetAlaAspGluPheGlylysTrpAsnSerAlaGluleuAspSerPheleulleGiulleThrArgAsplieleuly

GTACAAGGACGGCAAAGGTTATCTGCTGGAGCGGATTCGCGATACCGCCGGCCAGAAGGGCACGGGCAAGTGGACGGCAATCGCTGCTCT
sTyrLysAspGlyLysGlyTyrLeuleuGluArglleArgAspThrAlaGlyGinLysGlyThrGlyLysTrpThrAlalleAlaAlale

GCAGTATGGAGTGCCTGTGACGCTAATTGGCGAGGCGGTCTTCTCGCGATGCCTGTCTGCCCTGAAGGACGAGCGCGTCCAGGCCAGCAG
uGinTyrGlyValProVal Thrieul1eGlyGluAlaValPheSerArgCysLeuSerAlaleulysAspGluArgValGinAlaSerSe

CGTGCTGAAGGGACCCTCGACCAAGGCGCAAGTGGCCAACCTCACCAAGTTCCTCGACGACATCAAGCACGCTCTCTACTGCGCCAAGAT
rValteulysGlyProSerThrLysAlaGInValAlaAsnLeuThrl ysPheleuAspAspllelysHisAlaleuTyrCysAlalysIl

CGTGTCCTACGCCCAGGGATTCATGCTCATGCGAGAGGCGGCCAGGGAGAACAAGTGGAGACTTAATTACGGCGGCATTGCGCTGATGTG
eValSerTyrAlaGInGlyPheMetLeuMetArgGluAlaAlaArgGluAsnLysTrpArgleuAsnTyrGlyGlylleAlalLeuMet Tr

GCGTGGCGGCTGCATCATCCGCAGCGTCTTTCTGGGCAACATTAAGGACGCGTATACGTCGCAGCCGGAGCTGTCTAATCTGCTGCTGGA
pArgGlyGlyCysIlelleArgSerValPhel euGlyAsn]lelysAspAlaTyrThrSerGInProGluLeuSerAsnleul euLeuAs

TGACTTCTTCAAGAAGGCCATCGAGCGCGGCCAGGACTCGTGGCGCGAGGTGGTGGCCAATGCCTTCCGCTGGGGCATTCCCGTGCCGGL
pAspPhePhelyslysAlal1eGluArgGlyGinAspSerTrpArgGluValValAlaAsnAlaPheArgTrpGlylleProValProAl

CCTGTCTACCGCCCTAAGCTTCTACGACGGCTACCGCACGGCCAAGC TGCCAGCCAACTTGCTGCAGGCCCAGAGGGATTACTTCGGLGE
alLeuSerThrAlalLeuSerPheTyrAspGlyTyrArgThrAlalysLeuProAlaAsnLeuleuGlnAlaGInArgAspTyrPheGlyAl

1043

1133

1223

1313

1403

1493

1583

1673

1763
(90)

1853
(120)

1943
(150)

2033
(180)

2123
(210)

2213
(240)

2303
(270)

2393
(300)

2483
(330)

2573
(360)

2663
(390)

2753
(420)

2843
(450)
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3024

3114

3204

3294

3384

3474 AATAGGATGGTAATTGAGTTTTCCATTCCCCATATTTGCAAAATCAGATATATATGATAAAATCTACTTTAAATATACATTAATATT 3560
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CCACACCTATGAGCTGCTGGGCCAGGAGGGTCAGT TCCACCACACGAACTGGACAGGCACCGGCGGCAATGTGTCCGCCAGCACTTACCA
aHisThrTyrGluLeuleuGl yG1nGluGlyG1nPheHisHisThrAsnTrpThrGlyThrG)yG1 yAsnValSerAlaSerThrTyrGl

GGCGTAGGTTCCACCTGCTCCACTTTCCCGTTCACACATTCCATGTCATTGGCGCCGGTGTCTTAGATGTTTCTTTTTTTTCTGGAGTAC
nAlatnd

TTTAGTACTTATTTATACCATTAATATATATGTATGTATATAGAATTTCATAATTGTTGTTAAACATAACATTAAATTGGTGTTTTTTTG

CTAGCAAATGATTTTGATTCCTTAGTTTCATGAATGCAAGTGCCATTTAAAATCAACAATGCGTGTGGTTTGGTGTGTTGTGTTGTGTGT
[,

GGGTCGAGTCTTTCGAGTYGTGTCTTCATCTGGAGACGCCTCCTGCTCCTTCTACCGCTCCTTCCCTGCTATTGTACTCTCTTCAGCTAG
CGCGCTTTYTTCGCTCCGTATTTCCCTTAGTCGTCCGAGGGCTTCAGGGTCTTCTTGTTCTCTATAACCAGTTTGTCAGCGGAATACAGG

TGGCCGATGATTACCTGTGGACATTCAAAGGTTAATAAACTCAACCGGCTGATAAGCGAAAAAGGGGCAAAATGGTTACTTTCGATTTCT
Sspl

Pgd SEQUENCE. Strain, Canton S. Accession, M80598 (DROPGD).

Phenotype of Mutations

Two electrophoretic variants (A and B) have been described (Kazazian et al.
1965). Pgd null mutations are lethal due to the accumulation of 6-PG; viability
can be improved by dietary manipulations that reduce 6-PG synthesis or by
the introduction of a null mutation on a second gene in the pentose shunt,
Zwischenferment (Zw). Zw is the structural gene for glucose-6-phosphate
dehydrogenase, G-6-PD, the enzyme that precedes 6-PGD in the pentose
biosynthetic pathway, and it is required for the synthesis of 6-PG (Hughes and
Lucchesi 1977, 1978).

Gene Organization and Expression

Open reading frame, 481 amino acids; mRNA length, 1,659 bases, in agreement
with an RNA of 1.7 kb observed in gels. Primer extension and S1 mapping
were used to define the major 5° end (there seem to be several minor
transcription initiation sites as well). The 3’ end was obtained from a cDNA
sequence. There is a short intron in the Gly-3 codon and a long one in the
Ala-78 codon (Pgd Sequence) (Scott and Lucchesi 1991).

Promoter

In transgenic animals, a 4.7 kb fragment that extends 1,172 bp upstream of the
transcription initiation site and 442 bp downstream of the poly(A) site is
sufficient for apparently normal expression of Pgd in larvae. Removal of the
small first intron does not significantly affect expression, but removal of the

2933
{480)

3023
(481)

3113

3203

3293

3383

3473
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larger second intron leads to a 10-fold reduction in enzyme levels. The second
intron is specifically required for expression in the fat body, but apparently not
necessary for expression in actively dividing imaginal cells. Expression in
imaginal cells requires only a 421-bp segment immediately upstream of the
transcription initiation site (Scott and Lucchesi 1991).
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paired: prd

Chromosomal Location: Map Position:
2L, 33C1-2 2-45
Product

A DNA-binding regulatory protein of the homeodomain type important in
establishing the segmentation pattern in early embryos.

Structure

The following potentially important sequence features occur.

1. The segment between residues 27 and 154 has great similarity to
regions in both gooseberry genes and has been designated the “paired
domain” (Bopp et al. 1986). This is a DNA-binding region (Treisman et al.
1991).

2. A homeodomain occurs between GIn-213 and His-272 (Frigerio et al
1986; Harrison 1991). The sequence similarities between prd and gooseberry
extends 18 amino acids upstream of the homeodomain (Bopp et al. 1986). A Ser
in position 9 of the recognition helix (H3 in prd Sequence) differentiates the
binding specificity of PRD from that of the products of bicoid (bcd), and fushi
tarazu (ftz), which have Lys and Gln, respectively, in that position. In vitro,
the PRD H3 does not bind sequences derived from the “standard” homeo-
domain binding site (TAAT). It is able to bind to the sequence TTTGACGT
but only if the C-terminal region of the protein is removed. In vivo, the latter
may be a regulatory region that is moved out of the way by interactions with
other molecules (Treisman et al. 1989).

3. The C-terminus of PRD is characterized by a high proportion of His
and Pro residues called the “PRD repeat”. Using a DNA fragment from the
PRD repeat, 11 other cross-hybridizing sequences were identified, one of which
was bcd (Frigerio et al. 1986).
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prd
AGCTGAGAcacccccfGGGCGCGACGCGAGACG@TfGCTAAATGGGTceAeTCGAGCCAGAGCGAéATGCCGTTG%GGAGAGCGC%GCGA
TTGGTéCGCGTAGTGéTTAccTGccAAGTGACTGT&GGATATGGCEGACGTcTGGéccGTGGcTTéACAGAAAGGéAACGATcrréscce

. : ) . ) . 1-244
ACGTTCGGATGGTGAAGTCAGTCAGGCACAGACTGCGCAGCGAGCCACACCGCATCTCGTCCTCGTTCTCGTCTTCACCTTCACCTELGT

TTCATCTTTCCCATCGAGATTGCGAACTCACAGATACTTAGATATTCGAAGTGCAACTAATCGGTTAATCAATACCTCGCAACGCTTACT
TATGACTTTGACAAAGTGTCCAGACATTGTCCAAAACTAAAGTGATATAATCAAGTGATACACGAACT TCGAGACTGAGTTAACACCGGT

TTTGTGCCGGGACAAGCTTACGCATCTTGGAGCTCCTCCAGAAACTATGACCGTAACCGCCTTTGCTGCCGCAATGCACAGACCCTTCTT
MetThrValThrAlaPheAlaAlaAlaMetHisArgProPhePh

CAATGGATATTCTACGATGCAAGGTGAGTGTCTATCGATCTTATAGAACATCCAGCAAAAGTCACTTTCACAATTTACTTACTAAATATC
eAsnGlyTyrSerThrMetGInA

AAAGCCTAGTTGATCATTTCCATATATCTCCATTTCTAAACCTACTACCCAAGATCCCGCTAAAGATCTCAGT TTGGGCCAAGGCGTCGG
CTACTCTCTAATGGCCATTAGT TGCCCGGCGGGAGAGTCGCGCGCCTCTGACCTTCGACCTTAGCTCCGAGTTTCCCGTCTTCCCGGGAA
GTCAACTCCGGTCGAAGGTGTCGTAAATCAAGTGACACGCGCTCCGCTCTACCTAGCTAGTATTGGAAAAGCCTCTAAAATTTCCATTTT

CTCATCTTCCTCATTCCAGACATGAACAGCGGCCAGGGGCGCGTCAATCAACTAGGTGGAGTTTTCATCAACGGTCGTCCTTTGCCCAAC
spMetAsnSerGlyGInGlyArgValAsnGInLeuGlyGlyValPhelleAsnGlyArgProLeuProAsn
|-
. . . . . . . |---12.45.17
AATATTCGTCTTAAAATCGTCGAGATGGCCGCCGATGGCATTCGGCCCTGTGTGATCTCCAGACAGCTACGTGTATCCCATGGCTGCATA
AsnlleArgleulysIleValGluMetAlaAlaAspGlylleArgProCysVallleSerArgGinLeuArgValSerHisG)yCysVal

TCGAAGATCCTGAATCGCTACCAGGAGACTGGCTCCATTAGACCAGGTGTGATCGGTGGCTCCAAGCCGAGGATAGCCACGCCCGAAATC
SerLysIlelLeuAsnArgTyrGInGluThrGlySerIleArgProGlyVallleGlyGlySerlysProArglleAlaThrProGlulle

GAAAACCGAATTGAGGAGTACAAGCGCAGTAGCCCGGGCATGTTCTCGTGGGAGATCAGGGAGAAGCTGATCCGCGAGGGTGTCTGCGAC
GluAsnArglteGluGluTyrlysArgSerSerProGl yMetPheSerTrpGlulleArgGlulysLeulleArgGluGlyValCysAsp

. . . . . . . . A
AGGAGCACAGCACCATCTGTGTCCGCCATATCGCGCCTGGTGCGCGGCCGAGATGCTCCATTGGACAATGATATGTCTTCTGCCTCTGGA
ArgSerThrAlaProSerValSerAlalieSerArglLeuValArgGlyArgAspAlaProleuAspAsnAspMetSerSerAlaSerGly

~|{PRD DOMAIN Thr

TCTCCGGCGGGTGATGGCACCAAAGCATCGAGTTCCTGTGGCTCCGATGTCTCCGGCGGCCATCACAACAACGGCAAGCCCTCCGATGAG
SerProAlaGlyAspGlyThrLysAlaSerSerSerCysGlySerAspValSerGiyGlyHisHisAsnAsnGlylysProSerAspGlu

. . . . . . R A . .
GACATCTCAGACTGCGAAAGTGAGCCGGGAATCGCCTTGAAGCGCAAACAGCGCCGCTGCAGGACCACCTTTTCCGCTTCCCAGTTGGAC
AsplleSerAspCysGluSerGluProGlylleAlaleul ysArgLysGlnArgArgCysArgThrThrPheSerAlaSerGInLeulsp

I_ * * le* —v-v-- Kmmmmmm

GAACTGGAACGCGCCTTCGAGCGCACCCAATACCCTGATATCTACACCCGTGAGGAGCTGGCCCAGCGCACCAATCTCACGGAGGCACGC
GluteuGluArgAlaPheGluArgThrGInTyrProAsplleTyrThrArgGluGluleuAlaGlnArgThrAsnteuThrGluAlaArg
——— e H1 * e ————— K e H2 * = e

-406
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-226

-136

-46

44
(15)

134
(23)

224
314
404
494
(46)
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674
(106)

764
(136)

854
(166)

944
(196)

1034
(226)

1124
(256)
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ATCCAGGTGTGGTTCAGCAACCGGCGTGCTCGTCTCCGCAAGCAGCACACCTCGGTCTCAGGCGGAGCACCTGGCGGAGCAGCTGCCTCA 1214
[1eGInValTrpPheSerAsnArgArgAl aArgleuArglysGInHisThrSerVal SerGlyGlyAlaProGlyGlyAlaAlaAlaSer  (286)
e R RREE L ELEE ) K I * - | HOMEODQMAIN

GTAAGCCATGTCGCCGCGTCCAGCTCTCTTCCCAGTGTGGTATCAAGTGTGCCCAGCATGGCTCCGCTGGCCATGATGCCGGGATCCCTG 1304
ValSerHisValAlaAlaSerSerSerleuProSerValValSerSerValProSerMetAlaProleuAlaMetMetProGlySerieu  (316)

GATCCAGCCACTGTGTACCAGCAGCAATACGATTTCTACGGCAGTCACGCCAACATTTCCGTATCCGCCGCAGCTCCAATGGCCAGTAGT 1394
AspProAlaThrValTyrGInGInGInTyrAspPheTyrGlySerHisAlaAsnlleSerValSerAlaAlaAlaProMetAlaSerSer  (346)

AATCTATCGCCCGGAATTACAACCACGCCACCGCACCACCATCAGTTCTACAATCCCAGCGCTAACACAGCCAGCTACATAATGCCGGGT 1484
AsnLeuSerProGlylleThrThrThrProProHisHisHisGInPheTyrAsnProSerAlaAsnThrAlaSerTyrlleMetProGly  (376)

GAGAATGGCAACACCACACCCACCGGGAACATCATCGTCTCCAGCTATGAGACTCAGTTGGGTTCAGTTTACGGCACCGAAACGGAAACC 1574
GluAsnGlyAsnThrThrProThrGlyAsnilelleValSerSerTyrGluThrGInLeuGlySerVal TyrGlyThrGluThrGluThr  (406)

CACCAGACTATGCCACGCAACGAGAGCCCCAACGAGTCCGTGTCCTCCGCCTTCGGGCAACTGCCACCCACACCCAACAGCCTTTCCGCG 1664
HisGInThrMetProArgAsnGluSerProAsnGluSerValSerSerAlaPheGl yGinLeuProProThrProAsnSerLeuSerAla  (436)

GTGGTGAGTGGAGCTGGTGTGACCTCCTCCAGTGGGRCCAACTCGGGAGCCGATCCCTCGCAGTCGCTGGCCAATGCCAGTGCTGGAAGT 1754
ValValSerGlyAlaGlyValThrSerSerSerGlyAlaAsnSerGlyAlaAspProSerGinSerleuAlaAsnATaSerAlaGlySer  (466)

GAGGAGCTATCGGCTGCCCTGAAAGTGGAATCGGTGGACCTGATCGCGGCCAGTCAGTCGCAGTTGTACGGCGGATGGAGCTCCATGCAG 1844
GluGluleuSerAlaAlaleulysValGluSerValAsplLeulleAlaAlaSerGInSerGinLeuTyrGlyGl yTrpSerSerMetGin  (496)

GCACTGCGCCCCAATGCGCCACTTTCGCCGGAGGACTCGCTGAACTCCACCAGCTCGACCAGCCAGGCTCTGGATGTCACCGCCCACCAG 1934
AlalLeuArgProAsnAlaProleuSerProGluAspSerLeuAsnSerThrSerSerThrSerGInAlaleuAspValThrAlaHisGin  (526)

ATGTTCCATCCGTATCAGCATACGCCGCAGTATGCATCCTATCCGGCACCAGGCCACGCCCATTCGCATCACGGACATCCCCATGLGCCG 2024
MetPheHisProTyrGInHisThrProGInTyrAlaSerTyrProAlaProGl yHisAYaHisSerHisHisGlyHisProHisAlaPro  (556)

B
CATCCGCACGCACATCCGCATCCGCAGTACGCAGGCGCACATCCGCACTATCCGCCGCCCAGTTCGTCGGCGCACTTCATGCCGCAGAAC 2114
HisProHisAlaHisProHisProGInTyrAlaGlyAlaHisProHisTyrProProProSerSerSerAlaHisPheMetProGinAsn  (586)

-|PRD REPEAT

TTCAATGCCGCCGCCTTTCCTTCGCCCTCGAAGGTCAACTACACAACGATGCCGCCACAGCCGTTCTATCCCTCCTGGTACTAGAATCAA 2204
PheAsnAlaAlaAlaPheProSerProSerLysValAsnTyrThrThrMetProProGinProPheTyrProSerTrpTyrEnd (613)

AGAGACACGGATCCACCACCTACTCCTCCAGGAGCAGGAGCAGTGTCACCAGATCCATGGTACAAGTCGCCAAAGATGTACATACCCATA 2294
GAGCAGGGGACGAAAATATAAATAACATTTTATTTGTGGTGGAGCAGTACAGACATTTTCCGTTTGAGAAAACCGCTGACAGACTCGCTC 2384
CCAAACAATAAACATATGTATTAGTTCCAATTCGTAGATGTAAGCCTAGAAAATAGTACCGACTTAGGATTAGAGTTTAAGATGATTAGC 2474

CTAAGTAGCAAGTGCTCTTAAATAAAAAAATATATCTATGCTAATTTACAACGTACTCCAATGATCTTTCAC 2546
------ L),

prd SEQUENCE. Accession No. M14548 (DROPRD). An exclamation mark at —244
marks the 5’ end of the longest cDNA. Allele prd?#%17 is an insertion of 1.1 kb
following position 569, with a concomitant 5-bp deletion of positions 569-573. In
c¢DNA sequences, two natural variants were detected; these involve changes in the
amino-acid sequence at codons 164 and 220. A homeodomain spanning Gin-213 to
His-272 is delimited by vertical bars and conserved residues are marked with
asterisks; within the domain, the three putative helices, H1, H2 and H3, are

(continued)
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Function

Treisman et al. (1989, 1991) have demonstrated direct binding of PRD to
element e5 of the even-skipped (eve) promoter. The homeodomain and the paired
domain bind to different sub-regions of ¢5.

Mutant Phenotype

prd is one of the pair-rule genes. Null mutants are embryonic lethals with only
half the correct number of segments. The missing elements correspond mainly
to odd-numbered parasegments (Appendix, Fig. A.3); ie., posterior region of
T2 and the adjacent boundary to T3, the posterior of Al and the adjacent
boundary to A2, etc. (every other segment boundary and neighboring areas are
missing). The pattern is similar to that affected by eve, but the position of the
missing elements is shifted anteriorly by a fraction of a parasegment in prd as
compared to eve (Nisslein-Volhard and Wieschaus 1980; Niisslein-Volhard et
al. 1985). It would appear that, in mutants, the regions of the segmented embryo
that are lacking are those in which prd 1s maximally expressed in normal
embryos (see below).

Gene Organization and Expression

Open reading frame, 613 amino acids; expected mRNA length, 2,417+ bases;
in agreement with a 2.5 kb band detected by northern analysis); information
on the 5" and 3’ ends is from a cDNA sequence. There is an intron in the Asp-23
codon (prd Sequence) (Frigerio et al. 1986).

Developmental Pattern

The prd transcript is absent from oocytes and barely detectable in 0-2h
embryos; it peaks in 2-4h embryos and disappears soon afterward. The
transcript is first detectable by in situ hybridization during nuclear cycle 12
(syncytial blastoderm) in the primordial cephalic region (77-63%, egg length;
Appendix, Figs A.1-A.3). By nuclear cycle 14 (late syncytial blastoderm),
expression is localized in seven bands covering the area from the cephalic region
to the eighth abdominal segment (75-209%, egg length). These bands are more
intense on the dorsal than on the ventral side of the embryo. In general terms,
the seven bands of prd expression have a two-segment periodicity similar to
that of other pair-rule genes such as eve, ftz and hairy (h). The prd bands,

(continued) underlined; these were identified based upon their similarity to
Antennapedia helical regions. The PRD repeat, spanning His-552 to His-572, and
PRD domain, spanning Gly-27 to Asp-154, are also delimited by vertical bars.
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however, are broader with the area covered by each band corresponding to
more than one segment, ie., they extend posteriorly from the middle of one
segment to the posterior boundary of the next segment. The intensity of
expression increases posteriorly within each band so that the regions of highest
prd expression correspond to the posterior compartments of the mandibular,
labial, T2, A1, A3, AS and A7 segments. At this time expression starts in a new
domain in the anterior pole of the embryo, at 93-87% egg length, but in the
dorsal region only (Kilchherr et al. 1986; Akam 1987, Baumgartner et al. 1987).

Around the time of blastoderm cellularization, an eighth band appears
postertorly (at 13% egg length), and bands 2-7 of the original seven become
double because transcripts disappear from the central portion of each band.
Thus, in the segmented germ band region, there are 14 stripes; 13 of them are
two-cell-wide bands that appear to correspond to the two most posterior cells
of each segment in the region from the mandibular segment to the A7 segment.
The 14th band is wider and includes A8 and A9. This banded pattern persists
until the beginning of gastrulation but disappears soon thereafter (Kilchherr
et al. 1986; Baumgartner et al. 1987). In later stages, expression is restricted to
the head region and central nervous system (Gutjahr et al. 1993).
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Ribosomal protein 49: Rp49

Chromosomal Location: Map Position:
3R, 99D4-8 3-[101]
Synonym: M(3)99D

Product

Protein 49 of the large ribosomal subunit (Vaslet et al. 1980; O’Connell and
Rosbash 1984). The syntheses of ribosomal proteins are coordinately regulated
and at least part of that regulation occurs at the level of translation. For
instance, while almost all Rp49 mRNA is translated during oogenesis, only a
small fraction is associated with polysomes early in embryogenesis (Al-Atia et
al. 1985).

Mutant Phenotype

Heterozygotes for a deletion show a strong Minute phenotype (Kongsuwan
et al. 1986).

Gene Organization and Expression

Open reading frame, 133 amino acids; mRNA length, ca. 520 bases in agreement
with a 0.6 kb band from RNA blots. S1 mapping was used to define the 5’ and
3" ends; the 3’ end is near position 570. There is no apparent TATA box.
There is an intron after Ser-31 (Rp49 Sequence) (O’Connell and Rosbash 1984).
Rp49 is in the Serendipity cluster (Chapter 28, Fig. 28.1); it is transcribed
convergently with Sryé, the 3’ ends of these genes being approximately 300 bp
apart.
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Rp49
ACGACGTTéGATGTTTAA&CACAGCTTTCTTTCGCTTCfGTTTCCGGCAAGGTATGTG&CGTGATTTTéGGCCCACGTéTATGTCCAT%A
ATTrTAAG&CGTAATGTCGTTTTTGCGTiTCGAGTTGAACrecerTAGfccrccGGCTAGTGAAcTAG&TAGCAAGTAGTTGCGGCTAGT
ATTTCAGAECATTCTTGAfchTGTGAGEAGTTACTecéGAATGecTTéTGTGTTTGCfGAATTCGGTATTCGATGTT&GACATCACG@T
AcTGTCAAfGGATAcTGcéCAAGCAGcTAGCCCAACCTGGTTGAATTAfGCATTAGTGéGACAcchGfGTGTTATTAGCTTGATAAG?G

. . . . . -=>-8 . . .
ATATTTCCAGTGGGTCAGTGCACTAATGGCTACACTTGTTGTGTCCTACCAGCTTCAAGATGACCATCCGCCCAGCATACAGGCCCAAGA
MetThrlleArgProAlaTyrArgProlysl

TCGTGAAGAAGCGCACCAAGGACTTCATCCGCCACCAGTCGGATCGATATGCTAAGCTGTCGGTGAGTGCCACGGATTGTGCCAAATTGT
TeVallysLysArgThrlysAspPhelleArgHisGinSerAspArgTyrAlalysleuSer

ACCCGTGTTTAATCAACATGTCTCCTTGCAGCACAAATGGCGCAAGCCCAAGGGTATCGACAACAGAGTCGGTCGCCGCTTCAAGGGACA
HislysTrpArglysProlysGlylleAspAsnArgValGlyArgArgPhelysGlyGl

GTATCTGATGCCCAACATCGGTTACGGATCGAACAAGCGCACCCGCCACATGCTGCCCACCGRATTCAAGAAGTTCCTGGTGCACAACGT
nTyrieuMetProAsnlleGlyTyrGlySerAsnLysArgThrArgHisMetleuProThrGlyPhel yslysPheleuValHisAsnVa

GCGCGAGCTGGAGGTCCTGCTCATGCAGAACCCGCGTTTACTGCGCGAGATGCCCACGGCGTCTCCTCCAAGAAGCAAGGAGATTATCGA
T1ArgGluteuGluValleuleuMetGlnAsnProArgleuleuArgGluMetProThrAlaSerProProArgSertysGlullelteGl

GCGCGCCAAGCAGCTGTCGCTCCGCTCACCAACCCCAACGGTCGCCTGLGTCTCAAGAAGAACGAGGTAAGCTTAAGATTCTTGAGAGTT
uArgAlaLysGlnLeuSerLeuArgSerProThrProThrValAlaCysValSerArgArgThrArgEnd

CTTGTAACGTGGTCGGAATACACATTTGTAAACGTTAATATACCGGACTTTTAGTTAAAAAATGATGTGCCAGTGCCGAGTTCAATTGTC

ATTTCTGAGATCGGGATAGCAGCACCATCGATAACATGTGCATTATCTGGATGGATATCAGTTAATCCAGACCATTGCGGTCTTTCTTTC
TGATAGCAACTGCCTCGAGATATTAGACCAATATAAATTCTTGACGTGCCAAAACTAGACAGCATCAATCCTTATCAGGGAATTTTGTTA
TATATTTTACATTTTTCCCCCTTAGTATTCAAAGAGGTTGTTTATATGAAATCATATATATATTCGCAATTATTTTTACAGAACAGTGTA

Rp49 SEQUENCE. Accession X00848 (DRORP49).
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Salivary Gland Secretion Protein Genes:
5¢s3, 5¢s5, S5¢s7, 558

Chromosomal Location: Map Position:
Sgs3, Sgs7, Sgs8 3L, 68C3-5 3-35.0

Sgs5 3R, 90B3-8 3-[60]
Products

Glue proteins in the salivary gland secretion of third-instar larvae.

Structure and Function

Genes for seven proteins have been identified, SGS1 and SGS3-8. Proteins are
numbered in order of increasing electrophoretic mobility except for SGS6 which
is slightly slower than SGS3 (Velissariou and Ashburner, 1981). Partial
sequences for SGS3, SGS7 and SGS8 confirmed the primary structure derived
from nucleotide sequences and the existence of a 23-amino-acid signal peptide
(Fig. 27.1) (Crowley et al. 1983). These proteins attach larvae to a solid
substratum prior to pupariation. Cys residues and glycosylation appear to play
a role in the function of SGS.

Tissue Distribution

The glue proteins are synthesized in the larval salivary glands between
106 h and 120 h after fertilization, during the second half of the third instar
(Beckendorf and Kafatos 1976; for reviews, see Berendes and Ashburner 1978;
Ashburner and Berendes 1978).

Evolutionary Relationships

The evolutionary relationships among the Sgs genes are not entirely obvious.
It is clear from amino-acid sequence similarities, intron position, sequence of
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Fii. 27.1. Comparison of SGS3, SGS7, SGS8 and SGSS amino-acid sequences. Only positions in which three of
the four sequences agree are represented in the CON(sensus). The vertical line at position 23 marks the last residue
in the signal peptides of SGS3, SGS7 and SGS8 (Crowley et al. 1983). The caret at position 10 marks the intron in
Sgs3, Sgs7 and Sgs8, and at positions 234 and 297, the introns in Sgs5.
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regulatory elements and clustering of the genes, that the three genes at 68C
have a common ancestor (Martin and Meyerowitz 1988). On the other hand,
Sgs5 is similar to the other genes in the group only with respect to protein
function and possibly some regulatory sequences (Fig. 27.1) (Shore and Guild
1986; Todo et al. 1990). It is likely that at least some SGS proteins are
functionally equivalent since natural variants causing a deficiency in SGSS
(Shore and Guild 1987), SGS4 or SGS6 (Velissariou and Ashburner 1981) have
no obviously deleterious effect.

Gene Expression and Developmental Pattern

The Sgs genes are expressed in salivary glands during the third larval instar
(Meyerowitz and Hogness 1982). Transcription starts approximately 96-98 h
after fertilization, reaches a plateau by approximately 112 h, and becomes
undetectable by 120 h, the time of pupariation (Hansson and Lambertsson 1983;
Georgel et al. 1991). An increase in ecdysterone level is necessary for the start
of transcription in the middle third instar (Hansson and Lambertsson 1983).
Subsequently, however, in late third instar larvae, high levels of this hormone
repress transcription (Crowley and Meyerowitz 1984). Chromosomal puffing
accompanies transcriptional activity, but the two processes seem to be some-
what independent of each other (Crowley et al. 1984; Hansson and Lambertsson
1983). There is considerable information on the expression of Sgs4; the complete
sequence, however, is not available.

Promoters

The consensus sequence TNTTTGN,TCCAT(T/A), in which Ny represents a
variable number of nucleotides (values between 18 and 39 have been observed),
was identified as a tissue-specific, cis-acting regulatory element of Sgs3; such
sequences were also found upstream of Sgs5, Sgs7 and Sgs8 (Todo et al. 1990;
Hofmann et al. 1991).

Sgs Gene Cluster at 68C:
Sgs3, Sgs7 and Sgs8

Organization and Expression of the Cluster

The three genes are contained in less than 5 kb of DNA. The arrangement of
the genes is shown in Fig. 27.2; Sgs8 is centromere distal (Garfinkel et al. 1983).
Sgs7 and Sgs8 are separated by 475 bp and they are transcribed divergently.
The developmental expression of Sgs7 and Sgs8 seems to be controlled by
common enhancer elements (Todo et al. 1990; Hofmann et al. 1991). The levels
of RNA accumulation are comparable for Sgs3 and Sgs7 and an order of
magnitude lower for Sgs8 (Crowley and Meyerowitz 1984).
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Sgs8 Sgs7 Sgs3

-

5 kb

F1G. 27.2. Organization of the 68C cluster.

Sgs3
Product

SGS3 is heavily glycosylated (Beckendorf and Kafatos 1976) and very rich in
the likely target of glycosylation, Thr residues (45% in the mature peptide).
SGS3 is most similar to SGS7 and SGS8 in the amino-terminal 20-25 residues
and the carboxy-terminal 50 residues. In particular, the position of eight Cys
is conserved among the three sequences. The middle segment of SGS3 is not
represented in SGS7 or SGS§; this segment is 235 amino acids long and
contains most of the Thr residues: the first 50 amino acids constitute a Thr- and
Cys-rich region (residues 23 to 72), and the last 185 amino-acid segment (from
73 to 257) is composed of 37 repeats of the peptide Pro Thr Thr Thr Lys, and
variants thereof (Garfinkel et al. 1983). Twenty of the repeats are lacking from
a natural variant found in the strain Formosa (Sgs3 Sequence) (Mettling et al.
1985).

Gene Organization and Expression

Open reading frame, 307 amino acids; expected mRNA length, 1,117 bases. The
strain Formosa makes an mRNA that is 300 bases shorter due to an internal
deletion (Mettling et al. 1985). Primer extension was used to define the 5’ end.
The 3’ end was obtained from a ¢cDNA sequence. There is an intron in the
Ala-10 codon (Garfinkel et al. 1983).

Promoter

Two cis-acting regulatory elements were identified by in vitro mutagenesis and
analysis of DNase-hypersensitive sites. Either element is sufficient for correct
developmental regulation of transcription, albeit at reduced level; when both
elements are present, the transcription level increases 20-fold (Martin et al.
1989a, 1989b; Meyerowitz et al. 1987; Roark et al. 1990). Mutational analysis
of the proximal element established that it is bipartite: the critical sequences
being TGTTTG (pa, at — 120, in Sgs3 Sequence) and TCCATT (pb at —96).
Sequences related to these two hexanucleotides are also found in the promoter
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Sgs3
TCGTTGAATCAATGTCAAATTGCCTGTCAAAGTGCAAACGAAGCCCAAAATGTCTATCCTAATTCGAACCTAAAAATATATATTTTTTGA

ATATGCAATACTATAAGATAATTGAATAGT TTTATGGGGCTTATTTGTAAAGCTAAATTAAGCTAAATTTAACTGTCCTTATTTATATTA

TTATATTTACTCAGCCTATATTAAAGACCTAT%ATTTATAGAATTTAACGCAéTTTGTCTGCAAAACATCTC%ACACCTTTT%CTACCCG
TTACTCGTAGAG+AAAAGGGTA%ACTCGTTTCGCTGAGAAGTAACAGGCAGAATATAAAGCA%ATATATTCT%GATTAGGGT&AATAGCC
GAéTCGATCTGGéCATGTCCGTéTGATTCTGT%TGCCACTCC&ACATTTTTGAAAAATGTTT%ATAATTTTT%CATATTTTTATTATCTA
AA%CTATCCCTT&CACACCTTAéAGCATTAAA%TTAATTTCT%TCCCCCAAT%TTTACCGATATTCGTGAAAAATGTTATACATTTTCCA
TT%CACTTGAAC%AGCTAAGTAACGGGTATCTGTTAGTCTCG%TAGCGTTCTéTCTTGTTTTAAAATAAAGT&TAGGCGATC&AGTCGAC

CCAAAAGTATCAAACAAAGGGGAGAAGGCTTGTGTTTGCATAATCGAAATACTGACTCCATTTTTAGAATTGCAGTTTCAGTGAAAGCGT
_____ >pa _--__>pb ———

.o==> -28 .
ACCTATAAAAAGGTGAGGTATCCGCAAGAAAAGTATCAGTTTGTGGAGAATTAAGTAAAAAACATGAAGCTGACCATTGCTACCGCCCTA
————— MetLyslLeuThrlleAlaThrAlaleu

GGTAGGTTTCACCGAATGCTCTTGTTTTCGGTATTTGAGCCACTGATATATTCATCCGTTTGCCTTCTCCACAGCGAGCATCCTGCTTAT
A laSerlleleuleul)

TGGCTCCGCTAATGTTGCCAACTGTTGCGATTGTGGATGCCCCACAACTACAACTACTTGTGCGCCACGTACCACGCAACCTCCGTGCAC
eGlySerAlaAsnValATaAsnCysCysAspCysGlyCysProThrThrThrThrThrCysAlaProArgThrThrGInProProCysTh

AACTACGACAACAACAACCACAACTACTTGTGCGCCACCCACACAACAATCTACCACGCAACCTCCATGCACGACATCTAAGCCCACCAC
rThrThrThrThrThrThrThrThrThrlysAlaProProThrGInG1nSerThrThrGinProProCysThrThrSerLysProThrTh

. . . . . |- . . .
ACCTAAGCAAACTACCACGCAACTTCCGTGCACAACACCCACCACCACTAAGGCCACCACCACGAAGCCCACCACCACTAAAGCCACCAC
rProlysGInThrThrThrGInLeuProCysThrThrProThrThrThriysAlaThrThrThrLysProThrThrThrLysAlaThrTh

CACTAAGGCCACCACCACTAAGCCCACCACCACTAAGCAAACTACCACGCAACTTCCGTGCACAACACCCACCACCACTAAGCAAACTAC
rThrlysAlaThrThrThrLysProThrThrThrlys61nThrThrThrGlnLeuProCysThrThrProThrThrThriysGinThrTh

-| Deleted in Formosa
CACGCAACTTCCGTGCACAACACCCACCACCACTAAGCCCACCACCACGAAGCCCACCACCACGAAGCCCACCACCACTAAGCCCACCAC
rThrGInLeuProCysThrThrProThrThrThriysProThrThrThriysProThrThrThriysProThrThrThrlysProThrTh

[-
CACGAAGCCCACCACCACCAAGCCCACCACCACGAAGCCCACCACCACTAAGCCCACCACCACGAAGCCCACCACCACTAAGCCCACCAC
rThriysProThrThrThriysProThrThrThriysProThrThrThrLysProThrThrThrlysProThrThrThriysProThrTh

CACGAAGCCCACCACCACGAAGCCCACCACCACTAAGCCCACCACCACGAAGCCCACCACCACTAAGCCCACCACCACGAAGCCCACCAC
rThriysProThrThrThriysProThrThrThrlysProThrThrThrlysProThrThrThrLysProThrThrThrlysProThrTh

-| Deleted in Formosa

CACTAAGCCCACCACCACGAAGCCCACCACCACTAAGCCCACCACCACGAAGCCCACCACCACGAAGCCCACCACCACTAAGCCCACCAC
rThrlysProThrThrThrLysProThrThrThrlysProThrThrThrLysProThrThrThrlLysProThrThrThriysProThrTh
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ACCTAAGCCGTGCGGTTGCAAGAGCTGCGGTCCTGGAGGAGAGCCATGCAATGGATGTGC TAAGAGGGATGCACTGTGCCAGGATCTTAA
rProLysProCysGlyCysLysSerCysGlyPraGlyGlyGluProCysAsnGlyCysAlal ysArgAspAlaLeuCysGInAspleuls

CGGCGTACTCCGCAATCTGGAGCGCAAGATCCGTCAATGCGTCTGCGGTGAACCGCAATGGTTGCTGTGAAGCGTCGAAGGAGCGTCTAA
nGlyValleuArgAsnLeuGluArgLysIleArgGinCysValCysGlyGluProGInTrplLeuleuEnd

TCCACTCCCGTACTGATCGATGTGACTGCACCCCTGCGAAATATATTCTGTGGGGGAGCTCGGCCAGGACTTTGACTACGCTTTGTTTTT

GTTATCATCAATTGATTTTACGTGTAAGAATTAATAAAATTAGTTAGACTGCATAAATTTTAAAAGCATTTATTATTATTTTACTTGTAT
------ (a)
n

TATTTATGACAAATTATTATTTATCTGTTGGGTTTTCGAAAATGTTGGTTCTAAATTAAGTTTGGCCATCATTTGATCGACTTTTTCGAA
TGTATCTGTTACTTTTACCAATGCGTTGGCTTTGGCTCCTAGTTCTATGCGAAGTCTTAACTATCCGAGCTCTTATGACTTGGTCAACTT

GTCTCAGCTAACTACTGTTGG 1398

Sgs3 SEQUENCE. Strain, Oregon R. Accession, X01918 (DROSGS378). Arrows labeled
da, db, pa and pb underline the a and b parts of the distal and proximal promoter
elements. The Formosa strain deletions that occur in the repetitive middle portion of
the coding region are delimited by vertical bars (Mettling et al. 1985).

region of Sgs7 and Sgs8 and within the distal element of Sgs3, at —651 (da)
and —617 (db) (Todo et al. 1990). A DNase-hypersensitive site near —630
occurs only in the chromatin of salivary glands of third instar larvae, and DNase
protection experiments identified two footprints overlapping da and db. There
are three other hypersensitive sites near the 5’ end of Sgs3, including one around
—100; but these are not restricted to the tissue in which Sgs3 is expressed
(Georgel et al. 1991).

A 115-kD protein that binds specifically to the distal promoter element, the
Glue Enhancer-Binding Factor, GEBF1, was isolated from nuclear extracts. It
appears that GEBF1 binds to both parts of the distal promoter element (da
and db). The amount of GEBF1 found in extracts rises in parallel with the
transcriptional activity of the salivary gland secretion genes during the third
instar. GEBF1 is absent from extracts of the Broad Complex mutant I(1)t*33
(located in region 2BS5, the site of an early, ecdysone-irreducible, puff) (Georgel
et al. 1991). This allele also reduces or eliminates expression of the glue genes
(Crowley et al. 1984). These observations suggest that (a) a gene in 2BS is,
directly or indirectly, responsible for the synthesis of GEBF1; and that (b)
ecdysone induces the glue genes indirectly, by inducing the appearance of a
regulatory factor (Georgel et al. 1991).

Sgs7
Product

SGS7 is not glycosylated (Beckendorf and Kafatos 1976); it contains only 4%,
Ser/Thr (Shore and Guild 1986).
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Sgs7

. . . .<~- -507 Sgs8 . . . .
-540 TGGTTGTTGCTTTAACAAATTAACTTTACCAGATGGTAACCGTTTATGAACACCCTACCCCTTTTATAGCAAAACAAATGTGTTATAGGA  -451

-450 TCAATGGAAATTTCATTGAATTCATCCAAAAATAAAATATATAACCATTTGTGCTTAAGCAAATAGAAACACGATATTAAACTTCGCCCT  -361
-360 TTGTTCTCACCATTTTCTGTGTCATCGTTCATACTAATATAATATAACATTTTACATGCCCTTTTTACTAAAGAAAGTATTACTCATAAA  -271
-270  ATGAAATCTAAATTATATCTGAGTAACAAATATATTAAATTAATAAGTATCTATAAAAAGTTAATTCTATAAATAAAGCGCCTGCCGTAT  -181

-180 AAAAAGCCAAGTGTTTGGTGTTTTATTTATTTTAATACAATTGGTTTGTCCAGTACTTTTTATTTTTGGATGTGCTCACTGAAATTTTICC  -91
————— >la 2a----->----->1b e eteiinte ---

. . . . . . --> -32 .
-90 ATTGATCCAGCTAACTTTTTGCGCTATATAAAGGTGTTGCTTTCCTTGAGYTGGTACCATCTGGTAAAGTAGTCTCAATCTAGATAGAAC -1
N A

0 CATGAAACTGATCGCAGTCACCATCATCGGTAACTACATAATAAGATCTTTAATCCACAACCAACTTCAATATCTCGCATCCTCAATATC 89
MetLysleulleAlaValThrllelleA (10)

90 CCCAGCTTGCATCCTGCTCATTGGATTCTCCGATCTAGCCCTGGGTGGTGCCTGTGAGTGCCAACCGTGTGGTCCTGGTGGAAAGGCCTG 179
laCysIleleuLeulleGlyPheSerAsplLeuAlaleuGl yGlyAlaCysGluCysGInProCysGlyProGlyGlyLysAlaCy  (38)

. . . . . . T=Formosa
180 CACGGGCTGTCCCGAAAAGCCCCAACTTTGTCAGCAGCTCATTAGCGATATTCGCAATCTCCAGCAGAAGATCCGGAAATGCGTCTGEGG 269
sThrGlyCysProGiulLysProGlnLeuCysGInGinLeulleSerAsplleArgAsnLeuGInGinLysIleArglysCysValCysGl (68)
Leu

270 AGAACCACAATGGATGATTTAGACACCAATCACTTTTAAAGATCACAARAATTCTTCCTTAATAAAATTGTTATTACTGCTTCARAAAAA 359
yGluProGInTrpMetItefnd ~ zzoeo- tHa), (78)

360 ;\AAAAAAAAAI.\TGTTTGAGT1.'CTTTTTTAT(.:ATTTATTTCAGTATATATCéTCCAGAAAAéAACAAAACTAGTTTTTCCT(;TGGGTCACA 449
450 ;\TCACGATGG‘;’CTTGTGGCA(.:CTCTTGGGA+TCTTGCACT’i’CCGCTTGGG;\ATGCGGGTG%GGCACCAGTI.'GTTGCCCCT(.ICAACAAAGC 539
540 %TTTTGTGAG%GGAAGCGGC&GTTGTTGTTéTTGTGGTTGATGCTGCAGT&GTGGTTGTTéTTGTGGTGG;GGCATCAGT%GTTGTTGTG 629
630 %TACTAGCAGI.\GGAAGCCAT(.ITGGATGGCCAGGGCAATM(.SGGCAACCAC(.EAAAAGGTAT“TTCATTTTGA;.\ATTTGATGGI.\ATTTATCTA 719
720 I.AGAAGTCCGC/.\GTGAAATAA%CGAATTTGC%AGATGCTGTéTTCTGATTT%CTGGAGTTG(.:AATTAAGTC%TTTATAGTG(.EAATTTCTCT 809
810 %CTGTTTAGT:[CCTCGTTTT(;TGCTATCGA(;TACATTTGC(.IAAATAATAA'.HCCACAATGI.\TTTCCTTCCI.'GCAGACAAAI'\TAAGTCTCA 899
900 1.'GAACTATAT%AAATATTTG(.ITATCAATAAl.\CGCCGATCCl.\TTGGGTTAC(.ZGACGACACTAAGACAGCTG]"ATAAAGGTT%ATGATATTC 989
990 ATAGCAATGT/;cCAAATCAAA;\CATGATAGGAAAAATAAGCéGAGATCACAAATAAAATTGATAAAAAATA(;CTTAAGTAT%TATGTTCGG 1079
1080 ;\TTAGATTTT%TGTTCTACT%TTATTATAT%CATATTTG 1118

Sgs7 SEQUENCE. Strain, Oregon R. Accession, X01918 (DROSGS378). Arrows labeled

1a, 1b, 2a and 2b, underline the a and b parts of the two putative promoter elements

responsible for the regulation of Sgs7 and Sgs8. Element 2a partially overlaps a

putative CAAT box. The 5’ end of Sgs8 (on the opposite strand) is marked by <-- at

(continued)
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Gene Organization and Expression

Open reading frame, 74 amino acids; expected mRNA length, 319 bases. S1
mapping was used to define the 5 end. The 3’ end was obtained from a cDNA
sequence. There is an intron in the Ala-10 codon (Sgs’ Sequence) (Garfinkel
et al. 1983).

Promoter

A region between — 243 and — 75 is necessary for transcription of Sgs7 and
Sgs8. Within this region, the segment between —165 and —80 enhances
transcription from the Sgs3 promoter in promoter fusion experiments. This
85-bp segment contains two copies of the bipartite regulatory element defined
experimentally for Sgs3: la, 1b, 2a and 2b (Sgs7 Sequence) (Todo et al. 1990;
Hofmann et al. 1991).

Sgs8
Product

SGS8 is not glycosylated (Beckendorf and Kafatos 1976); it contains only 4%
Ser/Thr (Shore and Guild 1986).

Gene Organization and Expression

Open reading frame, 75 amino acids; expected mRNA length, 353 bases.
S1 mapping was used to define the 5’ end. The 3’ end was obtained from a
c¢DNA sequence. There is an intron at Ala-10 (Sgs8 Sequence) (Garfinkel et al.
1983).

Promoter

The putative regulatory elements, between positions —452 and — 370, are the
same as those described above for Sgs7 (Todo et al. 1990).

(continued) — 507 and the TATA box at —478 is double underlined. A base
substitution (at 245) found in the strain Formosa is indicated (Mettling et al. 1985).
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Sgs8

ATTTTATGAGTAATACTTTCTTTAGTAAAAAGGGCATGTAAAATGTTATATTATATTAGTATGAACGATGACACAGAAAATGGTGAGAAC

AAAGGGCGAAGTTTAATATCGTGTTTCTATTTGCTTAAGCACAAATGGTTATATATTTTATTTTTGGATGAATTCAATGAAATTTCCATT

. . . . . . --> -32 .
GATCCTATAACACATTTGTTTTGCTATAAAAGGGGTAGGGTGTTCATAAACGGTTACCATCTGGTAAAGTTAATTTGTTAAAGCAACAAC

CATGAAGCTGCTCGTTGTCGCCGTCATTGGTAAGTGCCAAAAAGTACTATTTTTTATGTGACCCAAATCCACTTAGCCATCCGTTCATTC
MettysLeulLeuvalValAlaVallieA

TGACCCAGCGTGCATCATGCTCATCGGATTCGCCGATCCTGCCTCGGGCTGCAAGGATTGTTCATGCGTGATTTGTGGACCTGGTGGCGA
TaCysIleMetleulleGlyPheAlaAspProAlaSerGlyCysLysAspCysSerCysValI1eCysGlyProGlyGlyGl

GCCGTGTCCTGGGTGTTCCGCACGGGTTCCCGTCTGCAAAGATCTGATCAACATTATGGAGGGTCTTGAGCGGCAGGTGCGTCAGTGCGE
uProCysProGlyCysSerAlaArgValProValCysLysAspleulTeAsnIleMetGIuG) yLeuGluArgGTnValArgGTnCysAl

CTGCGGAGAGCAGGTTTGGCTGTTCTAGAGATGTGCCCTCAACCTAATCGGCACTGACCTTTTATCTGCTGGCATTTAAAACTGCTGTCT
aCysGlyGluGinVal TrpLeuPheEnd

AATAAAACTATTATCATTCCTGCACGACCCAAACTCCTTTTCTTTGTTTTTTAATTATTTATTTTCAGATGTATTGCTTAAAAAGTGTCA
f(a)
n

éAACTAGTCT%TTCTGTGTG%CACAATCACéATGGTCTTG%GGCACCTCTiTGGATTCTTéCACTTCCGC%TGGGAATGCGGGTGTGGCA
éCAATTGTTGéCCCTCCAACAAAGCTTTTTéTGAGTGGAAéCGGCCGTTG%TGTTGTTGTéGTTGATGCTéCAGTAGTGG%TGTTGTTGT
éGTGGTGGCA%CCGTGGTTG%TGTGGTACTAGCAGATGAC&CAACCTGAA%GGCCAGGGCAATAAGGGCAACCACGAAAAéATACTTCAT
%TTGAAATAAéATTAGATTT%TCGATACGA&TGGAATTGAACGATCAGGT&TTGTGATTAATTAAAATCA%ACCCACTGC%TTTATAGCA
AAACAAGCAGATTTCCGCAT%CGCTTTACTATGTTTTTGC%TCCCATAACéCATAAGCACATAAAAAGCGAGTACAATAG&AAAAGCATT
%AATAATCAAATGTTTGAACAGTAAGCAAA&ACGGTTTTG%TGACATATT%GTAATATCAACAATTAAATéGGTTACTAT%CCTAAAAAA
ATTCCCTAAAAAGTATGCAA%AATGTTTAC&CACGACGAT%GTATTTCAA%GTCAAAACA&TGCAACAGAAATAAAAAATATTTCAAAAT

ATTCTAGAAGCTTTTGGAAGAATATTACCCAGAAGAAAAAAACACATTAAATTTGTTCACATTT 1143

Sgs8 SEQUENCE. Strain, Oregon R. Accession, X01918 (DROSGS378).

Sgs5
Product
SGSS is lightly glycosylated (Beckendorf and Kafatos 1976; it contains 12%

Ser/Thr distributed throughout the sequence; Cys (6.75%) is also distributed
without any apparent pattern (Shore and Guild 1986).
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Sgsh

. . . . . . . . . A

AAGCTTTTTTTTGGAGTGGAAAATTTATGGCTGTGTTTTTTTGGCCAGTCAAGGTTGTTTGCGTACGTTCTGCAAACATTTTACTTTCAG
----- > -—->

A G ->>>> -32

ATGCACTAAGTCAATAAAGCGCTTTGCCACAACTGCTAAAACAGTGGAGTGTATTCAATATAAATAGCCAAATGAGATATTATGGGGACA

> . . . . . G . A .
GTTATATTCTTAGCCACTTTTACGACATGTTCAATATTAAATTGCTGCTTTTGTTATTGGCCGTTTCGTGGTTCCACCATGGACAAGCLG
MetPheAsnllelysLeuleuleuleuleuleuAlaValSerTrpPheHisHisGlyGinAtaV

GIn

. . . . . .G . T .
TCCAGGAGACGAAAATCGAAGAAAAACCAGTATCAGAGCCTGAAAT TGAATCCGAAATAAAGAACTCTACGAGCGTCCCAAGTAAATGCA
alGInGluThrLysIteGluGlulysProValSerGluProGlulleGluSerGlullelysAsnSerThrSerValProSerlysCysA

Val Ser

ATATTTACTATAGGAACTACCAATGGGCTCTTCAGGATTGTGTCTGCCGTTGTTTCCAAAACGAATGCCTTATGCAAATCGAGAGCGACC
snlleTyrTyrArgAsnTyrGInTrpAlaleuGlnAspCysValCysArgCysPheGinAsnGluCysLeuMetGInlleGluSerAspG

AGCGCAAAAAGGAGGGTAGATCCCGTAAGTAAATTAACCAGTTAAGCAAAATGTATTTTATTTATAACTTGTAAATACAGCATTTGTGCC
InArglLyslysGluG)yArgSerpP roPheValPr

COTTACGGAGGAACTCTGCCGTTCCTTCATCTGCAAAAAGTGCAGCGTGGGTTTCCCCGTGGTTGCTGAATTCCCCATTCCGGCTCCLTG
oValThrGluGlulLeuCysArgSerPhelleCysLysLysCysSerValGlyPheProvalvalAlaGluPheProlieProAlaProCy

TGGATGCAATCGAAAGCCAGGATCAATTGCCACAGAGAGATTCTACAGT TTGTGCCACCTGCTGAAATTCTCAGCGGAGAACAGCAAGLG
sG1yCysAsnArglysProGlySerIteAlaThrGiuArgPheTyrSerLeuCysHisLeuleulysPheSerAlaGluAsnSerlysP

TAAGTCCAAAGAATTGGTTCCAAATTATCGGTAATATATACATTTTGTATCTTTACAGCATTCCTGACTTATTCCTATTGYTGGCCCTTC
roPheleuThrTyrSerTyrCysTrpProPhe

TAAGTGAGGTGRATTCAGTTGGATCACGTTACTAATATCTTTGTTTGTTTGTTTTATTATTTTGTTGATTTGTTCATTTAAAGGGAGATG
End

GATTACAAATAATAAAGAAATATATTCAATGACGAGTGCAATAAATTTTTTTGAATATGAAAATCTTTTTTAGACTAAACAGCTATGCAT
—————— | (A)
n

ATGTTTAAACATTGAAAAGCTT 806

Sgs5 SEQUENCE. Strain, Oregon R. Accession, X04269 (DROSGSS). The sequences
with similarity to the Sgs3 regulatory element are underlined by the arrows at —150
and —120. The natural variant Sgs5"!, found in strain C4-2 fails to express this gene.
The base substitutions that distinguish CA4-2 from Oregon R are shown above the
Oregon R sequence (Shore and Guild 1987).

Gene Organization and Expression

Open reading frame, 163 amino acids; expected mRNA length, 646653 bases.
The average polyadenylation tail is 100150 bases long. Transcription appears to
initiate with equal frequency at the first A or at any of the five Gs between —33
and —25. Nuclease protection was used to define the 5" and 3’ ends. There are
introns in the Pro-90 and Pro-153 codons (Sgs5 Sequence) (Shore and Guild 1986).
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Promoter

A DNA fragment that extends from —205 to 806 is capable of autonomous
expression in a somatic transformation assay. A segment that extends from
—151 to —93 contains cis-acting sequences necessary for expression (Shore
and Guild 1987). The shorter interval includes sequences that resemble the
bipartite regulatory elements of Sgs3 (Todo et al. 1990).

References

Ashburner, M. and Berendes, H. D. (1978). Puffing of polytene chromosomes. In The
Genetics and Biology of Drosophila 2b, eds. M. Ashburner and T. R. W. Wright
(New York: Academic Press), pp. 315-395.

Beckendorf, S. K. and Kafatos, F. C. (1976) Differentiation in the salivary glands
of Drosophila melanogaster: characterization of the glue proteins and their
developmental appearance. Cell 9:365-373.

Berendes, H. D. and Ashburner, M. (1978). The salivary glands. In The Genetics and
Biology of Drosophila 2b, eds. M. Ashburner and T. R. W, Wright (New York:
Academic Press), pp. 453-498.

Crowley, T. E. and Meyerowitz, E. M. (1984). Steroid regulation of RNAs
transcribed from the Drosophila 68C polytene chromosome puff. Dev. Biol.
102:110-121.

Crowley, T. E., Bond, M. W. and Meyerowitz, E. M. (1983). The structural genes for
three Drosophila glue proteins reside at a single polytene puff locus. Mol. Cell.
Biol. 3:623-634.

Crowley, T. E., Mathers, P. H. and Meyerowitz, E. M. (1984). A trans-acting regulatory
product necessary for expression of the Drosophila melanogaster 68C glue gene
cluster. Cell 39:149-156.

Garfinkel, M. D., Pruitt, R. E. and Meyerowitz, E. M. (1983). DNA sequence, gene
regulation and modular protein evolution in the Drosophila 68C glue gene
cluster. J. Mol. Biol. 168:765-789.

Georgel, P, Ramain, P., Giangrande, A., Dretzen, G., Richards, G. and Bellard, M.
(1991). Sgs-3 chromatin structure and trans-activators: developmental and
ecdysone induction of a glue enhancer-binding factor, GEBF-I, in Drosophila
larvae. Mol. Cell. Biol. 11:523-532.

Hansson, L. and Lambertsson, A. (1983). The role of the su(f) gene function and
ecdysterone in transcription of glue polypeptide mRNAs in Drosophila melano-
gaster. Mol. Gen. Gener. 192:395-401.

Hofmann, A, Garfinkel, M. D. and Meyerowitz, E. M. (1991). cis-acting sequences
required for expression of the divergently transcribed Drosophila melanogaster
Sgs-7 and Sgs-8 glue protein genes. Mol. Cell. Biol. 11:2971-2979.

Martin, M., Giangrande, A., Ruiz, C. and Richards, G. (1989a). Induction and repression
of the Drosophila Sgs3 glue gene are mediated by distinct sequences in the
proximal promoter. EMBO J. 8:561-568.

Martin, M., Mettling, C., Giangrande, A., Ruiz, C. and Richards, G. (1989b). Regulatory
elements and interactions in the Drosophila 68C glue gene cluster. Dev. Genet.
10:189-197.

Martin, C. H. and Meyerowitz, E. M. (1988). Mosaic evolution in the Drosophila genome.
BioEssays 9:65-69.



260 AN ATLAS OF DROSOPHILA GENES

Mettling, C., Bourouis, M. and Richards, G. (1985). Allelic variation at the nucleotide
level in Drosophila glue genes. Mol. Gen. Genet. 201:265-268.

Meyerowitz, E. M. and Hogness, D. S. (1982). Molecular organization of a Drosophila
pufl site that responds to ecdysone. Cell 28:165-172.

Meyerowitz, E. M., Vijay Raghavan, K., Mathers, P. H. and Roark, M. (1987). How
Drosophila larvae make glue: control of Sys3 gene expression. Trends Genet.
3:288-293.

Roark, M., Vijay Radhaven, K., Todo, T., Mayeda, C. and Meyerowitz, E. M. (1990).
Cooperative enhancement at the Drosophila Sgs3 locus. Dev. Biol. 139:121-133.

Shore, M. E. and Guild, G. M. (1986). Larval salivary gland secretion proteins in
Drosophila. Structural analysis of the sgs5 gene. J. Mol. Biol. 190:149-158.

Shore, M. E. and Guild, G. M. (1987). Closely linked DNA e¢lements control the
expression of the Sgs5 glue protein gene in Drosophila. Genes Dev. 1:829-839.

Todo, T., Roark, M.. Vijay Radhavan, K., Mayeda, C. and Meyerowitz, E. (1990).
Fine-structure mutational analysis of a stage- and tissue-specific promoter
element of the Drosophila glue gene Sgs3. Mol. Cell. Biol. 10:5991-6002.

Velissariou, V. and Ashburner, M. (1981). Cytogenetics and genetic mapping of a salivary
gland secretion protein in Drosophila melanogaster. Chromosoma 84:173-185.



28

The Serendipity Gene Cluster:
Srya, SrypP, Sryo

Chromosomal Location: Map Position:
3R, 99D4-8 3-[101]

Organization of the Cluster

Srya, Sryf and Sryo are grouped in a dense cluster within an 8 kb segment that
also includes janA, janB and the ribosomal protein gene rp49 (Fig. 28.1). The
three Sry genes are transcribed in the same direction; the distance between the
poly-A signal in one gene and the TATA box of the next is a few hundred bp.
In addition to the gene-specific transcripts, two other longer poly-A RNAs are
detectable. These include sequences from neighboring genes: either f§ plus o
or a plus § are combined. These longer RNAs are thought to be the
consequences of transcription starting normally in one gene but then proceeding
to “read-through” to the end of the next gene downstream (Vincent et al. 1984,
1985).

janB

janA Sryp Sryd Srys RAp49

8 kb

FiGure 28.1. Organization of the Sry cluster. For the sake of clarity, janB was drawn
on a separate line; it actually overlaps janA
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Srya
Product

A 58 kD protein without resemblance to other known proteins (Vincent et al.
1985).

Tissue Distribution

It is present very briefly in embryos undergoing blastoderm cellularization.
The Srya protein (SRY«) accumulates sharply during nuclear cycle 14 and
disappears as gastrulation proceeds. As the embryonic syncytium becomes
partitioned into individual cells, SRYx is concentrated at the leading edges of
the invaginations of the plasma membrane; this intracellular distribution is very
similar to that of actin filaments (Schweisguth et al. 1990).

Mutant Phenotypes

In embryos homozygous for a deletion of Srya, the process of cellularization
is severely disrupted, surface invaginations of the plasma membrane are very
irregularly distributed, and they often encompass multiple nuclei. Such Sry«
mutation is an embryonic lethal (Schweisguth et al. 1990).

Gene Organization and Expression

Open reading frame, 530 amino acids; expected mRNA length, 1,862 or 1,952
bases depending on whether the major or minor polyadenylation site is used.
The 5" end was determined by S1 mapping and primer extension; the 3’ end
was defined by S1 mapping. There are no introns (Sry Sequences) (Vincent
et al. 1985).

Developmental Pattern

Expression of Srya is restricted to 2-4h embryos (Vincent et al. 1985).
In accordance with the pattern of protein synthesis, Srya mRNA is first
detectable in syncytial blastoderm embryos, during nuclear division cycle
11; it peaks in cycle 14 and disappears soon afterwards (Schweisguth et al.
1989).

Promoter

P elements that included 5’ sequences from Sryax and f-galactosidase as a
reporter gene, were used to define regions important for transcription. A 248-bp
segment that extends from 118 bp upstream of the transcription initiation site
to 130 bp downstream of the transcription initiation site is sufficient for specific
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SryB
éGATCCGACT%ACCATGCCA%GTGCAGTCCéCAAATCCGCéGATCACCGCéTYTGAAGCA%CTCCTCCATéGAAGACATTéATCATGACA
ll'ACTTGAAGA%GCCCTCTGGACTGATGTGCI‘\CCAGTGGCA(;GCCGGCAAG:[GCTTCCTCGéACATTTTGTL.':AATCAGTCG}AGTCCTTTG
éAAAGCAGTT(;GAﬁGCGATT(.:ATTGTGGAAAAGTGTTTGAAAACAGAATT'.TAATGTCTTA(.:CAACCGGCAI.\ATTTTCCAAI'\AACGCTGCT

. . <-~ janA. . . . . . .
TTAGTCCAGCAATGTGACCAGATACTTTTATTCTCGTTCACCTTATGTATCGATACTATTAAAATTATAATATTCAGTTATTTCTTTAGT

. . . . . . . -->-144 ]
ACATTTGGGARAACGTTTTTTGTACTACTCAGTATATTTTAGTAATAATTAATAAACTCAAAAAGAAAACGTTGTTATCAGTGACAGCAA

ATTTATCGATTACGCCGACAGCACGCAGTCGATACTATCGGCACTATCGGCACAGCTCTGGCGTTCACAACAAAATATACACAAATTAAA

TTGTTTAAGCCGAATTTTCGATTGGATTCCACGGCGACTAGATGAGCTCCACGCGTCCGTTTTGCTTCGTTTGCGGCAAGGAGAAGTCCG
MetSerSerThrArgProPheCysPheValCysGlyLysGlulysSerV

TGGGGGTGTTCCAGCTGATAGAAGGTAACGTTCGCTTACGCCGCACTCGAAAGTCCTGATAGCCGACTTTTTCACAGGCTGCATTGTGEC
alGlyValPheGInLeulleGluG 1yCysIieValPr

AGGAACCTTTAAGCCCATCAAGGATATACTGAAATACTTCGAGAAGATCATAAACCAGCGGCTGGAGCTCCTGCCCAACTCGGCCGLCTG
o61yThrPhelysProllelysAsplleleulysTyrPheGluLysilelleAsnGlnArgleuGlul euteuProAsnSerAlaAlaCy

CCGGGACTGCCTGGAGTACCTCTTCAACTACGACAGGCTGGTGAGGAATCTCAGCCAAGTGCAGCGCCAGATTGCGGACGCACTGCTCGG
sArgAspCysLeuGluTyrLeuPheAsnTyrAspArgLeuValArgAsnLeuSerGInValGInArgGinlleAlaAspAlaleuleuGl

CTGCAGGCAGGTGGAGGGCAAGGCGGAGACCAAGCAACAGGCGGCAAAGAGGGCCCGCGTCCAGGTGCCGGCCTTCAAGATCGTCCAGGE
yCysArgGInValGluGlyLysAlaGluThrLys6InGInAlaAlaLysArgAlaArgValGinValProAlaPhelysIteValGinAl

CACCGCCCTCAAGGAGCCCGAAAGGCAGCCGGGCGAGGAGGATGAGTGCGAGGAATTCATGAAGGAGGAGATGCTGGACGAGGAGTTCCA
aThrAlaleul ysG1uProGluArgGInProGlyGluGluAspGTuCysGiuGluPheMetLysGluGluMetl euAspGluGluPheGl

GTTCAGCGAGCCGGACGACAGCATGCCGTCGTCGGAGGAGGAGT TCTTCACCGAGACCACCGAGATACCCTGCCATATCTGCGGCGAGAT
nPheSerGluProAspAspSerMetProSerSerGluGluGluPhePheThrGluThrThrGlulleProCysHisIleCysG)yGluMe

GTTTTCCAGCCAGGAGGTGCTCGAGCGGCACATCAAGGCGGACACCTGCCAGAAGAGCGAGCAGGCCACCTGCAACGTGTGTGGCTTGAA
tPheSerSerGInGluValleuGluArgHisllelysAlaAspThrCysGlnLysSerG1uGInAlaThrCysAsnValCysGlyLeuly

AGTGAAGGACGACGAGGTACTCGATCTGCATATGAACTTGCACGAGGGCAAAACAGAACTTGAATGCCGCTACTGCGACAARAAGTTCTC
sVallysAspAspGluVallLeuAspleuHisMetAsnLeuHisGluGlyLysThrGluLeuGluCysArgTyrCysAspLysLysPheSe

GCACAAGCGGAACGTCCTGCGCCACATGGAGGTGCACTGGGACAAGAAGAAGTACCAGTGCGACAAGTGCGGCGAACGCTTCTCGCTCTC
rHislysArgAsnValleuArgHisMetGluValHisTrpAsplysLysLysTyrGInCysAspLysCysGlyGluArgPheSerLeuSe

CTGGCTGATGTACAACCATCTGATGCGCCACGACGCCGAGGAGAACGCCCTGATCTGCGAGGTGTGCCACCAGCAGTTCAAGACCAAGCG
rTrpleuMetTyrAsnHisLeuMetArgHisAspAlaGluGluAsnAlaleulleCysGluValCysHisGInGInPhelysThrlysAr

(continued)
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CACCTACAAGCACCACTTGCGCACCCACCAGACGGACCGGCCGCGLTACCCCTGCCCCGACTGCGAGAAATCGTTCGTGGACAAGTACAL
gThrTyrLysHisHisteuArgThrHisGInThrAspArgProArgTyrProCysProAspCysGlulysSerPheValAsplLysTyrTh

CCTGAAGGTGCACAAGCGGGTCCACCAGCCGGTCGAGAAGCCAGAGTCGGCGGAGGCCAAGGAAGCCACCGTCACGTTCTTTTAGGGTAG
rLeulysValHisLysArgValHisGInProValGlulysProGluSerAlaGluAlalysGluAlaThrValThrPhePheEnd

TCCTTTGCTAGATTAATCTAAGAAGCCCAGCTCATGGGTGCATTAGCGCGCGTATGTATCATAAAATTAAATCTAAACAATTATTGACGG

AAAGTACCAGTTCTTTGCCGTTCTTCGCCCATTTTCCAGGAACCCCAGTAGGTAAAGTAGCGGATTTCGCGAATTTTCGCGGGTATGGCA
LAy,

Srya

ATAAAACAGGCAGATGTTTTTTAATCCCCAAAATAGGTCCTTTCTACCTGTGCGCTTGGCAAAGTATATAAAGGTGTTGCGTCGTCCGCC

-->1407 . . . 1450 . .
AGAACTTAGTTGAACATTTCTGTTTCCCGGAGCACATCTGATAGAACAGCATGGAACAGCTATTGGCCCAATTACACACTTGCAGTGAGE
MetGluGinleuleuAlaGinLeuHisThrCysSerGlut

TGATTGCAGAGGGCTACAGCAGCACCGGCAACATTGGCTGGCTGAACGAGTTCTGCGCCACTTTCCTGGACTTCGCCAGCGATCTGAAGG
eulleAlaGluGlyTyrSerSerThrGlyAsnlleGlyTrpLleuAsnGiuPheCysAlaThrPheleuAspPheAlaSerAspleulysA

CTAGGCTGCCGGAGGTGGCGCCCAGTGGCGCAAACCTTGATGTGGAGACCATCTTCCTGTGCCTCACCCAGGTGGTAACCTGCATCACCE
laArgleuProGluValAlaProSerGlyAlaAsnieuAspValGluThritePhel euCysleuThrGInValValThrCysIleTheH

ACCTAGAGCGGACCATCAGCATGGAGGCACCGCATATGACCAGGCAGCACTTCCTCGACCGCTTGGACTGGTGCTTGCGGCGACTGLTCG
isLeuGluArgThrileSerMetGluAtaProHisMet ThrArgGInHisPheleuAspArgleuAspTrpCysLeuArgArgleuleuV

TCTCCTTGACGCAACTGGAAGGCAACGTGACCCCAGTCAAGAACCTAGAGGATCACTCCTTCGTTGAGCTCATGGACCTGGCTCTGGACC
alserleuThrGInLeuGiuGl yAsnVal ThrProVallysAsnleuGluAspHisSerPheValGluleuMetAspleuAlaleuAspH

ACTTGGATGACTACATGGAGAAGCTGGCCCAGCAGAGAAACAACTCCCTGCACATTCTAGAAGAGAGCTTCACGGAAGACACCTACCAGC
isleuAspAspTyrMetGlulysLeuAlaGTnGlnArgAsnAsnSerLeuHisITeleuGluGluSerPheThrGluAspThrTyrGInL

TGGCCAGCATAGTTAATCACATCGTTCGCCACGCCCTGGCCTTTGCCAATGTGGCCATTCATTCGGACAAGAAGGCTTTGACGGLCTTTGT
euAlaSer]leValAsnHisIleValArgHisATaleuAlaPheAlaAsnValAlalleHisSerAsplysLysAlaleuThrAlaleuC

GCGAGACCTTGCTCGCCGAATGTGCCACTTTCCACGAGGAGGCGGGCGAGCCCAACAGTGGTCATCGGAAGCTGGAGGCCCTCTCCCTGG
ysGluThrleuleuAlaGluCysAlaThrPheHisGluGluAlaGl yGluProAsnSerG) yHisArglysLeuGluAlateuSerLeuG

AACGTGCCCTCTATGCCCTGGAATCCTTTCTCAATGAGGLGCTGCTGCACTTGCTGTTCGTCAGTCTGATAGATCTGGAAAACGCTTCGG
luArgAlaLeuTyrAlaleuGluSerPheleuAsnGluAlaleuleutisteut euPheValSerLeulleAspleuGluAsnAlaSerV

TGGAGAAGCTAAAGGATGCACTGCAAAGGGATCCTGCGGGAGC TCAGGAGC TAATC TCLGCATTCGACACGAACATGGATCGCATTCAGE
alGlulysLeulLysAspAlaleuGInArgAspProAlaGlyAlaGinGluteulleSerAlaPheAspThrAsnMetAspArglleGinG

AGATTGGGGTTCTGGCCATAGCCTTCTCGCAGGACATCAAAACGAAGACGATTGTCAGGAGCTGCCTGGCCTCACTGGAATCCCTGGATG
TnlleGlyValleuAlalleAlaPheSerGInAspllelysThrlysThrlleValArgSerCysLeuAlaSerLeuGluSerieuAspA

CGTGCATTGTGCCCGCTCTCCAGCTGCCAGAGTCCACTTCATCCGCACACCACGCGGAGGTCTTGCAGGAGCATTTTAACCAGGAGCTGE
1aCyslleValProAlaleuGlinLeuProGluSerThrSerSerAlatisHisAlaGluValleuGInGluHisPheAsnGInGluLeul
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TGATCTTTAGGAACGTCATCCACGAAATCATCGATAGCTGCTCCCTGATCAACAACTACCTGGACATGCTGGGCGAGAGGATCCACGTAC
eullePheArgAsnVallleHisGlullelleAspSerCysSerLeulleAsnAsnTyrLeuAspMetleuGlyGluArglleHisValG

AGGACAAAAGCCATCTGAAGCTGATTGTCCAGAGGGGCGGAGTGGTGGTGGATCACTTTCGGCTGCCCGTCAATTACTCGGGACTCAGTG
1nAsplLysSerHisLeulysLeulleValGlnArgGlyGlyValValValAspHisPheArgleuProValAsnTyrSerGlylLeuSerG

AAGATGGCAAGCGGGTGCACAAGGACCTCATTCTGATCCTGCGCGAGTGCCAGGLCGTGGTCAACCTGGACGTCCCAGTGGATCCCAAGE
1uAspGlyLysArgValHisLysAspleulleleulleleuArgGiuCysGinAlaValValAsnLeuAspValProValAspProlysA

GCATCGTGAAGCGCCTTAAGATACTGTACTCCGTGCTGGCCAAGCTGAGGGACTTGATATGCAGGGATAATCTGGAGCCCGATTCCTCAG
rglleValLysArgleulysIleleuTyrServValLeuAlalysleuArgAspleulleCysArgAspAsnLeuGiuProAspSerSerV

TTGCTTCCGAAGCTCAAGTGCCCTCAAGTGCAACCCGAACTTTTGTGCGGAGCAGTCGATCCTTTGGCAAACGGCATCGATCCTTTGTAA
alAlaSerGluAlaGinValProSerSerAlaThrArgThrPheValArgSerSerArgSerPheGlyLysArgHisArgSerPheVall

AACAAACCGGAAATTGCTCAGTTTTCGGGCCACAGGACTCACTTGCTGAATCCGGACACAGCGAAAGCGATCTTATTAGTTTCCAAATCA
ys$GInThrGlyAsnCysSerValPheGlyProGlnAspSerLeuAlaGluSerGlyHisSerGluSerAspLeulleSerPheGInlteT

CTGAGATTCTTAGGT TAGATTGAGTGGGGCGAGCCATATTCTAAATACGCGGGCTTATCTGTATGAGATTTTTTTTAATACTTCATTGGC
hrGlulieleuArgleuAspEnd

TTGAAGTGCTTAATTAAGATTAAACATATCCTTACAAAGATTCTAATTAGCTACCTAAGTCAATTGTGTTCTTTACACTTATGTAATTAC

TTCATTAAGTTGAAGCCATTCGCATAATTTATATAAAATACAAT TAAAACATACCATTATAAAAAAATTATATAATTCAATTCAATTTTT
------- [(A), (major)

TTCAGGGAATCAATAAATTAAATGCTACTCGTTTTCATAACTAAAGAAACCAACACCACCATAATAATCAACAACAAATTATGTATTTAT
f(A)n {(minor)

Sryé
GCAAATTGAATATCCGTTTGCAATATTGAGCAAACACATATTTTTATTATTCAACTCATATATTTCAGTTTTCACACCCTGTTCCATTCC
CACCGTTCCGTTCCTGGCATCAATCGGCATCGTTCGCCACGCCTGGTGGGCATTATGCCATGGTTGCATTTCACGCATTTTAGTATAGCT

. . . . .-->3601 . . .
TCCGATATTCATCATTTTGCCAACTCTATTAAATTTCATACACAATTTAAAAGATTGTAAACAAACGCCGCACGAAACGGAATCGCTAAA

. 3668 . A=12 . . .
AGGACCATCGTCGGCGCAATGGATACTTGCTTCTTCTGCGGCGCCGTCGATCTGAGCGACACGGGCTCCTCCAGCTCCATGCGCTACGAG
MetAspThrCysPhePheCysGlyAlaValAspleuSerAspThrGlySerSerSerSerMetArgTyrGlu
Tyr

ACGCTGTCGGCCAAGGTGCCGTCGTCGCAGAAAACAGTGTCCCTGGTGCTCACCCACCTGGCCAACTGCATCCAGACGCAGCTGGACCTS
ThrieuSerAlalysValProSerSerGinLysThrValSerLeuValleuThrHisLeuAlaAsnCys11eGinThrGInLeuAspleu

AAGCCCGGCGCCCGGCTGTGTCCGLGLTGCTTTCAGGAGCTCTCCGACTACGACACGATCATGGTGAACCTGATGACCACCCAGAAGAGG
LysProGlyAlaArgleuCysProArgCysPheGInGluleuSerAspTyrAspThrileMetValAsnLeuMet ThrThrGinLysArg

CTGACGACCCAGCTAAAGGGCGCTCTAAAGTCCGAGTTCGAGGTGCCGGAGTCCGGCGAGGACATACTCGTGGAGGAGGTGGAGATACCC
LeuThrThrGInLeulysGl yAlaleulysSerGluPheGluValProGluSerGlyGluAsplleleuValGluGiuValGlullePro

(continued)
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. . . . . . . . G=SF1
4010 CAAAGCGATGTCGAGACAGACGCCGATGCCGAGGCGGACGCCCTGTTCGTGGAGCTGGTCAAGGATCAGGAGGAGTCCGACACGGAGATA 4099
GInSerAspValGluThrAspAlaAspAlaGluAlaAspAlaleuPheValGluleuVallysAspGInGluGiuSerAspThrGlulle  (144)
Val

4100 AAGAGAGAGTTCGTGGACGAGGAGGAGGAGGAGGACGACGACGACGACGACGACGAGTTCATCTGCGAGGACGTGGATGTGGGCGACTCC 4189
LysArgGluPheValAspGluGluG1uGluGl uAspAspAspAspAspAspAspGTuPhelleCysGluAspValAspValGlyAspSer  (174)

4190 GAGGCCCTGTATGGCAAGTCCTCCGATGGCGAGGACAGGCCGACGAAGAAGCGCGTCAAGCAGGAGTGCACTACCTGCGGCAAGGTGTAC 4279
GluAlaLeuTyrGlylysSerSerAspG) yGluAspArgProThrlysLysArgVallysGInGluCysThrThrCysGlylysValTyr  (204)

4280 AACTCCTGGTATCAACTGCAGAAGCACATCAGCGAGGAGCACTCCAAGCAGCCCAACCACATCTGCCCCATCTGCGGGGTGATCCGGLGE 4369
AsnSerTrpTyrGinLeuGInLysHisITeSerGluGluHisSerLysGinProAsnHislleCysProlleCysGlyVallleArgArg  (234)

. . . . A=SF1 . . . T=SF2

4370 GACGAGGAGTACTTGGAGCTGCACATGAATCTGCACGAGGGCAAGACGGAAAAGCAATGCCGCTACTGCCCCAAGAGCTTCTCGCGCCCG 4459
AspGluGluTyrLeuGluLeutisMetAsnLeuHisGluGlylysThrGlulysGInCysArgTyrCysProlysSerPheSerArgPro  (264)

=== - Lys -~ -~ Cys

. . A=12 . . . . .

4460 GTGAACACCCTGCGCCACATGCGCATGCACTGGGACAAGAAGAAGTACCAGTGCGAGAAGTGCGGCCTGAGGTTCTCCCAGGACAACCTA 4549
ValAsnThrieuArgHisMetArgMetHisTrpAspLysLyslysTyrGInCysGlulysCysGlyleuArgPheSerGinAspAsnleu  (294)

---1le --- --- -

4550 CTCTACAACCACCGGCTGCGCCACGAGGCTGAGGAGAACCCCATCATATGCAGCATCTGCAATGTGTCGTTCAAGTCGCGCAAGACCTTC 4639
LeuTyrAsnHisArgLeuArgHisG1uAlaGluGluAsnProllelleCysSerIleCysAsnValSerPhelysSerArglysThrPhe  (324)

4640 AACCATCACACGCTCATTCACAAGGAGAACCGCCCAAGACACTACTGCTCCGTCTGCCCCAAGTCCTTCACCGAGCGCTACACCCTCAAG 4729
AsnHisHisThrleulleHistysGluAsnArgProArgHisTyrCysSerValCysProLysSerPheThrGluArgTyrThrieulys  (354)

4730 ATGCACATGAAGACCCACGAGGGCGACGTCGTTTACGGGGT TCGCGAGGAGGCGCCCGCCGACGAGCAGCAGGTGGTGGAGGAGCTGCAT 4819
MetHisMetLysThrHisGluGlyAspValValTyrGlyValArgGluGluAlaProAlaAspGluGInGinValValGluGluleuHis  (384)

4820 GTGGACGTCGACGAATCGGAGGCGGCCGTCACCGTCATCATGTCCGACAACGATGAGAACAGCGGCTTCTGTCTCATTTGCAATACCACC 4909
ValAspValAspGluSerGluAlaAlaValThrVallleMetSerAspAsnAspGluAsnSerGlyPheCysLeulleCysAsnThrThr  (414)

4910 TTCGAGAACAAGAAGGAGCTCGAACACCACTTGCAATTTGATCACGACGTGGTCTTGAAATAAGCTACATTGCCTACAATAAGTAATTGT 4999
PheGluAsnlLysLysGluleuGluHisHisLeuGInPheAspHisAspValValleulysEnd (434)

5000 TTATCTTTCCCTAGTGTATTTCCTCCTCTTTGTACTTGATTATTGTAGATTCCTACAAAATATAATTTACTGGTATTTCAATTACTGCGT 5089
i . . e IGR
5090 TTCATTTAGACAGAAGCATTTCCGATAATAATTGTAC 5126

Sry SEQUENCES. Accession X03121 (DRYOSRYG1). The Cys and His residues of the
Zn-fingers are underlined. Four mutations in Sryd are also indicated.
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activation in blastoderm stage embryos, although at much reduced level. A
segment extending between 311 and 118 bp upstream of the transcription
initiation site is necessary to increase the level of transcript. The latter segment
also seems to be responsible for repression of Srya activity in the peripheral
nervous system (Schweisguth et al. 1989).

Sryf and Sryd
Products

DNA-binding proteins of the Zn-finger type.

Structure

The amino-acid sequences of Sryf and Sryd proteins have some similarities to
the Xenopus transcription factor TFIIIA and other Zn-finger proteins. There
is a repeating unit of 28 or 29 amino acids characterized by Cys at positions
1 and 4 and His at positions 17 and 21/22 of the repeat (a C,H, finger). A Phe
at position 8 is also frequent. Sryf has six such repeats and Sryd seven, both
are in the C-terminal half of the molecule (Sry Sequences). Although residues
in other positions are not conserved from one repeat to the next, the C-terminal
regions of SRYS and SRY$ and 509; identical; this suggests that the two genes
were generated by a duplication. No sequence similarities are evident outside
the coding regions (Vincent et al. 1985; Vincent 1986; Evans and Hollenberg
1988; Payre et al. 1990; Harrison 1991). An 18-amino-acid segment (residues
180-197) was identified as the nuclear localization signal of SRY; within that
segment, the heptapeptide Pro-188/Lys-194 has strong similarity to the nuclear
localization signals of SV40 large T antigen and c-myc (Noselli and Vincent
1991).

Function

The two proteins bind DNA, both in solution and in polytene chromosomes.
SRY binding sites include the consensus sequence YCAGAGATGCGCA and
SRYJ$ binding sites the sequence YTAGAGATGGRAA (Payre et al. 1990;
Payre and Vincent 1991).

Tissue Distribution

SRY« and SRYJ are maternally inherited and present in embryonic nuclei at
the onset of zygotic transcription as well as in numerous cell types throughout
development. Zygotic synthesis starts during the syncytial blastoderm stage
(nuclear division cycles 12—13) for SRY § and during germ band extension (stage
10 embryos) for SRYd (Payre et al. 1989, 1990).
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Mutant Phenotypes

Four amino acid substitutions in Sryd are lethal (Sry Sequences). These mutants
can be rescued by germ line transformation with Sryd but not by an extra copy
of Sryf sequences, an indication that the two genes have different functions
(Crozatier et al. 1992).

Sryp
Gene Organization and Expression

Open reading frame, 356 amino acids, expected mRNA length, 1,314 bases. The
5" end was determined by S1 mapping and primer extension; the 3’ end was
defined by S1 mapping. There is an intron within the Gly-25 codon (Sry
Sequences) (Vincent et al. 1985; Payre et al. 1990).

Developmental Pattern

See Sryé.

Sryd
Gene Organization and Expression

Open reading frame, 434 amino acids; expected mRNA length, 1,476 bases. The
5" end was determined by S1 mapping and primer extension; the 3’ end was
defined by S1 mapping. There are no introns (Sry Sequences) (Vincent et al.
1985).

Developmental Pattern

Expression of Sryd (and of Sryf) is very high during oogenesis and early
embryonic development; it remains significant, but lower, throughout the life
cycle (Vincent et al. 1985; Payre et al. 1990).

Sryé transcripts are abundant in nurse cells up to stage 10, at which time
they begin to be transferred to the oocyte. Approximately 4 h after oviposition,
transcripts from embryonic nuclei are added to the maternal complement. The
total level of transcripts gradually decreases after germ band extension (Payre
et al. 1989).
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Ultrabithorax: Ubx

Chromosomal Location: Map Position:
3R, 89E1-2 3-58.8
Products

DNA-binding regulatory proteins of the homeodomain type involved in the
determination of segmental identity in the mid-section of the embryo.

Structure

A family of at least five related polypeptides of approximately 40 kD, translated
from alternatively spliced mRNAs (see Fig. 29.1B and discussion under
Gene Organization and Expression). They all share the sequences encoded in
exons at the 5’ and 3’ ends of the transcription unit; but they differ from
each other with respect to whether they include one or more of three short
internal segments, one nine amino acids long and the other two 27 amino acids
each.

The homeodomain is near the C-terminus. Other sequence features include
an alanine-rich segment near the homeodomain (see eve) and a glycine-rich
segment between residues 111 and 129 (Ubx Sequence) (Weinzierl et al. 1987;
O’Connor et al. 1988; Kornfeld et al. 1989). For a comparison of Ubx protein
and DNA sequences in D. melanogaster and other species, see Wilde and Akam
(1987).

All isoforms of UBX are multiply phosphorylated at Ser and Thr residues
that occur between amino acids 39 and 183. Most of the phosphorylation is
between residues 130 and 183 (Gavis and Hogness 1991).

Function

UBX helps to define segment identity (Lewis 1978) by acting as a transcriptional
regulator. There is evidence that UBX acts on homeotic genes. In particular, it
stimulates its own transcription while repressing transcription of Antennapedia

270
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A. Ubx Domain of the BX-C
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F1G. 29.1. Organization of the Ubx transcriptional unit: (A) based on Simon et al.
(1990); and (B) based on O’Connor et al. (1988) and Kornfeld et al. (1989).

(Antp); this may serve to modulate the segmental distribution of the two
products (Beachy et al. 1988; Biggin and Tjian 1989; Samson et al. 1989 and
references therein). The identity of the UBX-controlled effector genes that are
directly responsible for carrying out segmental differentiation is a subject of
active current research.

UBX Ib, a member of the family that includes all three internal polypeptide
segments, was produced in E. coli and cultured insect cells and tested for
DNA-binding activity using DNA fragments from the neighborhoods of the
Antp and Ubx genes. Five binding sites were found near Antp: A-1, A-2 and
A-3 (approximately 6 kb upstream of the transcription initiation site P1), A-A
and A-B (300-400 bp downstream of P1). Two binding sites, u-A and u-B, were
detected near Ubx. These are 60 bp and 250 bp downstream of the transcription
initiation site (Ubx Sequence). Multiple repeats of the trinucleotide TAA is a
characteristic of all these binding sites (Beachy et al. 1988).
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Ubx
. . . . . . . | Hm
ATGACAGAAAAAAGTAAGAAACAGTTAAGTTATTCAATTAAAATGGATTATTAGT TTTAGGAAACTCCAAGCACTTGTTAAAATCGAATT
TéTTCAATAAcfGCATGATGTAGCAAGAAcTAATGTATTTT%AAATATTAT%GcchATAGéTATGGCCAT+TTTAAGTAT%TTTCCCCA
G%GCACCATcTAACAGGTGCCéAGcCGCATCéAACAGAAGAATGCCGAAAGACACAGCCGAAAchTTATAéACAATACGTAAACAAGTc
GGAGAGTTCAGGCAGTATTTTéTTGAACATTiCTGTGTAAA%AAACCTCGGGGCCACGAAAACTTTGATCT&GAATGGAGGAGGGCAACT
AéTATACTCTGéTACTGGCCG%TTGATGTTTéTGGACTGGCéTCAGGCCGGéGCTTCCAGC%GCCAAATTGéTGCTTTATTAGCTGCGTA
AéTGGCTCCCC&CTGATTTTC&TGCTTTCCA&CTGGAGCAAATGTATCTGT%TTGGACTATéATTAGATTGéGTGCACCCA%CGCACGCA
TACGGATGGCA%CGCTCGATT%GAGCGATTGiGGCCAATAAAACAGCGGGTéAGAAGGCAAACGAGCTGCCAAGGTGGCAA%TAAACGGC
T%GTCTAATTG&CCTGCACCAGTTCrcAAcAéceAATGGTGAACGGAGATGéAGGCCATCAATCAAGGCGT%GGTGTGAAGGAGGAGTCA
GéTTTTGGCCAéGGATTCGGCéGCCTCGGGGéTAATTGGCCACATTTAGCA%TGTCCATAT&CACTGGGCAACTGGTCAAC&TCAGGCTA
C%TGGACAGGTéTGAGCTTTGéATTTAATCCéCCTTTTCGCéAAACGGAAGéTCTCGTAAA%TGCTGCAACAAGCTACCGA%GACAGTGA
AéCGGGGGCGC%GGTGGTGGCéATATGAAAA*GAGATCGCT%TGTATGCAAATGCCTGGGAATCGAATTGCGAATCGGGAA%CGTACAAT
chATTeceAc%TTATGCCAAéACAATceATéccTcccTTTfcGGGCTGCG}GGGCGTGGTGGTGGGGGCTfCCATTGTTAAAACGTGTT
TACACATCCAGAAGAAAGAAA%AAATAAATGéTGCTGCTAT%GAGAGATGT%ACTAGTTTCiAAGTAAAAAéCTCTTTTCA%CTTAATCG
TAATTTTcAAA%TAATAGGATfGGTGAAAAc+CAAAAACGTfTCCAcTTTchAAAGAATTAGATTTCTCAéAAcTAAAATACATCAACT
CATAATCGAGCAGTAACTACAAACACTCCrcfrArTTCAGC&AACTCGGGAATGCAGAACGGAGGAAAAAAéAATCATCGA%GTCGAACA
AAAACAAAACTfTCTGCAGGAGGAGGAGCTcéTGcAGGAGGfAAcGAGAGCAAcGAAAGGAéCAGAAGCCAéAAAGGGGAAéTGGCGCTG
céCCATTecATACCCCACCATAACGTAGCAAGTTTGAATATACTCGCACCCGTAAGArTCC&GAGTATATTAGGTAGCAAAATTTTTACG
AéCTCATTATGéCTCATTTceécGATTGTTG%GATCcTTTTATGceccTTcéAATGGcTTCAAATGGTTATGAGGCTATTT&TCTGTCAT
cécceceAGTcéTTCGCACTcGTGTCCTchécTGGGchcAAATGCGGGA&AGCGAGTTTETGGGTCCTGGATTCCCGAC%CACGATAT
T%AGTTTGCAG%TeceAcrecéArrrrrAcTfTAcrrTTec%TTecTCTGGéTcTTcTcecéTTTTGGCTTEGCTTTTCCT%GGGCTTTT
GéTCGCATATT%AGAAAATGT&GCCGTGTCT&CGAATGTGA%TCAAGTGTTfGTCAGTGTGfGTGTATGTGGTGGTGCGTA%CTGTGTTT
TGTGCAAGTTrfTGTATCTTTéscrTGTTGTfGATTTTTAAAACTTGGCAC&GAAAATTTGGTcGGCGGAAAATGGCGCGAGCAGGGGTT
GéAAAAGTAGAAAAGTAAATT%CTTCTTATAATAAGTTTAT%TTGCAAACA&TTGTGGCAAGCAACTTTGT%TGTTCGCCG&CGGTTTCT
GécrTAATcrAéGAGcceTTTéTAceAATGTéGAAACTTTGACAAATATTTGCGAAACTTTéGCGAATGGCéCGGCGTTCTéGGTCTGCA
AéACCCGATCTATTTGCATTA%GCATATGAA%TTATTAGCA%CAATTCCCAéCATATTTACATTGACATTAATATCCCATTGAAAGTATT
GéCGAACGGATfGAACATTTcéATTceAATGéGAATTTGAAfTTGAATAGGAAAAGGAAAA&cecAGCACACAAATTTrccéGercccre

GCTTCTATTACCGTACAATGCCGAGTTGGGGTTGACTTATTATCAATAAACTAATGCTAAACACGAGACTTTTAATAAATARAAAATAAT

-402

-393i

-384,

-375:

-366:

-357i

-348;

-33%

-330:

-32L

-312

~303¢

-294:

-285¢

-276%

-267;

-258¢

-249;

-240:

-231:

-222:

-213:

-204¢

-195%

-186¢

-177¢

-168¢
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-1591

-1501

-1411

-1321

-1231

-1141

-1051

-961

-871

-781

-691

-601

-511

~421

-331

~241

-151
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GTCTTCATTAATATATTATAATTCGTTTTTAAAGGCCTAATAAAGCCTTTAAGTGATAAGTATCTTTTTATGCCATACCAAATTGAATTA

(continued)

-1592
AGCTTATAGTTTTTGAGGTAAAGGTAAAAACGATTAATTTACTAATATTTTTCTAAATTGTAAAACAAATTATACGATATTTACTTCCAT  -1502
AGAAATTAAATTAATAATTACAATATTCCGACTATTCTTTTAAAAATTGTTGTTTGCAAATTATTTCCCAAAATATTAAACAATTAAATA -1412
ATGACCAGCTTAAACTGAAAAGAAACAGACAAAGAATTTGCGTAAGCCGTATTCTAGCACAAAGATTGGGAACCGAAACTGTAGTCATGA  -1322
GTGCGCTAAAACCGAGCAAATACGGGATGCGCATCGTTTGGCGTGCAACTGGCAACTGGCGGGCAGCCCGTCGAGCGTTTTTCGCCACTC -1232
AGTTGAAGGAAAATCAGCCCTCCTCCATGATGAATTTCCCGCGGCGAGCGCATTTTCCTTCCTCGCGAATGAATGAACGAGAGGCGCCCA -1142
11111111111111>04
CCCCGATAAACTTAAACTGAACGAACACTCAAGAGAGAGCGCAAGAGCGCTCAAAAACAATCTGGTTTTGAGCGTTTCGCTGGCTCTCTG  ~1052
IHTTITTHIE711>93  mmmmmmmmmmmmmmm e fpa <///111111/92
AELLRLARAAAAAAAZS AN 24 AL Az
. . . . . . . . ~->-->-966/-964
TTTCTGTTTTCCACTCGTTTTTAGGCCGAGTCGAGTGAGT TGAGTCGGCAGAGCAAAGTCAAAACACTGGCAACTGCGATTTGGTGCCAC  -962
92//11/ 11111111111111111111>91
AV 22 A 2L
ATTCGTTCGATGGCAACGGATTGGATAACAGGCGCGCGCTTTGTTTTATTATCCACATTATCAGCGGCATTATTGTTATTATTGGCCCTC  -872
MetAlaThrAspTrplleThrGlyAlaArgPheValleuleuSerThrLeuSerAlaAlaleuleul euleuleuAlaleu (27)
--------------------- A i DL L T
AGCGCTTTACCGCTCGCCCACGCGTCCGCCCGTGAATGCCGCGCGGAAAAGTCGCTTTCCACTAGATTGGCGTCCAGATTCGAGGAAATC  -782
SerAlaLeuProleuAlaHisAlaSerAlaArgGluCysArgAlaGiulysSerleuSerThrArgleuAlaSerArgPheGluGiulle (57)
CGTCAGCAGACTCATTCGCGCCCGTTCGGTCAGCACTAAGGCTAATAATCGTTCAAATCGTTAAAACCATAAAAATAATAATAATTGCAA  -692
ArgG1nGInThrHisSerArgProPheGlyGlnHisEnd (69)
TAACAATAAACATAGTAATAATCGTAACGCTTACGAGCCTTTGATAGTGCCAAGGCAAGCGCAATCCAAGTATTCAAATTCGAATTCAAT  -602
-------------------------------- u-8
TAACAGCAAAGTGCAATTGGCTAAAAACCGAAACCAAAACGCAACAAAGTATACGAAACACTTGTGAAACCGTACAAACAATTGTGGAAA  -512
AAAAATTAAAAGATTATTAAGATTGAAGTCTCAATAAACATTAGTGCTTAAATAAATTTAAAACGACCCGCGTGGAGAGTGCAATAAAAA  -422
GAATAACTTTTGAAATAAATATTTACCAAACAGAAAAATATTTTATAAATATTTAAATAAGTGAAAAACAAATTGGTTACTCTGAAACAA  -332
AGAATATTCAAATTGGTGCTAAAACAAAGGAGAAAAAATTTCAAGAATTATTATACAAATAATAAGACATATTTAACTATATAAAACCAA  -242
ACTTAATCAACAAAGACAAAGGAGTGAAAAAAATARAAAAAAAT TTTAAAAGAGT TAAAAAAAAATTGTTTATATCCAAAGGAGGCAAAG  -152
GAACAGCACAGAAAGCGAGGAAACACTCAAATAAAATCCGCCAAAAATCGCAGATCCCTGGAAACCAATTCGTGTGAAATCGGTCAAGEE  -62
CCCAACGACTTTTAGCCCGTCTCAGACGGAGCACCGCCAAGATTCTTACCGCCAGCAGCGCAATGAACTCGTACTTTGAACAGGCCTCCG 28
MetAsnSerTyrPheGluGInAlaSerG (10)
. . . . . - . . .-|Def 6.28
GCTTTTATGGCCATCCGCACCAGGCCACCGGAATGGCAATGGGCAGCGGTGGCCACCACGACCAGACGGCCAGTGCAGCGGCGGCCGCGT 118
1yPheTyrGlyHisProHisGInAlaThrGlyMetAlaMetGlySerGlyGlyHisHisAspGinThrAlaSerAlaAlaAlaAlaAlaT  (40)
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ACAGAGGATTCCCTCTCTCGCTGGGCATGAGTCCCTATGCCAACCACCATCTGCAGCGCACCACCCAGGACTCGCCCTACGATGCCAGCA
yrArgGlyPheProleuSerieuGl yMetSerProTyrAlaAsnHisHisLeuGInArgThrThrGlnAspSerProTyrAspAlaSer]

TCACGGCCGCCTGCAACAAGATATACGGCGATGGAGCCGGAGCCTACAAACAGGACTGCCTGAACATCAAGGCGGATGCGGTGAATGGCT
leThrAlaAlaCysAsnLysIleTyrGlyAspGlyAtaGlyAlaTyrLysG1nAspCysLeuAsnlleLysAlaAspAlaValAsnGlyT

ACAAAGACATTTGGAACACGGGCGGCTCGAATGGCGGCGEGGGTGGCGGCGGAGGCGGTGGTGGCGGCGGAGCGGGCGGAACAGGTGGAG
yrlysAsplleTrpAsnThrGlyGlySerAsnGlyGlyGlyGlyGlyG)yGlyGlyGlyGlyGlyG1yGlyAlaGlyGlyThrGlyGlyA

CCGGCAATGCCAATGGCGGTAATGCGGCCAATGCAAACGGACAGAACAATCCGGCGGGCGGTATGCCCGTTAGACCCTCCGCCTGCACCE
1aG1yAsnAlaAsnGlyGlyAsnATaAlaAsnAlaAsnG)yGInAsnAsnProAlaGlyGlyMetProValArgProSerAlaCysThrP

CAGATTCCCGAGTGGGCGGCTACTTGGACACGTCGGGCGGCAGTCCCGTTAGCCATCGCGGCGGCAGTGCCGGCGGTAATGTGAGTGTCA
roAspSerArgValGlyGlyTyrLeuAspThrSerGlyGlySerProValSerHisArgG) yGlySerAlaGlyGl yAsnValServals

GCGGCGGCAACGGCAACGCCGGAGGCGTACAGAGCGGCGTGGGCGTGGCCGEAGCGGGCACTGCCTGGAATGCCAATTGCACCATCTCGG
er6lyGl yAsnGTyAsnAlaGlyGlyValGInSerGlyValGlyValAlaGlyAlaGlyThrAlaTrpAsnAlaAsnCysThrileSerG
. . . . . . . . |.
GCGCCGCTGCCCAAACGGCGGCCGCCAGCAGTTTACACCAGGCCAGCAATCACACATTCTACCCCTGGATGGCTATCGCAGGTGAGTGTC
1yAlaAlaAlaGIinThrAlaAlaAlaSerSerleuHisGInAlaSerAsnHisThrPheTyrProTrpMetAlalleAlaGlyGluCysP

- -
[

CTGAAGATCCGACCAAAAGTGAGTGTCCACTGCAGCA* INTRON 1 (10 KB)
roGluAspProThrLysS

- . . . .
*TTTCAGGTAAGATAAGATCTGATTTAACACAATACGGCGGCATATCAACAGA
erLysIieArgSerAspleuThrGInTyrGlyGlyIteSerThrAs

CATGGGTAAGAAAATTTCCACTTTTATTTCGTTACATTATTCGCTCTTAAGTTTTCCGAAAAATAGAGTATAAAGTGTAGAGCAGGTCCA
pMetG

CTAACAAACCGTAGAGAACTAATCCCATTATGGTGTTGGTGGCTAAAATATTGTAGTATTCGTCTTTAAGGTGTGCAAAATTCATGAATC
AATGGGGCGGGTCTGTGGGTGGACCGGGAAAACCTGGGGGCCGCGTGTGGAAATGATTGATTCACTGTCCGCA* INTRON 2 (13 KB)
_ _ *GACCTTTATAAACGTT
. . | . . . A=195] . .
TTCTCTCTATTTTTTCCAGGTAAGAGATACTCAGAATCTCTTGCGGGCTCACTTCTACCAGACTGGCTAGGTAAGTCGAAGTTTTGTTAT
1yLysArgTyrSerGluSerLeuAlaGlySerLeuleuProAspTrpleub
| End _|
ATTTTTTGTAACCCC* INTRON 3 (50 KB)

*GGATCCTGTATTTTTGCTACCATTTCGTTAAGACTTTCTGAGAGATATGGCCGACAAATTGCCATAAACTGAC

GCATCGCAAATCTTGTGACCTGTCACTGGCCAATTTTCTGGCACATTAAATGGGTCTTTATAATTCTCGCAAGGCAGTTTAAAAATAAAG

CCACATTAAGGAAATTTATCAGCATGCATGAGCGAGTCCATATAGATGATAATTTCTTTGTTGCATCCTGGCCATTTTATTTCCATATCA

TTTTTATTGTCTATAAAATTTTTTCGCCATTTATTTCCACCACCCACACAATTGCAATCGCTACGTACGCTGCACATGTGTGTGCTTGTG

208
(70)

298
(100)

388
(130)

478
(160)

568
(190)

658
(220)

748
(250)

(251
838
(271

928
(273

1018

1108

1198
(290

1288

1378

|- Def 9

1468

1558
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TéAGTGAAAGA%AAATGCGTT%TCACTTTATéACTTTCGTG%CGGCATAAA%TTGTTAATAéCTTTAGGCCAAATTTATAA&ATAATAAA
TéCTCATAATA%TTAACTTAAéATTGTGCTCéGGCCCAGGAéAAAGACCTGéTCTCCAAAA%GCCAAGTTAACATGGTCGAATGGGTGGG
T%GGTTGGTTGATATGGTGTGéTATGATTTGéTATGGGTTGATTTCGATAA%ATCAGACAT;GTCTGGGCC%CTTCTTCGA%GGGAGATG
GéCCAGAGACAéCTGCAGTGCATTTGCACACACACGAAATTéAGTTATTGCACTTGAAGGCAAATTAAACT%CATAAATAT%TAAAATCA
GAGATTAAACA&GGCATTGTTéCAACATGTTéATGCGACTTéTGGCTGCCCéGGCTCCCCTéGCTTCCCCCéGATTCCCCTéGATTCCCC
TéCTCCTCCTG&CCCATCTCG%CTCTCAGGT%GCCAATTAAACGGGCATTA%CTGGCATAAETGCAATTTAAGTAGCCACA%TCGCCATA
TéCCCAGTGCAATGCCACAACéGAGTGCTCG&ACGTTTCTCéTTTTCATTT%AATGTGGCT&CATCTGCGGATCTGTGTAT&TTTGTATC
TéAGGAACTGTéGAACTGCGAATCTGGATGCAATGACAGCA&GGCAGCAACATTGGCGGTGéAGCGGCAAAéGATCAATTTAAAGTAACG
A%CGCGCCGCAéAAACAAAAAéCGCAACTGCAAACTGGCAAACTGGCAAATACTCGGCGATACTCGTAAAGATGAAATGTA+TTTTTGCG
C%GAGATCCCC+TTCCTTTCGATTTGGGCCCéTTTGCAGGCAATTGCGGCC%ACGTTCGAG&TGCTTGATGATCGCTGGCAAAAAGGAGA
A%TTATATTTA&GACTTGGCCAAATAACAACGGCGAACAGCAAACAAATGT%GAGTTGCTCéTTGCAATTT%TCAATTTAA%TTGCCCGA
TéAAAGGCCAAAATATAAATA&CCGAAAACA&TCTGTCACT&CTGCTCAATATGACTCAAA%TTTGATGTCéTCATGTTCTéCTAAACGT
TAATATAACCAATTAAATCAC%TTTGTGGCGATTTATATAAATAATTAGGCéAATAAATCGATAAAGATATATATCTACTTAGTCACTTT
G%CAATGTTTT&CTAACACATATCTGCATTT%GTAGCTGCTéTTATGAGACACATATTTTTéATTGCAAAA%GAAATGTAT&TATTTCGT

CGATGCAGGTCCAAAATGAATAATATTAAAAGTTTAATAATCTGGTTACTTACAAATGCTTTCCCATTCCGATCTACAGGTACAAATGGT
1yThrAsnGly

CTGCGAAGACGCGGCCGACAGACATACACCCGCTACCAGACGCTCGAGCTGGAGAAGGAGT TCCACACGAATCATTATCTGACCCGCAGA
LeuArgArgArgGlyArgGlnThrTyrThrArgTyrGInThrieuGluleuGlulysGluPheHisThrAsnHisTyrLeuThrArgArg

‘_ * * X mmmmmn Kt ————— K mmmm e Hl KX meeem—

. . . . -|AAATTT=Def 9.22 . .
CGGAGAATCGAGATGGCGCACGCGCTATGCCTGACGGAGCGGCAGATCAAGATCTGGTTCCAGAACCGGCGAATGAAGC TGAAGAAGGAG
ArgArglleGiuMetAlaHisAlaLeuCysteuThrGluArgGinlleLysIleTrpPheGInAsnArgArgMetLysleulysLysGlu

____________ *______-__-_---Hz * _____-__..*-____*_-*__*_____*_-*Hs* * *

ATCCAGGCGATCAAGGAGCTGAACGAACAGGAGAAGCAGGCGCAGGCCCAGAAGGCGGCGGCGGCAGCGGLTGCGGCGGCGGCGGTCCAA
IeGInAlallelysGluleuAsnGTuGinGlulysGinAlaGInAlaGinLysAlaAlaAlaAlaAlaAlaAlaRlaAlaAlaValGln
| HOMEODOMAIN

GGTGGACACTTAGATCAGTAGATCCTTAGATCCTTAGATCCTTAGATCCGTAGGGTGTATGTGGGAT TGGGCGAAATGACGCGGAGACAG
G1yGlyHisLeuAspGInEnd

ATACAAAGCAACTATATTGTAACAAATGAACTATTTACTTAAATGAATAATATTTAAATATTTTGATGGTACTTGTGCGAATACGAAACT
TAACCTAAATCGAACCTAATGGAATTATTTCAAGCGTTTGAGCAGCAACCGAAAATACGTAAATGAAACAAAACTACAAACTAATTAACT
AGGCTAAGTAAATAAAAGTAGTGGAAGGAGCGCAGATTATAAACCTACTTAGAATTAAATGAGCAAAACAAACAATTTTAATTTAGTTCC

AAACGAAAAAAAAATTCAAGAGGATTCGCTCGAAATGGAAACCTCTGTCCTGCCCCTTTGTTGCTTACTGCTATGTTTAAATTAATTTCG

(continued)
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CéAAAAATACTéAAAAATTGAAACACAAAGAAAACAAAAAAfGAAAGTATAéCATTATAATéTTGAATGCGAGCAAAATTC%GTTGATAT
GAATTTTTGGTAAAAACATGT%CTAAACCAA%TTAAGATACéTAACGAAGGATGCAAAAACAAAATGAAAA&TATTAAACT%TAACTTAA
A%ATAAATAGAATTTGTTAGC&AAGTAAACA%ATTACGACA&GAAGAACAAACGTTTTCGGéAGTATCGAA%ATTTGAATG%GTATAGTT
TéTGCTTATTAAATAAAATAA%GCAATTTTAGTTAACTCTGiTTATTTGTAAACGAATTTG%TTAGTTCTCGCCCAAACGA&TAGAGTGA
AéCTGTTTCTT%AAGTAATGTGTAGTGTGTT%ACTTTTTAAATTAAATTAAiGCCTAATTT%ATTATTATTATGTTTAGTT%AATGACAA

GCGTTTATGAGATTATCCGACAGAAGCGGCGAGAAGAGGAGTGCGACAAACCGT TTGCCCCGGCAAACGCAAATAAATTATTGGTTTTGA

AAAAATCTAAAGAAAACAAAAAAAAAAAACAATGAGAAATCGAATCCGATTGTTGTGTTATTATTTTAGTTCTGCCATTGCGATTTTCCG
[(A)n proximal

TTCTCCCAGTGTAATTAGAGCCTGAGTTGTTTGAGAGAGTCTTCGGGCTACCCGCTTGCATGCGAAATTGCTTTTGATCTCGTTTTGAGC
CGTTAATTGATCGTGAGTTGTACGCTCTATAGAGATACCCATACCGATTAGCTATAACGATACCATACCGATACCAATACCATATATATA
GTTTAGTGGATCC 4451

Ubx SEQUENCE. Accession, Y00206, X05723 (DROUBX1), X05724 (DROUBX2),
X05725 (DROUBX3), X05727 (DROUBXS), X05427 (DROUBXGS5). Discontinuities
in the sequence at 785, 1,091 and 1,213 correspond to introns that have not been
completely sequenced; those gaps are not reflected in the numbering system. Position
739 is the alternative donor site of the first exon. Underlining in the interval between
— 1,160 and —600 marks protein-binding sites. The various sites are associated with
the following proteins: gl—g4, GAGA protein; z1-z5, ZESTE; u-A and u-B, UBX; fp4,
a protein that also binds to the Ddc promoter; and A, an unidentified protein (Biggin
and Tjian 1988). Marks above the sequence indicate the following mutations: a
vertical bar (at —4,036), the breakpoint of translocation Hm, a regulatory mutation
of the bxd/pbhx type (Bienz et al. 1988); |- -|Def. 6.28 (between position 81 and 112)
and |- -|Def 9.22 (between positions 1,468 and 3.046), two Ubx deletions; and an
A-for-G base substitution (at position 1,173), a nonsense mutation; alt but Hm are
null mutations (Weinzierl et al. 1987). The limits of the homeodomain are indicated
by vertical lines below Arg-295 and Ala-356; helices 1, 2 and 3 (H1, H2, H3) are
underlined and asterisks mark conserved positions. Helix 4, is seven amino acids long
and follows immediately after H3 by analogy to the ANTP homeodomain (Qian

et al. 1989).

The homeodomain controls specificity of DNA binding (Gehring 1987;
Hayashi and Scott 1990; Harrison 1991), while other region(s) of the protein
act as effectors, either stimulating or repressing transcription (Kuziora and
McGinnis 1989). The Gln at position 9 of helix 3 (H3), characterizes UBX as
an Antp class homeodomain (bicoid class homeoproteins have a Lys in that
position) (Hanes and Brent 1991). Amino acids within the homeodomain but
outside of H3 must distinguish the DNA-binding specificities of UBX and the
product of Deformed, another homeotic of the Antp class, since both proteins are
identical in H3 but interact with different genes (Kuziora and McGinnis 1989).

3718

3808

3898

3988

4078

4168

4258

4348

4438
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The optimal in vitro binding sequence was identified by the following
procedure: an affinity matrix containing the UBX homeodomain was used to
select random-sequence oligonucleotides capable of binding. The bound oligo-
nucleotides were eluted and amplified by the polymerase chain reaction. The
process was repeated several times. The sequence of the selected oligonucleotide,
TTAATGG is found near the decapentaplegic gene in seven near-perfect copies
of that consensus; and these sequences are afforded protection from DNase I
digestion by a 70-amino-acid polypeptide that includes the UBX homeodomain
(residues 295-365) (Ekker et al. 1991).

Tissue Distribution

Antibodies against an epitope common to all of the Ubx products were used
to detect gene expression. UBX is first detectable in early stage 9 embryos
(approximately 3 h 45 m of development) as a single band that occupies the
posterior portion of parasegment 6 (anterior compartment of the first
abdominal segment, Ala) (Appendix, Fig. A.3). Next UBX appears in para-
segments 8, 10 and 12 and soon afterward in all parasegments between 5 and 13.
In parasegment 7-12 UBX forms a repeating pattern wherein, in each
parasegment, expression is weaker in the anterior portion and stronger in the
posterior portion (Irvine et al. 1991). During the rest of embryogenesis UBX
appears in a complex pattern that includes the nervous system; in larvae, UBX
is found in imaginal discs. Highest antigen levels are observed in T3p and Ala
structures (parasegment 6), in T2p and in the anterior compartment of A2—-A7.
UBX is localized in nuclei (Beachy et al. 1985).

The tissue distribution of UBX is in general agreement with the sites of gene
transcription (see below) and with the sites of gene activity deduced from the
effects of Ubx mutations.

Mutant Phenotypes

Ubx is a homeotic gene. Null mutations transform structures of parasegment 5
and parasegment 6 origin to parasegment 4 type differentiation, and they also
cause minor abnormalities of the abdominal segments. (Lewis 1978; Sanchez-
Herrero et al. 1985; Duncan 1987; Akam 1987).

Organization of the Complex

Ubx is part of the bithorax complex (BXC), a three-gene, 300-kb cluster.
Approximately 60 kb upstream of Ubx is the 3’ end of abdominal A, which
extends for 25 kb, and 90 kb further upstream is Abdominal B. All three genes
are transcribed toward the centromere (reviewed by Duncan 1987; Peifer et al.
1987). Ubx itself is spread over 77 kb of DNA, and not all of it has been
sequenced.



278 AN ATLAS OF DROSOPHILA GENES

Gene Organization and Expression

The published Ubx sequence includes four exons and small sections of the
neighboring introns. The open reading frames of several alternative splicing
products vary between 346 and 389 amino acids. The expected size of mRNAs
are 3,096 and 3,123 bases (Fig. 29.1B), forms Ia and Ib with polyadenylation
at the proximal site) and approximately 4,100-4,200 (forms Il and IV with
polyadenylation at the distal site, see below). These sizes are in agreement with
the occurrence of two main poly(A)+ RNA bands of 3.2 and 4.3 kb detected
by northern analysis. There are introns within the Ser-256, Gly-273 and Gly-290
codons (Saan and Bienz 1987; Weinzier]l et al. 1987, O’Connor et al. 1988;
Kornfeld et al. 1989). Primer extension, S1 mapping and a ¢cDNA sequence
were used to define the 5" end at —966/—964. There is no discernible TATA
box appropriately positioned upstream of the Ubx transcription initiation site
(Saari and Bienz 1987; O’Connor et al. 1988; Kornfeld et al. 1989). S1 protection
was used to localize the two 3’ ends 1.1 kb apart; the proximal 3’ end was also
identified by a cDNA sequence (Kornfeld et al. 1989).

Data from two studies (O’Connor et al. 1988; Kornfeld et al. 1989) on a
total of 78 embryonic cDNAs indicates the following forms of splicing (see Ubx
Sequence and Fig. 29.1B): Exon | has two donor sites, a and b, site a is used
80%, of the time. Splicing can occur so that all four exons are included (forms
Ia and Ib, 75%), or so that exon 2 is spliced out (forms IIa and IIb, 21%), or
so that both exons 2 and 3 are spliced out (form IVa, 3%); IVb has not been
observed. These alternative splicings introduce only small differences in the size
of the mRNA: the two donor sites in exon 1 are only 27 bp apart while exons
2 and 3 (the two “micro” exons) are only 51 bp long. Thus, the main differences
in the expected sizes of mRNAs depends on which polyadenylation site is used.
As already mentioned, the proximal poly(A) site is used predominantly in form
I RNA (the form that carries two micro exons) and the distal one in forms II
and IV (one micro exon and no exon, respectively).

The unusually long leader region of this gene (1,066 bp) includes a
potentially functional second open reading frame of 69 codons. The first 23
residues of this putative protein resemble a signal peptide; it has been suggested
that translation of the leader peptide may be involved in regulating translation
of the UBX protein (Ubx Sequence) (Saari and Bienz 1987).

In addition to the RNAs described above, there are other minor transcripts
of uncertain function (O’Connor et al. 1988; Kornfeld et al. 1989).

Developmental Pattern

Ubx expression is undetectable before fertilization; transcripts are first detected
at the end of the syncytial blastoderm stage, immediately after the 13th nuclear
division at approximately 2 h 30 m (Akam and Martinez-Arias 1985). There is a
60-75 min lag between the time of appearance of Ubx RNA and the time when
protein is first detected (Irvine et al. 1991). This delay has been ascribed to the
enormous size of the 77 kb transcript, and Kornfeld et al. (1989) proposed that
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size may serve a regulatory function to insure the correct timing of UBX protein
accumulation. Ubx expression increases dramatically between 3 h and 6 h of
embryonic development, reaches a plateau by 9 h and remains at a high level
until 15 h. The level of transcripts then decreases and remains relatively constant
and low through to the adult stage (O’Connor et al. 1988).

The choice of splicing and polyadenylation sites are also developmentally
regulated. Form I transcripts predominate (70-80%, of Ubx transcripts) early
in embryogenesis (3-8 h of development); they decrease during middle and late
embryogenesis to approximately 30% and then rise once again to 50-60%
during larval and adult stages. Form II rises from very low levels early in
embryogenesis to 30-40%; after 10 h of development and stays in that range.
Form IV peaks late in embryogenesis and disappears after the second instar
(O’Connor et al. 1988; Kornfeld et al. 1989).

Late in the cellular blastoderm stage (4h), transcripts are detectable
extending from 50%; to 209, egg length (Appendix, Fig. A.3). The concentration
of transcript is significantly higher in a zone that probably corresponds
to parasegment 6 (between 50% and 45% egg length). With the onset of
gastrulation, the distribution of transcripts becomes more complex. During the
extended germ band stage (6--8 h) transcripts seem to accumulate in ectodermal
and mesodermal derivatives of regions that correspond to parasegments 6—12.
In parasegments 5 and 13, transcripts are more localized to ectodermal
derivatives (Akam and Martinez-Arias 1985). In older embryos and larvae, Ubx
expression is evident in ectodermal and many mesodermal (but not endodermal)
derivatives. In 12-20 h embryos, strongest expression is in the nervous system.
Expression is not uniform in all segments: in third instar larvae, expression in
muscle extends primarily between Al and A6; in the nervous system, highest
RNA levels are detected in T3 and Al (Akam 1983).

The mRNAs also display tissue specificity: form I predominates in
embryonic myoblasts, while forms II and IV predominate in neuroblasts
(O’Connor et al. 1988).

The pattern of Ubx expression early in development is determined by the
action of maternal and segmentation genes. After the end of the germ band
extension period, that pattern seems to be maintained through the rest of develop-
ment by the products of genes of the Polycomb (Pc) group. It has been proposed
that the Pc protein acts by modification of chromatin organization to prevent
ectopic activation of Ubx (Paro and Hogness 1991 and references therein).

Promoter

P-Element-mediated transformation experiments showed that a segment
extending from 1.7 kb upstream of the transcription initiation site to the first
codon, when attached to a reporter gene, supports transcription in embryonic
ectoderm. The expression is evident along the entire length of the embryo in a
segmented pattern and is called the “basal pattern” of expression. The intensity
of the “basal pattern” depends on sequences within 626 bp of the transcription
initiation site while the segmented nature of the expression is dependent on
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regions of the Ubx leader that seem to coincide with homeoproteins binding
sites (Bienz et al. 1988; Ubx Sequence).

In vitro transcription experiments defined a minimal promoter region that
responds to nuclear extracts of staged embryos: a segment starting 154 bp
upstream of the transcription initiation site and extending 41 bp into the leader
is capable of supporting transcription in the presence of extracts from 812 h
embryos (but not with extracts from 0-4 h embryos, where Ubx is not normally
expressed). Proteins that bind 5 upstream sequences include the GAGA
protein, the zeste product, and a factor that also binds to a promoter element
of Dopa decarboxylase (Biggin and Tjian 1988; Biggin et al. 1988; Ubx
Sequence). At least one element downstream of the transcription initiation site
is also required for in vitro transcription (designated A, in the Ubx Sequence).
Just beyond this element are segments u-A and u-B to which UBX binds
specifically and which are thought to be important in transcriptional regulation
(Beachy et al. 1988; Kuziora and McGinnis 1989). Experiments using cultured
cells demonstrated that ANTP and FTZ (the product of fushi tarazu) require
clement u-B to stimulate Ubx transcription (Winslow et al. 1989).

In addition to the proximal DNA elements responsible for the “basal
pattern”, there are at least two more distal regions that play a role (Fig. 29.1A).
The bxd/pbx region, extending from 3 kb to > 30 kb upstream of the transcrip-
tion initiation site is thought to be involved in the regulation of Ubx expression
in parasegments 5, 6, and perhaps also in the abdominal segments. A segment
of DNA that extends from 35.4 kb upstream of the transcription initiation site
to the eighth codon of Ubx can drive the expression of lacZ in an embryonic
pattern identical to that of Ubx. A reporter gene construction in which the
regulatory region extends 22.2 kb upstream of the transcription initiation site
shows some deviations from normal Ubx expression; and, when only 5 kb of
upstream DNA are included, lacZ 1s expressed in the “basal pattern” described
above (Irvine et al. 1991).

The abx/bx regulatory region, found within the last intron of Ubx (Cabrera
et al. 1985; White and Wilcox 1985; Peifer and Bender 1986) contains a 2-3-kb
segment (approximately between —77 and —80 in Fig. 29.1A) that behaves as
an enhancer and appears to be responsible for defining parasegment 5 as the
anterior boundary of Ubx expression (Simon et al. 1990).

In a separate set of experiments, Qian et al. (1991) identified a 500-bp
segment of the bx region (near coordinate —63 kb in Fig. 29.1A) containing
an enhancer (called bre) that activates the minimal promoter to strong
expression in parasegments 6, 8, 10 and 12 and represses its expression in
the anterior half of the embryo. The hunchback product binds to three sites
in the bre and this binding is necessary for repression of Ubx transcription in
the anterior half of the embryo.

Other Transcripts

The bxd region produces a 27-kb transcript early in embryogenesis, between
3 h and 6 h of development. This transcript includes at least 11 exons that are
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spliced in different combinations to give rise to numerous distinct poly-
adenylated RNAs. It is doubtful, however, that these are functional mRNAs
because their coding capacity is very poor as judged from the length of open
reading frames and codon usage. Another bxd transcript is synthesized later,
from the third larval instar onward. In contrast to the early transcripts, this is
a simple, unspliced poly(A) + RNA with a 110-amino-acid open reading frame
and good codon usage. It is not clear what role these upstream transcription
units might play in the control of Ubx expression. It has been suggested that
bxd transcripts are completely incidental, resulting because the strong Ubx
enhancers can activate cryptic promoters (Lipschitz et al. 1987; Saari and Bienz
1987).
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Chromosomal Location: Map Position:
X, 10A1-2 1-33.0
Product

Tryptophan oxygenase, TO (EC 1.13.1.12), an enzyme involved in the bio-
synthesis of brown eye pigment.

Structure

A 150 kD protein, it requires a hematin cofactor for activity (see review by
Phillips and Forrest 1980).

Function

TO converts tryptophan to N-formylkynurenine, the first step in the synthesis of
xanthomatin from tryptophan. This is the major pathway for utilization of non-
protein tryptophan in higher insects; and xanthomatin is the only brown eye
pigment in Drosophila (Phillips and Forrest 1980 and references therein). There
is considerable similarity between Drosophila and mammalian TO (Fig. 30.1).

Mutant Phenotypes

Null alleles such as v35f and v*8® have no enzymatic activity, do not accumulate

xanthomatin and display bright red eyes when present alone, or pure white
when combined with brown (bw), a mutation that blocks synthesis of the red
pigment. Severe hypomorphic alleles such as v! have a few percent of normal
enzyme activity, accumulate a small amount of xanthomatin and develop a
slightly off-white eye color when in combination with bw. Mutations in another
gene, suppressor of sable (su(s)), cause v' homozygotes to accumulate 20% of
normal TO level and to develop normal eye pigmentation. v mutations are not
cell-autonomous (Phillips and Forrest 1980 and references therein) (see below).
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F1G. 30.1. Comparison of the rat (M55167) and Drosophila (Dm) sequences. There is 50%, overall identity
between the proteins. Sequences were aligned with the GCG Pileup program.
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v
GAATTCE;;GCACATTGCAAGAATCCCAAATCAAAAAATCGCATGAAATTGCCCCCGTACCTTTTGCGTTTTACTCCCAGATGTAACTCA
ATTTTTTCTA%GCAAAAGTA&TTGAAAATTATATAATAAAAACCGATTAGAAAAACAAAA&ATACATATA%ATATATATAAATATATATA
%ATATTTAGA&ACACATCGAéAGTATCCTA%TCAATTGAT%TCTTTGAGAACTTTGATTT%GCGATTTTG&ATATGCAGCAAGAAAAGTA
AAACCAACAA&AGAAAATGTGTAAGAAATAéTATAAATAAéGTCGGATAT%AATGCCCCGACATTACGCTATATGTATGT&CTGGGGCAA
ACAGCAACAAATCCAATAAAACAAAGTAAT%AACAACAAA&AAAACGGATéAAACAACCAAGATTATGTAAGCGATGGAT&GAAGTAAGA
ATTGATGCGAACGGCACAAG%ATATAACAAATTTCAACAAéTATATGACTéAGCCAATGAéTCAAAAATAéATTTTAAATAAAAGGGAAA
ACCAGAAATA%ATGAAAAATATAAAAACGA%AAGCAAGTGAATGAAAGCTéTTTTTCTTT%TTGGGTTTTéGGAACTGCAAATTATTGAT
iGTATGGAAA%GTTTGTTTA&CTATTTTTGéATATGGTGCéATTGTATCAAAACAAGTTT+GAATTATCAAAATTGGTTC&ATTTATTTT
}ATACAACCT%GACCTATTT%CAAGGACCAATAAGATTGGACCCCACATTAACTTAGAAAACAATACTTGéCATGTTCAA%TTTATTCCT
ACGCAGGGTT%ATTTATTAT%ATACTATGT%AATCAAAAAATTAAAATGT%AATTTCTCAéTTATTTAAC%ACACCTTAG&TAACTCTGA
+TTGGCATTTéTCACTGAAC%GTACTACTG%AGACTACCT%CCATTCAGGAAAATATTTG%GTGCGCCGCACTTTCACCT&AAGTGATTG

ATAATTCCCAGCCTATCTGGCAGTGCCCATCGCCCAGATCACCGACTGTGCAATCAGTCEGAACTGGAGCTCTCTCGCTCTGTTATCGGT
-->-56. . . J|=1=2=k
TC6CTGO0GTCTCATCTCCO6TCCOCTAGCEEAGATCAGT TCOCCAGCATCCGCCACTCBAGGAGTCACGATCTGATCTGAGCTRTGCAC

CATGAGCTGTCCCTATGCAGGAAACGGGTGAGCACCAGCACGTGCTGTCCAGGAATGCCAATCGATCTTCAGTTCTGCGATTCAATTCAA
MetSerCysProTyrAlaGlyAsnGl
T=203 . G=kLTR
ACCCATACAGAAACGATCACGATGATTCGGCGGTGCCATTAACCACGGAAGTGGGCAAAATCTATGGAGAGTATCTGATGCTGGACAAAC
yAsnAspHisAspAspSerAlaValProleuThrThrGluValGlyLysI1eTyrGlyGluTyrLeuMetleuAspLysL
Phe val
A [- Def217. -| . . G=kLTR |- |=Def208
TGCTGGATGCCCAGTGTATGCTGTCCGAGGAGGACAAGCGACCCGTGCACGATGAGCATCTGTTCATCATCACGCACCAGGGTGAGTAGG
euleuAspAlaGInCysMetleuSerGluGluAspLysArgProValHisAspGluHisLeuPhellelleThrHisGInA
Gln Arg ---
i |-Def251-|. A=220 G=233 T=291
TTTACAACTTTGATGACAACACTCAATGGCATTTAAGTACCTTCGCCACAGCCTACGAGCTTTGGTTCAAGCAGATCATCTTTGAGTTCG
laTyrGluLeuTrpPhelysGInllellePheGluPheA
End Arg Phe v
T . Def48a| C=257. T=225
ACTCCATACGAGACATGTTGGATGCAGAGGTCATCGATGAAACCAAGACGCTGGAGATTGTCAAGCGACTGAACCGAGTGGTTCTGATTC
spSerlleArgAspMetleuAspAlaGluVallleAspGluThriysThrLeuGlulleValLysArgleuAsnArgValValleullel

al Pro Phe
.G=207
TAAAAGTGAGTGCTTTCTGAATCTCTTACCAAAATCCGTTTATAACTTCCTTTGTACAGCTCCTGGTGGACCAAGTGCCCATTCTGGAGA
eulys LeuleuValAspGinValProlleleuGluT
Glu
Def226=|- -| (=270 234=A 252=|-.-| 253=G .A=245

CCATGACCCCGCTAGACTTCATGGACTTCCGCAAGTACCTGGCACCCGCATCTGGTTTTCAGTCGCTGCAGTTCCGTTTGATCGAGAACA
hrMet ThrProLeuAspPheMetAspPheArglysTyrLeuAlaProAlaSerGlyPheGInSerLeuGInPheArgleul TeGluAsnL
A-=--m- laPro Thr TrpAsn
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-|=Defd8a . 7=218
AGCTGGGAGTTCTGACAGAGCAGCGGGTGAGATACAACCAGAAGTACTCGGATGTCTTTAGCGACGAGGAGGCGCGGAATTCGATTCGCA 719
ysLeuGlyValLeuThrGluGInArgValArgTyrAsnGInLysTyrSerAspValPheSerAspGluGluAlaArgAsnSerIteArgA  (17f

End
T=223
ACTCGGAGAAAGATCCCTCGCTACTGGAGCTAGTGCAGCGATGGCTGGAGAGGACGCCCGGACTGGAGGAGAGTGGCTTCAACTTCTGGG 809
snSerGlulysAspProSerLeuleuGluleuValGInArgTrpleuGluArgThrProGlyLeuGluGliuSerGlyPheAsnPheTrpA (206
End

CCAAGTTTCAGGAGAGCGTCGATCGATTCCTGGAGGCGCAGGTACAGAGCGCCATGGAGGAGCCCGTGGAGAAGGCGAAAAACTACCGCC 899
laLysPheGInGluSerValAspArgPheLeuGluAlaGInValGinSerAlaMetGluGluProValGluLysAlalysAsnTyrArgl (238

201=A=214 A=219. . |- .pefa10 -.
TCATGGACATTGAGAAGCGACGCGAGGTGTATCGCTCCATCTTTGATCCGGCAGTGCACGATGCACTGGTGCGTCGTGGGGATCGCCGGT 989
euMetAsplleGluLysArgArgGluVal TyrArgSer]lePheAspProAlaValHisAspAlaleuValArgArgGlyAspArgArgP (268
Asn  Gly
. A=244
TTAGCCATCGTGCCCTTCAGGGAGCCATCATGATCACCTTCTATAGGGATGAACCCAGGTTCAGCCAACCACACCAGTTGCTCACCCTGC 1079

heSerHisArgAlalLeuGInGlyAlalleMet11eThrPheTyrArgAspGluProArgPheSerGInProHisGinLeuleuThrleul (298
Lys
. T=227 . . T=266 . | {=36f
TCATGGACATCGACTCGTTAATAACCAAGTGGAGATGTAAGTATTGCATTCTTTGATACTCTTTTATAAATATATCTTATGTTTAAGACT 1169
euMetAsplleAspSerLeulleThrLysTrpArgT (310
val Sert
250=A . T=246 . T
GGTTTTCCTAACCAAATACTTTCTATTCCCGCCGCAGACAATCACGTGATCATGGTGCAACGCATGATTGGATCCCAACAGTTGGGCACT 1259
yrAsnHisVallleMetValGInArgMet11eGl ySerGInGInLeuGlyThr (327
nd Leu Phe
|-Def237 . _— . .
GGTGGCTCGTCTGGATATCAATATCTGCGCTCCACTCTCAGGTGATCATCGCAGATGTGATTATATCGGGGATCAATGAACTCAAACTGT 1349
GlyGlySerSerGlyTyrGInTyrLeuArgSerThrleuSe (341
242=AACAN A=267 . . | |=Def281
TCTCCCTTTGTTTTTTTTTGGTTTCAGTGATCGGTACAAGGTGTTYCTGGATCTGTTCAATCTGTCCACTTTTCTGATTCCCCGCGAGGC 1439
rAspArgTyrLysValPhel euAsplLeuPheAsnLeuSerThrPheLeulleProArgGluAl (362
. | |=H2a
GATTCCACCGCTGGACGAGACCATTCGCAAGAAACTGATCAACAAAAGTGTCTGACAATCGGCAGGGTATCCAATTGGTCAATGTTTGGC 1529
alleProProteuAspGluThriteArglysLysleulleAsniysSerValEnd (379

TATGCGTTGTTTGTTCTGCCTACTGTTTTGTCGTTTTGGTGTAATARAATTACTTGTTTAGTCTITGTTATCACATTTGATGTGTTCCTT 1619
------ la),

TTCTTTATGTCTGACATATAATACATATAACATAACAAAATAAATATTCATATTTCAGACATAAACAAATTCTATGGGAATGTGTGAGTC 1709

AGCAGCCTGAAAGTAGACCATATATATTCTGGTTGTCTTTCTCGCTCGTTTCTATTAGTTCGTTAGCAAATTAAATTCCATAATATIGTG 1799
—————— HindII1
TGGCAATACTTGTCAAAATAATAATGGTATAAGTGAATTTTAATTACAAAATACCGATTTAAACAAAAAGCTTG 1873

v SEQUENCE. Accession, M34147 (DROVERM). Mutations v!, v2, v*, v"?* and v*%* are
indicated as well as a mutation produced in vitro, v*-™. v*'™® in which Met-32 and His-55
are replaced, codes for an inactive enzyme (v Sequence) (R. A. Fridell and L. L. Searles,
personal communication). Allele v*#, in which 50 amino acids are missing, accumulates
normal levels of RNA, but produces no detectable enzymatic activity. The mutation v*¢ is
caused by insertion of a the transposable element BI04 and leads to a null phenotype. The
mutation vM?? is caused by insertion of a P element (Searles et al. 1990). Numerous
mutations of v sequenced by Nivard et al. (1992), and designated by numbers between 200
and 299, are also shown.
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Gene Organization and Expression

Open reading frame, 379 amino acids; expected mRNA length, 1,306 bases, in
agreement with an RNA of 1.4kb detected by northern analysis. Primer
extension and S1 mapping were used to define the major 5’ end. The two longest
c¢DNA clones identified extend 60-80 bp upstream of the major 5’ end; these
may represent minor transcription initiation sites. There are no correctly
positioned TATA boxes. The 3’ end was obtained from a cDNA sequence that
included a poly(A) tail. There are 5 introns: in the Gly-9 and Ala-63 codons,
after the Lys-107 codon and in the Tyr-310 and Ser-341 codons (v Sequence)
(Searles et al. 1990).

Mutations v', v*> and v* are all the result of insertion of the transposable
element 412 in the leader region. Homozygotes for these mutations accumulate
trace amounts of a v RNA of almost normal size. This apparently functional
RNA (its coding region is unaltered) is produced because transcription from
the v promoter is normal, and because rare splicing events using cryptic splice
sites near the ends of 412 remove most of the 412 sequences from the v transcript.
Mutations in suppressor of sable (su(s)) lead to increased accumulation of these
spliced RNAs and thus to suppression of the mutant phenotype (Fridell et al.
1990; Pret and Searles 1991). A similar mechanism of suppression is found in
some y mutations.

Developmental Pattern

v RNA begins to accumulate in 12-24 h embryos, it remains at a constant level
between the first larval instar and the beginning of the third larval instar,
becomes very low during the pupal stages and rises again in adults. Using a
chimeric v-lacZ construction that included 1.1 kb upstream of the transcription
initiation site and the v leader, it was determined that larval expression is
restricted to the fat body (Fridell and Searles 1992).

Promoter

Analysis of deletions of upstream and leader segments showed that sequences
upstream of the 5" end plus a segment of the leader are necessary and sufficient
for normal expression in transgenic animals. The upstream elements are located
in the intervals —550 to —350 and —210 to — 110 and the leader ¢lement is
between positions —38 and — 12 (Fridell and Searles 1992).
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Vitelline Membrane Protein Genes:
Vm26Aa, Vm26Ab, Vm32E, Vm34C, Fcp3C

Chromosomal Location: Map Position:
Vm26Aa, Vm26Ab 2L, 26A 2-[20]
Vm32E 2L, 32E 2-[44]
Vm34C 2L, 34C 2-[47]
Fep3C X, 3C 1-[3]
Products

The vitelline membrane is made up of 6-10 proteins that range in size from 10
to 100 kD; these proteins are secreted by the follicle cells that surround the
developing oocyte.

Structure

The complete sequences of four genes for vitelline membrane proteins (Fm26Aa,
Vm26Ab, Vm32E and Vm34C) are available: all of these genes are in the left
arm of the second chromosome. The predicted amino-acid sequences for the
four proteins include a common 38-amino-acid segment: within this segment,
the sequences of Vm26A4a and Vm34C are identical to each other and
to the consensus sequence; the Vm26A4b sequence differs from the consensus
in 10% of the positions and the Dm32E sequence differs by 24%,. Outside
of this region, the protein sequences are quite different, but putative signal
peptides have been identified. Vm26A4b has 6—7 repeats of the octapeptide
Tyr-Ser-Ala-Pro-Ala-Ala-Pro-Ala, a sequence that occurs only once in Vm32E
and Vm34C (Fig. 31.1). These predicted sequences indicate the proteins
are rich in Ala (10-27%) and Pro (9-16%,) (Popodi et al. 1988; Scherer et al.
1988).
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FiG. 31.1. Amino-acid sequence comparison of four vitelline membrane proteins. Gaps were introduced to
highlight sequence features present in more than one protein. The CON(sensus) line indicates positions at
which three of the four sequences agree.
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Tissue Distribution

Synthesis takes place during egg-chamber stages 8-11, i.e., immediately before
the synthesis of the chorion proteins that will form the outer eggshell (Petri et
al. 1976; Fargnoli and Waring 1982; Mindrinos et al. 1985).

This chapter describes genes that are expressed exclusively in follicle cells
at the time of vitelline membrane synthesis and, in addition to vitelline
membrane proteins, includes the gene Follicle cell protein at 3C.

Follicle Cell Gene Cluster at 26A
Organization and Expression of the Cluster

The cluster consists of four transcriptional units (TU) contained in a little over
7 kb of DNA (Fig. 31.2). TU2 and TU4 (V¥m26Aa and Vm26Ab, respectively)
have been sequenced. Their in vitro translation products comigrate with
identified vitelline membrane proteins. The other two transcription units are
expressed at much lower levels: TUl produces a 1.3-kb transcript; TU3
produces a 0.7-kb transcript which may be translated in vitro into a 20-kD
protein. All four genes in the cluster are expressed exclusively in the follicle cells
of egg chambers during the period of vitelline membrane deposition (Popodi
et al. 1988).

Tu1 Vm26Aa TU3 Vm26Ab
— }
S
8 kb

FiG. 31.2. Follicle cell gene cluster at 26A.

YVm26Aa
Product

Vitelline membrane protein Sv17.5.

Gene Organization and Expression

Open reading frame, 141 amino acids; expected mRNA length, 629 bases,
in agreement with the results of northern analysis. S1 mapping and sequence
features were used to define the 5' end. The 3’ end was obtained from
a cDNA sequence. There are no introns (Vm26A4a Sequence) (Burke et al.
1987).
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Vm26Aa
. . . . -->-80 . . .
GGAGAGCTATAAAAGATGGGAGGCCAATTGAATGGTATTGGCATCAGTCACCTTTGGTAACTACCAGCAGCCCAACCAGCTCCCATCCGE

CTCCAGCTCAATCTTCAACCACCAACAACCAAGATGAAATCCTTCGTGTGCATCGCTCTGGTCGCCTTCGCCGCCGCCGCTCTGGLTTCG
MetlysSerPheValCysIleAlaleuValAlaPheAlaAlaAlaAlaleuAlaSer

CCCACCAACGTGGCTTCGGCCACCGGCTCCACTGGCTCCTCGGTGACCACCCAGGACGGAGAGC TGGAGGGAGTGACCGGACAGGGATTC
ProThrAsnValAlaSerAlaThrGlySerThrGlySerSerValThrThrG1nAspGlyGluleuGluGlyValThrGlyGInGlyPhe

GGTGACCTGACCCGTCTCCGTAAGTCTGCCTACGGCGGCAGCTCCGGCGGCTATGGCGGCTCCAGCATCCCAGCTCCTCCCTGLCCCAAG
GlyAspLeuThrArgleuArglysSerAlaTyrGlyGlySerSerGlyGlyTyrGlyG)ySerSerIleProAlaProProlysProlys

AACTACCTGTTCAGCTGCCAGCCCAACCTTGCCCCCGTGCCATGCAGCGCTCCAGCTCCCAGCTACGGATCCGCCGGCGCCTACTCCTCC
AsnTyrLeuPheSerCysGlnProAsnLeuAlaProValProCysSerAlaProAlaProSerTyrGl ySerAlaGlyAlaTyrSerSer

CCGGTGGCCACCTACGTCGCCCCCAACTACGGCGTGCCCCAGCACCAGCAGCAGCTGTACAGCGCCTACGTGCCCCAGACCTATGGCTAC
ProValAlaThrTyrValAlaProAsnTyrGlyValProGinHisGInGInGInLeuTyrSerAlaTyrValProGInThrTyrGlyTyr

CAGTACTAAGCACCTGCTCCGACTGCGACTCGATCATCGCCCAAGGACCACGAACCGACTGCCGAGAAACATAAGCTTTGATGGATTTGA
GInTyrEnd

CAAAAAATATACCCAAAAATATGTACTGCAATTAAATCACT 548
[,

Vm26 Aa SEQUENCE. Accession, M 18280 (DROVITA). The vertical bars at Val-23 and
Ser-25 mark potential signal peptide cleavage sites.

Developmental Pattern and Promoter

High levels of RNA are evident in follicle cells between stages 8 and 11 (Burke
et al. 1987). A 170-bp segment upstream of the site of transcription initiation
controls developmental specificity (Jin and Petri, personal communication).

Vm26A4b

Product

Vitelline membrane protein Sv23 (Popodi et al. 1988). The female sterile
mutation fs(2)QJ42 is rescued by transformation with Vm264b DNA (Savant
and Waring 1989).

Gene Organization and Expression

Open reading frame, 168 amino acids; expected mRNA length, ca. 625 bases,
in agreement with the results of northern analysis. Primer extension was used
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Vm26Ab
-207 GTCGACTGGCGGTTGCAGETG  -187

GTCAGCAGATTTCGAGCCGGGGTGCTTCCATTTGCATTTTTTTCGGAACGCTGTCGTTCTACTCCGTCAGTGCGATCAGCGTTTTCCGAG  -97

. . . -->-61 . . . .
TGGGCTATAAAGTGGATTGGCTGGGAGGCTACAATCAACAGTCAGCCTTCGTTCGTCACTTCAGCAGCAAGTAGAGACAGCTCAAGAACC -7

ATCCGCAATGGCATTCAACTTTGGTCACCTCCTCATCGCCGGCCTCGTGGCCTTGTCCGCCGIGTCCTCGGAGACCATCCAGCTGCAGCE 83
MetAlaPheAsnPheGlyHisLeulLeulleAlaGlyleuValAlaleuSerAlaValSerSerGluThrlleGInLeuGInPr  (28)

CACTCAGGGCATCCTCATCCCCGLCCCGCTGGCCGAGAACATCCATGTGTCGCGTGCCGCCTACGGAGGATACGGCGCTGCCCCAGCCGE 173
oThrGInGlylleleulleProAlaProLeuAlaGluAsnIleArgVal SerArgAlaAlaTyrGl yGlyTyrGlyAlaAlaProAlaAl (58)

CCCATCGTACTCCGCCCCAGCCGCTCCCGCTGCCCAGGCCTACTCTGCTCCCGCTGCCCCAGCCTACTCCGCACCCGCTGCTCCCGCCTA 263
aProSerTyrSerAlaProAlaAlaProAlaAlaGInAlaTyrSerAlaProAlaAlaProAlaTyrSerAlaProAlaAlaProAtaTy  (88)

CTCCGCACCCGCTGCTCCTGCCTACTCTGCTCCCGCTGCCCCAGCTTACTCTGCCCCAGCCGCACCAGCTTACTCCGCACCCGCCTCCAT 353
rSerAlaProAlaAlaProAlaTyrSerAlaProAlaAlaProAlaTyrSerAlaProAlaAlaProAlaTyrSerAlaProAlaSer]] (118)

TCCGTCGCCGCCGTGCCCCAAGAACTACCTGTTCAGCTGCCAGCCCTCCCTGCAGCCCGTGCCCCTGTCCGCCCCAGCTCAGTCCTACEE 443
eProSerProProCysProlysAsnTyrLeuPheSerCysGInProSerleuGInProValProleuSerAlaProAlaGinSerTyrGl (148)

ATCCGCCGGTGCCTACTCCCAGTACGTGCCCCAGTACGCCGTGCCCTTCGTCCGCGAACTTTAAGGATCGAACCGAATCTGACTTGACAT 533
ySerAlaGlyAlaTyrSerGInTyrValProGInTyrAlaValProPheValArgGluleuEnd (168)

CTGAACCTAAGAATAAAGTAATGCTTTCATAAAA 567
zoooo IOR

Vm26Ab SEQUENCE. —96 to 567, from Popodi et al. (1988); the segment from —207
to —97 was kindly supplied by Gail L. Waring, The vertical bar at Thr-23 marks a
potential signal peptide cleavage site.

to define the 5" end, and S1 mapping gave the approximate position of the 3’
end. There are no introns (Vm26A4b Sequence) (Popodi et al. 1988).

Developmental Pattern and Promoter

High levels of RNA are present in follicle cells of stage 8—10 egg chambers.
Vm26Ab RNA is approximately half as abundant as ¥m264a RNA, but it is
20-40 times more abundant than TU1 or TU3 transcripts (Popodi et al. 1988).
One hundred and forty-seven bp upstream of the transcription initiation site
seem sufficient for correct gene expression (Savant and Waring 1989).

Vm32E
Product

Vitelline membrane protein of approximately 12 kD (Gigliotti et al. 1989).
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Vm32E
. . . . . . . -->-28 .
AAAAGTGCCGAGTTTTGTTATTAAAGTCAACGCATGAATGCTATAAGAATGCCACCATTGGTCACTAAATCGACAGTGTAAATCATTAGT

TCATCATGCAGATCGTTGCTCTCACCCTCGTTGCGTTTGTGGCCATTGCCGGTGCCTCCTGCCCGTATGCAGCTCCAGCTCCAGCTTATT
MetGInlleValAlaleuThrleuValAlaPheValAlalleAlaGlyAlaSerCysProTyrAlaAlaProAlaProAlaTyrS

CAGCGCCCGCTRCTTCTTCTGGCTACCCGGCTCCACCATGCCCCACCAACTACCTGTTCAGCTGCCAGCCCAATTTGGCCCCAGCTCCTT
erAlaProAlaAlaSerSerGlyTyrProAlaProProCysProThrAsnTyrLeuPheSerCysGInProAsnLeuAlaProAlaProC

GTGCCCAGGAGGCCCCAGCCTATGGATCCGCCGGCGCCTACACAGAACAGGTGCCCACTACGTGGACAAGTCCCAACCGAGAGCAGTTGE
ysAlaGInGluAlaProAlaTyrGlySerAlaGlyAlaTyrThrGluGInValProThrThrTrpThrSerProAsnArgGluGinLeu6

AGCAATTTCACCAGCGCATTGGAATGGCGGCTTTGATGGAGGAACTGCGCGGCTTGGGCCAAGGAATCCAGGGTCAACAGTACTAGTGGC
1nG1nPheHisG1nArglleGl yMetAlaAlaleuMetGluGlul euArgGlyLeuGlyGInGlyI1eGInGlyGInGInTyrEnd

AARARARATTCATGTGAAGAATGTTTTCGAATTARATCCGTCTATGCTTTAATTGGACTTTATACTATGGAACAARAAARARATTGGGAT
------ [(A),

TGGAGATAAGGAAAACTGGTAAAAAAAATAGGAGT TAAACTTATTTTGTTGTTTTGTGCCTCTGGCCTCCGATTCCTTTCGAAAGCCATA
AAGAACATTGTCCGTCTGTATTTATATATTCTAAC 570

Vm32E SEQUENCE. Strain, Oregon R. Accession, M27647 (DROVMP).

Gene Organization and Expression

Open reading frame, 116 amino acids; expected mRNA length, 434 bases, in
agreement with a 0.46-kb RNA detected by northern analysis. Primer extension
and St mapping were used to define the 5" end. The 3’ end was obtained from
the sequence of several cDNA clones. There are no introns (Vm32E Sequence)
(Gigliotti et al. 1989).

Developmental Pattern

Transcription seems to be restricted to follicle cells in stage 10 egg chambers
(Gigliotti et al. 1989).

Vm34C
Product

Vitelline membrane protein of approximately 10—-11 kD (Mindrinos et al. 1985).

Gene Organization and Expression

Open reading frame, 119 amino acids. Northern analysis revealed an RNA
of approximately 0.6 kb. Primer extension was used to define the 5’ end.
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Vm34C

GTTéCTAGGCAAAI'\CTATAAACGI'\ATATTTTTT(.:CAATGACCG(-ZATATTCGGCA.\CGCGATTACI.\AATTCTTGTL.%GAAAATTAA(.S

CTCATTGAA(.:TAAATAAATATTTTAGATA%AAATAATTT;\TACACATATAATATTTATT%TAATACATT\.'ATTCCAATT(;TTCAGTAAAA

TAATGTAGC%CAATGCAAAéCTAAGTACA%TCAATTCTT(.SGTGCTTCAA(.:AATTTTTAG%TCCGTTACT:TCATTAATTTACATTTTTGG(.:

ATGCGACAAI.\TTGTTTACT(.:AACAAGTTCl.\GTGGCCCAAAAAAAGTAGA(‘SGAAATGTTT(;TTCTTTTCA(‘ITTTCTGTTG(.SCCGTGCAAAA

AAAGCGCCA(':TCACGTCGA(.:TTCGAGGGG%CGTTGGGTAl.\ACTGAAAAC%TGGTCAGTG(.:TTGCATCTG(.ZACTTTTGATéGCATTGCATé

-->

GGGTATATAAACCTCAAGTGTCGAAGCCAGAAGCATCGCAGTCTGCTACCAACAGTCTAAGAAATCATCAACCAATCAACATGAAGTGCA
------ MetLysCysl

TCGCCATCGTCTCCACCATCTGCCTGCTGGCCGCTTTCGTTGCCGCCGATAAGGAGGATAAGATGCTCGGCTCCTCCTACGGTGGTGGCT
leAlalleValSerThrlleCysLeuleuAlaAlaPheValAlaAtaAspLysGluAsplysMetLeuGlySerSerTyrGlyGlyGlyT

I

ACGGCAAGCCCGCCGCTGCTCCGGCTCCATCCTACTCCGCTCCGRCTGCCGLTTCCCCAGGCCTACGCGCCCCAGCTGCTCCATCCTACG
yrGlyLysProAlaAlaAlaProAlaProSerTyrSerAlaProAlaAlaAlaSerProGlyLeuArgAlaProAlaAl aProSerTyrA

CCGCCGCTCCGGTCTCGATCCCGGCTCCTCCTTGCCCCAAGAACTACCTGTTCAGCTGCCAGCCCAACCTGGCCCCAGTGCCATGCAGLG
laAlaAlaProValSerIleProAlaProProCysProlysAsnTyrLeuPheSerCysGlinProAsnLeuAlaProValProCysSerA

. BamHI . . . . . . .
CCCCAGCTCCCAGCTATGGATCCGCCGGTGCCTACTCGCAGTACGCCCCCGTCTACGCTCCTCAGCCCATCCAGTGGTAGGATGATCCAC
laProAlaProSerTyrGlySerAlaGlyAlaTyrSerGinTyrAlaProval TyrAlaProGInProlleGinTrpEnd

AGACTTCACTAACCCCTGATCAACGACAAAAGCAATGCAATAAAAAAATAARAGAAAAATATTTATGTTTAATCATAAAAATTCATATGT

TTCAATTTGGGGGATAATAGCGTGCCTAATAGCTGAACTAAAAACATTAATAATTAATTGATCGAAGCTCGTCGTTATTCAAAGATTTTG
AAAAAAATTATTGTTTTATTGATTCATACTTAAATTCATAATTT TTAGAAATTTAACAACTTTTTAGATAATTCTGGTAAGTTCCTCTTT
AATTGTCGAC 650

Vm34C SeQUENCE. Kindly supplied by W. H. Petri and L. J. Sherer and from
Mindrinos et al. (1985). The vertical bar at Ala-19 marks a potential signal peptide
cleavage site. Also indicated are a BamHI site present near the 3’ end of all ¥'m genes
and a potential poly(A) signal.

The 3’ end was not determined. There are no introns (Fm34C Sequence)

(W. H. Petri and L. J. Scherer, personal communication; Mindrinos et al.
1985).

Developmental Pattern

High levels of RNA are present in follicle cells of stage 8—10 egg chambers
(Mindrinos et al. 1985).
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Fep3C
(Follicle cell protein at 3C)

Product

Unknown. The predicted amino-acid composition is relatively rich in Ser and
Thr (119 each). The sequence shows no obvious similarity to other proteins
(Burke et al. 1987).

Gene Organization and Expression

Open reading frame, 217 amino acids; expected mRNA length, 770/786 bases:
two sites, 16 bp apart, were indicated to be the likely position of the 5" end by S1

Fep3C

AAAAGTAATATTAGCTAAAGAACACATTTCATATCGTATATATTTCATATATCAGGCGCCTTTAAAAATTCCCTGCTGCTGCTGACACTC  -12¢

. '-111 . 1-95 . . . . . .
TCTGCTAGCCATCCATTTGGAGAGCCATCCAGATAGTCTACAAGAAGCCGCTCTATGGCAATAGCAACATCATCAAGGACAAGCGTATAA  -32

AGACGAAGCCCGTCAAACTGGAAACCAGCACCATGAGCAGCACTGGTGTTGCAAGTAGCAGCACAACAGCCGAAGAGGATTGGCCCACGG 58
MetSerSerThrGlyValAlaSerSerSerThrThrATaGluGTuAspTrpProThrA  (20)

CCGTTGAGTTTGTGATTATGACAACGCCCGCAAGCGAATTGGAAGCCAGCACGGAAACCATTGGTAACAATGGCACCACCGAAACGACCG 148
laValGluPheVallleMetThrThrProAlaSerGluleuGluAlaSerThrGTuThrlleGl yAsnAsnGlyThrThr@luThrThry  (50)

TTGGCGAGGCACCCATCATCGGATCGTCGGAAGGATCCACACGATCGATGGAGCCAACCACCGCGAGTCCGCTGATGAGCACAAACCCAT 238
alGlyGluAlaProllelleGlySerSerGluGlySerThrArgSerMetGluProThrThrAlaSerProleuMetSerThrAsnProS  (80)

CGAGCAGCAGCAGTCTGGTTAGCACCATTCCCTTGCCACCGACAGCGGGACTACATGCGCAGGATAATCAGCCAGTGCCGTGCACATGCG 328
erSerSerSerSerLeuValSerThrlleProleuProProThrAlaGlyLeuHisAlaGInAspAsnGInProValProCysThrCysG  (11C

GCGTCTTCCTCTCCTCGCAAATCCCAAATGGCTTGCCGACAAAGCCACTTATCCACCAGGAATTGGATCATATGTTTCCCTGCAATGCCA 418
lyValPheleuSerSerGInlleProAsnGlyLeuProThrlysProleulleHisGinGluleuAspHisMetPheProCysAsnAtal (140

TCGGTCGCAAGCAGTGTCAAACCAAATGCCTAGAGACGGTGAGTACTGGGGAAACGAGGAGGAAAACATCAGGAGAAGCGCTCTATAACT 508
1eG1yArgLysGInCysGinThrLysCysLeuGtuThr (152

CACCAATTTCGTCCATTTTAGATCGTACAACATCTGCCGAATTCCGCAAATATAGTATGCTCCGCACTGGGTCACGATTGTCACAAGGAA 598
I1eValGInHisLeuProAsnSerAlaAsnlleValCysSerAlaleuGlyHisAspCysHisLysGlu (182

CGGGCCTATTTGTTCATCAAGAACTGTCACAATCAATGGGTTAATACCAATCTGCAGGCGGGCAGGGAGTACTGTTGTCGCCTCGGETTC 688
ArgAlaTyrlLeuPhellelysAsnCysHisAsnGInTrpValAsnThrAsnLeuGInAlaG) yArgGluTyrCysCysArgleuGlyPhe (212

CCTACCGTTGCCCATTGATGGTTAAGCACTGTGCAAATGAAATAAATATATGATATGAC 747
ProThrvValAlaHistnd ~  z=---- [(A)n (217

Fcp3C SEQUENCE. Accession, M 18281 (DROVITB).
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mapping and cDNA sequencing. The 3’ end was obtained from a cDNA
sequence. There is one intron after the Thr-152 codon (Fcp3C Sequence) (Burke
et al. 1987).

Developmental Pattern

Transcription occurs during vitellogenesis and is restricted to the follicle cells.
RNA is first detectable in stage 9 egg chambers, it reaches a maximum during
stages 10 and 11, and it is absent from stage 12 chambers (Burke et al. 1987).
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Chromosomal Location: Map Position:
X, 1Bl 1-0.0
Product

Unknown. It plays a role in the accumulation or deposition of melanins in
larval and adult cuticles.

Structure

Several features of the y product are suggested by the predicted amino-acid
sequence (y Sequence). A signal peptide-like segment is an indication that the
protein is either secreted or incorporated into membrane. Two potential
N-glycosylation sites (Asn-X-Thr/Ser) are present, occurring at Asn-144 and
Asn-215. The widespread occurrence of Pro and Gly residues suggests that
extensive regions of a-helix or §-pleated sheet do not occur (Geyer et al. 1986).

Mutant Phenotypes

Mutations are classified into two groups. Type 1 alleles are probably amorphs;
they show a uniform absence of melanin (yellow color) in all structures.
Type 2 alleles show the mutant phenotype in some structures (body cuticles,
wing blades) and the wild-type appearance in others (denticles, bristles, sex
combs).

Gene Organization and Expression

Open reading frame, 541 amino acids; expected mRNA length, 1,985 bases.
Primer extension and the sequences of two ¢cDNA clones were used to define
the 5 end. The 3’ end was obtained from a cDNA sequence. There is an intron
in the Gly-80 codon (y Sequence) (Geyer et al. 1986).
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y
GTéGACTATTAAATGATTATCG&CCGATTACCACATTGAGTGGTTTAAAATAGCCATAAAATATGCAACTGAéGATGGCTTAAGATAAAT
AcETCGCAGAGTEACTCATAAAfTTCGAACGCAGCCCGCTGA%TTAccTAccéCTCTAAAcGATTCATAGTA%ATGTACGAG%ATATCCA
CTAAGCTTTTTCOAGCACTGATTTTTTCGCTT6CACGAGACAAGTGCACCACCGCART TGCAGGCARAT TATGTC TRAGRTAATGATTCC
GTTTCHTOCAAGATTACACAGAAATCARATTACGACAACC TT TATTCAGT AGCARACARAGCC TTTGTTGACATC TARTTATTCCACTT
ATGGTTGCGATTTCG6OAGCTACAATCGGTTTTGGTTTAGTATATCTAGCGAGTTCCTTGGCGACATTTAARATTTACAAATARRGTTTC
TC%ATTCAATCGEAACAGTGGAAATTGAcTAT}TTATTTATA%TAATGAACTiATTTTTAAT%TGGCTTAAG;TACTAAGGG&TACTAAT
AGTTTGAGCECAGTGCATGTCATGRGACATGTGCAAT TG TG TGTARACGOGAAGTGATCCGACCTTCCGAATTTGGCCATGCCARATA
ATéCCAGCTCGAAAGGAGGGGAECCGGCGGTCAGGGCCATGGACATTGAACTiGAAAAAAAAAAAACACAAAAATATATAACACAAAACG
GAAAATGcTGTG%ACCGCTTAT&TTAGAGAAG%TGAGCAACGEGTTTTTCGT%TTGcAGTCAéGATGGATTTéCAAATTAGTéTAGGAGG
666GAGO66AGGAGGGACATAATGTCCAGGC TGCCATAAGTGGGGAATAAGGAAMATAARACATGAAACACGG TCGGGCAATGTCAT
CG6TATTCRECTTTGCTTTCCGCCCANGT TGAAGTGATCC TG TG TGTAAATARTGTCGAATGTTGCCGETCOGTTECATARGCGTTGGTC
AATTATGGCCAMGAGATCTGATTTGTGGAAGCTTTTTTTGACCACTTAGCGCGCTCCGCTGATGTTGTTTTGTTTTGTGCTGGGGCAGA
AAACTTGTTTCAATTATTGGGARAAGTGCGTATARATCATTGCCECARGCTCTGAAAAGCGAAAAGARARACAGTAACCAARCAGACAR
ACCAGCATTCCCCCACACART T AAGCARAAACTTGAMCAAGTCARTTCGARAAAATTATAGGTTCAACGGCTECAGCGATCGCATCA
TTAGTTGCETTTTTAGTAMTACACCATT TCATTACACAACACACACAATTAATTARTARRACTGTACTGGTTATTTCAAGTGTGTCTTT
TAATARGCCTGCCGATCCARTAAATTCGAGCAGCATTGCCGGTARTTTTGTGCAACATATTTTTCGATTGCCACACCGTGTTTGTTTAT
TTTTTCTGT666TGCAATGATTTAGAAT6CGGCAAGGGATCAAGTTGAACCACT TCTAAGAAARAAT AGACATTGCATARATGATATAG
AGTCCAMAACTACACCAATTCARTAGCAGTAATGGTTACATTAGCTTTGAAATTGTTTTTAGACATCCGAAGAAATAAGATTARATTTA
AACGGCATTCTTTAATTTGTATTTTAATATTTTGAGAGGTTTTCCTTATTTAAGTGTAGATTATTGAGBATTARTGCAATACCACTTTA
CC%GCGGAGGTCéTAAAACGTA%TTTTACCCA%TTGCATGTT%ATTATGCGT&TCGCTGGTTéTTTACTTTAéTTAAGTTTT&CAATTTT
TTéTTTAGCAAGéAGGTGCATT%GGGCCAAGAéATATATGCGATCGCTTTCG&TTCGAATTT%TAACATTTA&TTGCGGCGA%GGTCATT
AGAGCATTACCCACTTAGGCACCCCCARCATCCAGTTGAT TTTCAGGGACCACAATATTTTARATARCAGCTAGTGGAATTACCTAMA
6CGCTTTCETTCCTTTTTGARATTTTATGTAACACTCAATTATATTTATGTATATGTATGCTCAAATCACCTGCCAATAACTAGCGGAR
ACCARATATTTGACCCTCAGTGAATTGTGARTCATCGATOACGCCCAATCOARATCCARTCC TAAGCAATTGAAACGAGCACGAGTTCCA

. [ {aypsy=2 . . . . . .
ATTTAATAGTATACAAGGAAACACCTGCTTTAAATACTCTACATAGTACACGTTATAATAACGATTTATTTGATATTTCTGGATTTTTGT

CTGCATGTATTTCATATAATATTGATTTGATTTTTTTAATGAATTGAACTAAAAAATCATATTAGAACATTTTTTGCAGTCGCCGATAAA
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GA%GAACACAGT%CTCAGAACA&AACTGTCATéTATTAAGCT%TCAGATTTT&AGAAATTTGéAGAGCAATGéATTCTATGCACGAGCCT
CC%GGCCTTACAATTTACTTGT%TGAAATTAGATCGTCAAATAAAGTCCCTAAAATTAAATAAATAGTAGTCACAACTTTAAAATAGGTC
TTAATCTTTTAGéGTACCGAAAéGTATTTCGG&ACAAATCAG&GCAGTTTTAAATGTCGATGAAGGCCAAAAATCATACCAAACCCAGCG
AAAGGTGATGTCiGACTCATTAAATTGGGGGA%TCGAGTGTA%TTATTAAACATGCGTGAAAATCAATCATGéAAGACAAAAéGCAAAGT
TGéCCGATCTATéGGAACAGCA%AAGCCACCTéATTACCCGAACACTGAACCACCCGAATCA&TAAAACCACéGAAGTTGGCéCGCGCCT
-->-170

TCGTTTTCATTTTCATTGGCCTGTCTTCGTCTTCGGAGAAAAAAACCTTCATATAAAACGCGGCCGACATATTATGGCCACCAGTCGTTA

. . ‘ . . . [|P=76d28
CCGCGCCACGGTCCACAGAAGAGGATTAAAAAAATATCACACAGCCGAAGGC TAGAGAAGAACCCCCTATAGCTGAACATATATAAACAA

ATATATTTTTTTTTATTGCCAACACACTTTGGCTTAAGTGTTAAGAGTGATTGTCAGCTTAGAGCTAAGTGCAATGTTCCAGGACAAAGG
MetPheGlnAsplysGl

GTGGATCCTTGTGACCCTGATCACCTTGGTGACGCCGTCTTGGGCTGCTTACAAACTTCAGGAGCGATATAGT TGGAGCCAGCTGGACTT
yTrplleleuValThrLeulleThrLeuVal ThrProSerTrpAlaAlaTyrLysLeuGInGluArgTyrSerTrpSerGinLeuAspPh

TGCTTTCCCGAATACCCGACTAAAGGACCAAGCTCTGGC TAGTGGAGATTATATTCCGCAAAATGCTCTACCTGTTGGAGTCGAACACTT
eAlaPheProAsnThrArgleul ysAsp6InAlaleuAlaSerGlyAspTyrlleProGInAsnAlaLeuProValGlyValGluHisPh

TGGCAATCGGTTATTCGTCACTGTTCCCCGCTGGCGTGATGATAAGTGGAAGT TAAATATGAAGCCCTTGGGGAGATCGTAAATGGGACA
eGlyAsnArgleuPheValThrValProArgTrpArgAspl

TTéTTACTTAGGéCATCAGAGA%ATCTGATTGAGTGGTTGACAGTTTTATATéGCTTGTTTGACATGATGTAAAAACACAAAATTCATTT
AG%TTAGGTATT&GAAATAAGAGCTTGTTATT%ATTTTAGAA%TTGGAGAACATTTTTTTGTéTTTCTACCC%TCTTAGAAAATAATATT
GT%TTGTACAAT%TAATTTTAAACTAGTACAGACGAAAAATG%ATTTTTTTA+TTGTATGCC%TTTCACCAT%TTGGCAGAGéAATAAAT
ATéACAATATAT%TTGAGAGCA&CCTCATGTAAAGGTTTTAG&GTGGCGACC%CTCATAAAT&CGGTTGGTA&CTGCGCGTTATTTTAAC
AT%TTAAACAAT%AACCGTTGTAAAATCGAAG&CAATAGCATéGCATTGGCT%TATACTGTA%TAAATTGTA%TATATTACCATCCGAAT
TG%AAAGACTTC%TCAGGGCCG&CACATAGAAATGGAAATCCAATCACAAACAATAACTTATGGCATTAGCTATTAACCGACGATTAGCT
GT&AGTTCAACAAATGTAAGAG%GGCGAAATG%TTAAATGCGAAGGCATTGT%CTGTGACTCACGTTTTATTATTAATCACA&AAATGAT
TT%GCTTCAAAA%TATTTGGCT%ACACAATAA%CAAAATTTT%ATGAAATAG%TGAAACACAAAACTAGGAAATTTTAAAAAéCAATGAA
AC%AAAAAACCCAATTGTTAAGATTATATGATéCGCATACAAATACTTCAGTACGTCTAGGAATGCTTTCGA%GATTGATTAGTTTTTRT
GCATGGCTTACAATTGGTATTTACACAGAAAAACACGGCTGTATCGATTCAAAATGCGATGT%AATAAATTT%GTACATATG%TCTTAAG
CAéTCCGAAACAéCCAAACTTC%GACTAAACT+AAAAAAACA&GCTCTTCAAéGATATCTTAATGTCACTTA%AATGTAATGéTATTGTA
TTATTAAGTATA+CAAAATATT&TGGCCCAGC&TTGAGGTCTETTTTTAAAAAGATATCGAC%GACTACCTCéAGTCAATGAAATAATAG

CCCAGAAGGCCGAATCGGCAAAAAATAAACCCCAAGTTACGGCAAACAAAACATAGTGAAAGT TGTGGCAAAGTGGAACATTTAAAGGCA
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TGéTTCAATGGC&ATCGAAGCAAATCAATTAG%CAAAGCAAA%CGGTAGTGG&AACAACAGG&TACAGAATAéCTATAAGTGACAGTTAT
GGéGTATGATTAATTATAAATA%TATCATTGAéCACCAATGC%GGGCTCAAT%GGAAAAACTATTCTATGAAéATTTGAGTAAATAAATT
TTéATTTAAAAAAGCCCATGGT%ATCGCGACAACTAGCTACGéGACAAGATTACTGTTTAAAATCAAGTGTGAAATATCAAAATCAAAAT
CGéATTCCGATCéGGAAGTTGTATCCGATTCTéAAACTAAAA&ACAGAATTG&CAACATTTTéCGATATCGA&TCAGCTCACéTATTTCA
TAéAGATTCATTAGGCCACCAG&CATTGAATAATATACCCCAéTCAATTGAGéTACTCGATAéTTGATCAAC%TAGCTTTTG%CAACGAG
TGAACGCATAAA&TACTACATCAACGATATTTéCGGCCCATTéCAAGCTAAAAGTTCATCTTAATTACAAATAAGATTAGAAAAAATATC
TGAATGAAAAAAATGTTGAGACATATTTCTTTéGAAAAGGAGAACCTCAAGA&AGTCGAAAAAATTGTTTACAATGAAAATG%TGAAAAT
CA%GAAGCAGATAAATCTGTCAéTTGCGAGGT%TTAGGACTGAAAGAGCACA%GTCAAAATA%AAATTTGTT&AAATACTTTATATTTGA
CTéAATTAGATTéTTATTTTAAAAGTTATGAA%TAAATAAAGATTGAAAGGTéCATTATGCTéAAATGTATA%TTATCGCAAECCCCGGT
TA&TTTGTAAAG&AAAAACGCC%GGTTTGATT+TTAAGAAGA%GGGTCGGTAAATCGATAAAAGCTATATTT%CTGGTCGTT&CAGTCTC
AC%CGCCTGCTA%AAAAACATTAAAAGTTCCCAGAAACAATAAATGTCTTTAAATTCAATTAACGAAGAAATAAAGAAGGAAAAGAACTG
GAéCGGAAATCGéTCGAAATAC%GCCAATGGC&ACATATACA%TTAACAGCGATATATGGTA%ACATATTGA%AATGATGTCAGACGCAA
TTéCTTCAGACGéCTAATGACA+CGCAAATTGéACGCAACTTéCAATAGTGCéAATTATGAC%GAAGTACATATAGCCGGGGATCTTTTA
ACAATAAACTTCéAGTAGATGTACAAGCAGAAAAAAGAGCCA%TAGCACGGCAGTTACCATT&CTTATGATTéCTTGTGTCCAAAATAAT
GAéAAATAGGTA%ATAAATAAT%AAATGCCAAACATAAGCGA%TCTAATTTAéCTTTACATC&GTATGCATT%ACATATTAT&CAGAAAA
CAéACAGCGATAACTTGCAACA%TGCTTAGTA%AATAATCCAAAGAAGGAAT%TAGGCAGAAATTCCAGTTAATTAAATATT&AAAACAA

ACTTTATTTAGTGCCTCAATAATAGTTTGGCCCTGCTAATTCTCCTATTTTATTTTTTAGGGATTCCGGCCACTCTGACCTATATAAACA
lylleProAlaThrLeuThrTyrIleAsnM

TGGACCGCAGTTTGACGGGTTCACCGGAGCTAATTCCGTATCCAGATTGGCGCTCAAATACAGCTGGAGATTGCGCCAACAGTATTACCA
etAspArgSerLeuThrGlySerProGluleulleProTyrProAspTrpArgSerAsnThrAlaGl yAspCysAlaAsnSerIleThrT

CTGCCTACCGCATTAAAGTGGATGAGTGTGGTCGGCTGTGGGT TTTGGACACTGGAACCGTGGGCATCGGCAATACCACCACTAATCCGT
hrAlaTyrArglleLysValAspGluCysGlyArgleuTrpValleuAspThrGlyThrValGlylieGlyAsnThrThrThrAsnProC

GCCCCTATGCGGTAAATGTCTTTGACTTGACCACGGATACGCGAATTCGGAGATACGAGCTACCTGGCGTGGACACAAATCCAAATACTT
ysProTyrAlaValAsnValPheAspLeuThrThrAspThrArglteArgArgTyrGluLeuProGlyValAspThrAsnProAsnThrP

TCATAGCTAACATTGCCGTGGATATAGGCAAAAATTGCGATGATGCATATGCCTATTTTGCCGATGAATTGGGATACGGCTTGATTGCTT
helleAlaAsnIleAlaValAsplleGlyl ysAsnCysAspAspAlaTyrAlaTyrPheAlaAspGluleuGlyTyrGlyLeulleAlaT

ACTCCTGGGAACTGAACAAGTCCTGGAGATTCTCGGCACATTCGTATTTTTTCCCCGATCCATTGAGGGGCGATTTCAATGTCGCTGGTA
yrSerTrpGluleuAsnl ysSerTrpArgPheSerAlaHisSerTyrPhePheProAspProLeuArgGl yAspPheAsnValAlaGlyl

TTAACTTCCAATGGGGCGAGGAGGGTATATTTGGTATGTCCCTTTCGCCCATTCGATCGGATGGTTATCGTACCCTGTACTTTAGTCCGT
leAsnPheGInTrpGlyGluGluGlyllePheGlyMetSerLeuSerProlleArgSerAspGlyTyrArgThrLeuTyrPheSerProl
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TAGCAAGTCATCGACAATTTGCCGTATCCACGAGGATTTTGAGGGATGAAACCAGGACGGAAGATAGCTATCATGACTTTGTTGCCTTAG
euAlaSerHisArgGinPheAlaValSerThrArgllelLeuArgAspGluThrArgThrGluAspSerTyrHisAspPheValAlaleuA

ATGAACGGGGTCCAAACTCCCATACCACTTCACGTGTGATGAGCGATGATGGAATTGAGCTGTTCAATTTAATAGATCAAAATGCAGTGG
spGluArgGlyProAsnSerHisThrThrSerArgValMetSerAspAspGlylleGluLeuPheAsnLeulleAspGInAsnAlaValG

GTTGCTGGCACTCATCAATGCCGTACTCACCGCAATTTCATGGCATTGTGGATCGCGATGACGTTGGCTTAGTTTTTCCGGCCGATGTGA
1yCysTrpHisSerSerMetProTyrSerProGinPheHisGlylleValAspArgAspAspValGlyleuValPheProAlaAspVall

AAATTGATGAGAACARAAACGTTTGGGTTCTATCCGATAGGATGCCCGTTTTCTTGCTGTCTGACTTGGATTATTCAGATACTAATTTCE
ysIleAspGluAsnLysAsnValTrpValleuSerAspArgMetProValPheleuteuSerAspLeuAspTyrSerAspThrAsnPheA

GAATTTACACGGCTCCCTTGGCCACTTTAATTGAGAATACTGTGTGTGATTTGAGGAATAACGCCTATGGGCCGCCAAATACCGTTTCAA
rglleTyrThrAlaProleuAlaThrLeul1eGluAsnThrValCysAspleuArgAsnAsnAlaTyrGlyProProAsnThrvalSerl

TACCAAAACAAGCCGTTTTGCCAATGGGTCCACCGTTATATACGAAACAATATCGTCCTGTCTTGCCACAGAAACCTCAGACCAGCTGGG
TeProlLysGInAlaValleuProMetGlyProProLeuTyrThrLysGInTyrArgProValLeuProGinLysProGInThrSerTrpA

CTTCCTCGCCGCCTCCTCCAAGTCGCACTTATTTGCCCGCCAATTCAGGCAATGTAGTCTCCAGTATTAGTGTCTCTACAAATTCTGTGG
laSerSerProProProProSerArgThrTyrleuProAlaAsnSerGlyAsnValValSerSerlleSerValSerThrAsnServValG

GTCCTGCAGGAGTGGAGGTGCCAAAGGCCTATATTTTCAACCAGCACAACGGCATAAATTACGAGACAAGTGGTCCCCATCTATTTCCCA
1yProAlaGlyValGluValProlLysAlaTyrIlePheAsnGInHisAsnGlyll1eAsnTyrGluThrSerGlyProHisLeuPheProT

CCCATCAACCCGCCCAACCGGGTGGCCAGGATGGTGGGTTAAAAACTTATGTGAATGCCCGCCAATCTGGGTGGTGGCATCATCAGCATC
hrHisG1nProAlaG1nProGlyG]yG1nAspGlyGlyLeulysThrTyrValAsnAlaArgGInSerGlyTrpTrpHisHisGInHisG

AAGGTTAACATAATCCTACACACGGTACTTGGGTATATTCTCACACACTCGATTGATGTAAAGAATATTTAAAGACAACAACATAGGGCA
TnG1yEnd

ACAGCGGTTAAAAAAACCACATGACGTATGAGCAAGTGGCAAATCAATACTTTATCTAGTTATGTTAAGCAAAAAATAACAATAAATCAA

CTTTTTTTTGAAGGTTAAGAGTTTACGCAATTTTCTTGAGCGGAAAAAGCGGAAAAAATGTAAGTATGC 4586
la),

y SEQUENCE. Strain, Canton S. Accession, X04427 (DROYELLOW) and X06481
(DROYELLS). An insertion of the transposable element gypsy following the A at
—870 causes the mutation y2. Mutations y’%28 and y!*7 are both caused by
insertion of a P element at the same site in the leader, but the insertions are in
opposite orientations.

Most type 1 mutations occur in the transcribed region of the gene and likely
result in non-functional y product (Chia et al. 1986; Geyer et al. 1986). Mutation
y76928 {5 the result of a P element insertion in the leader (y Sequence). In this
insertion, P is transcribed in the opposite orientation from y and the RNA
produced is derived from the y promoter. Some of that RNA includes both y
and P sequences and is not functional. In a small fraction of the RNA, however,
splicing of most of the P sequences takes place through the use of cryptic splice
signals in the y leader and the P element. This processed RNA codes for a small

amount of normal y product that is responsible for a hypomorphic phenotype.
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Mutations in suppressor of sable (su(s)) leads to increased accumulation of
processed RNA and a more complete restoration of the normal phenotype
(Geyer et al. 1991). This mechanism of suppression is similar to that observed
in some v mutations.

y is less than 1 kb from achaete, centromere distal and transcribed toward
the centromere (Fig. 1.1).

Developmental Pattern

There are two broad peaks of expression, one beginning late in embryonic
development (16-20 h) and lasting until the second larval instar, the other
during the middle pupal stages, about 48 h after pupariation. Gene expression
is detectable in epidermal structures in which pigmentation will develop
(Parkhurst and Corces 1986; Martin et al. 1989).

Promoter

Analysis of 5 deletions by germ line transformation identified 2,873 bp
upstream of the transcription initiation site (up to —3,042) that are sufficient
for full expression of y. The region between —3,042 and —2,038 controls
expression in the wing blade and the adult abdominal cuticle. The region
between —2,038 and —665 contains a cis-acting regulatory signal that also
contributes to expression in the adult abdominal cuticle. Deletions that leave
only 495 bp of the promoter region cause yellow body and wing blades but
pigmented larval mouth parts and denticle belts and adult bristles and sex
combs. The segment between —665 and 166 upstream of the transcription
initiation site seems to control expression in larval mouth parts and denticle
belts, and the segment between 166 and 95 appears to include elements that
contribute to y expression in larval structures as well as elements that determine
expression in the adult tarsal claws and sex combs. With 95 bp of the 5 region.
left, only bristles are pigmented normally (Geyer and Corces 1987; Martin et al.
1989).

The long intron contains enhancer-like sequences that seem to be respon-
sible for increased transcript levels; they act in a position-independent manner
{Geyer and Corces 1987; Martin et al. 1989).

Most type 2 mutations, including y?, are associated with rearrangements in
the 5 region of the gene; these seem likely to affect the regulation of y
transcription (Chia et al. 1986; Geyer et al. 1986).
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The Yolk Protein Gene Family:
Yp1, Yp2, Yp3

Chromosomal Location: Map Position:
Ypl X, 8F-9B 1-30
Yp2 X, 8F-9B 1-29.5
Yp3 X, 12B-C 1-44
Products

Yolk proteins 1, 2 and 3 (YP1, YP2, YP3) of 46, 45 and 44 kD, respectively;
also known as vitellogenins, when circulating in the hemolymph, and vitellins,
when deposited in the oocyte.

Structure

YP precursors contain signal peptides that are cleaved before secretion (Warren
et al. 1979). Other post-translational modifications include the sulfation of Tyr
residues (Tyr-172 in YP2) (Baeuerle and Huttner 1985; Baeuerle et al. 1988),
glycosylation and phosphorylation (Minoo and Postlethwait 1985; Brennan
and Mahowald 1982).

Judging from the predicted amino-acid sequence, the three yolk proteins
have only moderate similarity (Fig. 33.1); sequence identities are 48-53%; in
pairwise comparisons over the whole lengths of the proteins and 739 if the
comparisons are restricted to the C-terminal one-third (Hung and Wensink
1983; Garabedian et al. 1987; Yan et al. 1987).

The yolk proteins of higher dipterans seem to be related to the triacyl-
glycerol lipase family of proteins rather than to the vitellogenins of vertebrates,
nematodes and lower insects, which have a different common evolutionary
origin (Terpstra and Geert 1988). Comparison to the yolk proteins of the
Mediterranean fruit fly, Ceratitis capitata, shows that the most conserved region
extends from residue 202 to 427 of YP1; in this segment there is 409 identity
between the two species and 409 of the substitutions are conservative. In terms
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90t

1 50 100
Ypl MNPMRVLSLL ACLA.VAALA KP....NGRM DNSVNQALKP SQWLSGSQLE AIPALDDFTI ERLENMNLER GAELLQQVYH LSQIHHNVEP NY..VPSGIQ
Yp2 MNPLRTLCVM ACLLAVAMGN PQSGNRSGRR SNSLDNVEQP SNWVNPREVE ELPNLKEVTL KKLQEMSMEE GATLLDKLYH LSQFNHVFKP DYTPEPSQIR

Yp3 MMSLRICLLA TCLL.VAAHA SK........ .DASNDRLKP TKWLTATELE NVPSLNDITW ERLENQPLEQ GAKVIEKIYH VGQIKHDLTP SFVPSPSNVP
CON M---R----- =CL--VA--- ----omomoo mmeeoeeee P --W------ E --P-t--~T- --L-----E- GA------ YH --Q--H---P ----- PS---

101 150 200
Ypl VYVPKPNGDK TVAPLNEMIQ RLKQKQNFGE DEVTIIVTGL PQTSETVKKA TRKLVQAYMQ RYNLQQQRQH GKNGNQDYQD QSNEQRKNQR TSSEEDY...
Yp2 GYIVGERGQK IEFNLNTLVE KVKRQQKFGD DEVTIFIQGL PETNTQVQKA TRKLVQAYQQ RYNLQP.... ...... YETT DYSNEEQSQR SSSEEQQTQR
Yp3 VWIIKSNGQK VECKLNNYVE TAKAQPGFGE DEVTIVLTGL PKTSPAQQKA MRRLIQAYVQ KYNLQQLQ.. ... KNAQEQQ QQLKSSDYDY TSSEEAADQ.
CON ------- G-K ----LN---- -- K--~-FG- DEVTI---GL P-T----- KA -R-L-QAY-Q -YNLQ----- ---------- —mmmmmoome -SSEE-----

201 250 300
Ypl .SEEVKNAKT QSGDIIVIDL GSKLNTYERY AMLDIEKTGA KIGKWIVQMV NELDMPFDTI HLIGQNVGAH VAGAAAQEFT RLTGHKLRRV TGLDPSKIVA

Yp2 RKQNGEQDDT KTGDLIVIQL GNAIEDFEQY ATLNIERLGE IIGNRLVELT NTVNVPQEI1 HLIGSGPAAH VAGVAGRQFT RQTGHKLRRI TALDPTKIYG
Yp3 ....WKSAKA ASGDLIIIOL GSTLTNFKRY AMLOVLNTGA MIGQTLIDLT N.KGVPQEIT HLIGQGISAH VAGAAGNKYT AQTGHKLRRI TGLOPAKVLS
CON ~~=-mmmmmm G0-1-1-L G-------- Y A-l-----G- -1G------- N----P---T HL1G----AH VAG-A----T --TGHKLRR- T-LOP-K---

301 350 400
Ypl KSKNTLTGLA RGDAEFVDAI HTSVYGMGTP IRSGDVOFYP NGPAAGVPGA SNVVEAAMRA TRYFAESVRP GNERSFPAVP ANSLQQYKQN DGFGKRAYMG
Yp2 KPEERLTGLA RGDADFVDAI HTSAYGMGTS QRLANVDFFP NGPSTGVPGA DNVVEATMRA TRYFAESVRP GNERNFPSVA ASSYQEYKQN KGYGKRGYMG
Yp3 KRPQILGGLS RGDADFVDAT HTSTFAMGTP IRCGDVDFYP NGPSTGVPGS ENVIEAVARA TRYFAESVRP GSERNFPAVP ANSLKQYKEQ DGFGKRAYMG
CON K----L-GL- RGDA-FVDAI HTS---MGT- -R---VDF-P NGP--GVPG- -NV-EA--RA TRYFAESVRP G-ER-FP-V- A-S---YK-- -G-GKR-YMG

N k-

401 450

Ypl IDTAHDLEGD YILQUNPKSP FGRNAPAQKQ SSYHGVHQAW NTNQDSKDYQ *..
Yp2 IATOFDLQGD YILQUNSKSP FGRSTPAQKQ TGYHQUHQPW RQSSSNQGSR RQ*
Yp3 LQIDYDLRGD YILEVNAKSP FGQRSPAHKQ AAYHGMHHAQ N*........ ...
CON ----- DL-GD YIL-VN-KSP FG---PA-KQ --YH--H--= —===emmmmm -—-

—

FiG. 33.1. Amino-acid sequence comparison of the three yolk proteins. The CON(sensus) sequence
indicates positions in which there is identity in all three sequences.
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of gene organization, the Mediterranean fruit fly has two types of yolk protein
genes, one type with only one intron, as in Drosophila Ypl and Yp2, and the
other with two introns at the same positions as in Drosophila Yp3 (Rina and
Savakis 1991).

Function

Yolk proteins are the main protein component of the yolk platelets stored in
mature oocytes.

Mutant Phenotype

Mutation Yp3%! occurs in the signal peptide (¥p3 Sequence) and blocks normal
processing and secretion; as a consequence, YP3 fails to accumulate in oocytes
(see below). Viability and fertility are normal, suggesting that Yp3 has a
redundant function (Liddell and Bownes 1991).

Tissue Distribution

YP synthesis occurs only in adult females. The proteins are barely detectable
in newly eclosed females, but the rate of synthesis increases steadily during the
first 24 h after eclosion. The main sites of synthesis are the fat body and the
follicle cells. In female fat bodies, YP can reach 20-30%; of newly made proteins,
and all three YPs are produced in comparable amounts. YPs are secreted into
the hemolymph and then pinocytosed by the maturing oocytes. Follicle cells
of stages 9 and 10 egg chambers also actively synthesize YPs; these are
transferred to the oocyte through the intercellular matrix, without entering the
hemolymph. Follicle cells contribute a significant proportion of YP1 and YP2,
but YP3 synthesis is under-represented by four-fold in these cells (Brennan et al.
1982; Bownes 1986 and references therein). Synthesis of YPs is under hormonal
control: 20-hydroxyecdysone stimulates fat bodies to synthesize all three YPs;
juvenile hormone stimulates synthesis in fat bodies and ovaries, but the effect
is more pronounced on YP1 and YP2 than on YP3 (Jowett and Postlethwait
1980).

Organization and Expression of the Cluster

Ypl and Yp2 are separated by 1,228 bp and transcribed divergently; Yp3 is
several hundred kb closer to the centromere (Fig. 33.2).

Developmental Pattern

Transcription is limited to ovaries and fat bodies of adult females (Garabedian
et al. 1985). Expression of YpI and Yp2 occurs, in general, in follicle cells lining
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Yp3

%TAATCTTTT%GGTGATGTTéCCTATGTTTiGATTGAGCTéATCATTTTAéCAGTTGCTA}GCTTTTGCA%ATATAAATA%AATGCATTC
ACCTGGCGGC%GGTCATTGA%TCCAATTTGGCCGGCTTCCAATCGCTGGAéGTCAATGCCéGGTCACACCAGTTTCTCAC%TGACGCAGG
%GTTGCAAGT%TGTTGCCAG%TCAATTCTAATCAAGGGAT&TGCACAAGT%GTTTCAATCAATCCGTACYAGAATACATT%TAAGTGCAG
AGAACAAAAA%TTGCATTAC%TTGGGAATTATATGcATAAATcTGTAAGTéTcGTTAAAAéCAAATGATAéTGATGATAcAAATATATCA
éGATGCAATA&TACTAGTGG%CAACGATTT%CCAATAATC%AAATCTTAA&ATTTTATGAATGGATTTTT%TTTGCACAT%TTTTGCCAA
éTGTGAAGAGéTTCAAAAAC&TTAGTGCGA%AAGAGAACTAAATGGTTGG&AAACACACA&ACATGTGAAATAAATCCGG&TATTTGCAA
%CAATTTTCC&TTGACTTGCACTTTATACAécGGCGACAGATCAGCAGAA&GAAAGGGGTéGGGAAAAAAéTGGAAGCCTAGACAGCCGA

CAACGACGACAACGACGACGACGACGACGACTTCCTGTGGTCAGCAGAAAATCGCTGGCAGTGCGCTATCGGGAATCGGAGCTATATAAG

. . -=> -56 . . . .
CCAGAGATGGGGCTGAAGGAAGCCATCAAACGTCGTTTAGCGTTTGGCCCTGATCTGATTCAATTCCGGATTTGCACCAAAATGATGAGT
MetMetSer
. A=S1 R . . . .
CTAAGGATTTGCCTGCTGGCCACCTGCCTCCTGGTGGCGGCCCATGCCTCCAAGGATGCCTCCAATGACCGACTGAAGCCGACCAAGTGG
LeuArgllelyslLeuteuAlaThrCysleuleuValAlaAlaHisAlaSerLysAspAlaSerAsnAspArgleulysPraoThriysTrp
Asp |

CTGACCGCCACCGAGCTGGAGAACGTGCCCTCCCTCAACGACATCACCTGGGAGCGT TTGGAGAATCAGCCGCTGGAGCAGGGCGCCAAG
LeuThrATaThrGluleuGluAsnValProSerLeuAsnAsplleThrTrpGluArgleuGluAsnGInProLeuGluGInGlyAtalys

GTGATCGAGAAGATCTGTGAGTAGAAACCGATGTTGCTGGAAATCTCCAGAGATAACCTCCTTGTGAATCACACCTAGACCACGTTGGCC
VallleGluLysIleT yrHisValGlyG

AAATCAAGCACGATCTGACCCCCAGCTTTGTGCCCAGCCCGAGCAATGTGCCCGTCTGGATTATCAAGTCCAATGGACAGAAGGTTGAGT
InIlelysHisAspLeuThrProSerPheValProSerProSerAsnValProval TrpllellelysSerAsnGlyGinLysValGluC

GCAAGTTGAACAACTATGTGGAGACGGCCAAGGCACAGCCCGGATTCGGCGAGGATGAGGTCACCATTGTCCTGACTGGTCTGCCCAAGA
yslLysLeuAsnAsnTyrValGluThrAlalysAlaGInProGlyPheGlyGluAspGluValThrlleVallLeuThrGlyLeuProlysT

CCAGCCCCGCTCAGCAGAAGGCCATGCGCAGGTTGATCCAGGCCTACGTCCAGAAGTACAACCTCCAGCAGCTGCAGAAGAACGCCCAGG
hrSerProAlaGInGinLysAlaMetArgArgleulleGinAlaTyrValGinLysTyrAsnlLeuGInGInLeuGInLysAsnAlaG1InG

AGCAGCAGCAGCAGCTCAAGAGCAGCGACTACGACTACACCAGCAGCGAGGAGGCCGCTGACCAATGGAAATCCGCCAAGGCTGCCAGCG
TuGInGInGYnGInLeuLysSerSerAspTyrAspTyrThrSerSerGluGluAlaAlaAspGInTrpLysSerAlalysAlaAlaSerG

GCGATTTGATCGTAAGTTGGTCGCATTCCTATATTTCATAATTAAACGTGTACATATGGATATTTATGAAATTCAAATTGCAGATCATTG
lyAspleulle IlelleA

ACCTCGGCTCCACCCTGACCAACTTCAAACGCTACGCGATGCTGGATGTTCTGAACACCGGCGCCATGATCGGCCAGACCCTGATCGATC
spLeuGlySerThrLeuThrAsnPhelysArgTyrAlaMetLeuAspValleuAsnThrGlyAlaMetI1eGlyGInThrleulleAspl

TGACCAACAAGGGTGTGCCCCAGGAGATCATCCATCTGATCGGCCAGGGAATCAGCGCCCATGTGGCCGGAGCTGCTGGCAACAAGTACA
euThrAsniysGlyValProGinGlulielleHisleulleGlyGInGlyIleSerAlaHisValAlaGl yAlaAlaGlyAsnLysTyrT

CCGCCCAAACCGGACACAAGCTGCGCCGCATCACCGGTCTGGATCCCGCCAAGGTGCTGTCCAAGCGTCCCCAGATCCTGGGTGGTCTGT
hrAlaGInThrGlyHisLysLeuArgArglleThrGlyl euAspProAlalysValleuSerLysArgProGinlleleuGl yGlyleu$
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CCCGCGGCGATGCTGACTTCGTTGATGCCATTCACACATCGACCTTCGCCATGGGCACGCCCATCCGTTGCGGCGATGTTGACTTCTACC
erArgGlyAspAlaAspPheValAspAlalleHisThrSerThrPheAlaMetGlyThrProlleArgCysGlyAspValAspPheTyrP

CCAACGGACCGTCCACCGGTGTTCCCGGCTCCGAGAATGTGATCGAGGCTGTGGCCCGTGCCACCCGTTACTTTGCCGAGTCTGTGCGTE
roAsnGlyProSerThrGlyValProGlySerGluAsnVallleGluAlaValAlaArgAlaThrArgTyrPheAlaGluSerValArgP

CCGGTAGCGAGCGCAATTTCCCCGCCGTTCCGGCCAACTCGCTGAAGCAGTACAAGGAGCAGGATGGCTTTGGCAAGCGCGCCTACATGG
roGlySerGluArgAsnPheProAlaValProAlaAsnSerLeulysG1nTyrLysGluG1nAspGlyPheGlyLysArgAlaTyrMetG

GTCTCCAGATCGACTACGATCTGCGCGGTGACTACATCTTGGAGGTCAACGCCAAGAGCCCCTTCGGTCAGCGCAGCCCTGCCCACAAGC
lyLeuGInlleAspTyrAspleuArgGlyAspTyrlleleuGluValAsnAlalysSerProPheGlyGInArgSerProAlaHislLysG

AGGCCGCCTACCATGGCATGCACCACGCCCAGAACTAGAGCGCCCATGGCCACGCCCCCTGGTTACCAGGGACGTTCGATCGTCACGCAC
ITnAlaAlaTyrHisGlyMetHisHisA1aGlnAsnEnd

TTTCTGATAATCAGAAAATAAAAACCCGGAATGCGTAGTTTAGCTTAGAAGT TTCATCAAACAATCAAAAAAGAAAAATCTATAAAATCC

CATAAAAATAAAAGCTGCAAATTTTCGAAAAGTCAAGTTTTTTAATAGCAATAGCAATGGTTATTCTGGATTGGATTCTAACTTTTATGG
- la),

%ATTAAAAAA&ACACACAAGAATTTGCTGGGCACATTTTTAGGCACCCCT%CTGAAGTAAATAGAAAAAT%TCCGAAAATATACATATTT
AACATAGTAAATCGGCCAAA&AACTTAAATéAGCTAATAA%AAAAAGATAAATGCATATA%CACAGGTGA%CTTAAGCAGATGCTTAACC
AAAAAACAACACGATAAATAAAGCAAACAAAAAGTGCCTAAAATACAATTATGACACCTAATGAAAGGTAéACGAAAGAAAATGTAGATA
ATAAATAAAC%GAAAAGAAA%TAGGAATAA&TCATAAAAA%CAAAATTTAéAAAACTGTGéAGCTTGGTA%TTACTAGCA&CCTAGATGC
%TAACAGGAT%GCGAAGTTGéGATGGAAATACGCACAACGAGATGGATGCATTGAGTGGGéGGAAGTGAGAGTGAGGCAAETAGTGTCCG
%TGCCACTTGATGTGCACTCAATTAAAACT+GCATTCGGT%TATCGTTAG%GACTACTCG%TCAAAAATCACTGGGCAAC&TGTGTAAAC
%CAATTGTTC&TTACAGTTT%GGGACATGCGCGGTGTAAA%GTCAAAGTTéAACTTTATCAAATGCAATAéACAAACTAGAAAGGGCAGC
éAAAACAGCAéAGTCGAAAA%AGAGCGAGA%AGGGAGCTGéAGTGACAGGAGCGGAATGA&AACAGTTGG&GTCTTTTGT}TGTGCATGT
éGTGACATGT+TGCTTTGAC%CTGACCGAAéGGAATGCGCéGTTAAGCTT 2399

Yp3 SEQUENCE. Strain, Canton S. Accession, M15898 (DROYP3) and X04754
(DROYP3G) as corrected near the transcription initiation site by Liddell and Bownes
(1991). The vertical line at Ala-19 marks the putative cleavage site of the signal peptide.

Ype Yp1 Yp3

'y

1 kb

———y

F1G. 33.2. Yp cluster, centromere to the right. Note that Yp3 is many kbs from
Ypl/Yp2 and that the direction of transcription of the three genes relative to the
centromere is not known
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the maturing oocyte (stages 8—10) but not in the nurse cells (Logan and
Wensink 1990) (see Ypl Promoter).

Ypl
Gene Organization and Expression

Open reading frame, 439 amino acids; expected mRNA length, 1,559 bases, in
agreement with northern analysis. S1 mapping, primer extension and sequence
features were used to define the 5 end. The 3’ end was obtained from Sl
mapping. There is one intron in the Tyr-74 codon (Ypl Sequence) (Hung and
Wensink 1981; Hovemann and Galler 1982).

Promoter

There is evidence that the 1,228-bp segment separating Ypl and Yp2 includes
two cis-acting regulatory elements, one for ovarian and the other for fat body
expression; these two elements control both YpI and Yp2. The two genes were
cloned separately into P elements; this split the 1,228-bp segment leaving 886
associated with Yp! and the remaining 342 with Yp2. In germline transformants,
the fragment with Ypl was expressed only in fat bodies and the one with Yp2
only in ovaries (Garabedian et al. 1985).

Fat Body Enhancers Deletion mapping and ligation of fragments to a
heterologous promoter (Hsp70) and a reporter gene (lacZ) showed further that
125 bp of the 886-bp segment (from —378 to —253 in the Ypl Sequence) was
sufficient for stage-, sex- and tissue-specific expression in adult female fat bodies.
This regulatory segment of DNA acts relatively independently of its orientation
and distance from the genes, and it acts on both YpI and Yp2 (Garabedian et al.
1986, K. Coschigano and P. Wensink, personal communication). The rest of
that segment, from —942 to —378 contains a weaker fat body enhancer
(P. Wensink, personal communication).

Sex-specificity of expression seems to be controlled by the doublesex (dsx)
gene products; these bind to three sites in the fat body enhancer, and all three
binding sites contain sequences related to CTACAAAGT (Burtis et al. 1991).
Binding sites A and B (between —378 and — 253) direct male-specific repression
(mediated by binding of DSX™, the product of dsx in males) and female-specific
stimulation (mediated by binding of DSXF, the product of dsx in females) (K.
Coschigano and P. Wensink, personal communication). Partly overlapping
binding site A are binding sites for two regulatory proteins (AEF-1 and C/EBP)
that are also involved in regulating Adh expression in fat body (Yp!l Sequence)
(Falb and Maniatis 1992).

Ouvarian Enhancers Expression of Ypl and Yp2 in ovarian follicle cells is
controlled by an enhancer, oel, located in the interval between — 1,242 and
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Ypl

GCTGCTCCACATTGTCCAGGGAGTTGGATCGGCGACCGGAACGGTTACCAGACTGGGGAT TACCCATGGCGACCGCCAGAAGGCAGGCCA
-

. . . . . . . <--Yp2 .
TAACGCAAAGGGTGCGCAGAGGATTCATTGTGGCTTCCAAGTTCGACTTTTTCAGACACCGTACCAAATTGTACTGCATGCCCACTGCTG
Met(Yp2) -|oe2

CGACTCAATGCATTTTATACCCCTTGGAATCGGTAGTCTATACACACTATAATGCACGCGCCGGAAGCAATTGATTTCAGCAACCGATTT
|-

CTGGATCAGCACAAATGCATTGATTCGCAGCGTCAGTGATTTTGCAACACTTCTGATGAGCTCTAAAATTTCGTTCCCCTTTTTTTITTY
TITTTTTTGGTTATTAAGTATCCATCGGGTAACAGGTAATGGGAAACTTCTTTAACCAGCACTTTCATAACATAAACAAAAGGTGGTCTG

GCCATTAAGGGGCTTGACAGTGGGGGCACGACTTGAACTCATGCACAGGTCAAGATAAAGCTTTTGTTTGAAAAAAATATTTGGCAATTT
- |oet

TGTéAAATTTATGéAACTATTTAAGTGTTTGCCAAAAGAATTG%CTAAATTGT}CTATAAGCAéATAACACTT%CAGGGAAAT&CAAAAT
AAA%ATATTATAAATTATAATAT%ATAAATATAAATATTTACA%CTATCGAAA%ATACATATA%TTTTAATAAéTAGAATGAG%TACATG
AAA%AGCATCGATAAGATCATATATTATAAAAC&AATCCCGGA%ATTAAAATAéAATCTCCTTéAAAAACGTT%CCCCTGAATEAATTCA
TTTéTAAAGTCCAAAAACAAATAiAATCTTACTATCTTGCCTTéGAAACTACAAACATTCCATACTTTTCGTA%CAATGGCAAACATCTA
GGAATCAATGAAC%GTATCGGCC%TGAATTGAAAATGCAAAAT%ATGGACTTT%AATTAAGCAéAAGAAAAGTéCCAAATATAAATCTAC
TTA%AAACAAAAAAAATCAATAAAATGTTGTATATAATAACCAACTAATGCCCATGTTAGATC%ATATTTTATéCATTTATTTéATCAAA

TCCGGTGCACAACTACAATGTTGCAATCAGCGGAGCCTACAAAGTGATTACAAATTAAAATAATCAGGCGGCAGCAGGTGCTGCTAAGTC

ATCAGTGGGEGTCAGCTATAGGTAGGCCCCGTGTCTATTTTGTATGTATACAATTTATTCCGCTATCGATAGCATATACACTCGATCCGAT
R

TCCCAGGCACCCGAAAACCCTTACTCAGCACAAGTGACCGATTAAGGCCTGAGCCAGCGAAAAGCAAGTCGGAAAATGGGAAATCGCTCA

. . . . -->-57 . . . .
GCGTAAATTGTGGTATATAAACCACCATCGTTGGATTTGGAAGGCCAGTTCAACTCACTCAGTGTTGAAGTCGCATCCGCAGGACCAAAT

CCCAAATCCGAACCATGAACCCCATGAGAGTGCTGAGCCTTCTGGCTTGCTTGGCGGTCGCCGCCTTGGCCAAGCCCAATGGCCGTATGG
MetAsnProMetArgValleuSerLeuleuAlaCysLeuAlaValAlaAlaleuAlalysProAsnGl yArgMetA

ACAACTCCGTCAACCAGGCATTGAAGCCGTCGCAGTGGCTCTCCGGATCCCAGCTGGAGGCCATTCCCGCCCTCGACGATTTCACCATTG
spAsnSerValAsnGInAlaleulysProSerGInTrpleuSerGlySerGlnLeuGluAlalleProAlaleuAspAspPheThrileG

AGCGTCTGGAGAACATGAACCTGGAGCGTGGCGCCGAGCTGCTGCAGCAAGTCTGTGAGTAATCCTAGATGCAGATAAAAAAAAAAAAAA
TuArgLeuGluAsnMetAsnLeuGluArgGlyAlaGiuleuleuGInGinValT

(continued)
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AAACATCGAATATTCTATGGAATATATATATCCTTTGTAGACCACCTGTCGCAGATCCACCACAACGTTGAGCCCAACTATGTGCCCAGC
yrHisLeuSerGinlleHisHisAsnValGluProAsnTyrValProSer

GGCATCCAGGTCTATGTGCCCAAGCCCAATGGTGACAAGACCGTTGCTCCCCTGAACGAGATGATCCAGCGCCTGAAGCAGAAGCAGAAC
GlyIleGInValTyrValProlysProAsnGlyAspLysThrValAlaProlLeuAsnGluMet I11eGInArgleul ysGInLysGlnAsn

TTTGGTGAGGATGAGGTGACCATCATTGTGACCGGACTGCCCCAGACCAGCGAGACCGTGAAGAAGGCGACCAGGAAGCTGGTTCAGGCT
PheG1yGluAspGluValThrllelleValThrGlyLeuProGinThrSerGluThrVallysLysAlaThrArglysteuValGIinAla

TACATGCAGCGCTACAATCTGCAGCAGCAGCGCCAGCACGGCAAGAACGGCAACCAGGACTACCAGGATCAGAGCAACGAACAGAGGAAG
TyrMetG1nArgTyrAsnLeuGInG1nG1nArgGlnHi sG1yLysAsnG] yAsnGTnAspTyrGlnAspGinSerAsnGluGlInArglys

AACCAGAGGACCAGCAGCGAGGAGGACTACAGCGAGGAGGTTAAGAACGCCAAGACCCAAAGCGGCGACATCATTGTGATCGATTTGGGC
AsnG1nArgThrSerSerGluGluAspTyrSerGluGluVallysAsnAlalysThrGInSerGlyAsplielleVallleAsplLeuGly

TCCAAGCTGAACACCTATGAGCGTTATGCCATGCTCGACAT TGAGAAGACCGGCGCCAAGATCGGCAAGTGGATCGTCCAGATGGTCAAC
SerLysLeuAsnThrTyrGluArgTyrAlaMetLeuAsplleGlulysThrGlyAlalLysIleGlyLysTrplieValGlnMetValAsn

GAGTTGGACATGCCCTTCGATACCATTCACCTGATTGGCCAGAATGTGGGTGCCCATGTTGCCGGTGCCGCTGCCCAGGAATTCACCCGT
GluLeuAspMetProPheAspThrileHisLeul 1eG1yGInAsnValGlyAlaHisValAlaGlyAlaAlaAlaGInGluPheThrArg

CTCACCGGACACAAGCTGCGCCGTGTCACCGGTCTGGATCCCTCCAAGATCGTGGCCAAGAGCAAGAACACCCTGACCGGTCTGGCTCGC
LeuThrGlyHisLysLeuArgArgVal ThrGl yLeuAspProSerLysIteValAlalysSerLysAsnThrleuThrGlyleuAlaArg

GGTGATGCTGAATTCGTTGACGCCATCCACACCTCGGTCTACGGCATGGGCACCCCCATCCGCTCCGGTGATGTTGACTTCTATCCCAAT
GlyAspAlaGluPheValAspAlalleHisThrSerVal TyrGlyMetGlyThrProlleArgSerGlyAspValAspPheTyrProAsn
GGACCTGCCGCCGGTGTTCCCGGAGCCAGCAACGTGGTGGAGGCCGCCATGCGTGCCACCCGCTACTTCGCCGAGTCCGTGCGTCCCGGA

GlyProAlaAlaGlyValProGlyAlaSerAsnValValGluAlaAlaMetArgAlaThrArgTyrPheAlaGluSerValArgProGly

AACGAGAGGAGCTTCCCCGCCGTGCCAGCCAACTCCCTGCAGCAGTACAAGCAGAACGATGGATTCGGCAAGCGTGCCTACATGGGCATC
AsnGluArgSerPheProAlaValProAlaAsnSerLeuGInGInTyrLysGInAsnAspGlyPheGlyLysArgAlaTyrMetGlylle

GATACCGCTCACGATCTCGAGGGTGACTACATTCTGCAGGTGAACCCCAAGTCTCCTTTCGGCCGCAACGCACCCGCCCAGAAGCAGAGC
AspThrAlaHisAspLeuGluGlyAspTyrlleLeuGlnValAsnProlysSerProPheGlyArgAsnAlaProAlaGinLysGInSer

AGCTACCACGGTGTCCACCAGGCGTGGAACACCAACCAGGACAGCAAGGACTACCAGTAAGGATGAGTCTGCTTACTCTGGACACCTGGA
SerTyrHisG1yValHisGInAlaTrpAsnThrAsnGInAspSerLysAspTyrGlnEnd

ATGGCAACTACCAAACAACCACCCAACCACACAAACACTGTAGTCCCTAAGTTGAACCCATATTGGCCCTTTTCTTGAGATTACCTAAAC

ATTTAACGAGCACATCGCGAAATTCAGCAAATAAACGCTCGATAAAGAGCTTAAAAATATCTATTTTGTTTATCTTAAATCATTTAGGAA
------ (A)
n

CTATAATAGTCTAATAGATCATCCCAAAAAAAAGGGAACAAAATCAAAAGTAAATATCGTAGTTTGGTTTTGTAAACTTAGATTTATTTT

ATTGTTGTCGGTGTTTTTGTGG 1718

Ypl SEQUENCE. Strain, Canton S. Accession, V00248 (DMYOLK), X01524, JO1157
and M11170 (DROYP12). The segment between — 1,453 and — 1,282 corresponds to
the reverse complement of Yp2: sites of transcription and translation initiation are
indicated. The vertical line at Ala-19 marks the putative cleavage site of the signal
peptide. A, B and C indicate the footprints produced by the dsx products in the main
fat body enhancer; and aef-1 and c/ebp are footprints of fat-body specific proteins.
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Yp2

GAAAAGTATGGAATGTTTGTAéTTTCCAAGGéAAGATAGTAAGATTATATT%GTTTTTGGA&TTTAGAAATéAATTGATTCAGGGGAAAC
G%TTTTCAAGGAGATTCTATT%TAATATCCG&GATTCGTTT%ATAATATAT&ATCTTATCGATGCTATTTCATGTAACTCA%TCTACTTA
T%AAAAATATA%GTATATTTC&ATAGATGTAAATATTTATA%TTATAATAT%ATAATTTATAATATATTTA%TTTGCATTT&CCTGAAAG
TéTTATCTGCT%ATAGAACAA%TTAGACAAT}CTTTTGGCAAACACTTAAA%AGTTGCATAAATTTCACAAAATTGCCAAA%ATTTTTTT
CAAACAAAAGC%TTATCTTGAECTGTGCATGAGTTCAAGTC&TGCCCCCAC%GTCAAGCCCéTTAATGGCCAGACCACCTT%TGTTTATG
T%ATGAAAGTG&TGGTTAAAGAAGTTTCCCA*TACCTGTTAéCCGATGGATACTTAATAACéAAAAAAAAAAAAAAAAAAA&GGGAACGA

AATTTTAGAGCTCATCAGAAGTGTTGCAAAATCACTGACGCTGCGAATCAATGCATTTGTGCTGATCCAGAAATCGGTTGCTGAAATCAA

. . . . . . . . -=->-53
TTGCTTCCGGCGCGTGCATTATAGTGTGTATAGACTACCGATTCCAAGGGGTATAAAATGCATTGAGTCGCAGCAGTGGGCATGCAGTAC

AATTTGGTACGGTGTCTGAAAAAGTCGAACTTGGAAGCCACAATGAATCCTCTGCGCACCCTTTGCGTTATGGCCTGCCTTCTGGCGGTC
MetAsnProLeuArgThrieuCysValMetAlaCyslLeulLeuAlaVal

GCCATGGGTAATCCCCAGTCTGGTAACCGTTCCGGTCGCCGATCCAACTCCCTGGACAATGTGGAGCAGCCCAGCAACTGGGTCAACCCA
AlaMetGlyAsnProGlnSerGlyAsnArgSerGlyArgArgSerAsnSerLeuAspAsnValGluGinProSerAsnTrpValAsnPro

CGTGAAGTCGAGGAGCTGCCCAACCTGAAGGAGGTTACCCTTAAGAAGCTGCAGGAGATGAGCATGGAGGAGGGCGCTACGCTGTTGGAC
Arg6luValGluGluLeuProAsnLeulysGluVal Thrleul ystysLeuGIinGluMetSerMetGluGluGlyAlaThrleuleuAsp

AAGCTCTGTAAGTTCAAGGATCTCTAAAAGTTCTACCAATCATGTTATATTTACACGCACTATCCTATCCCGCAGACCATCTGTCCCAGT
LysLeuT yrHisLeuSerG1nP

TCAACCATGTCTTCAAGCCCGATTACACCCCGGAACCCAGCCAGATCAGGGGCTACATTGTCGGCGAGCGCGGCCAGAAGATCGAGTTCA
heAsnHisValPhelysProAspTyrThrProGluProSerGinlleArgGlyTyrIleValGlyGluArgGlyGinLys]1eGluPheA

ACCTGAACACTTTGGTGGAGAAGGTTAAGCGCCAGCAGAAGT TCGGCGACGATGAGGTCACCATCTTCATCCAGGGCCTGCCCGAGACCA
snLeuAsnThrLeuValGlulysVallysArgGinGInLysPheGlyAspAspGluValThrllePhel1eGInGlyLeuProGluThrA

ACACCCAAGTGCAGAAGGCTACCAGGAAGCTGGTGCAGGCCTACCAGCAGCGTTACAACCTCCAGCCCTATGAGACCACCGACTACTCCA
snThrGInvalGinLysAlaThrArglysLeuValGInAlaTyrGinGInArgTyrAsnLeuGInProTyrGluThrThrAspTyrSerA

ACGAGGAGCAGAGCCAGAGGAGTTCCAGCGAGGAGCAGCAAACGCAGCGCAGGAAGCAGAACGGTGAACAGGATGATACCAAGACCGGAG
snGluGTuGTnSerGInArgSerSerSerGluGl1uGInGInThrGlnArgArglysGInAsnGlyG1uGTnAspAspThrLysThrGlyA

ACCTGATTGTGATCCAGCTGGGCAATGCCATCGAGGACTTTGAGCAGTACGCCACCCTGAACATTGAGCGTCTGGGCGAGATCATTGGCA
splLeulleVallleGinLeuGlyAsnAlalleGluAspPheGluGInTyrAlaThrleuAsn]leGluArgleuGlyGlullelleGlyA

ACCGTCTGGTTGAGCTGACCAACACCGTGAACGTGCCCCAGGAGATCATCCATCTGATTGGCTCTGGACCCGCTGCCCACGTTGCCGGAG
snArgleuValGluLeuThrAsnThrValAsnValProGInGlullelleHisLeulleGlySerGlyProAlaAlaHisValAlaGlyV

TGGCTGGACGCCAGTTCACCCGTCAGACCGGACACAAGTTGCGCCGCATCACCGCCCTGGACCCCACTAAGATCTACGGCAAGCCCGAGG
alAlaGlyArgGinPheThrArgGInThrG) yHisLysLeuArgArglleThrAlaleuAspProThrLysileTyrGlyLysProGluG

(continued)
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AGAGGCTGACCGGGCTGGCCCGTGGTGATGCTGACTTCGTTGATGCCATCCACACCTCCGCCTACGGCATGGGTACCAGCCAGCGATTGG
TuArglLeuThrGlyLeuAlaArgGlyAspAlaAspPheValAspAlalleHisThrSerAlaTyrGlyMetGlyThrSerGinArgleuA

CCAACGTGGACTTCTTCCCCAACGGACCCTCGACCGGAGTGCCCGGAGCCGATAATGTCGT TGAGGCCACCATGCGTGCCACCCGCTACT
laAsnValAspPhePheProAsnGlyProSerThrGlyValProGlyAlaAspAsnValValGluAlaThrMetArgAlaThrArgTyrP

TCGCCGAGTCTGTGCGTCCTGGAAACGAGAGGAACTTCCCCTCCGTGGCCGCCAGCTCGTACCAGGAGTACAAGCAGAACAAGGGCTATG
heAlaGluSerValArgProG)yAsnGluArgAsnPheProSerValAlaAlaSerSerTyrGInGluTyrlysGInAsnlysGlyTyrG

GCAAGCGCGGATACATGGGCATCGCCACCGATYTCGATCTGCAGGGCGATTACATTCTGCAGGTGAACTCCAAGAGCCCCTTCGGCAGGA
1yLysArgGlyTyrMetGlyIleAlaThrAspPheAspLeuGinGlyAspTyrlleleuGInValAsnSerLysSerProPheGlyArgS

GCACTCCCGCCCAGAAACAGACCGGCTACCACCAGGTCCACCAGCCCTGGCGCCAGTCCTCCTCCAACCAGGGTTCCCGCCGTCAGTAGA
erThrProAlaGInLysGInThrGlyTyrHisG1nValHisGInProTrpArgGInSerSerSerAsnGInGlySerArgArgGinEnd

TCATCGCACAGTGATCCATCGATGACAACCAGATCGCACACCCCTCATGCGAGCGAACCACTCCAGCCCATCCTCATCCAGCAGAACCCT

CTGCCAGTTGCATCCACTACGATTAGTTAGCTTTGTTTTTTTAACTCACAATAAAAAACGTTTGCATTTTTAAACATTCTAAAGAGTTCA
------ ),

GTTCAATATCGGAAAAAAACCCCAGTTCAATTTACAATAAAAACAATTGCTTATGTCGAAATATTTGAGAGTTCCAAATGCTCCTTATAT
------ | (A)
n

AAAAATATCCAAAACCAAATTATGCAATGCCACTGAGGCCATAAAAGAAGCACACAACAAACATTTGGGT 1738

Yp2 SEQUENCE. Strain, Canton S. Accession, X01524, JO1157 and M11170
(DROYP12). The vertical line at Gly-19 marks the putative cleavage site of the signal
peptide.

—942 in the Ypl Sequence, between 43 and 343 bp upstream of the transcription
initiation site of Yp2 (Logan et al. 1989). oel is composed of multiple parts,
each controlling the expression in various subsets of follicle cells (Logan and
Wensink 1990).

oe2, located between — 1,389 and — 1,284 (the first 105 bp of the first exon
of ¥p2), is also necessary for expression of Yp! in ovaries (Logan et al. 1989).

Other Regulatory Elements Another cis-acting regulatory region was identified
by its ability to bind YPF1, a heterodimer with subunits of 85 and 69 kD, very
specifically and very tightly (Kp < 5 x 107!¢). This element occurs in the
translated region of Ypl (between positions 82 and 126 in the Ypl Sequence)
and is necessary for Ypl transcription (Mitsis and Wensink 1989a, 1989b).

Yp2
Gene Organization and Expression

Open reading frame, 442 amino acids; expected mRNA lengths, 1,546 or 1,630
bases depending on which of two polyadenylation sites is used. S1 mapping
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and primer extension were used to define the 5’ ends. The 3’ ends were obtained
by S1 mapping. There is an intron in the Tyr-79 codon (Yp2 Sequence)
(Hovemann and Galler 1982; Hung and Wensink 1983).

Promoter

See discussion of the Ypl promoter, above.

Yp3
Gene Organization and Expression

Open reading frame, 420 amino acids; expected mRNA length, 1,488 bases. S1
mapping and cDNA sequencing were used to define the 5" and 3’ ends. There
are two introns, at Tyr-69 and after Ile-196 (Yp3 Sequence) (Garabedian et al.
1987; Yan et al. 1987; Liddell and Bownes 1991).
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34

Size Variations Among the Elements
that Constitute the Genes of Drosophila
(Leader, coding region 3’ untranslated
region, exons, introns)

The discussion in this chapter centers around two questions: (1) what are the
size ranges of the various elements that constitute a functional gene? and
(2) is there a correlation between the size of one element and the size of another.

The data analyzed in this chapter are derived from 73 of the genes presented
in Part I. Because 12 of those 73 genes have multiple transcripts, they encompass
a total of 87 transcripts. Two partly overlapping datasets can be examined:
Dataset A includes all 87 transcripts, but elements shared by different transcripts
of the same gene are considered only once. For example, if two transcripts of
a gene differ only with respect to the poly(A) site, both 3" untranslated regions
(3’ UTR) are included in the analysis, but the leader is counted only once, since
it is the same for both transcripts. Dataset B includes only one representative
from each family of related genes or from the group of multiple transcripts of
a given gene. In this case the sample is reduced to 40 “unrelated” transcripts.
The size of a few elements were found to be outside the expected size range
suggested by statistical analyses and so were excluded from the analysis.
These elements are the 3' UTR of bsg25D 11 and the leader, 3’ UTR and introns
of Ubx.

Coding Regions and Untranslated Regions

The questions posed in the first paragraph are discussed as they apply to those
parts of the gene that give rise to the mature mRNA: the leader, the coding
region and the 3’ untranslated regions (the size of these regions in bp will be
represented by the symbols Leader, CR and 3'UTR, respectively, and mRN A
will be used for mRN A size. These elements are often encoded by segments in
more than one exon; however, because they are the constitutive parts of the
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mature message, they will be considered here as units. The size and position of
exons and introns will be discussed in the next section.

Size Distribution

Table 34.1 covers Dataset A and lists 87 transcripts arranged in order of
increasing CR, values are given for Leader, CR, 3’'UTR, mRN A, and the fraction

TABLE 34.1. Dataset A

Gene Leader CR 3J'UTR mRNA CR/mRNA
*  Mtn 124 123 140 387 0.32
Mto 144 132 100 376 0.35
CecAl 73 192 81 346 0.55
*  CecA2 81 192 81 354 0.54
CecB n 192
Sgs7 32 225 61 319 071
Sgs8 32 228 92 383 0.65
CytC2 44 318 311 673 047
* CytCl 68 327 212 607 0.54
*  Hspg2 60 336 69 465 0.72
Hspg2 d 182 336 103 622 0.54
Lep3 45 339
S15 45 348 126 519 0.67
Vm32E 29 351 54 434 0.81
Lep2 42 381
* Lept 42 393
* Rp49 9 402
JanA 60 408 241 661 0.62
Cplé 46 417 52 515 0.81
* JanB 100 423 56 579 0.73
* Vm26A1 81 426 122 629 0.68
*  Sgss 33 492 129 653 Q.75
Vm26A2 62 507 56 625 0.81
* Hspg3 168 510 301 979 0.52
Cpl8 44 519 86 649 0.80
* Cpl9 45 522 86 653 0.80
* Hsp22 251 525 181 957 0.55
Hsp23 112 561 201 874 0.64
ASC-ac 63 606 243 912 0.66
*  Ddc-Ce 200 612 376 1,188 0.52
Hsp26 184 627 138 949 0.66
Hsp27 119 642
* Fes3C 111 654 4] 786 0.83
Hspgl 93 717
*  Ddc-Cs 353 738 605 1,696 0.44
Adh d 123 771 173 1,067 0.72
* Adhp 70 771 173 1,014 0.76
* ASC-lsc 27 774 383 1,184 0.65

* Cp36 31 861 112 1,004 0.86



TABLE 34.1. Continued
Gene Leader CR 3UTR mRNA CR/mRNA
Cp38 77 921 293 1,290 0.71
Sgs3 29 924 164 1,117 0.83
* h alphal 491 1,014 830 2,335 043
h alpha2 295 1,014 830 2,139 0.47
* ASC-sc 117 1,038 283 1,438 0.72
* Ubx IVa 966 1,041 2,100 4,106 0.25
*  Sryb 144 1,056 99 1,299 0.81
* Act5CI 155 1,131 184 1,560 0.73
ActSC II 155 1,131 543 1,919 0.59
Act5C III 119 1,131 184 1,524 0.74
Act5C IV 119 1.131 543 1,883 0.60
Actd42A 102 1,131
Act79B 147 1,131
Act87E I 82 1,131 355 1,568 0.72
Act87E II 82 1,131 367 1,580 0.72
Act88F 95 1,131
* eve 94 1,131 191 1,416 0.80
Ubx Ia 966 1,143 986 3,096 0.37
* ftz 70 1,242
* Yp3 59 1,260 168 1,490 0.85
* kni 271 1,290 507 2,068 0.62
Sry d 67 1,293 104 1,464 0.88
Ypl 61 1,320 181 1,562 0.85
Yp2(I) 51 1,329 166 1,546 0.86
Yp2(II) 51 1,329 250 1,630 0.82
* EF-1AF2 138 1,389 1,030 2,558 0.54
EF-1AF1 80 1,392 582 2,054 0.68
*  Kr(I) 185 1,401 265 1,851 0.76
Kr(II) 185 1,401 633 2,219 0.63
* Ddcl 197 1,428 298 1,923 0.74
* Pgd 35 1,446 178 1,659 0.87
ASC-ase 456 1,461 346 2,263 0.65
*  Amy 33 1,485 83 1,601 0.93
*  Ddc-DoxA 90 1,485 82 1,657 0.90
* bed 169 1,485 817 2,471 0.60
Ddc II 232 1,533 298 2,064 0.74
Ddc-amd 150 1,533 99 1,782 0.86
* Srya 43 1,593 226 1,862 0.86
¥y 171 1,626 188 1,985 0.82
* prd 245 1,842 330 2,417 0.76
Hsp70C1d 242 1,926
* Hsp70A7d 246 1,932 210 2,388 0.81
* bsg25D 1 296 2,226 198 2,720 0.82
bsg25D II 296 2,226 2,227 4,749 0.47
hbd 510 2,277 561 3,348 0.68
* hbp 161 2,277 561 3,000 0.76
* otu2 122 2,436 486 3,045 0.80
otul 171 2,562 486 3,220 0.80

Asterisks mark transcripts included in dataset B.
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FiG. 34.1. Frequency distributions of size classes of: mRNA, coding regions, leaders
and 3' UTRs. Open bars represent Dataset A, shaded bars represent Dataset B. The
“Count” scale measures the absolute number of cases in each class and it applies to
both datasets. The “proportion per bar” scale measures the fraction of the total in
each class and it applies only to dataset A. The transcripts for Ubx and bsg25D 11
were excluded.
N Min. Max. Mean St. Dev.
(A) Leader:
Dataset A 79 9 510 127 103
Dataset B 39 9 491 137 101
(B) Coding Region:
Dataset A 76 123 2,562 959 589
Dataset B 39 123 2,436 1,036 575
(C) 3 UTR:
Dataset A 66 41 1,030 250 206
Dataset B 34 41 1,030 260 236
(D) mRNA:
Dataset A 72 318 3,348 1412 773
Dataset B 39 354 3,044 1,517 770
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of the mature mRNA represented by CR. Fig. 34.1 shows frequency distribu-
tions for the size of these elements. For both datasets, mRNA and CR are
broadly distributed; 90%; of all mRN A values lie between 350 bp and 2,500 bp
and 90%; of all CR values are between 120 bp and 1,600 bp. For Dataset B, the
Leader profile also forms a broad shoulder, but the 3'UTR distribution is more
skewed toward the smaller sizes. Both variables seem to have a threshold at
the smaller end of the distribution, Leader at about 30 bp (with only 9 bp, RP49
has the smallest leader) and 3'UTR at about 50 bp (no 3'UTR is smaller than
40 bp). Among the longer elements is found the leader of Ubx (966 bp) (excluded
from the data in Fig. 34.1), which may contain a functional open reading frame
(the leader associated with this secondary open reading frame is only 12 bp).
The 3’ UTR of some Ubx and bsg transcripts are also outside the size normal
range at approximately 2,100 and 2,200 bp, respectively.

Size Correlations

When regression analyses were applied to Dataset A, significant correlations
were observed for several pairs of variables (3’UTR vs CR, Leader vs 3'UTR,
etc.). However, many of these correlations were probably due to the inclusion
of multiple members of the same family of transcripts. When the analysis was
carried out using Dataset B, most of the correlations disappeared; the exceptions
are as follows (Table 34.2):

1. There was a highly significant correlation (p < 0.001) between Leader
and 3'UTR. Even when a single representative from each family of transcripts
was considered, 319 of the variability in Leader was associated with changes
in 3'UTR (r* = 0.31) (Fig. 34.2).

2. Leader (r* = 0.23), CR (r* = 0.86) and 3’'UTR (r* = 0.42) were correlated
to mRNA. This is as would be expected since the last variable is the sum of
the first three.

TABLE 34.2. Size correlations for various pairs of genetic elements from Dataset B

Leader CR 3'UTR Exonl Exon2 LastExon wmRNA Intronl Intron2

Leader NS ek NS NS ** ok * NS
CR NS NS NS ¥ Ak * NS
3UTR NS NS *oxx i NS NS
Exonl NS NS NS NS NS
Exon2 NS NS NS NS
LastExon b * NS
mRNA * NS
Intronl NS
Intron2

The significance of each correlation is indicated by asterisks: ¥, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, indicates
that the correlation is not significant. Exonl, Exon2 and Intron2 are not correlated with any of the variabies.
Exonl is not correlated with the number of exons either.
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F1G. 34.2. Plot of leader size as a function of 3' UTR size for Dataset B (Ubx was
excluded). Regression analysis is actually not permissible on the raw data because
there is lack of variance homogeneity. To obviate this problem a logarithmic
transformation was applied and significant correlation was observed between the
transformed variables.

Introns and Exons

The Number of Introns

Fig. 34.3 shows the frequency distribution of transcripts according to the
number of introns. For genes with 0 to 3 introns, there was no statistically
significant correlation between number of introns and Leader, CR, 3’UTR or

- 50
0.6

PROPORTION PER BAR
COUNT

NUMBER OF INTRONS

F1G. 34.3. Frequency distribution of transcripts classified according to the number
of introns. See Fig. 34.1 legend.
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TaBLE 34.3. The size of the leader, the coding region, the 3
UTR and the mRNA in genes with various number of introns

Number of introns

0 1 2 3
Leader 125 108 173 144
(20, 24) (40, 15) (11, 45) (6, 25)
3UTR 203 222 338 281
(17, 24) (31, 32) (10, 90) (6, 113)
CR 881 880 1,164 837
(20, 129) (40, 92) (10, 166) (6, 275)
mRNA 1,167 1,306 1,647 1,244
(17, 142) (31, 142) (10, 234) (6, 336)

Mean size in bp. Numbers in parentheses indicate the number of observations
and the standard error of each mean.

mRN A (Table 34.3). There was no correlation either between number of introns
and exon sizes.

The Size of Exons

In order to study the size distribution of exons, the last exons of all the genes
were classified in a single category. The remaining exons were classified as
exon 1, exon 2, exon 3, etc., starting at the 5’ end; the size of the corresponding
exons are designated LastExon, Exonl, Exon2, and Exon3. No significant
differences were found among Exonl, Exon2 and Exon3; meaningful com-
parisons among higher numbered exons were not possible because they are
so few in numbers. Exonl, Exon2 and Exon3 (UpstreamExons), however,
are significantly smaller than LastExon. The frequency distribution of
UpstreamExons is shown in Fig. 34.4; the most frequent size class, is between
50 and 150 bp. LastExon shows a much broader distribution (Fig. 34.5).

In order to evaluate the frequency with which leader introns occur, a plot
was prepared of the frequency distribution of genes according to the position
of the first intron. As Fig. 34.6 shows, the distribution is fairly uniform around
the AUG codon; i.e., there is no obvious cluster of genes possessing a leader
intron. It would appear that there is a preferred location for the first intron in
the neighborhood of the AUG codon, and whether it occurs to its right or to
its left is a question of chance. For Dataset A, the position of the first intron
is centered around the origin of translation, with more than 50% of transcripts
having the first intron within 50 bp on either side of the AUG. For dataset B,
however, the peak is not quite so sharp, and it is centered 50 bp downstream
of the AUG codon. This preference for the first intron to be near the translation
initiation site may be a simple coincidence of the average sizes of leaders and
first exons, or it may be determined by certain sequence characteristics of that
region. That the first explanation is most likely the correct one is suggested by
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FiG. 34.4. Frequency distribution of upstream exons classified according to size.
See Fig. 34.1 legend. Ubx was excluded.

N Min. Max. Mean St. Dev.
Dataset A 89 22 1,245 245 240
Dataset B 55 22 1,245 264 242

the fact that leader introns seem to be more common among genes with longer
leaders (Table 34.4).

The Size of Introns

The size distribution of introns appears to be uniform across the various classes
of introns (intron 1, intron 2, etc.), and values were pooled for Fig. 34.7A and
B: 47% of all introns fall in the size class 50-75 bp; and 249, are between 60
and 70 bp. However, introns that are many thousands of bp long also occur,
as in the case of Ubx.

Size Correlations Dataset B was used to estimate correlations between various
pairs of variables with the following results (Table 34.2):

1. Exonl and Exon2 were independent of the size of the mature mRNA,
but LastExon was highly correlated to mRNA (r* = 0.64).

2. As might have been expected from the LastExon/mRN A correlation, CR
(r* = 0.55) and 3’UTR (r? = 0.22) were correlated with LastExon. Leader was
also correlated with LastExon (r? = 0.32). This might not have been expected
except for the observation that Leader was correlated with 3’U7R, as was
mentioned in the previous section.
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F1G. 34.6. Frequency distribution of transcripts classified acccording to the position
of the first intron. Position 0 marks the AUG codon. See Fig. 34.1 legend. Ubx was

excluded.
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TaBLE 34.4. Genes in dataset B classified by the size of intron 1

Gene Leader YUTR EXONI INTRONI1 LASTEX mRNA CR X(INTD EXON > 1 INTRON > 1]
Adh p 70 173 169 65 440 1,014 771 99 405 70
CecA2 81 81 180 58 174 354 192 99

Ddc-Cs 353 605 53 62 1,643 1,696 738 —300

Ddc-DoxA 90 82 254 61 1,403 1,657 1,485 164

cve 94 191 233 71 1,183 1.416 1,131 139

Fes3C 1t 41 568 73 218 786 654 457

Hspg2 60 69 181 67 124 465 336 121 160 72
JanB 100 56 152 58 146 579 423 52 156, 125 57, 61
Lept 42 54 64 393 12

Pgd 35 178 43 75 1,392 1,659 1,446 8 224 1.419
Rp49 9 102 59 402 93

S19 45 86 60 89 593 653 522 15

S36 31 112 79 91 925 1,004 861 48

SgsS 33 129 301 56 164 653 492 268 188 60
Sryb 144 99 217 68 1,082 1,299 1,056 73

Yp3 59 168 264 62 843 1,490 1,260 205 383 72
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Amy
ASC-sc
CytC1
Hsp22
Hsp70A7d
Hspg3

Sry a
Vm26A1

Act5C 1
bed
bsg25D 1
Ddc 1
Ddc-Ce
EF-1AF2
ftz

h alphal
hb p
Kr(I)
kni

Mtn
otu2

prd
y

33
117
68
251
246
168
43
81

155
169
296
197
200
138

70
491
161
185
2N
124
122

245
17

83
283
212
181
210
301
226
122

184
817
198
298
376
1,030

830
561
265
507
140
486

330
188

147
334
528
191
401

22
827
590
144
222
271
146
118

312
409

1,667
559
776
869
360

1,245
150

1,021
283
372
733
265
537

356
2,719

1,413
1,102
1,947
1,646

787
1,390

1,649
2,856
1,629
1,719
241
663

2,105
1,576

1,601
1,438
607
957
2,388
979
1,862
629

1,560
2,471
2,720
1,923
1,188
2,558

2,335
3,000
1,851
2,068

387
3,045

2,417
1,985

1,485
1,038
327
525
1,932
510
1,593
426

1,131
1,485
2,226
1,428

612
1,389
1,242
1,014
2,277
1,401
1,290

123
2,436

1,842
1,626

—38
165
232
-6
201

~116
757

99
—~17
37

0

22
-4

67
238

76, 959
245
86
87, 853, 206

96

78

233, 98, 155,
396,137, 1,245

40, 513
1,168
1,029

450, 456, 78

136

214

62, 67, 57,
53, 583, 68

X(INT1) indicates the position of the first intron relative to the translation initiation site. EXON > 1 and INTRON > 1 contain the values of all exons and introns between the
first and last ones. The top panel includes Class I genes, the bottom panel, Class IT and the middle panel, Class IIL
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FiG. 34.7. Frequency distribution of introns classified according to size. See
Fig. 34.1 legend. Panel B includes introns between 0 and 300 bp only. Ubx was not
included.

3. Surprisingly, Intronl (the size of intron 1) had a significant, if not very
strong, correlation with the size of several other elements. Naturally, some of
these multiple associations may not have been independent of each other; i.e.,
Intronl might be correlated to mRN A because it was correlated to LastExon,
which is in turn a determinant of mRN A.

Classes of Genes

The correlation between Intronl and mRNA (r? = 0.19) was not due to a
smooth relationship between the two variables but rather to the fact that all
introns 1 of small size were associated with mRNAs smaller than 1.7 kb
while most larger introns were associated with mRNAs of more than 1.7 kb
(Fig. 34.8). The same phenomenon explains the correlations between Intronl
and the other variables and the correlation between Leader and 3'UTR. In
other words, all of the unexpected size correlations that were found are
ascribable to the fact that genes with introns can be classified into two groups:
class I (those having a first intron of less than 100 bp) and, class II (those having
a first intron of more than 100 bp). As a group, class I genes have significantly
smaller Leader, 3’UTR and CR than class II genes. Within each class, none of
the size correlations exist (Fig. 34.9, Table 34.4 and Table 34.5).

What is the biological or molecular significance of two such distinct classes
of genes? One possibility is that some of the larger introns may contain segments
important for the control of gene expression. Several instances of regulatory
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Fi1G. 34.8. Plot of intron 1 size as a function of mRNA size for Dataset B.

Regression analysis is actually not permissible on the raw data because there is lack
of variance homogeneity. To obviate this problem a logarithmic transformation was
applied, and a significant correlation was observed between the transformed variables.

TABLE 34.5. The size of the leader, the coding
region and the 3’ untranslated region in three
classes of genes

Class I Class 11 Class 111
Leader 85 200 126
(16, 80) (15, 100) (8, 87)
CR 760 1,435 980
(16, 408) (15, 614) (8, 621)
3UTR 148 444 202
(14, 140) (14, 278) 8, 74)

Mean size in bp. Numbers in parentheses indicate the number
of observations and the standard error of each mean. Analysis
of variance indicates that in each case, Class II means are
significantly different from Class I and Class I1I means (p = 0.05).

sequences in transcribed but non-coding regions of genes have been documented
(see, for example, bcd, ftz, Hsp70, Pgd, Ubx). But why should the presence of
such regulatory elements be associated exclusively with larger coding regions?
Alternatively, the explanation may rest entirely with the mechanics of mRNA
transcription and processing (see Chapter 35). Another possible explanation,
albeit one that does not seem to be borne out by the data, is that genes within
each class are more closely related to one another than to genes of the other
class and that the correlations presented here are just a consequence of “family
resemblance”.
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FiG. 34.9. Plot of leader size as a function of 3 UTR size for Class I (O) and

Class IT (@) genes in Dataset B. Regression analysis within each class showed no
significant correlation between the variables.

In addition to the two classes of genes treated heretofore, there is a third
class, those without introns. The mean values for Leader, CR and 3’UTR in
intronless genes fall in between the values for class I and class II genes.
Statistically, however, those values are significantly smaller than the values for
class II genes, and not significantly different from the values for class I (Tables

34.4 and 34.5).
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This chapter provides a general description of introns in Drosophila genes, with
emphasis on the genetic information responsible for the correct specification of
boundaries between introns and exons. The problem of locating introns within
unannotated DNA sequences is posed by any large genomic sequencing project,
and provides a perspective for discussing the information that specifies their
removal. I want to stress, however, that there may not be a single set of rules
that can identify all introns in all tissues. Certainly, it has become clear that
the rules for locating introns will differ between species, such as flies and
humans, in different taxonomic classes. Here, I will attempt to describe in
general terms both what is known about how introns are recognized by the
splicing machinery, and how an investigator might go about identifying introns
within the sequence of his favorite Drosophila gene. Ultimately, such searches
will be carried out by computer. Most current software, however, is designed
specifically or primarily for species other than Drosophila (one exception is the
program GM (Fields and Soderlund 1990), which accepts organism-specific
consensus matrices and codon asymmetry tables). I am currently developing
computational applications of the ideas described here, and interested readers
are encouraged to consult current releases of the electronic Drosophila Infor-
mation Newsletter.

The Mechanism of Splicing

To understand how genetic information specifies the removal of introns, one
must understand splicing at the level of biochemical mechanism. To date, the
biochemistry of splicing has been studied in extracts from HeLa cells or yeast
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(reviewed by Smith et al. 1989; Green 1991; Guthrie 1991). However, Drosophila
is becoming increasingly important to the study of messenger RNA splicing,
primarily because of extremely promising genetic systems bearing on the
regulation of alternative splicing (Laski et al. 1986; Boggs et al. 1987; Chou et al.
1987; Zachar et al. 1987; Bell et al. 1988; Nagoshi et al. 1988; Pongs et al. 1988;
Schwartz et al. 1988; Siebel and Rio 1989; Collier et al. 1990; Geyer et al. 1991;
Pret and Searles 1991; McAllister 1992; Steinhauser and Kalfayan 1992;
Hazelrigg, unpublished results). Extracts from Drosophila cells or embryos that
are capable of accurate and efficient removal of introns from RNA substrates
have been described (Rio 1988; Hodges and Bernstein 1992; Guo et al. 1992), and
are certain to be used increasingly. However, the HeLa in vitro system will just as
certainly continue to provide the biochemical paradigm, and most of the infor-
mation in this section pertains to results derived using extracts from Hel.a cells.

The Chemistry of Splicing

The removal of introns from messenger RNA precursors occurs in a series of
two cleavage-ligation reactions, each involving transesterification at a splice
site phosphate (Fig. 35.1A). Thus, messenger RNA splicing resembles the

Fi1G. 35.1. Overview of the splicing mechanism. (a) Each of the chemically distinct
steps in the splicing process is indicated. The first phosphotransfer reaction joins the
5’ phosphate of the intron to a 2’ hydroxyl group within the intron, resulting in a free
upstream exon and a lariat intermediate. The second step of the splicing reaction
joins the now free 3’ hydroxy! of the upstream exon to the phosphate at the 3’ splice
site. (continued)
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F1G. 35.1 (continued). Overview of the splicing mechanism. (B) Spliceosome assembly
involves the ordered addition of snRNPs and protein factors. The generally
recognized series of steps in HeLa nuclear extract spliceosome assembly are shown
and the complexes named (see text).

335



336 AN ATLAS OF DROSOPHILA GENES

splicing of both Group I and Group II introns of the self-splicing type. In
mRNA splicing and Group II splicing (but not Group I splicing), the phosphate
at the 5’ splice site reacts with a 2" hydroxyl group within the intron, resulting in
a free upstream exon and a lariat that consists of nucleotides from the intron and
the downstream exon. In the splicing of Group I introns, exemplified by the Tetra-
hymena thermophila ribosomal RNA intron, the 5 splice site phosphate reacts
with a 3" hydroxyl group on a guanosine nucleotide, and no lariat is formed. These
three classes of intron are similar in that the second step is carried out by attack
of the now free 3’ hydroxyl group of the upstream exon with the phosphate at
the 3’ splice site. Both steps of pre-mRNA splicing proceed with inversion of
configuration at phosphorus (K. L. Maschoff and R. A. Padgett, M. J. Moore
and P. A. Sharp, personal communication), which constitutes evidence for a
concerted transesterification reaction, as had been previously described for
Group I self-splicing introns (McSwiggen and Cech 1989; Rajagopal et al. 1989).
The basic similarity between pre-mRNA splicing and splicing in which the
intron participates in the catalysis of the splicing reaction has led to the
speculation that pre-mRNA splicing is essentially RNA-catalyzed (Cech 1986;
Guthrie 1991; Sharp 1991). It is supposed that in the case of pre-mRNA splicing
the catalytic RNA is one or more of several small nuclear RNAs (snRNAs)
that assemble onto nascent intron-containing transcripts as part of a large
(40S-60S) complex of RNAs with at least 30 proteins known as the spliceosome.

The Spliceosome

The spliceosome contains the pre-mRNA and a number of associated factors.
The best understood of these factors are snRNPs (small ribonucleoproteins),
complexes of one or more snRNAs and associated proteins. The most abundant
spliceosomal snRNAs (U1, U2, U4, US and U6) are present in RNPs containing
a number of common proteins recognized by antibodies {from patients with a
number of autoimmune diseases (for reviews of snRNPs and snRNP proteins,
see Paterson et al. 1991; Birnstiel 1988). All of these RNAs carry a trimethyl
guanosine cap at their 5' ends, with the exception of U6, which has a
monomethyl cap. Ul and U2 snRNPs, each with a single U snRNA, are most
abundant, and have well-defined roles in the splicing process (see Fig. 35.1 and
the discussion below). U4 and U6 are normally found associated in a single
snRNP, loosely associated with the U5 snRNP to form a tri-snRNP (Beherens
and Lithrmann 1991). Both the protein and RNA components of these U
snRNPs are highly conserved. In particular, Drosophila U RNAs are highly
conserved in sequence (Mount and Steitz 1981; Saba et al. 1986; Das et al. 1987;
Lo and Mount 1991; see Mylinski et al. 1984; Guthrie and Patterson 1988; and
Reddy and Busch 1988; for overviews of snRNA conservation). Furthermore,
it is generally possible to make a one-to-one correspondence between HeLla
cell and Drosophila snRNP proteins on the basis of mobility and antigenicity
(Paterson et al. 1991), and those proteins involved in splicing whose sequences
have been determined in Drosophila as well as in vertebrates are also highly
conserved (Mancebo et al. 1990; Harper et al. 1992; Zahler et al. 1992).
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A considerable number of specific interactions among various components
of the spliceosome and the splicing substrate occur prior to the first step of
splicing. Green (1991) divides spliccosome assembly into four steps: the Ul
snRNP-binding reaction, the U2 snRNP binding reaction, the entry of the
U4/U5/U6 tri-snRNP and the loss of U4 snRNP from the spliceosome (Fig.
35.1). A number of intermediates in this process can be separated on non-
denaturing gels (Konarska and Sharp 1987) or on sizing columns (Michaud
and Reed 1991), and some of the intermediate complexes have been named
(Fig. 35.1). Prior to its assembly with spliceosomal components, the pre-
mRNA can be found associated with heterogeneous nuclear ribonucleoprotein
(hnRNP) proteins both in vivo (Dreyfuss 1986) and in vitro (Bennett et al. 1992).
This early complex, known as the H complex, contains different hnRNP
proteins on different substrates. A second complex, known as the E complex,
consists of stably bound U1 snRNP, and can assemble in the absence of ATP
(Michaud and Reed 1991). Subsequent addition of the U2 snRNP (which
associates with the branchpoint) requires ATP and results in the formation of
the A complex. A pre-existing complex of U4, U5 and U6 is added to the A
complex to form the B complex. Then, the U4 snRNP (without U6) is either
lost from the spliceosome (Lamond et al. 1988; Yean and Lin 1991) or
destabilized (Blencowe et al. 1989), and splicing follows. Splice site recognition
by snRNPs has recently been reviewed by Steitz (1992).

Recognition of 5’ Splice Sites

A 5 splice site that conforms to the consensus sequence MAG|GURAGU
M = A or C; R = A or G), within which the underlined GU dinucleotide is
invariant, is generally required for splicing (Acbi et al. 1986; Green 1986; Smith
et al. 1989). The 5 splice site is recognized by the Ul snRNP (Mount et al.
1983; Black et al. 1985) via base-pairing with the 5’ end of Ul RNA (Zhuang
and Weiner 1986, Séraphin et al. 1988; Siliciano and Guthrie 1988), as originally
proposed by Lerner et al. (1980) and by Rogers and Wall (1980). The 5’ splice
site is probably also recognized by additional factors (Siliciano and Guthrie
1988; Bruzik and Steitz 1990; Seraphin and Rosbash 1990; Stolow and Berget
1991), including the U5 snRNP (Newman and Norman 1991), which appears
to recognize the exonic portions of both the 5" and the 3’ splice sites (Newman
and Norman 1992). The G at intron position ! is required for the second step
of splicing as well as for the first; mutations in this position can result in
accumulation of lariat intermediates in both yeast (Newman et al. 1985;
Vijayraghavan et al. 1986) and mammalian (Aebi et al. 1986) systems. Thus, it
appears that nucleotides at the 5’ splice site are recognized multiple times in
the course of a single splicing event, and this may help to explain the observation
that consensus sequences for the 5 splice site are highly conserved between
species (Mount 1982; Shapiro and Senapathy 1987; Jacob and Gallinaro 1989;
Fields 1990; Mount et al. 1992). 1t is of particular interest to this discussion that
the Drosophila matrix is remarkably similar to those obtained from mammalian
introns (Table 35.1).
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TaBLE 35.1. 5 splice site sequences

Drosophila (frequencies, as percentages).

-5 -4 -3 =2 -1 1 2 3 4 5 6 7 8

A 33 34 37 52 9 0 0 60 71 9 11 39 27
C 24 21 29 15 8 0 0 1 9 2 14 13 21
G 14 23 15 11 ! 100 0 35 82 6 19 20
T 29 22 19 21 12 0 100 4 11 6 68 29 32
consensus: M A G G T R A G T W

Total (all species, dominated by mammals).

-3 -2 -1 1 2 3 4 5 6
A 32 60 9 0 0 59 71 7 16
C 37 13 5 0 0 3 9 6 16
G 18 12 79 100 0 35 11 82 18
T 13 15 7 0 100 3 9 6 50
consensus: M A G G T R A G T

Drosophila 5’ splice site scoring table. Scores were calculated according to Hertz et al. (1990).

-3 -2 -1 1 2 3 4 5 6 7
A 0.6 1.1 —14 —57 -5.7 13 1.5 —14 -1 0.6
C 0.2 —-0.7 —1.6 —4.7 —4.7 —4.1 -14 -31 -0.8 -09
G -0.7 —-11 1.5 20 —-57 0.5 —14 1.7 -19 —-04
T -04 -02 —1.0 —-5.7 20 -2.5 —-11 -20 1.5 0.2

Recognition of Branchpoints, Pyrimidine Tracts, and 3’ Splice Sites

3’ Splice sites conform to the consensus sequence YAG|G and are typically
found at the site of the first AG dinucleotide downstream of the branchpoint.
Mammalian branchpoints fit the consensus sequence UNCURAC (in which
branch formation occurs at the underlined A) and usually reside between 18
and 38 nucleotides upstream of the 3’ splice site (Noble et al. 1988; Reed and
Maniatis 1988; Nelson and Green 1989). Between the branchpoint and the 3’
splice site is a pyrimidine-rich region. The way in which sequences at the 5’
splice site, the branchpoint, the pyrimidine-rich stretch, and the 3’ splice site
act together in mammalian splicing to specify intron boundaries has been
investigated in detail and much is known of the factors that recognize these
sites (Reed and Maniatis 1988; Smith et al. 1989; reviewed in Smith et al. 1989;
Green 1991). The branchpoint is recognized by the U2 snRNP via base pairing
(Parker and Patterson 1987; Nelson and Green 1989; Wu and Manley 1989;
Zhuang et al. 1989; Zhuang and Weiner 1989). However, binding of the
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U2 snRNP to the branchpoint requires a number of factors, including the Ul
snRNP (Zillman et al. 1987; Ruby and Abelson 1988; Séraphin et al. 1988;
Barabino et al. 1990) and U2AF, a factor that binds to the pyrimidine-rich
stretch (Ruskin et al. 1988; Zamore and Green 1991).

There exists considerable evidence supporting the proposal that after a
branchpoint has been selected (and possibly, but not necessarily, after the first
step of splicing) a 3’ splice site is selected at the first AG dinucleotide
downstream of the branch. This model is supported by the result, observed in
both yeast (Rymond and Rosbash 1985) and HeLa cell extracts (Smith et al.
1989), that the first step of splicing can proceed without an AG dinucleotide if
certain conditions are met (see below). In particular, Reed (1989) has divided
introns into two categories based on the relative importance of the branchpoint
and the pyrimidine tract, and finds that a tract of 14 pyrimidines is sufficient
to confer AG-independent splicing. In any event, the lack of AG dinucleotides
in the region between the branchpoint and the 3’ splice site (Mount 1982;
Shapiro and Senapathy 1987; Gelfand 1989) is suggestive of some sort of
microscanning model, as was noted very early (Mount 1982). Consistent with
this, mutational analysis indeed indicates that the first AG downstream of such
a branchpoint is used as the 3’ splice site (Langford and Gallwitz 1983; Smith
et al. 1989). In the mammalian case (Smith et al. 1989), CAG, UAG or AAG,
introduced between the branchpoint and the genuine 3’ splice site, were found
to “capture” splicing, but GAG in the same position prevented splicing
altogether, a result that is consistent with the lack of any recorded 3’ splice
sites with the sequence GAG.

Recently, Reich et al. (1992) observed that compensatory changes in
Ul RNA can suppress mutations in the AG at the 3’ splice site in Schizo-
saccharomyces pombe, indicating base pairing between U1 and the 3’ splice site
prior to the first step of splicing. Thus, U1 RNA interacts with both splice sites
prior to the first step of splicing, at least for some introns (possibly all those
introns that require the 3’ splice site AG to complete the first step of splicing).
This division of introns into categories based on AG-dependence can be
extended to include a third category: those introns that do not require U1 at
all (Bruzik and Steitz 1990). Thus, it is becoming apparent that the relative
contributions of particular factors to intron recognition may vary among
introns.

Species-specificity of Splicing Signals

Although it is now clear that mRNA splicing is carried out by a universally
conserved fundamental mechanism, it does not follow that there is conservation
of splicing signals. In fact, both in vivo and in vitro systems splice introns derived
from other phyla either inaccurately or not at all, and those interested in the
expression of genes in Drosophila must keep in mind that there is no counterpart
in Drosophila to the wealth of information available about splicing signals in
yeast and mammalian cells. However, judicious consideration of Drosophila
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intron sequences, the small but growing database of experimental results
obtained in Drosophila, and selected results from other species, aliows a good
understanding of Drosophila splicing signals. In this section, I will review what
is known about variation between species with respect to the nature and relative
contribution of various splicing signals.

Exon Definition and Intron Retention

What happens when a splice site is defective? Naively, one would think that
the splice site would be ignored, resulting in retention of the intron whose
excision is dependent upon that splice site (intron inclusion—Fig. 35.2).
Alternatively, if there is information elsewhere that indicates that a splice should
take place within any given region, then another site may be used for the splice
(cryptic sites, Fig. 35.2). This result can also be explained by competition
between the two sites—either alone would be sufficient to compel a splice, but
the stronger site is better at recruiting factors that result in a commitment to
splicing. In fact, the result of many mutations in mammalian splice sites is
skipping of an entire exon that includes the affected splice site (Mitchell et al.
1986; reviewed in Robberson et al. 1990; see exon skipping, Fig. 35.2). This
implies that exons, rather than introns, are recognized as a unit. Such results
from mutational analyses have been used, in combination with results from the
study of complex assembly in vitro on model substrates, including an association
of Ul snRNP with the 3" half of introns (Zillman et al. 1987), to advance a
theory of exon definition (Robberson et al. 1990). Exon definition implies that
the productive assembly of spliceosomal components at splice sites is dependent
upon the presence of functional sequences at both ends of each exon. This
phenomenon has now been well documented experimentally (Talerico and
Berget 1990; Grabowski et al. 1991). The strength of the 5" splice site at the 3’
end of the internal exon has been shown to be critical for the efficiency of
splicing in a manner that is independent of the strength of the upstream 5’
splice site (Grabowski et al. 1991), implying that two Ul snRNPs, interacting
with two distinct binding sites (5° splice site sequences) are critical for splicing.

Drosophila has relatively shorter introns (Hawkins 1988; Bingham et al.
1988; Mount et al. 1992), and relatively longer exons (Hawkins 1988; Maroni,
this volume, Chapter 34), than do mammalian species, and exon definition may
play a correspondingly smaller role in the determination of splicing patterns.
Consistent with this, a two-intron adenovirus test substrate (an exon of 94
nucleotides flanked by an upstream intron of 120 nucleotides and a downstream
intron of 89 nucleotides) reveals species-specific behavior when tested in splicing
extracts from Drosophila and human cells. Mutation of the 5’ splice site results
in exon skipping in splicing extracts from HeL a cells (Talerico and Berget 1990),
but intron inclusion in extracts from Drosophila cells (M. Talerico and
S. Berget, personal communication). Intron inclusion has also been observed
in response to similar mutations in a two-intron Drosophila substrate from
the zeste gene assayed in Drosophila extracts (M. Talerico and S. Berget,
personal communication). Finally, there are hints that intron inclusion may be
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F1G. 35.2. Exon-skipping, intron inclusion, and the use of cryptic splice sites as
responses to inactivation of a splice site. The splicing pattern of a typical gene
segment including three exons and two introns is depicted in the top cartoon
(“standard”), and altered patterns of splicing that can result from a mutation at one
splice site (here the a mutation at the 5’ splice site) are shown below: activation of
cryptic splice sites, intron inclusion, exon skipping. Most alternative splicing can be
explained in terms of one of these three responses to an inactivated (or activated)
site.

accompanied by a greater stability of intron-containing RNA in vivo.. The
classical in vivo result of 5’ splice site mutations in vertebrate systems is no
RNA. In contrast, flies carrying 5’ splice site mutations have been observed to
accumulate intron-containing RNA (S. Wasserman, personal communication;
unpublished data from the author’s laboratory). These results are all consistent
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with the suggestion that in Drosophila the intron, rather than the exon, is the
unit of recognition during spliceosome assembly.

However, recognition of exons probably occurs as well. The term “micro-
exon” was first applied by Beachy et al. (1985) to two, 51 nucleotide,
alternatively spliced (O’Conner et al. 1988; Kornfeld et al. 1989), exons in Ubx.
In fact, these exons are within the normal range of exon sizes (see Maroni, this
volume, Chapter 34); what led to their being called microexons was their small
size relative to the size of the introns flanking them. This makes them candidates
for regulation of alternative splicing by regulation of exon definition/recognition,
as is the case in the sex-specific autoregulation of Sexlethal (Bell et al. 1988),
and alternative splicing of the Drosophila myosin heavy chain gene (Hodges
and Bernstein 1992). True microexons have also been observed in Drosophila
genes. One rather striking case is an exon of only six nucleotides that lies
somewhere within 26 kb separating the first and third exons of the invected
gene (Coleman et al. 1987). To my knowledge, the location of this microexon
has never been ascertained. McAllister et al. (1992} describe two nine-nucleotide
microexons whose inclusion in the Drosophila fasciclin I gene is variable. In
this case, the positions of the microexons have been determined (they reside
within a stretch of only 2.7 kb), and the sequence flanking them provides a clue
as to how exons of such a small size might be recognized. Each of the
microexons is preceded by a long stretch (160 and 120 nucleotides) of sequence
with reduced G content (less than 10%) and no AG dinucleotides. Thus, it is
possible to propose that these microexons are recognized by formation of a
complex at the microexon 5’ splice site and a site greater than 100 nucleotides
upstream. Once commitment to splicing (and possibly removal of the down-
stream exon) had occurred, microscanning (see above) could locate the
appropriate 3’ splice site. This model makes the experimentally testable
prediction that microexons will generally use remote branchpoints.

Introns with High A + T Content

Animal introns are not properly recognized in transfected plant cells (Weibauer
et al. 1988). This is despite the observation that splice site consensus sequences
are fairly similar between plants and animals (Brown 1986; Goodall and
Filopowicz 1991; White et al. 1992). It appears that the relative A + T-richness
of plant introns is critical to their proper recognition (Goodall and Filopowicz
1989), an effect that is more pronounced in introns from dicots than in introns
from monocots. The upshot of considerable mutational analyses (assayed by
transfection into tobacco (dicot) protoplasts) is that these cells will recognize
as an intron almost any sequence that is extremely A + T-rich and is flanked
by appropriate, short, consensus sequences (Goodall and Filopowicz 1991);
branchpoint and pyrimidine tract sequences are not important to splicing. As
would be predicted from the foregoing, deletion of intron sequences so as to
move the boundary between A + T-rich and flanking sequences is sufficient to
activate cryptic 3’ splice sites that lie in the vicinity of the new boundary (Lou
et al. 1992). Drosophila also has introns that are significantly richer in A + T
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than are flanking exons (659 versus 48%; Mount et al. 1992), but the possible
contribution of A + T content (or of critical subsequences composed of A and
T) to intron recognition has not been demonstrated experimentally. In fact, a
survey of base composition in introns versus exons (Csank et al. 1990) reveals
that mammals are unique among species surveyed in their lack of a significant
difference between introns and exons with respect to A + T content, and the
yeast Saccharomyces cerevisiae is among species with the smallest difference in
A + T content between introns and exons. Thus, a contribution of A+ T
content to the recognition of introns may be general, but poorly described
because of the choice of experimental organisms by the pre-mRNA splicing
community.

Variation in Intron Size

Hawkins (1988) and Bingham et al. (1988) were the first to note that there
are considerable differences between Drosophila and other species (notably
mammals) with respect to the size of introns. Specifically, approximately half
of all sequenced Drosophila introns are less than 80 nucleotides, with a modal
length between 60 and 65 nucleotides (Mount et al. 1992). Thus, the typical
Drosophila intron is smaller than all but a few mammalian introns (Hawkins
1988; Ge et al. 1990), and shorter than the length of approximately 80 nucleo-
tides generally required for efficient splicing in mammalian cells (Wieringa et al.
1984; Ruskin et al. 1985). This strongly suggests species specificity in the
recognition of introns (as opposed to the idea that, although smaller than most
mammalian introns, the many short Drosophila introns would nevertheless be
recognized by a mammalian splicing system). An experimental demonstration
of species specificity with respect to size requirements has been obtained recently
by Guo et al. (1992), working with a short (74 nucleotide) Drosophila intron
that was properly recognized in homologous (Drosophila Kc cell), but not
heterologous (HeLa cell) nuclear extracts. An even more extreme situation exists
in C. elegans, where intron lengths of less than 50 nucleotides are common
(Blumenthal and Thomas 1988). Consistent with these observations, a C.
elegans intron of 53 nucleotides was efficiently spliced in HeLa cell nuclear
extracts only when expanded to 84 nucleotides (Ogg et al. 1990).

The distance between the 5’ splice site and the branchpoint and the distance
between the branchpoint and the 3’ splice site are presumably subject to
different constraints, so it is of interest to know in which portion of the intron
species-specific length preferences reside. The distribution of sequences that
resemble the branchpoint, for example CTAA, within small introns indicates
that distances between the branchpoint and the 3’ splice site in Drosophila are
very similar to those found in mammals, but 5’ splice site to branchpoint
distances are often shorter (typically 38—43 nucleotides; Mount et al. 1992). In
the case of the white second intron, the experimentally observed branchpoint
used by Kc cell extracts is 42 nucleotides from the 5’ splice site (Guo et al.
1992). This 5’ splice site to branchpoint distance is considerably less than that
in mammalian introns. For example, manipulation of this distance in the small-t
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intron (Fu et al. 1988) indicated that the wild-type distance in that case
(48 nucleotides) is minimal; an intron with a distance of 46 nucleotides showed
no splicing, while a distance of 53 nucleotides showed significantly increased
splicing. In another study, Smith and Nadal-Ginard (1989) found 51 nucleotides
too short, but 59 sufficient. In addition, a distance of 49 nucleotides between
the 5 splice site and branchpoint was found too short to allow U4,U5 U6
tri-snRNP binding to an adenovirus E1A pre-mRNA in vitro (Himmelspach
et al. 1991),

Intriguingly, although the distance between branchpoint and 3’ splice site
is conserved between mammals and fruit flies, it is not conserved in all species
with small introns. For example, Prabhala et al. (1992) examined sequence data
for introns from Schizosaccharomyces pombe, and found that over half of
S. pombe introns appear to have less than 10 nucleotides between the branch-
point and the 3’ splice site. In the nematode C. elegans, there is a modal intron
size of roughly 45 nucleotides (Blumenthal and Thomas 1988), smaller than all
but the very smallest Drosophila introns. Because no C. elegans branchpoint
consensus can be discerned, it is unclear which half of the intron has altered
size constraints.

The smallest intron in the Drosophila data set examined by Mount et al.
(1992) is 51 nucleotides. However, a 36 nucleotide intron is described in the
vasa gene by Lasko and Ashburner (1988), and the set of genes in this atlas
contains a 40 nucleotide intron in the bicoid gene. In the latter case, the
unusually small size may be due to overlap between the branchpoint and
3" splice site (CTTATCAGIJA incorporates both the CTAAT branchpoint
consensus and the YAG|G 3’ splice site consensus). The distance between the
putative branchpoint and the 3’ splice site in this case would be only four
nucleotides, which is an extremely short distance. However, there are a number
of Drosophila introns with alternative 3’ splice sites bearing a similar relation-
ship. One site is very close to a putative branchpoint and the other is about
15 nucleotides further on. In the bcd example, the downstream 3’ splice site
corresponds to a short intron that is normal in every respect save one—the
occurrence of an AG dinucleotide relatively close to the 3 splice site, at position
—15. Other examples of this arrangement are the two 3’ splice sites in the Sx!/
male-specific exon (Bell et al. 1988), where a branchpoint consensus is 10
nucleotides upstream of one 3’ splice site and 28 nucleotides upstream of
another; and Hrb98DE, where the corresponding distances are 5 and 17
nucleotides (Haynes et al. 1990).

The short but relatively constant distance between the 5 splice site and
branchpoint of small Drosophila introns raises the possibility of direct contact
between complexes at the 5' splice site and at the branchpoint. A model
that incorporates the information summarized here is described in Fig. 35.3.
Fig. 35.3A depicts the mechanism of splicing of large introns in Drosophila and
follows information from splicing in HeLa cells presented in greater detail in
Fig. 35.1. Fig. 35.3B presents a model involving direct interaction between a
complex at the 5’ splice site and a complex at the 3’ splice site, indicating how
accommodation to a shorter distance between the 5 splice site and branchpoint
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might lead to a novel, and possibly species-specific, interaction between
complexes at the two sites.

Variation in Branchpoint Recognition

Most mammalian introns are not spliced in yeast cells (Beggs et al. 1980;
Langford and Gallwitz 1983). This is due, at least in part, to the fact that yeast
introns almost always use the precise sequence UACUAAC as a branchpoint,
and this sequence is the primary determinant of yeast 3’ splice site selection
(Jacquier et al. 1985; Newman et al. 1985; Parker and Guthrie 1985). In contrast,
the branchpoint sequence of mammalian introns has greater flexibility (Keller
and Noon 1984; Ruskin et al. 1984; Zeitlin and Efstratiatis 1984; Konarska et al.
1985; Reed and Maniatis 1988; Nelson and Green 1989) and the pyrimidine-rich
stretch is relatively more important (Frendeway and Keller 1985; Reed 1989).
This dichotomy is nicely illustrated by differences in the sequences required for
the first step of the splicing reaction to take place in the absence of the second.
In yeast, UACUAAC is sufficient (Rymond and Rosbash 1985), while the
mammalian splicing machinery demands a significant stretch of pyrimidines for
AG-independent splicing (Reed 1989; Smith et al. 1989).

Branchpoint recognition has not been carefully examined in Drosophila. In
one case, in vitro splicing was observed to proceed, using a non-consensus
branchpoint, when the wild-type site was mutated (Guo et al. 1992). In addition,
the pyrimidine-rich stretch that is so prominent in the literature on mammalian
intron splicing (cited above) is absent in a large fraction of Drosophila introns,
implying that branchpoint recognition must occur in the absence of a significant
pyrimidine tract. For example, 499 of short Drosophila introns lack even a
single stretch of 12 nucleotides including 10 pyrimidines in the region between
— 50 and — 3 relative to the 3’ splice site. In the —26 to —5 region, the average
content of pyrimidines in a mammalian intron is 72%. In Drosophila, this
number is 66%;,. Perhaps more striking is the observation that A residues are
actually more common than C residues (25 versus 22%). This region is high in
T (44%,) and low in G (9%). In fact, 789, of all Drosophila introns in that data
set have TTT somewhere in the region between —35 and — 3. However, there
are introns with few Ts in the region, but no introns that are G-rich in this
region. Counting the number of G residues in a 25 nucleotide window adjacent
to 3’ splice sites leads to rather striking results; only three out of 205 3’ splice
sites have more than five Gs in this region, and the average intron has less than
three (Fig. 35.4A). Of 205 3’ splice sites in the data set, only seven have more
Gs in an adjacent exonic 25 nucleotide window than in this window. Thus, this
region carries a lot of information that can be used to predict the location of
a 3’ splice site.

How is this region recognized by the splicing machinery in Drosophila?
U2AF recognizes the pyrimidine tract and promotes recognition of the
branchpoint by U2 in mammalian splicing, and U2AF activity has been found
in Drosophila extracts (Zamore and Green 1991). It is possible that pyrimidine-
poor Drosophila introns are indeed recognized by U2AF; the Drosophila
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homologue of U2AF could simply have an altered sequence specificity, and
bind to G-poor rather than pyrimidine-rich regions. Another possibility is that
other factors are involved.

A Strategy for the Identification of Drosophila Introns

This section is written for the Drosophila geneticist or developmental biologist
who has just sequenced his favorite gene, but has not yet isolated cDNAs, or
would like to assess the likelihood that additional spliced RNAs exist, and if
so, which splice sites are likely to be used. The ideas presented here are being
developed into computer programs that can be used by those involved in any
large scale Drosophila genomic sequencing project.

Splice sites conform well to a consensus, and the identification of potential
splice sites on the basis of conformity to frequency matrices, such as those in
Tables 35.1-35.3, generated by tabulating known splice sites, would appear to
be a straightforward matter. However, there is no universally accepted method
for weighting specific nucleotides within such matrices. Lear et al. (1990)
experimentally determined the strength, relative to a reference site, of 37 actual
5" splice sites within a common defined sequence context by HeLa cell
transfection assays, and then compared those results to a compilation of
primate data (Shapiro and Senapathy 1987) using a number of distinct scoring
schemes. These techniques, including the increasingly applied “Senapathy
score,” calculated according to Shapiro and Senapathy (Shapiro and Senapathy
1987), performed comparably (giving coefficients of correlation between
measured strength and score of between 0.68 and 0.76. However, it is entirely
possible that scoring schemes not examined in that paper would yield better
results. In particular, the log-likelihood scoring technique derived from infor-
mation theory and embodied in the programs CONSENSUS and PATSER

F1G. 35.3. A model for the splicing of small introns in Drosophila. Many

Drosophila introns are smaller than the minimum size recognized by the mammalian
splicing apparatus (Bingham et al. 1988; Hawkins 1988; Mount et al. 1992), and there
are indications of a distinct mechanism for the splicing of small introns in Drosophila
(Guo et al. 1992). (A) depicts the mechanism of splicing of large introns in Drosophila,
following Fig. 35.1. Boxes around the splice sites and branchpoint represent
complexes formed from splicing factors. (B) presents a model of direct contact
between complexes at the 5 splice site and at the branchpoint that may explain those
observations. “Interference” refers to the effect of too short a 5 splice site to
branchpoint distance on mammalian splicing, as described by Himmelspach et al.
(1991), who observed a lack of complexes involving U4/U5/U6 or U2.
“Accommodation” depicts the idea that Drosophila spliceosomal components may
have evolved to be compatible with assembly on introns with shorter 5 splice site to
branchpoint distances, and indicates how that might have led to the observation of a
preferred 5 splice site to branchpoint distance of approximately 40 nucleotides in
small Drosophila introns (Mount et al. 1992).
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TaBLE 35.2. 3’ splice site sequences

Drosophila.

—14 —-13 —-12 -I11 -10 -9 -8 -7 -6 -5 —4 -3 -2 —-1 1 2 3

A 21 21 22 20 19 19 24 19 10 11 28 5 99 0 33 17 18
c 2 23 16 24 24 37 28 36 28 20 23 68 0 0 15 21 32
G 8 10 9 9 10 6 11 6 5 4 23 0 0 100 34 19 25
T 49 45 53 47 47 39 37 40 57 64 25 27 0 0 18 43 25
T T T T T Y Y Y T T C A G R T
Total.
—-14 -13 -12 -—-11 ~-10 -9 -8 -7 -6 —5 —4 -3 -2 -1 1
A 11 11 10 8 11 10 11 1t 7 8 25 3 100 0 27
Cc 29 33 30 30 32 34 37 38 39 36 26 75 0 0 14
G 14 12 10 10 9 1t 10 9 7 6 26 1 0 100 49
T 46 44 S0 52 48 45 42 43 47 51 23 21 0 0 10
T Y Y Y Y Y Y Y Y Y C A G G

Drosophila 3’ splice site scoring table. Scores were calculated according to Hertz et al. (1990).

=22 -21 -20 -—-19 -—-18 -—-17 -—-16 —-15 —14 —I13 —12 —1I —10

A 0.5 0.5 0.1 0.3 0.0 02 —-02 01 -02 -02 -02 —-03 -04
¢ -06 -06 -03 —-03 -02 -03 —-03 —-04 —-02 —-01 -06 0.0 0.0
¢ -11 -13 -11 -12 -09 -15 -18 —-08 —-15 —-13 —14 —-14 —-13
T 0.6 0.6 0.8 0.7 0.7 0.8 11 0.7 1.0 0.9 1.1 0.9 0.9

—04 00 —-04 —-13 —12 02 -22 20 =57 04 —-05 -—-05
0.6 0.2 0.5 02 —-03 -01 1.5 —-47 -57 —-07 -02 04
-20 -12 -20 -21 -24 —-01 -57 =57 20 05 —-04 00
0.6 0.6 0.7 1.2 1.4 0.1 01 —-57 -57 —-04 08 0.0

—-HaQo»

(Hertz et al. 1990) was not tested. Tables 35.1-35.3 include scoring matrices in
addition to frequency matrices for splice sites and branchpoints. Scores were
calculated from the data set used by Mount et al. (1992) using the formula
log,(4[ N, + 11/N + 1), where N, is the frequency of a particular base and N
is the number of examples that contribute to the matrix (Hertz et al. 1990).

It should be kept in mind that one cannot know the splicing pattern of a
gene without looking at the mRNA from that gene. This is primarily because
there are exceptions to each of the various features common to most Drosophila
introns or splice sites. However, there are multiple signals involved in the
specification of most introns, and these signals are usually in agreement.
Furthermore, biochemical information summarized in the preceding section
may serve as guidelines.
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TaBLE 35.3. Branchpoint consensus

Mammalian examples. Actual numbers, from Nelson and Green (1989).

A 3 10 0 8 10
C 8 9 20 6 4
G 5 7 3 0 13
T 15 5 8 17 4
Consensus: T N C T R
Yeast sequence: T A C T A

BP
29 1 2
115 1
0o 7 2
18 16
A C Y
A C T

Branchpoints determined for Drosophila introns in homologous extracts.

ftz: A
white: T
Myosin HC exon 19: T
Myosin HC exon 19: A
Myosin HC exon 6: T

AFr-=O0
AN
o -
> > >

Rio (1988)

Guo et al. (1992)

Hodges and Bernstein (1992)
Hodges and Bernstein (1992)
Hodges and Bernstein (1992)

> > e
== 0
QHa>n0

Drosophila branchpoint matrix* as determined by CONSENSUS (percentages).

A 36 41 7 20 92
C 1 10 42 10 2
G 8 3 2 9 5
T 55 45 48 60 0
Consensus: W W Y T A

86 1
4 10
1 1
9 88

A T

Drosophila branchpoint scoring table. Scores were calculated according to Hertz et al. (1990) using
a weighted average of the matrix above and that in Mount et al. (1992).

A 0.6 0.7 -23
C —18 —18 1.1
G —1.6 —1.4 —1.2
T 0.9 0.8 0.4

-0.2 1.7 1.8 -20
—-0.7 - 1.7 —-22 —1.2
-19 -1.9 —43 —4.7

1.2 —47 —1.7 1.7

Alternative Drosophila branchpoint scoring table. Scores were calculated according to Hertz et al.
(1990) using the five experimentally determined branchpoints listed above.

A 1.0 04 —-0.6
C —-0.6 1.0 1.4
G —0.6 0.4 —0.6
T 1.4 0.4 1.0

—0.6 20 20 —0.6
~0.6 —0.6 —0.6 0.4
—0.6 —0.6 —0.6 —0.6

20 —0.6 —0.6 1.7

* Different in detail from that reported in Mount et al. because a different (uniform) a priori base composition

was assumed.

Splice sites will also generally occur at boundaries between DNA with
roughly 50% A + T content (exons) and DNA with higher A + T content
(introns). Introns in non-coding regions may be an exception to this rule.
However, G content in the vicinity of 3’ splice sites is an extremely reliable
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predictor (Fig. 35.4; see below). Splice sites will generally conform to the
matrices given in Tables 35.1 and 35.2. If the exons are coding, an open reading
frame will generally be continued across the splice sites. Size is also an important
clue—over half of the Drosophila introns that occur in GenBank are between
50 and 80 nucleotides in length, with the majority of those being between 60
and 66.

Identification of 5" Splice Sites

5' splice sites are best identified by the invariant GT and a consensus matrix.
The Drosophila S’ splice site matrix determined by Mount et al. (1992) is
presented in Table 35.1. This matrix or one like it can be considered universal,
reports of minor differences between species (Jacob and Gallinaro 1989) or
between introns of different sizes (Fields 1990) notwithstanding. One example
of such a difference is the greater frequency of T at position 6 in Drosophila as
opposed to mammalian introns (68%, versus roughly 50%;). When the matrix
shown in Table 35.1 is used to calculate scores for each of the 205 5" splice
sites in the dataset used, the average score obtained is 6.8. Eighty per cent of
actual sites score over 5.0, 959 score over 3.0 and only three sites have negative
scores.

The Branchpoint, G-poor Region, and 3’ Splice Site

Two scoring matrices for the Drosophila branchpoint are given in-Table 35.3.
One matrix is based on the five branchpoints that have been experimentally
determined in a homologous extract, and one is based on a weighted average
of matrices derived using the program CONSENSUS (Hertz et al. 1990; Mount
et al. 1992). Given the low number of experimentally determined branchpoints,
it is unclear which scoring matrix is preferable, or, indeed, how much
importance should be attached to finding a match to the branchpoint matrix.

A G-poor region should be found between the branchpoint and the 3’
splice site, and is an extremely useful tool for locating 3’ splice sites within
unannotated sequence. Note that a large portion of this G-poor region is
incorporated in the 3’ splice site scoring matrix given in Table 35.2.

In summary, the strategy I propose is a simple one. First, determine open
reading frames and plot A + T content and G content across the gene. Then
look for splice sites and branchpoints using that information and the scoring
matrices given in Tables 35.1-35.3, bearing in mind the size constraints and
preferences described above. I am currently developing computational applica-
tions of the ideas described here, and interested readers are encouraged to consult
current releases of the electronic Drosophila Information Newsletter for informa-
tion about the availability of software. To add your name to the Newsletter
distribution list, send e-mail to LISTSERV@IUBVM.UCS.INDIANA EDU
with the message “SUB DIS-L Your-real-name.” Statistics cited in this chapter
were derived by the author and Lonny Sorkin using the data set described in
Mount et al. (1992).
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Introduction

A prototypical eukaryotic mRNA is often described as having a short (less than
100 nt) 5’ untranslated leader sequence upstream of start codon containing a
good consensus sequence (Lewin 1990). Translation initiation from such a
mRNA follows the scanning model whereby: (1) a complex of proteins including
the cap-binding protein (eIF-4E) associates with the 5 cap of the mRNA;
(2) this complex in turn facilitates binding of the preinitiation complex
(40S ribosomal subunits + eIF-2-GTP-tRNA™); (3) the preinitiation complex
scans the mRNA searching for the start codon (the first AUG encountered in
the prototypical mRNA); (4) the large ribosomal subunit (60S) joins the 408
subunit beginning translation (Kozak 1989). The first Drosophila mRNAs
characterized (e.g., Adh, larval cuticle proteins, and the glue proteins) fit the
eukaryotic prototype. However, in more recent years an increasing number of
eukaryotic mRNAs have been discovered that contain unusual features. First,
approximately 9% of the characterized vertebrate mRNAs contain long leader
sequences with upstream open reading frames (Kozak 1987). The presence of
upstream open reading frames present a dilemma for the scanning model.
If the ribosome engages translation of an upstream open reading frame,
terminates, and then dissociates from the mRNA, how is translation of the
major coding region achieved? Kozak demonstrated two possible solutions. The
scanning preinitiation complex can ignore an AUG codon in the leader if it is
in a poor context for initiation or the ribosomes can engage translation of the
URF, terminate, resume scanning (presumably in the form of the small
ribosomal subunit), reload initiation factors, and reinitiate translation down-
stream at the start codon for the major coding region (Kozak 1989). Recently,
Macejak and Sarnow (1991) have demonstrated a more radical solution:
cap-independent, internal binding of the ribosome. Under the “internal
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initiation” model, the ribosome can bind downstream of any offending URFs
and then traverse the remaining leader sequence to the major start codon.

A reanalysis of the translation start site consensus sequence has also altered
our view of the prototypical mRNA. Kozak (1984) initially argued that the
sequence CCACCAUGG was the eukaryotic consensus sequence for translation
initiation and showed the sequences that departed markedly from this consensus
reduced translation initiation of the rat preproinsulin mRNA (Kozak 1986).
However, similar experiments in yeast failed to show significant reduction in
translation initiation from start codons with a “poor context” (Baim and
Sherman 1988). Studies on the start codon context of the Drosophila Adh gene
showed a significant effect of context intermediate to that observed in the rat
and yeast studies (Feng et al. 1991). A further complication of the start codon
context came from the finding that Kozak’s consensus sequence was not based
upon explicit quantitative criteria and did not represent a true consensus
sequence for any major eukaryotic group (Cavener 1987, Cavener and Ray
1991). Moreover, various eukaryotic groups exhibit somewhat different con-
sensus sequence for the translation initiation site. For example, yeast mRNAs
exhibit relatively high frequencies of U at —2 and — 1; Kozak had shown that
Us at these positions were rare in vertebrates mRNA and detrimental to
translation of the rat preproinsulin mRNA. Only the presence of A or G at the
—3 position is a consensus throughout eukaryotes (Cavener and Ray 1991).

Data Acquisition and Analysis

We compiled the following data for Drosophila mRNAs: (1) length of the leader
sequence; (2) method of determining the extent of the leader sequence; (3) the
number of upstream start codons (uUAUG); and (4) the start codon context from
positions —6 to +4 for the major translation start sites and for a random
sample of the uAUGs. Initially, most of the mRNA sequences were identified
in GenBank Release 69 using the INTERBAS computer program (Cavener and
Ray 1991). Sequences reported recently in several journals were added to this
list. In the vast majority of cases the start codons are readily discernible from
the GenBank records. However, information regarding the leader sequence is
almost always inaccurate and/or incomplete in GenBank. In many cases
the extent of the leader sequence has not been determined empirically.
Consequently we examined the primary literature reporting each of the 403
mRNAs listed in Table 36.1 in order to ascertain the method for mapping the
leader sequence and to verify the map features of the GenBank records. Since
the 5" end of the leader sequence is defined by the presumptive start site of
transcription, the precise limits of the leader sequence are only known in cases
where extensive transcript mapping experiments have been conducted. Ideally,
this involves a combination of comparing cDNA sequences with genomic DNA
sequences, primer extension and nuclease protection experiments. For the
majority of Drosophila mRNAs these data are incomplete. Typically, the extents
of mRNA sequences are inferred only from the analysis of the longest cDNA



TABLE 36.1. Leader lengths (nt), number of upstream AUGs, and translation start site
sequences from —6 to +4
Leader Number of
File Encoded protein Method lengths uAUGs Start site
SHTR SHT serotonin receptor b 894 15 CUGCUGAUGG
6DHR RAD6 homolog c 88 0 UGAAAAAUGU
ABDA abd-A, abdominal-A, homeotic b 668 0 AGCAAGAUGU
ABDBP3 abd-b, abdominal-B, P3 a ? ? CCCGUCAUGC
ACHE ace, acetylcholinesterase b 993 6 UAUUCAAUGC
ACHRR acetylcholinesterase receptor b 254 6 AAAAUCAUGG
ACHRX muscarinic acetylcholine b 32 0 CCGGCGAUGA
receptor
ASC1 ac, achaete e 63 0 CUUAAAAUGG
ACS2 sc, scute e 117 0 GUGUUAAUGA
ACT42A actin 42A e 102 0 UACAAAAUGU
ACT5CX actin 5C e 156 0 UACAAAAUGU
ACT79B actin 79B c 149 0 CCAAACAUGU
ACT87EA  actin 87E e 82 0 GCCAAGAUGU
ACT88F actin 88F c 187 4 GCCAAGAUGU
ADF1A adf-1 transcription factor b 312 0 AUUGAGAUGG
ADHa Adh, alcohol dehydrogenase € 123 0 GUCACCAUGU
distal protein
ADHb Adh, alcohol dehydrogenase e 70 0 GUCACCAUGU
proximal protein
AFLL arf-like, GTP binding protein b 118 0 GUCAUCAUGG
ALSR acetylcholine receptor alpha b 1,282 7 CCUAAGAUGG
AMA ama, amalgam ¢ 235 0 CCAGACAUGG
AMYAG! amy, amylase c 35 0 AUCAUCAUGU
ANNX annexin b 90 0 UGCAUAAUGG
ANP* andropin c 37 0 CUAGUUAUGA
ANTCA Dfd, deformed homeotic b 490 4 UCCGUCAUGA
ANTCF ftz, fushi tarazu [¢ 120 1 UCCGAUAUGG
ANTPa Antp, antennapedia P1 mRNA 3 1,527 8 GCCACGAUGA
AnTPb Antp, antennapedia P2 mRNA e 1,729 15 GCCACGAUGA
ANTPS2 position-specific antigen 2 b 258 5 GACAAAAUGA
APRT adenine b 89 0 AGAAAAAUGA
phosphoribosyltransferase
ARMa armadillo E16 e 135 1 ACCAAGAUGA
ARMbD armadillo E9 e 170 0 ACCAAGAUGA
ARR arrestin-1 c 120 0 UCCAAAAUGG
ARRA arrestin-2 ¢ 116 0 UCCAAAAUGG
ASCA T3 of achaete-scute c 27 0 AUUACCAUGA
ASCB T8 of achaete-scute a ? ? UUUGGCAUGC
ASE ase, asense c 456 8 UUAAUUAUGG
ATPA Da-47, Na*/K™* ATPase alpha b 12 0 AAUAACAUGG
subunit
AWDR awd, abnormal wing disc e 25 0 GCGACAAUGG
B52* B52 protein, NHCP b 55 0 GUUAUCAUGG
BAM bam, bag-of-marbles c 186 1 AGAAUAAUGC
BCD16 bic, bicoid b 169 2 GGGAAAAUGG
BICD bicP bicaudal-D b 131 0 AUCAUCAUGU
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TABLE 36.1.

Continued

Leader Number of

File Encoded protein Method lengths uAUGs Start site
BIIG BJ1, chromatin-binding protein b 210 0 GCUAAAAUGC
BJ6 no-on transient A, Bj6 b 76 0 UAAAAAAUGG
BR* br, broad b 386 0 AUCGAGAUGG
BROWN bw, brown b 268 1 CUCGAAAUGC
BSG25D bsg25D, blastoderm e 296 1 CGGAUAAUGG
BX189A pH189A ORF, BX-C a ? ? UCCUAAAUGU
BX189B ph189B ORF, BX-C c 1,019 5 UACCCGAUGG
BX200 pH200 gene, BX-C c 494 1 UACAGAAUGG
C1A9 NHC, non-histone b 349 4 AACAAAAUGG

chromosomal protein
CACTTR choline actyltransferase c 406 0 GCGAACGUGG
CADAla cad, caudal zygotic e 460 4 CCAGCCAUGG
CADA1b cad, caudal maternal e 301 3 CCAGCCAUGG
CAIM1 calmodulin b 85 0 ACAAAAAUGG
CAPKCA cAMP-dep protein, kinase a ? ? UCCAAGAUGG

catalytic
CATHPO  catalase b 87 1 AGCAAAAUGG
CCG Cc gene, Ddc region a ? ? AGGAUAAUGG
CDC2P24  cdc2 homolog b 55 0 UAAAUUAUGG
CHAB potassium channel protein b 406 S GGUGGCAUGG
CHORS16  chorion, s16 ? 46 0 AAAAAAAUGU
CHORS3 chorion, s36 c 31 0 GGCAACAUGC
CHORS3 chorion, s38 ¢ 77 0 GACAAGAUGA
CHORSGa chorion, S18-1 [ 44 0 CUCAGAAUGA
CHORSGb  chorion, S15-1 [ 45 0 CUCACCAUGA
CHORSGc  chorion, §19-1 c 45 0 AUAGCCAUGA
CID ciD, cubitus interruptus b 415 6 AAUGAAAUGG

dominant
CLARET claret non-disjunctional* a ? ? UUGGCGAUGG
CNC cne, segmentation protein b 94 0 UGUCGCAUGG
COPO1 chaoptin e 255 0 AGCAAAAUGG
CRN* crn, crooked neck, cell cycle b 80 0 CACAGCAUGG
CRPA crumbs protein b 213 4 GCGAUCAUGG
CSG Cs, Ddc region a ? ? GAUUCGAUGU
CSKA casein kinase II alpha b 258 0 AGAAAAAUGA
CSKB casein kinase II beta b 22 0 AUCAAAAUGA
CSPAA cysteine-string protein 29 b 150 0 AUCAGGAUGA
CSTAA ctr, concertina b 133 1 CCAGCGAUGU
CTCL1 cuticle protein I c 42 0 GCGAAUAUGU
CTCL2a cuticle protein II f 42 0 GCCAACAUGU
CTCL2b cuticle protein III c 45 0 AUCAAAAUGU
CTCL2c cutical protein IV { 45 0 GUCAAAAUGU
CUT cut b 268 4 CCACGAAUGC
CYCA cyclin A b 296 5 CGCACCAUGG
CYCC* cyclin b 93 0 UACGAAAUGG
CYCDC3 cytochrome ¢, DC3 a ? ? UCCAAGAUGG
CYCDC4 cytochrome ¢, DC4 a ? ? UCCAUAAUGG
CYCLB cyclin B b 123 0 AUCAAAAUGG
CYP1 cyp-1 protein, cyclophilin a ? ? UCAAAGAUGA
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File Encoded protein Method lengths uAUGs Start site
DiDE insulin-degrading enzyme b 297 1 CCCAAGAUGA
DiP chromosomal protein D1 b 227 0 AGAGAAAUGG
DA2 D alpha-2 protein, D2 b 492 1 GUCACCAUGG
DC1AB DCI1, putative protein kinase b 92 3 GCUGUUAUGA
DC2 DC2, putative protein kinase b 894 1 ACAGCGAUGU
DCKA calmodulin-dependent protein b 250 0 AUCGCGAUGG
kinase

DCO cAMP-protein kinase catalytic c 828 2 UCCAAGAUGG
subunit

DDC a Ddc, dopa decarboxylase c 233 0 UCUGAAAUGA
CNS

DDC b Ddc, hypoderm form c 197 0 AUCGACAUGG

DDY3 Ddyn3, dynamin shibire locus b 394 2 GCCGCAAUGG

DDYN4 Ddyn4, dynamin shibire locus b 51 0 GCCGCAAUGG

DECIA dec-1 chorion-1 fc125 e 75 0 UACAGGAUGA

DELTA D1, delta, neurogenic (DLG) b 141 0 AUAAACAUGC

DFUR1 dfurl, furin-type protein b 104 0 CCCACAAUGA

DG1Al c¢GMP-dependent protein c 108 1 GGCAGAAUGG
kinase

DG2T1A3  c¢cGMP-dependent protein e 97 0 GCCUGGAUGC
kinase

DG2T2A cGMP-dependent protein [ 776 9 UUCGUAAUGA
kinase

DG2T2B c¢GMP-dependent protein € 338 1 UUCGUAAUGA
kinase

DGHTRL  da, daughterless b 212 2 GCUGAAAUGG

DIPT diptericin b 24 0 ACUGAGAUGC

DLGA discs-large tumor suppressor b 380 3 UGCGAUAUGA

DMYD Dmyd, myogenic b 262 2 UGAAAAAUGA

DNC dnc, dunce b 363 4 AGUCUUAUGA

DORSAL  d), dorsal b 274 2 CACAUAAUGU

DOXA2 A2 comp. of diphenol c 90 0 UACAAAAUGA
oxidase

DPPC dpp, decapentaplegic b 1,187 6 GCGACCAUGC

DRCIIt II-cAMP-dependent protein e 402 1 AGCGAAAUGG
kinase regulatory subunit

DRCIV1 IV-cAMP-dependent protein c 182 1 AGCCCGAUGC
kinase regulatory subunit

DRICI1 I-cAMP-dependent protein e 565 3 UACCACAUGU
kinase regulatory subunit

DSK sulfated tyrosine kinin a ? ? CUGUUUAUGC

DSX* doublesex, male and female e 1,020 9 GGAAUCAUGG

E74A E74A, ecdysone inducible e 1,891 17 UCAGCGAUGC

E74B E74B, ecdysone inducible e 793 6 UGCAAAAUGA

E75A E75A, ecdysone inducible e 380 3 AGCAAAAUGU

E75B E75B, ecdysone inducible e 284 3 UCAAAUAUGG

EAG putative potassium channel b 463 2 GGCAAAAUGC

protein
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EAST easter, putative serine protease b 203 0 ACGAAAAUGC
ECR* EcR, ecdysone receptor b 1,068 11 CAGAGGAUGA
EDG78A EDG-78 cuticle protein c 76 0 AUCAUCAUGU
EDGS84A EDG-84 cuticle protein ¢ 61 0 AUCAGCAUGU
EDGY1B EDG-1, cuticle protein c 34 0 AUCGCAAUGG
EF1AF1 elongation factor, F1 c 80 0 UCCAACAUGG
EF1AF2 elongation factor, F2 ¢ 139 0 GCAAGGAUGG
EF2A translation elongation factor 2 b 72 0 UCCAAAAUGG
EFSIT RNA pol II elongation factor b 236 0 GCCAAAAUGA
EGFRA epidermal growth factor b 84 0 GAUAUCAUGA

receptor homolog
EGFRB epidermal growth factor b 22 0 GCAACAAUGC
receptor homolog
EIF2AL* elF-2 alpha subunit a ? ? UUUAACAUGG
EIF2BE* elF-2 beta subunit b >99 1 GACACAAUGG
EIP28G ecdysone inducible protein e 65 1 GAAAUCAUGU
ELAVK elav protein b 491 1 AAAACAAUGG
ELF1 EIfi, DNA binding protein b 920 7 CGUAUAAUGU
EMC emc, extramacrochaetae ¢ 258 0 UCCAGAAUGA
ENGM en, engrailed b 168 0 AAACCAAUGG
ENHSPA E(spl), enhancer of split b 222 0 AACAACAUGU
ESPLM4 E(spl), m4 transcription unit f 79 0 AUCAUCAUGU
ESPLMS E(spl), mS transcription unit ¢ 84 0 UACAAAAUGG
ESPLM7a  E(spl), m7 transcription unit f 128 0 CACACAAUGG
ESPLM7b  E(spl), m8 transcription unit f 96 0 ACAAAAAUGG
EST6 Est-6, esterase-6 b 24 0 AGCAACAUGA
EVE eve, even skipped c 94 0 CCAAACAUGC
FI1GA F1 50kd protein b 200 2 UCCAACAUGG
FCN fasciclin | b 174 0 GCUAAAAUGC
FCNII fasciclin 11 b 582 2 AAAAUCAUGU
FKH fork head b 707 3 GACAUCAUGC
FMRF FMRFamide b 18 1 GCCUUGAUGU
FOS* fos homolog b 772 5 GCAACAAUGA
FPS85D dfps 85D b 243 2 AGCAUCAUGG
FRZAC2 frizzled, AC2 b 709 8 UCCAAAAUGU
FS1YA fs(1)Ya, nuclear env. b 23 0 AGGUGUAUGU
FSHA fsh membrane protein A c 662 3 ACCACCAUGU
GADPH1 GAPDH-1 ¢ 62 0 UCAGCCAUGU
GADPH2 GAPDH, glyceraldehyde-3- c 49 0 UUAACCAUGU
phosphate dehydrogenase
GART Gart ¢ 160 0 GGAAUUAUGU
GART p pep, pupal cuticle gene Gart b 33 0 GACACCAUGU
GIAA guanine nucleotide binding, b 441 3 CACAAGAUGA
regulatory subunit
GLDGMC  Gld, glucose dehydrogenase e 344 0 AUCAACAUGU
GLUEDA  Glued b 360 6 UCCUCCAUGA
GNBPSA!  guanine nucleotide binding b 486 3 GCUGCGAUGG
protein alpha
GOALB* G-o-alpha-like protein b 519 2 CGCACCAUGG
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GPAMA* G protein alpha mRNA type a b 189 0 ACCACAAUGG
GPDHA Gpdh, glycerol-3-phosphate e 136 0 CAAAAUAUGG

dehydrogenase
GTUB gamma-tubulin b 196 1 ACCACAAUGC
HAIRR h, hairy c 492 0 ACCGAAAUGG
HBGa hunchback, maternal mRNA c 511 1 GCCAAGAUGC
HBGb hunchback, zygotic mRNA c 165 0 GCCAAGAUGC
HELI RNA helicase b 33 0 UGAAUAAUGA
HGSG?2 heat-shock 2, male specific e 60 0 ACUACAAUGG
HISH1 histone, H1 c 36 0 AAAAAGAUGU
HLI* HL, putative troponin I b 134 0 CUCAAAAUGG
HMGCO HMG CoA reductase b 572 2 GCAGCCAUGA
HOXH20 H2.0 homeobox b 205 0 CGGACAAUGU
HP1 Hp-1 c 169 0 ACAAAAAUGG
HRB87F* Hrb87F, A/B hnRNP protein c 132 0 GAGAGAAUGG
HREC2C putative steroid hormone b 198 1 CCCAGGAUGG
receptor
HSC7A1 cognate of hsp70 a ? ? GCCGACAUGC
HSP1 heat-shock protein 1 c 94 0 GUGAAAAUGU
HSP22G hsp22, heat-shock protein [ 253 0 ACUACAAUGC
HSP27G hsp27, heat-shock protein e 121 0 UCAAAAAUGU
HSP4 hsp23 e 111 0 ACAAAAAUG
HSP7A2 hsp70 € 244 0 CACACAAUGC
HSP83A hsp83 c 148 0 UUGCAGAUGC
HSPG3 heat-shock gene 3 from 67B e 168 0 AGUAAAAUGC
HSPHEX heat-shock transcription factor b 228 0 CACUUUAUGU
IMP IMP-E2, ecdysone inducible b 75 0 GCGAUAAUGA
INTIHO Dint-1 b 417 7 GCAAUAAUGG
INVR invected e 294 3 AAACUGAUGU
JUN dJRA/Djun, jun homolog b 207 0 GCAAACAUGA
K10G K10 putative DNA-binding e 191 0 CCUGCAAUGG
protein
KINHCA kinesin heavy chain b 320 1 UAAGCAAUGU
KINLA nod, kinesin-like protein b 71 1 AUCUGCAUGG
KNIRPS knirps b 270 0 UUCCAGAUGA
KNR1 knirps-related protein b 516 4 ACCAUAAUGA
KR krueppel d 185 1 UUGUUGAUGU
L2AMD alpha-methyldopa hypersen. b 150 0 AGCGGUAUGG
LA9 LAP, DNA-binding protein b 435 8 GUCAAAAUGG
LABG1 labial F24 d 239 0 GACAAUAUGA
LAMBI1 laminin B1 b 423 B AUCGAGAUGU
LAMB2 laminin B2 b 227 2 CCCACCAUGA
LAMDMO laminin, nuclear b 130 0 GUGAACAUGU
LAMIN lamin c 148 1 GUGAACAUGU
LARM DLAR, protein tyrosine b 117 0 GAAAUAAUGG
phosphatase
LETHAL lethal(1)2cb sarcoplasmic b 66 0 CACAAGAUGA
actinin

(continued)
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LGL2 lethal(2) giant (L2GLR) b 474 6 CCAAUUAUGU
LOD* lodestar, nucleotide b 84 1 CUAAAAAUGU

triphosphate binding
LSP1AS Lsp larval serum protein, alpha c 88 0 UCCAGGAUGA
LSP1B Lsp larval serum protein, beta c 85 0 GUCAACAUGA
LSPIC Lsp larval serum protein, c 82 0 CCAAGGAUGA
gamma
MACE muscarinic acetylcholine b 293 3 UCCGUCAUGG
receptor
MAP205 205kd microtubule-associated e 420 0 UAAAGGAUGG
protein
MASTER mastermind c 753 8 GCAUUUAUGG
MET Met, metallothionein b 123 0 AUCAAGAUGC
METO Met, metallothionein b 69 0 UACAAGAUGG
MEX1A mex! c 76 0 AUCACCAUGU
MLE* mle, maleless b 79 0 CUAAGAAUGG
MOV34 Mov34 protein b 1t 0 ACAAACAUGC
MP20 mp20, muscle-specific protein c 70 0 UCAAACAUGU
MPP1 patched (PTCR) b 772 7 ACCAUAAUGG
MSP316 msP316 male-specific protein c 34 0 AUCAACAUGG
MST355a msP355a male-specific protein c 22 0 CUCGAAAUGA
MST355b msP355b male-specific protein c 25 0 UCCACAAUGA
MYBDR D-myb oncogene homolog b 605 7 CUUAAGAUGG
MYHB myosin heavy chain e 113 0 AGCAAGAUGC
MYL myosin light chain b 43 0 GACAAAAUGG
MYLA myosin light chain 2 c 66 0 AGCACCAUGG
MYONMAa non-muscle myosin heavy chain c 93 0 AAACAAAUGA
MYONMADb non-muscle 2nd start codon c 228 1 GCCAAAAUGU
MYSP myospheroid b 93 0 AAAGCCAUGA
NCDA ncd, non-claret disjunctional b 65 0 UUGGCGAUGG
NEU* neu, neuralized b 273 2 ACUACCAUGG
NEUROT  neurotactin b 508 1 GACAAUAUGG
NINAA ninaA a ? ? AAAAUCAUGA
NINAC ninaC c 146 1 UAAGUCAUGA
NORPA norpa, phospholipase C b 652 5 GCAAUAAUGA
NOS* nanos c 261 I UUCGCCAUGU
NOTCHI1 Notch, ectodermal determinant [ 865 8 AACAAAAUGC
NRGAA neuroglian b 27 0 ACCAAAAUGU
NUMB numb b 791 5 ACAGGCAUGG
OPSA ninaE, opsin ¢ 170 2 AACACAAUGG
OPSAA Rh2, opsin e 37 0 CUGAGCAUGG
OSKAR oskar c 15 0 CAAGCGAUGG
OTEDA otefin b 75 1 GCCAAAAUGC
OTUA ovarian tumor (OTU) c 154 1 GUCGCCAUGG
PABP poly(A)-binding protein PABP b 132 0 CCAAAUAUGG
PAH pah, phenylalanine hydroxylase b 84 0 GUGAAAAUGU
PCGENE Pc, polycomb b 109 0 UUAAAAAUGA
PCNA proliferation cell nuclear d 89 0 UUCAACAUGU

antigen
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PEP* pep, protein on ecdysone b 217 0 AAAAUUAUGG
puffs
PEPCK PEPCK, phosphoenolpyruvate v 29 0 AACAAAAUGC
carboxylase
PERA per, period c 368 1 AGCACCAUGG
PKCS3E protein kinase C 53E b 62 0 CUUUUAAUGG
PKCI8F protein kinase C 98F b 398 7 GACCUCAUGC
PKCR protein kinase C b 886 17 GCAACAAUGU
PLC21A plc-21, phospholipase ¢ b 824 1t GUGAGGAUGA
PMSH2 msh-2 b 289 0 GCGAGGAUGU
PN* pn, prune b 70 0 CUGGUAAUGG
POLO* polo, putative protein kinase b 219 1 AGCAAGAUGG
PP1A phosphatase 1 alpha b 129 0 GCAAACAUGG
PRD paired b 245 1 GAAACUAUGA
PROS* prospero, axonal growth b 301 0 GGCUUCAUGA
regulation
PROS281 proteasome subunit b 60 0 AACAAGAUGU
PROS29 proteasome subunit b 77 1 UUAGCAAUGG
PROS35 proteasome 35kd b 70 0 AAAGUCAUGU
PTPM tyrosine phosphatase DPTP b 54 1 CAAGCCAUGG
R118C intronic R1 gene 18C b 117 0 UGCAAAAUGA
RAB3 rab3, neuronal GTP-binding b 586 3 GAUAAAAUGG
protein
RAFPO raf, proto-oncogene b 84 0 GAACUAAUGG
RAS1 Drasl, proto-oncogene b 167 0 AGCCAAAUGA
RAS21 Dras2, proto-oncogene b 184 3 CUUAUAAUGU
RAS3 Dras3, proto-oncogene b 57 0 GCCAGCAUGC
RCC1* RRC1, regulator chromatin b 211 0 GCUAAAAUGC
condensation
RDG* rdgB, retinal degeneration b 180 2 GUCAACAUGC
REF2P ref(2)p, sigma rhabdovirus e 371 0 GCGAAAAUGC
multiplication
RGPS14a rpi4, ribosomal protein S14 A c 29 0 CCCAGAAUGG
RGPS14b  rpl4, ribosomal protein S14 B c 34 0 UGCAGAAUGG
RH3A Rh3, opsin e 22 0 CGGAGCAUGG
RH4At Rh4, opsin c 87 0 ACCGAUAUGG
RM62RH rm62, RNA helicase b 482 2 GGAGUAAUGG
RNP70K U1l 70K snRNP c 208 1 CACAAAAUGA
RNPOL2 RP140, RNA polymerase II c 168 4 AUUCAGAUGU
140 kilodalton subunit
RP128 RNA polymerase IIT a ? ? AACGAAAUGG
128 kilodalton subunit
RP135 RNA polymerase IIT c 98 0 UACAACAUGC
135 kilodalton subunit
RP21C rp21C, A-type ribosomal b 48 0 UUCGACAUGU
protein
RP49 rp49, ribosomal protein 49 d 9 0 UUCAAGAUGA
RPAIR rpAl, ribosomal protein e 89 0 UUAAACAUGC
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RPII RNA polymerase 11, d 435 3 ACCAGGAUGA
215 kilodalton subunit
RPLIR ribosomal protein L} b 69 0 ACGAAAAUGA
RPS17 rpl7, ribosomal protein S17 c 56 0 AACAUAAUGG
RRPI1 Rrpl, strand transferase b 132 0 UCCAUAAUGC
RUD1 rudimentary e 11 0 UCCAAUAUGG
RUNTR runt, segmentation gene e 252 0 UACGAGAUGC
S12* 1(3)S12 a ? ? UGCAGCAUGG
S1C4 beta-amyloid-like b 152 Q CGAACAAUGU
S2ZSTM suppressor-2 of zeste b 149 1 AGAAAGAUGC
S59 $59 homeo box b 67 0 CCAAAAAUGG
SAD sad, nicotinic acetylcholine b 343 1 GUCACCAUGG
receptor
SAL spalt b 50 0 GCCACGAUGA
SAS sas, putative cell adhesion b 44 0 ACCAAAAUGC
receptor
SCAa sca, scabrous, 1st putative start C 321 1 GUGUGAAUGA
SCAb sca, scabrous, 2nd, in-frame c 396 2 GCAACAAUGG
start
SD* Sd, segregation distortion b 121 2 CGAGGCAUGU
SER2a serine protease SER1 ¢ 24 0 AACAAGAUGA
SER2b serine protease SER2 c 24 0 ACCAAGAUGA
SERCA sarcoplasmic/endoplasmic b 32 0 AUCAAGAUGG
reticulum Ca®*-ATPase
SEV sevenless ¢ 229 2 GCCUCGAUGA
SGG shaggy b 280 0 GUUACGAUGA
SGS378a Sgs-3, salivary gland protein ¢ 29 0 AAAAACAUGA
SGS378b Sgs-7, salivary gland protein c 33 0 AGAACCAUGA
SGS378¢ Sgs-8, salivary gland protein c 33 0 ACAACCAUGA
SGS4Cl1 Sgs-4, salivary gland protein e 13 0 GUCAAGAUGC
SGSS Sgs-5, salivary gland protein d 33 1 UACGACAUGU
SHAKE2 shaker b 269 1 GCCAAGAUGA
SHAKE3 shaker, larval b 72 2 GCCUGUAUGG
SINA seven in absentia e 903 11 CUUCCAAUGU
SING2 sn, singed b 739 | AGCACCAUGA
SLIT slit f 314 1 GCCACAAUGG
SNAIL snail b 163 0 UCAAAAAUGG
SNAKE snake b 78 2 AAUAGAAUGA
SOD Sod, superoxide dismutase b 68 0 UUCGAAAUGG
SODCHA para locus, sodium channel b >271 4 UAGACAAUGA
alpha
SOL sol, small optic lobes gene b 263 0 CGCGCAAUGG
SPCA alpha-spectrin b 270 1 AGCGAAAUGG
SPERM mst(3)gl-9, spermatogenesis b 97 0 UUAAUCAUGU
SQH* sgh, regulatory non-muscle c 221 0 GCAACCAUGU
myosin
SRC28C Dsrc proto-oncogene b 133 1 GGCAACAUGA
SRCC Dsrc proto-oncogene a ? ? UAAGCCAUGG
SRYGla serendipity, beta e 145 0 GACUAGAUGA
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SRYG1b serendipity, alpha e 43 0 AACAGCAUGG
SRYGlc serendipity, gamma e 67 0 GGCGCAAUGG
STAUFEN  staufen b 274 3 AAGAAAAUGC
STELL stellate e 30 0 GGCAACAUGU
STGA string, cdc25 b 391 3 AACAAAAUGC
STIMG stimulatory G protein b 299 2 GCUGCGAUGG
SUHW suppressor of hairy wing b 59 0 ACCAACAUGA
SUSG suppressor of sable e 507 4 UCGAUAAUGU
SVP1 seven-up protein, svp type 1 b 450 3 GGCGUCAUGU
SWA* swallow c 39 0 AAAGCGAUGA
SX1PS11 sex-lethal e 425 1 CAGGAUAUGU
SYT synaptotagmin b 359 0 AACAAAAUGC
TAC* tachykinin-like receptor b 258 1 GCAGCCAUGG
TCP1 T complex protein Tcp-1 b 42 0 AGGAAAAUGU
TER terminus protein c 154 0 UCAAUCAUGU
TFIID TATA-box binding protein c 173 1 UGUAAGAUGG

TFIID
TGA transformer, sex determination c 70 0 UUUCCGAUGA
TKABL1 abl, tyrosine kinase abelson c 96 0 UGGCAAAUGG
homolog
TKO tko, technical knock-out b 171 0 GAGAGCAUGA
TLD* tolloid, dorsal/ventral pattern b 72 0 CACGCAAUGA
TLL tailless b 177 0 AUCGGUAUGC
TMLPA serrate (SER) b 433 3 CCCAGAAUGU
TOLL toll b 574 4 GACAACAUGA
TORSO torso, tyrosine kinase f 195 0 AGGAAAAUGC
TRA2Aa tra-2, transformer “A” non-sex e 186 1 AGCCAGAUGG
determination
TRA2Ab tra-2, transformer “B” non-sex e 488 2 AUCACUAUGU
determination
TRA2Ac tra-2, transformer “C” male e 503 1 GAACGAAUGC
germline
TROIIN tropomyosin 11, non-muscle b 435 0 ACAAAAAUGA
TROPI2 tropomyosin I c 103 0 AACACCAUGG
TROPT wupA, troponin-T a ? ? GUAGCCAUGU
TRP trp protein c 191 3 GCAGAUAUGG
TRPB transient receptor pot b 484 2 CGGAAGAUGG
TRYA trypsin like, alpha a ? ? CCCAUCAUGU
TSH* teashirt, ventral trunk b 1,008 9 UUAAAAAUGU
development
TTKFTZ tramtrack (FTZF2) b 251 3 CUCCCAAUGA
TU4A TU-4 vitelline membrane c 62 0 UCCGCAAUGG
TUBA1 alpha-tubulin-1 e 141 0 CUCAAUAUGG
TUBA2 alpha-tubulin-2 e 96 0 AUCAUCAUGG
TUBA3 alpha-tubulin-3 e 504 0 AUCAAUAUGC
TUBA4 alpha-tubulin-4 e 149 0 AAUAAAAUGG
TUBB2A beta-tubulin-2 c 175 0 AUCAAAAUGC
TUBE tube b 193 2 AACACCAUGG
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TWISTG twist e 159 0 CACCAAAUGA
TYRDROG tyramine receptor (OCR) b 312 4 GGAAAGAUGC
UBS2AA ubiquitin 52-AA extension b 34 0 CGCAUUAUGC

protein
UBIA ubiquitin e 139 6 UCCAAAAUGC
UBXGS5 Ubx, ultrabithorax e 697 2 CGUUCGAUGG
UROX urate oxidase € 33 0 GUCACAAUGU
VASA vasa b 131 1 AUCAAUAUGU
VERM vermilion e 57 0 UGCACCAUGA
VHATP vacuolar H* ATPase b 116 0 AGCAAAAUGU
VITA vitelline membrane protein, c 81 0 ACCAAGAUGA

26A-1
VITB vitelline membrane protein, c 96 1 AGCACCAUGA

3C-1
VMP vitelline membrane protein b 29 0 UUCAUCAUGC
WL w, white a ? ? CCGGCAAUGG
XDH ry, xanthine dehydrogenase b 180 1 UUCACGAUGU
XR2C xr2c, ultraspiracle b 162 0 CCCAGGAUGG
YELLOW vy, yellow ¢ 171 0 AGTGCAAUGU
YOLK yolk protein I c 61 0 CGAACCAUGA
YP3 Yp3, yolk protein-3 c 59 0 ACCAAAAUGA
Z60MEX1a z600 e 63 0 GUUAUUAUGU
Z6OMEX1b  gld-F female specific e 142 0 GUUAAGAUGG
Z60MEX1c gld-M male specific e 307 1 GUUAAGAUGG
ZPBA trithorax b 841 11 ACUAUUAUGG
ZESTE zeste d 964 4 ACUCAAAUGU
ZFH1 zinc finger homeobox protein 1 b 358 2 UUCCAAAUGU
ZFH2 zinc finger homeobox protein 2 b 369 4 UCUCCAAUGU
ZIPR zipper b 261 3 AGCACGAUGA

Methods used to map the leader sequence: a = none or ambiguous data; b = 5" UTR of the longest cDNA;
¢ =5 UTR of longest cDNA and primer extension data or nuclease protection; d = primer extension or nuclease
protection (genomic sequence only); e = primer extension and nuclease protection along with cDNA and/or
genomic sequence data; { = presence of consensus TATA sequence and Drosophila consensus transcription start
site plus partial cDNA sequence of leader.

* An asterisk at the end of the file name indicates that this sequence was not included in GenBank Release 69.
A temporary file name was assigned to such sequences by us.

Lower case letters in file names were used to uniquely identify multiple mRNAs present in a single GenBank
file.

clone obtained from an exhaustive screening of a cDNA library. In many, if
not most of these cases, the 5 end of the longest cDNA is likely to correspond
to the transcription start site. A terminal G residue is often found at the 5’ end
of the cDNA that is not found at the corresponding position in the genomic
sequence; it is thought that this G is copied from the 5° methyl G cap that is
added post-transcriptional to the 5’ end of eukaryotic mRNAs. Sequences from
Drosophila species other than D. melanogaster were not included because their
orthologous counterparts in D. melanogaster are almost always represented in
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the database. Many Drosophila genes contain multiple mRNAs arising from
alternative promoters and/or RNA processing. In cases where alternative leader
sequences have been clearly documented, more than one leader sequence is
listed for a particular gene. If such alternative leaders share the same translation
start site, the start context (—6 to +4) is listed for just one of the leader
sequences. Several genes have been characterized by more than one research
group and reported to GenBank. We have arbitrarily used the information and
GenBank file name given for one of the duplicate entries if the data are
equivalent. Where data are not equivalent for the same gene we have chosen
the data which are most strongly supported by experimental evidence.

Leader Length and Upstream AUGs

Inspection of Table 36.1 reveals numerous mRNAs with leader sequences
exceeding 100 nt and containing multiple upstream start codons (uAUGsS).
Indeed the average Drosophila leader sequence is 248 nt and the median is 156.
The distribution of leader lengths is shown in Fig. 36.1. Forty-six of the leader
sequences exceed 500 nt. The smallest size class (0-100nt) is the largest
containing 140 mRNA sequences. Many of the reported leader sequences are
based upon the analysis of the longest cDNA obtained but may nonetheless
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901-1000
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301-400
201-300
101-200
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FiG. 36.1. Distribution of the number of nucleotides (nt) in the 5" untranslated
leader sequences of Drosophila mRNAs.
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mRNAs with one or more uAUGSs = 42%

Number of uAUGs
N [+ H [6,] (o)) ~J o] [{=] a
w r'S n N

iy

o

219

T M T Y T

0 100 200 300

Number of mRNAs

FiG. 36.2. Distribution of upstream AUGs in the 5’ untranslated leader sequences
of Drosophila mRNAs.

lack the complete 5’ end. Therefore, these global leader sequence statistics most
likely underestimate the true values.

Unquestionably the most surprising result of our analysis is that 429, of all
Drosophila mRNAs contain one or more uAUGS in their leader sequence (Fig.
36.2). The majority of mRNAs containing uAUGs contain more than one.
Indeed 109, of all Drosophila mRNAs surveyed contain five or more uAUGs.
The vast majority of Drosophila uAUGs are followed by a short (ca. 1-100)
open reading frame which terminates before reaching the major translation start
site (data not shown). Drosophila uAUGs do not exhibit a similar preference
for specific flanking nucleotides as exhibited by major start codons (see below).
Nonetheless, many of the uAUGs (if not the majority) contain flanking
sequences that are compatible with a good translation initiation site.

Previously, Kozak (1991) reported that approximately 9%, of vertebrate
mRNAs contain uAUGs and further noted that the majority of these unusual
mRNAs encoded regulatory proteins (e.g., transcription factors and proto-
oncogenes, receptors, and components of signal transduction). Drosophila
appears similar to vertebrates in this respect as typified by the long
leader-uAUG laden mRNAs encoding Antennapedia, ecdysone receptor, acetyl-
choline receptor, decapentaplegic, seven in absentia, and protein kinase C
(Table 36.1). In general long leader-uAUG laden mRNAs encode low abundant
proteins, particularly as compared to very short-leader mRNAs encoding such



Translation Start Sites and mRNA Leaders 373

proteins as the yolk, cuticle, and larval serum proteins. This dichotomy is
consistent with the general finding that removal of long leader sequences
typically increases translation initiation rates (e.g. Chinkers et al. 1989; Muller
and Witte 1989). Long leader mRNAs may be tolerated as a consequence of
the absence of natural selection to increase translation rates of proteins that
are not needed in abundance. Alternatively, the presence of a long leader with
multiple uAUGs may afford devices to regulate translation initiation. The
paradigm par excellence in this regard is the yeast GCN4 gene. GCN4 mRNA
is constitutively produced but the translation of GCN4 protein is highly
regulated through the interaction of four upstream open reading frames, the
scanning preinitiation complex, and some of the translation initiation factors
that undergo changes in activity as a consequence of amino deprivation (Miller
and Hinnebusch 1989; Ramirez et al. 1991; Dever et al. 1992). Whether other
eukaryotic mRNAs that contain long leader and uAUGs are under similar
control is unknown. For many of the long-leader Drosophila genes, mnRNA and
protein expression are temporally and spatially correlated suggesting the lack
of translational regulation. However, it should be noted that translation
initiation rates are almost never determined empirically. Consequently, the
relative translation rates among different mRNAs cannot be compared at this
time.

OH and coworkers have recently reported (OH et al. 1992; and personal
communication) that the long-leader sequences of the Antennapedia and
Ultrabithorax can promote internal ribosome binding in Drosophila cell culture.
Since internal binding circumvents the requirement for the cap-binding protein
(elF-4E), it is likely that internal initiation also circumvents global translation
control as mediated by altering the level and activity of elF-4E. It will be
interesting to see if Antp and Ubx use an internal mode of initiation in flies
and whether internal initiation is used by other mRNAs with exceptionally long
leader sequences.

Translation Start Sites

Table 36.2 presents an update of the translation start sites from positions —6
to +4 relative to the start codon. The 50/75 consensus rule (Cavener and Ray
1991) was used to assign consensus nucleotides. The derived consensus
sequence, C/A A N N AUG has not appreciably changed with the doubling of
the database from that reported by Cavener and Ray (1991). Since long leader
mRNAs are thought to be poorer substrates for translation initiation, such
mRNAs may on average contain a poorer fit to the consensus sequence. To
examine this question the mRNA sequences listed in Table 36.1 were divided
into two groups: long leaders, exceeding the median leader length and short
leaders, less than the median leader length (Table 36.2). The short leader
mRNAs do exhibit a significantly stronger preference for A or G at the critical
— 3 position as compared to the long leader mRNAs as might be expected. In
addition, differences are observed between the short and long leader classes at



TaBLE 36.2. Nucleotide frequencies flanking the start codons for the major protein
coding regions and the start site consensus sequences

Total mRNA dataset.

—6 -5 —4 -3 -2 —1 +1 +2 +3 +4
A 33 23 26 70 47 41 100 0 0 23
G 28 18 11 20 11 20 0 0 100 39
C 17 34 51 6 24 30 0 0 0 15
U 22 25 12 5 18 9 0 100 0 23
a c C/A A a a A U G g

Short leader mRNA dataset.

-6 -5 -4 ~3 -2 ~1 +1 +2 +3 +4
A 34 2 29 77 5t 39 100 0 0 26
G 24 16 9 15 14 17 0 0 100 35
C 18 30 54 3 18 35 0 0 0 14
U 23 32 8 4 16 9 0 100 0 25

a u C/A A A A/C A U G g

Long leader mRNA dataset.

—6 -5 —4 -3 =2 —1 +1 +2 +3 +4
A 34 24 23 66 43 45 99 0 0 22
G 32 22 13 20 10 23 1 0 100 42
C 16 38 48 10 29 23 0 0 0 16
§) 19 16 16 4 19 9 0 100 0 20

a c c A a a A U G g

Upstream AUGs (uAUGs).

-6 -5 —4 -3 =2 -1 +1 +2 +3 +4
A 32 28 27 29 45 40 100 0 0 30
G 23 18 35 15 17 16 0 0 100 9
C 20 21 16 21 25 14 0 0 0 26
U 25 34 22 35 13 30 0 100 0 35
a u g u a a A U G u

The 50/75 Consensus Rule was applied: if the frequency of one nucleotide is greater than 50%, and is greater
than twice the frequency of the next highest nucleotide, it is assigned as the consensus and denoted as such with
a capital letter (e.g., A). If the sum of the frequency of the two most frequent nucleotides is greater than 75%
but neither meet the requirement for singular consensus, the two nucleotides are assigned as co-consensus
nucleotides and denoted with capital letters (e.g., C/A). Lower case letters indicate the most frequent nucleotide
at a particular position when no nucleotides meet the consensus criteria.
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positions —4, —2 and — 1. However, these are largely differences in the relative
distribution of A and C, both favored at these positions in most eukaryotic
groups (Cavener and Ray 1991). Overall, the differences between long and short
leader mRNAs translation start sites are significant but minor. Among the long
leader mRNAs occurs an exceptional GUG start codon for choline acetyl-
transferase. The data supporting the use of GUG as a start codon in this case
are strong (Sugihara et al. 1990). Preliminary evidence indicates that the E74A
gene uses CUG as a major alternative start codon (L. Boyd and C. Thummel,
personal communication). Non-AUG start codons are likely to be more
prevalent than currently recognized because most AUG translation start sites
have not been empirically confirmed.

The sequence context flanking 151 upstream AUGs was examined in order
to see if uUAUGS lie in a poor context. It might be expected that uAUGs would
exhibit a strong anti-consensus sequence to discourage translation initiation at
these sites. However, the summary of these data in Table 36.1 indicates that
uAUGs collectively neither show a good or poor fit to consensus relative to
major translation start sites. At the critical —3 position A or G is found in
44%; of the cases. The frequency of A at —2 and —1 is relatively high similar
to major translation initiation sites. Some unique biases are observed including
a relatively high frequency of G at —4 and a relatively low frequency of G at
+4; just the opposite biases are seen for major translation initiation sites. One
possible explanation for the lack of consensus either opposite or similar to
major translation initiation sites is that uAUG context data may contain a
mixture of uUAUG which are either selected for or against as initiation sites
depending upon the mRNA. This assumes that some uAUGs may be involved
in translational regulation but that others are not. Overall, a large fraction of
uAUGs would appear to be in a reasonably good context. How the scanning
preinitiation complex traverses a leader sequence burdened with uAUGs is an
interesting mechanistic and regulatory question.

A Caveat to Using the Translation Start Site Consensus

Comparing putative translation start sites of newly sequenced genes with the
start site consensus sequence is a common practice. In some cases investigators
have favored a downstream start codon over an in-frame upstream start codon
based upon a better fit of the former to the consensus sequence. However,
mutational analysis of the translation start site of Adh (Feng et al. 1991) and
inspection of the diversity of start contexts in Table 36.1 demonstrates that start
codons that exhibit a poor fit to the consensus can nonetheless serve as the
major site of translation initiation. A good example of this is provided by the
translation start site for hsf encoding the Drosophila heat-shock transcription
factor (Table 36.1). The start codon context for hsf is UUUAUGU (Clos
et al. 1990). Based upon mutational analysis and the consensus sequence, a
UUUAUGU context is exceptionally poor. Changing the start codon context
for Adh to this same sequence resulted in a 6—12-fold reduction in translation
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depending upon the developmental stage. However, an appreciable level of
ADH protein was still observed in this mutant. Thus a “poor” context may
reduce but not necessarily eliminate translation initiation. Kozak’s studies on
the rat preproinsulin mRNA have clearly indicated that a poor context reduces
the probability that the ribosome will initiate at that particular site. If initiation
does not occur at a particular start codon, the preinitiation complex resumes
scanning, a process called leaky scanning. The overall effect of leaky scanning
may be the use of multiple start codons, particularly when two start codons
are in-frame and within close proximity. An important perspective to bear in
mind when analyzing translation start sites is that the sequence context may
be adapted to down-regulate the rate of translation initiation. Moreover,
sequence context effects are likely to be developmentally dependent (Feng
et al. 1991) as a function of changes in the concentration and activities of the
translation initiation factors (particularly elF-2). These considerations are also
relevant to the presence of upstream start codons in the leader sequence which
are either out of frame with the major coding region or followed by an in-frame
termination codon.

Summary

Drosophila genes exhibit a diverse array of untranslated leader sequences and
translation start sites. The presence of a long leader or multiple uAUGS or a
poor sequence context surrounding the start codon should no longer be
perceived as abnormal or unusual given the large fraction of Drosophila mRNAs
which contain such features. In many cases these features will affect translation
initiation rates. How they affect translation and what the physiological rationale
is for these effects remain to be elucidated. Although it would appear that
Drosophila mRNAs are more prone to long leaders and uAUGs than vertebrate
genes, only a small fraction of all mRNAs have been characterized for either
group. The current Drosophila and vertebrate databases are biased somewhat
differently as a consequence of the types of genes and questions being analyzed
using different systems. In particular the Drosophila database contains a larger
fraction of genes encoding proteins that regulate development. Whether the
current Drosophila database is a more representative sample than the vertebrate
database is unknown. Fortunately our obsession for cloning and sequencing
will eventually answer this question.
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Introduction

In most genes in most species, alternative synonymous codons are not used in
equal frequencies (Aota et al. 1988)—Drosophila is no exception (Ashburner
et al. 1984; O’Connell and Rosbash 1984; Shields et al. 1988). In Table 37.1 we
present the total codon usage for 438 D. melanogaster genes. This dataset
was extracted from the GenBank/EMBL/DDBJ DNA sequence data library
(GenBank release 71) using the ACNUC sequence retrieval software (Gouy
et al. 1985), and screened to remove duplicates and/or multiple alleles (making
particular use of FlyBase; Ashburner 1992); the genes are listed in Appendix A.
As we discuss below, there is considerable heterogeneity of codon usage patterns
among genes, and so the values in Table 37.1 must be taken only as an overall,
or average, guide to D. melanogaster codon usage. This may be useful in the
design of oligonucleotide probes, or in the assessment of whether a novel open
reading frame is actually a coding sequence: many genes approximate to this
pattern, but particular genes may differ quite markedly. Note also that genes
from transposable elements have rather different patterns of codon usage from
“chromosomal” genes (Shields and Sharp 1989), and so they are presented
separately in Table 37.1 (to be discussed in more detail below). (Codon usage
in the Drosophila mitochondrial genome is completely different from nuclear
genes (Clary and Wolstenholme 1985), and will not be discussed further.)
Why is codon usage in Drosophila biased, and why does it vary among
genes? Clearly, the pattern of synonymous codon usage in a gene must reflect
the net result of past evolutionary pressures: the two main influences are natural
selection (some codons may be translated more accurately and/or efficiently
than synonyms encoding the same amino acid), and mutational biases (which
may give rise to strongly biased codon usage even in the absence of any
selection). Thus, in general terms, codon usage can be considered as the result
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TasLe 37.1. Codon usage in Drosophila melanogaster

Total T.E Total T.E. Total T.E. Total T.E.

N RSCU N RSCU N RSCU N RSCU N RSCU N  RSCU N RSCU N RSCU

Phe UUU 2896 066 478 1.17 Ser UCU 1,745 049 226 095 Tyr UAU 2,610 0.69 341 096 CysUGU 1396 055 167 082

UUC 5822 134 336 083 UCC 5377 150 216 091 UAC 4957 131 368 1.04 UGC 3712 145 238 L18

Leu UUA 922 026 430 130 UCA 1857 052 297 125 ter UAA 220 1.60 2 060 ter UGA 75 0.55 3 090
UUG 3,787 105 319 096 UCG 4705 131 153 064 ter UAG 117 085 5 150 TrpUGG 2380 1.00 223 100

Leu CUU 1959 054 364 110 ProCCU 1,683 046 195 078 His CAU 2,814 078 295 1.01 Arg CGU 2480 108 128 0.66
CUC 3410 094 256 077 CCC 5087 139 204 082 CAC 4363 122 292 099 CGC 4866 213 134 069
CUA 1,758 049 337 102 CCA 3484 095 437 176 GInCAA 3984 055 580 1.28 CGA 1964 086 197 1.02
CUG 9835 272 283 085 CCG 4436 121 160 0.64 CAG 10,537 145 328 072 CGG 1941 085 103 0.53

fle AUU 4065 097 583 116 ThrACU 2232 060 344 104 Asn AAU 5565 0.84 747 110 Ser AGU 2704 075 255 1.07
AUC 6,523 1.56 349 0.69 ACC 6,152 167 307 093 AAC 7,692 116 614 090 AGC 5174 144 283 119
AUA 1947 047 581 115 ACA 2773 075 513 155 LysAAA 3759 051 1115 136 ArgAGA 1,041 045 405 209
Met AUG 6,366 100 335 1.00 ACG 3611 098 163 049 AAG 11,038 149 519 0.64 AGG 1,440 063 195 1.01
vValGUU 2757 072 290 107 AlaGCU 4,022 078 343 111  AspGAU 7274 105 497 097 Gly GGU 4,344 092 222 105
GUC 3839 100 223 082 GCC 9783 189 319 1.03 GAC 6,631 095 528 1.03 GGC 8179 173 218 103
GUA 1450 038 300 111 GCA 3265 063 409 133 Glu GAA 4,778 058 808  1.30 GGA 5208 110 294 1.39
GUG 7234 189 271 1.00 GCG 3601 070 163 0.53 GAG 11,655 142 435 0.70 GGG 1,140 024 113 053

“Total” indicates summed codon usage for 438 nuclear chromosomal genes (i.c., excluding transposable elements), a total of 264,421 codons. “T.E.” indicates summed codon usage
for 30 genes from 16 transposable elements (listed in Appendix 37.B), a total of 20,836 codons. Codon usage is presented as N (the observed number of occurrences) and RSCU
(the relative synonymous codon usage, obtained by dividing N by the average value for the amino acid); the RSCU value is useful for comparing the level of bias among different
amino acids, or among data sets of different sizes.
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of a selection-mutation balance (Sharp and Li 1986; Bulmer 1991). However,
while it is clear that selection among synonyms shapes codon usage in certain
prokaryotes and unicellular eukaryotes (reviewed in Tkemura 1985; Andersson
and Kurland 1990), it is not obvious how widespread selective codon usage
may be in the genomes of multicellular organisms. In particular, it is not clear
whether the long-term evolutionary effective population sizes of most multi-
cellular species are large enough for the selective differences between alternative
synonymous codons (which are expected to be very small) to overcome random
genetic drift (Sharp 1989). In an earlier study (Shields et al. 1988), we concluded
(somewhat to our surprise!) that the evidence suggests that codon usage in
many D. melanogaster genes is influenced by natural selection. Here we briefly
review that evidence, utilizing the much larger D. melanogaster gene sequence
data set now available.

Codon usage variation among genes

Codon usage patterns vary considerably among D. melanogaster genes (Shields
et al. 1988). To take an extreme example, 929, (33/36) of the Leu residues in
the enolase phosphoglycerate hydrolase gene (Eno) are encoded by CUG; in
contrast, the cubitus interruptus Zn finger gene (ci) uses this codon in only
seven of 91 cases (8%,); differences are also seen for all other 17 amino acids
where there is a choice of codons. Under the selection—mutation balance
model, two possible reasons for this variation stand out. If selection among
synonymous codons for translational efficiency occurs in D. melanogaster, then
the strength of selection is likely to vary among genes, depending on their level
(and perhaps also tissue and developmental stage) of expression. For example,
in Escherichia coli (Gouy and Gautier 1982) and Saccharomyces cerevisiae
(Sharp et al. 1986) the strength of codon usage bias in a gene is very
highly correlated with the level of gene expression. Alternatively, or perhaps
additionally, genes may be affected by different mutational biases. For example,
mammalian genes vary greatly in base composition (G + C content) at silent
sites (and thus in codon usage) depending on the local base composition of the
chromosome (Bernardi et al. 1985; Ikemura 1985); this variation can be most
simply explained as variation in the mutation pattern around the genome
(Filipski 1988; Sueoka 1988; Wolfe et al. 1989).

To clucidate the situation in Drosophila, the first step is to characterize the
nature of the codon usage variation among genes. Since the codon usage pattern
of each gene is a composite of 59 values (one for each codon, less Met, Trp
and stop codons), it is necessary to use multivariate statistical analyses. In codon
usage studies the most commonly used method is correspondence analysis
(pioneered by Grantham et al. 1981). It is not appropriate to go into any details
of the method here, except to say that it allows definition of the major trends
among genes—see Grantham et al. (1981) or Shields et al. (1988) for more
discussion of this method. We applied this approach to 84 genes (Shields et al.
1988) and have also used it on a data set of 438 genes here. In each case, the
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major variation in synonymous codon usage among genes is found to be
strongly associated with G + C content at silent sites (GCg): genes at one end
of the trend have relatively unbiased codon usage, while genes at the other end
of the trend have very highly biased codon usage, and high values of GCs.

This seems very like the situation found with mammalian (e.g., human) genes,
but in fact there are several important differences (Shields et al. 1988). Some of
these become apparent from a comparison of GCg, the G + C content at silent
third positions of codons (i.e., excluding Met and Trp) in a gene, and GC,, the
G + C content in the introns of a gene. First, in D. melanogaster (unlike humans)
GCq is not strongly correlated with GC,. Second, GC values are generally much
higher than GC, values, particularly in genes with very biased codon usage. It
is also noticeable that GCg becomes reduced in pseudogenes (Shields et al. 1988;
Moriyama and Gojobori 1992). Most of the D. melanogaster genes studied have
been mapped, and there is no obvious relationship between GCg and map
position, although local variations in base composition on the scale that they
are thought to occur in the human genome would be difficult to detect at this
level. However, it is clear that neighboring genes can have quite different GCg
values. For example, in the highly biased alcohol dehydrogenase gene GCg is
0.77, but in the relatively unbiased Adh-related gene (less than 300 bp away;
Kreitman and Hudson 1991) GCg is only 0.53. It is also noticeable that in
human genes the trend in G + C content is due to similar changes in the
frequency of both C and G, but in D. melanogaster the major trend is more
specifically (though not exclusively) due to a change in the frequency of C.
Thus, the major variation in GCg in Drosophila does not appear to be due to
regional chromosomal base composition differences.

On the other hand, the main trend in codon usage differences among genes
may be correlated with expression level. We might expect that the highly biased
genes at the G + C-rich extreme would be those under the most selection
pressure, particularly as their GCg values are the most different from noncoding
DNA (i.e, introns). Of course, in a multicellular organism with a complex series
of developmental stages, it is rather more difficult to quantify “expression level”
than it would be in E. coli or yeast. Nevertheless, the G + C-rich genes do seem
to include many genes that can be identified as highly expressed. For example,
one is alcohol dehydrogenase: Adh mRNA “accounts for about 1-2%, of the
translational activity of mRNA from adult flies” (Benyajati et al. 1980), and
must be considered a highly expressed gene. Others at this extreme include Yp!
and Yp2 encoding yolk proteins, the nine ribosomal protein genes in the data
set, and genes encoding actins and cuticle proteins; all such genes were
considered by O’Connell and Rosbash (1984) to be “abundantly expressed”.

“Optimal” Codons in Drosophila melanogaster

If it is true that the major trend among genes in codon usage is associated with
expression-level-mediated selection on codon usage, then contrasting the codon
usage patterns for the genes at either end of this trend should reveal which
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particular codons for each amino acid are favoured. Codon usage in 10% of
genes at each extreme of this trend (as identified by multivariate statistical
analysis) is presented in Table 37.2. There are 23 codons used with (significantly)
higher frequency in the highly biased group of genes: 22 of these are here defined
as “optimal” codons, the exception being GGU (for Gly), where the difference
in RSCU values is small (though significant at the 5% level). These optimal
codons are G + C-rich: of the 22, 15 end in C and six end in G—only one ends
in U (CGU) and none end in A. Interestingly, CGU appears to be an optimal
Arg codon in many other species (Sharp et al. 1992).

A simple measure of the strength of species-specific codon usage bias is given
by the frequency of optimal codons (F,,) in a gene (Ikemura 1985). We define a
F,, for D. melanogaster as the number of occurrences of these 22 optimal codons
(Table 37.2), divided by the total number of occurrences of codons for these
18 amino acids (i.e., excluding Met and Trp codons). (Calculation of F,, values
is an option in the FORTRAN program CODONS (Lloyd and Sharp 1992),
which is available {from the authors on request.) F,, values for these 438 genes
are given in Appendix A, and they range from 0.22 (Scr encoding the sex combs
reduced homeobox protein) to 0.88 (Lsp!-b encoding f-larval serum protein).

While we have already alluded to the difficulties in discussing absolute
expression levels, it is nevertheless possible to compare F,, values among genes
whose relative expression levels have been described. There are two cytochrome
¢ genes, and it is known that Cyt-c2 (F,, = 0.77) “is expressed at much higher
levels than” Cyt-cl (F,, = 0.57) (see Limbach and Wu 1985); among four
a-tubulin genes, the transcript of Tuba84D (a-1) (F,, = 0.79) is “much more
abundant” than that of Tuba84E (a-2) (F,, = 0.69) (see Kalfayan and Wensink
1982); of two elongation factor la genes, expression of EflalO0E (F,, = 0.76)
is “generally markedly stronger” than that of Effa48D (F,, = 0.71) (see
Hovemann et al. 1988); and there are two lysozyme genes, LysP (F,, = 0.63)
whose expression was only detected in adults, and whose expression in the adult
“was low compared to that of LysD” (F,, = 0.70) (see Kylsten et al. 1992). In
some cases these differences in F,, values are quite small-—the genes’ similarity
in sequence may reflect quite recent gene duplication events; nevertheless, the
differences are all in the direction predicted.

In Table 37.2, it is interesting to note that the highly biased (and highly
expressed?) genes favour the most A + T-rich stop codon (UAA), even though the
rest of their codons are generally G + C-rich. The highly biased genes also appear
to avoid UGA, which is more common in the low bias genes. This is reminiscent
of the pattern of stop codon usage in genes of high and low expression in E. coli,
Bacillus subtilis, and yeast (Sharp et al. 1992), and lends further credence to the
idea that codon usage in D. melanogaster is influenced by natural selection.

Transposable Element Genes

Codon usage in the open reading frames (ORFs) of the various transposable
elements (TEs) found in the D. melanogaster genome (see Appendix B) is
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TaBLE 37.2. Codon usage in high and low bias genes in D. melanogaster

High Low High Low High Low High Low

N RSCU N RSCU N RSCU N RSCU N RSCU N RSCU N RSCU N RSCU

Phe UUU 37 016 541 114 Ser UCU 73 051 407 099 Tyr UAU 59 025 365 103 Cys UGU 18 019 206 081

UUC* 421 184 406 086 UCC* 412 286 476 116 UAC* 420 175 345 097 UGC* 169 181 305 119

Leu UUA 6 004 334 093 UCA 13 009 423 1.03 ter UAA 32 229 24 176 ter UGA 0 000 10 073
UUG 101 060 503 140 UCG* 176 122 323 079 ter UAG 10 071 7 051 Trp UGG 147 100 196 100

Leu CUU 3% 023 370 1.03 Pro CCU 44 030 298 087 His CAU 46 035 368 106 ArgCGU* 227 220 204 099
CUC* 149 088 190 053 CCC* 385 261 320 094 CAC* 215 165 324 094 CGC* 327 317 225 110
CUA 17 010 282 079 CCA 85 058 474 139 GIlnCAA 4 016 699 097 CGA 16 016 264 129
CUG* 1703 416 475 132 CCG 75 051 276 081 CAG* 501 184 743 1.03 CGG 13 013 146 071

Ile AUU 147 056 576 131 Thr ACU 76 038 390 096  Asn AAU 73 025 793 110 Ser AGU 17 012 426 1.04
AUC* 633 243 340 077 ACC* 637 321 425 1.05 AAC* 513 175 645 090 AGC 174 121 404 099
AUA 2 001 401 09 ACA 25 013 507 125 Lys AAA 38 009 775 099 Arg AGA 4 004 220 107
Met AUG 301 100 549 1.00 ACG 55 028 30t 074 AAG* 813 191 798 101 AGG 32 031 172 084
ValGUU 129 054 446 118 AlaGCU 267 087 558 120 AspGAU 284 077 903 129 Gly GGU 316 119 426 1.02
GUC* 346 146 300 079 GCC* 854 279 539 115 GAC* 457 123 493 071 GGC* 505 191 450 1.08
GUA 19 008 278 073 GCA 41 013 491 105 GluGAA 75 017 885 110 GGA 230 087 619 149
GUG* 453 191 492 130 GCG 62 020 279 0.60 GAG* 809 183 728 090 GGG 7 003 169 041

“High” and “Low” denote groups of genes with high and low codon usage bias; they are the 10% of genes at each extreme of the major codon usage trend among genes (identified
by multivariate statistical analysis). Twenty-two codons defined as “optimal” (see text) are indicated by *. The High and Low groups each comprise 44 genes, and total 13,374 and
26,307 codons, respectively. N and RSCU are explained in Table 37.1.
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different, overall, from that of “chromosomal” genes (Table 37.1). The TE ORFs
are more similar to the low bias genes than the high bias genes (Table 37.2),
and exhibit very little evidence of selected codon usage.

However, as with chromosomal genes, codon usage varies greatly among
TE ORFs: in general, ORFs from the same TE have rather similar codon usage
patterns, but ORFs from different TEs have different codon usage patterns (this
is apparent, to some extent, in the GCg values in Appendix B, but see Shields and
Sharp (1989) for more details). This observation is most simply explained if the
TEs have been subject to different mutational biases, and we consider two
possible scenarios. Since TEs appear to have been subject to occasional
horizontal transfer among species, their base composition could reflect different
mutation biases in different previous host genomes. However, it seems rather
more likely that the differences reflect current/ongoing differences in mutation
pattern. For many TEs, movement around the genome involves an RNA
intermediate which is then subject to a (quite highly error prone) reverse
transcription process. The different TEs have reverse transcriptases which differ
considerably in their primary amino-acid sequences (Xiong and Eickbush 1990),
and it is quite likely that each reverse transcriptase has a slightly different error
propensity which leads to different mutational spectra, and ultimately to
different base composition and codon usage (Shields and Sharp 1989).

Conclusions

We have concluded above that Drosophila melanogaster genes are subject to
different levels of codon selection. This seems to be corroborated by the
observation that silent sites in genes with high codon usage bias have diverged
to a lesser extent between D. melanogaster and other related species (e.g.,
D. simulans and D. pseudoobscura), suggesting that there is more constraint on
codon usage in the highly biased genes (Sharp and Li 1989). In a recent
examination of silent site base composition and substitution rates, Moriyama
and Gojobori (1992) suggested that the variation in each can be explained by
mutational biases, in a manner consistent with the situation in mammalian
genes (Wolfe et al. 1989). However, we have outlined many discrepancies
between the observations relating to Drosophila and mammals which make a
similar explanation unlikely. We have detailed some cases where it seems that
the strength of codon usage bias can be correlated with the level of gene
expression—it will be of particular interest to investigate whether any of the
heterogeneity in codon usage among genes can be related to the genes’ tissue
or time of expression. Certainly, while we have discussed the major pattern of
codon usage variation among genes, we do not exclude the possibility that there
are other (as yet undefined) trends which explain some further part of the
heterogeneity in these data.

Another question of interest concerns the extent to which a similar pattern
is found in other species of Drosophila. Codon usage differs among Adh
genes derived from various Drosophila species (Starmer and Sullivan 1989).
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Interestingly, Moriyama and Gojobori (1992) reported that in the Adh gene of
Hawaiian Drosophila, GCq is low and the silent substitution rate is high (see
also Thomas and Hunt 1991); these two observations can be consistently
explained if codon selection has been relaxed in that lineage, due possibly to a
small effective population size caused by several bottleneck events. It will be
interesting to examine to what extent (and to ask why) codon usage patterns
generally vary among Drosophila species.
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Appendix 37.A: Codon Usage Bias in D. melanogastar Genes

Gene Function/Product Map A4 GGy GC; F,, Acc#
Abd-A abdominal-A: homeodomain TF  3-58.8 330 0.72 0.62 X54453
Abd-B abdominal-B: homeodomain TF ~ 3-58.8 491 0.73 0.62 X16134
Abl abl-oncogene analog: Tyr kinase  3-[44] 1,520 0.69 040 057 M19692
ac achaete: TS AHLH protein 1-0.0 201 052 041 M17120
Ace acetylcholinesterase 3-52.5 649 074 0.64 X05893
Acp704 male accessory gland protein 3-[40] 55 047 0.37 M21201
Acr60C muscarinic acetylcholine 2-[107] 788  0.79 0.62 M23412

receptor C
Acr64B nicotinic acetylcholine receptor D 3-[8] 521 072 0.62 X04016
Acr96A4a nicotinic acetylcholine receptor B 3-[83] 567 0.5 0.66 X07194
Acr964b nicotinic acetylcholine receptor E  3-[83] 535 0.70 0.61 X52274
Act5C actin 1-[14] 376 0.78 0.78 KO00667
Act424 actin 2-[552] 376 0.68 0.64 KO00670
Act574 actin 2-[92] 376 0.76 0.79 KO00673
Act79B actin 3-[47] 376 082 033 0.80 M18829
Act87E actin 3-[53] 376 0.76 0.77 K00674
Act88F actin 3-571 376 080 048 0.79 M18830
Actn sarcomeric « actinin 1-[0.5] 895 081 0.76 X51753
ade3 glycinamide ligase 2-[22] 434  0.65 042 055 J02527
Adf1 Adh distal factor 1: AHLH 2-[56] 253 074 0.67 M37787

protein
Adh alcohol dehydrogenase 2-50.1 256 081 039 0.77 JO1066
Adhr alcohol dehydrogenase related 2-50.1 272 053 043
Ald fructose-1,6-biphosphate aldolase  3-91.5 363 082 040 082 M76409
ama amalgam protein 3-[47.5] 333 0.77 028 0.66 M23561
amd a-methyl-dopa hypersensitivity 2-53.9 510 067 0.38 0.58 X04695
Amy-d a-amylase 1 2-77.7 494  0.88 0.82 X04569
AnnlX annexin IX 3-[70] 296* 0.87 0.81 M34068
AnnX annexin X 1-[64] 321 087 0.78 M34069
annon-77F  histone-like protein 3-[46] 215 056 042 048 X16962
Anr andropin: male-specific protein 3-[101] 57 046 026 039 X16972
Antp antennapedia: homeodomain TF  3-47.5 378 075 0.63 X03791
Appl B-amyloid-like gene 1-0.0 886 0.71 0.63 J04516
Aprt adenine phosphoribosyltransferase 3-1.5 183 0.64 0.57 M18432
arl arf-like: GTP-binding protein 3-[43] 180 0.81 040 074 M61127
arm armadillo 1-[0.4] 843 064 047 057 X54468
Arrl arrestin A/phosphorestin II 2-[53] 364 076 032 071 M30177
Arr2 arrestin B/phosphorestin 1 3-[26] 401 076 034 070 M32141
ase asense: T8 AHLH protein 1-0.0 396 052 041 X12550
Atpa Na/K-ATPase a subunit 3-[70] 1,038 0.70 0.66 X14476

(continued)
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Gene Function/Product Map A4 GGy GG F,, AccH
awd abnormal wing discs 3-[105] 153 089 0.86 X13107
B Bar: homeodomain protein 1-57.0 543 0.70 0.56 M73079
bam bag-of-marbles 3-[85] 442 064 033 0.54 X56202
bed bicoid: homeodomain TF 3-[47.5] 489 066 0.54 X14458
Bd Beaded: EGF-like transmembrane 3-92.5 1,408  0.66 0.55 X56811

P
BicD bicaudal D x-helical coiled coil 2-52.9 782 0.67 0.59 M31684
Bji chromatin-binding protein 3-[20] 547  0.68 040 0.58 X58530
boss bride of sevenless: 3-[89] 896* 0.61 035 0.53 X55887
transmembrane P
br broad: Zn finger protein 1-(0.4] 704  0.80 0.67 X54664
brm brahma: homeotic regulator 3-43.0 1,638  0.62 0.52 M85049
Bsg25D blastoderm-specific transcript 2-[16] 741 0.68 043 057 X04896
bw brown 2-104.5 675 081 0.68 M20630
cad caudal: homeodomain TF 2-[54] 472 074 035 058 M21070
Cal calmodulin 2-[64] 152 0.67 038 0.63 X05951
Cam CAM-kinase type II 4-[3] 490 032 0.28 M74583
Cat catalase 3-[45] 506 0.76 0.68 X52286
cdc2 protein kinase 2-[40] 297  0.54 045 XS57485
cde2e cdc2c protein kinase 3-[68] 314 0.60 0.53 X57486
CecAl cecropin Al 3-(101] 63 056 034 052 X16972
CecA2 ceceopin A2 3-[101] 63 051 031 052 X16972
CecB cecropin B 3-[101] 63 0.6t 026 056 X16972
CecC cecropin C 3-[101] 63 064 026 059 Z11167
Cfla chorion transcription factor la 3-[22] 549 0.65 0.54 X58435
2 chorion transcription factor 2 2-[15] 235% 0.72 0.62 X53380
Cg25C collagen z-1 type IV 2-[15] 1,775 0.52 047 M23704
Cha choline acetyltransferase 3-64.6 728*  0.66 0.55 M13219
chi chickadee: profilin 2-[18] 126 074 0.66 M84528
chp chaoptin: cell surface glycoprotein  3-[102] 1,134 0.72 0.64 M19017
ci cubitis interruptus: Zn finger P 4-0.0 1,377 0.30 023 X54360
Cklla casein kinase I1 & subunit 3-[47] 336 0.37 0.34 MI16534
CkIIb casein kinase I f§ subunit 1-[36] 215 0.55 0.51 M16535
che cap-n-collar: AHLH protein 3-81.2 533 0.64 0.52 M37495
Cpl5 chorion protein S15 3-[26] 1S 0.65 054 0.64 X02497
Cplé6 chorion protein S16 3-[26] 138 0.69 040 0.66 X16715
Cpl8 chorton protein S18 3-[26] 172 070 029 0.67 X02497
Cpl9 chorion protein S19 3-[26] 173 074 045 0.7t X02497
Cp36 chorion protein S36 1-[23] 286  0.73 047 0.67 X05245
Cp38 chorion protein S38 1-[23] 306 0.64 036 060 X05245
crb crumbs: transmembrane protein 3-82 2,139 063 0.55 M33753
Csp cysteine-string protein 29 3-[47] 223 0.65 0.54 M63008
ct cut: homeodomain protein TF 1-20.0 2,175 0.6l 0.49  X07985
cta concertina: G-protein-al-like 2-[54.8] 457 036 0.31 M63651
CycA cyclin A 3-[36] 491 0.66 0.56 M24841
CycB cyclin B 2-[101] 530 0.71 0.61 M33192
CycC cyclin C 3-[55] 267 0.73 0.64 X62948
Cypl cyclophilin-1 - 165 0.82 0.77 M62398
Cyt-cl cytochrome ¢ DC3 2-[52] 105 0.65 0.57 X01761
Cyt-c2 cytochrome ¢ DC4 2-[52] 108 0.81 0.77 X01760
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Gene Function/Product Map AA  GCs GC; F,, Acc#
D1 chromosomal protein D1 3-[49] 355 061 0.54 104725
da daughterless: AHLH protein 2-41.3 710 0.70 0.57 J03148
Dbp73D D-E-A-D box protein 73D 3-[44] 572 051 031 044 M74824
Ddc dopa decarboxylase 2-53.9 508 071 0.37 062 X04661
decl defective chorion-1 1-20.8 1,123 054 045 M35887
Dfd deformed: homeodomain TF 3-475 590  0.64 0.50 X05136
Dhod dihydroorotate dehydrogenase 3-48.0 5t 050 046 X17297
dim didymous: homeodomain protein  2-[46] 475 0.70 0.56 Mé65016
disco disconnected: Zn finger protein 1-53.1 568  0.68 0.56 X56232
DI delta: EGF-transmembrane 3-66.2 833 067 0.57 Y00222
di dorsal: embryonic polarity 2-52.9 678  0.66 0.56 M23702
Diar protein Tyr phosphatase 2-[52} 2029 0.65 0.56 M27700
digl discs-large: guanate-cyclase-like 1-34.8 960  0.64 0.53 M73529
DmslI RNA pol II elongation factor — 313 077 0.70 X53670
dnc dunce: cAMP phosphodiesterase  1-3.9 584  0.58 048 X55167
Dox-A2 diphenol oxidase A2 2-53.9 494 0.70 041 0.62 M63010
dpp decapentaplegic 2-40 588 0.74 0.60 M30116
Dpt diptericin 2-[87] 106 057 047 M55432
Dromsopa CAX (opa) repeat 3-[47] 69 0.78 0.75 X56491
Dsk sulfated tyrosine-kinin 3-[47.1] 128 046 0.36 J03957
ea easter: serine protease 3-57 392 0.76 0.64 J03154
eag ether-a-gogo: K* channel protein  1-50.0 1,174  0.65 0.53 M61157
EcR ecdysone receptor 2-[55.2] 878  0.68 0.56 M74078
Edg78E pupal cuticle protein 3-[47] 122 077 046 073 M71247
Edg84A4 pupal cuticle protein 3-[47.5] 188 055 0.38 049 M71249
Edg9! pupal cuticle protein 3-[62] 159 048 051 042 M71250
Eflal00E elongation factor 1-« F1 3-[102] 463 076 044 0.76 X06869
Ef1a48D elongation factor 1-a F2 2-[64] 462 079 044 071 X06870
Ef2b elongation factor 2 2-[54.6] 844 0.66 0.64 X15805
Egon embryonic-gonad: Zn finger 3-[47] 373 0.68 0.54 X16631
protein
Eip71CD ecdysone-induced protein 3-[42] 255 064 036 0.55 X04024
Eip74EF ecdysone-induced protein 3-[45] 883 0.72 0.56 X15087
Eip75B ecdysone-induced protein 3-[45] 1,443 073 0.59 X15586
elav embryonic lethal, abnormal vision 1-[0.0] 483  0.68 0.56 M21152
emc extramacrochaetae protein 3-00 199 075 0.63 M31902
en engrailed: homeodomain EF 2-62.0 60* 088 043 0.71 X01765
Eno enolase phosphoglycerate 2-{3] 433 0487 0.86 X17034
hydrolase
esg escargot: Zn finger protein 2-[51] 470  0.66 0.56 M83207
E(spl) enhancer of split 3-89.1 186  0.70 0.66 X16553
Est6 esterase 6 3-359 544 050 025 042 J04167
EstP esterase P 3-359 544 042 032 035 M33780
Ets2 ets-oncogene analog 2-{100] 159* 0.60 022 0.51 M20408
eve even-skipped: homeodomain TF  2-[59] 376 078 041 068 M14767
Fasi fasciclin I 3-[59] 652 069 041 061 M32311
Fas2 fasciclin 11 1-[6] 811 062 0.55 M77165
Fas3 fasciclin I1I 2-[53] 508 070 0.61 M27813
Fep3C vitelline membrane protein 3C-1 1-[1.5] 210 058 045 042 M18281
(continued)
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Gene Function/Product Map AA GGy GC, F,, Acc#
Jkh fork head: DNA-binding protein  3-95 510 0.78 0.57 103177
Fmrf FMRFamide polyprotein 2-{59] 342 074 0.62 03232
Fps85D fps-oncogene analog: P Tyr kinase  3-[49] 803  0.69 0.61 X52844
Sfs(1)h FS: bromodomain membrane 1-21 2,038 0.64 0.52 M23221

protein
SS(DHK10 FS: DNA-binding protein 1-0.5 463 064 040 0.53 X12836
fs(DYa FS: nuclear envelope protein 1-[1.5] 708 075 0.62 M38442
f fat: cadherin-like protein 2-120 5147 058 049 MB0537
Stz fushi tarazu: homeodomain TF 3-47.5 413 077 029 0.67 X00854
Jrz-f1 ftz transcription factor 1 3-[45] 1,043  0.64 0.52 M63711
Furl furin-1: serine protease — 899  0.66 0.54 X59384
fz frizzled: transmembrane protein 3-41.7 581 0.66 0.53 X54646
Gapdhl glyceraldehyde-3-phosphate DH 1 2-[57] 332 083 0.80 M11254
Gapdh?2 glyceraldehyde-3-phosphate DH 2 1-[51] 332 075 0.72 MI11255
GbI3F G protein b subunit 1-[51] 340 0.66 0.58 M22567
Gld glucose dehydrogenase 3-48 612 067 040 058 M29298
Glu-RI11 glutamate receptor II 2-[17] 906  0.68 0.59 M73271
G-0a47A4 G-protein Ou subunit 2-[60] 354  0.64 0.57 MB86660
Gpdh glycerol-3-phosphate 2-17.8 362* 075 039 0.69 X61224
dehydrogenase
Gprkl G-protein coupled receptor 2-[55.11 700 0.31 0.23 MB80493
kinase 1
Gprk2 G-protein coupled receptor 3-[102] 427 074 0.65 M80494
kinase 2
grh grainy head: AHLH TF 2-86 1,063  0.69 0.57 X15657
gro groucho: G-protein b-subunit-like  3-89.1 719 067 0.57 M20571
G-sa60A G-protein Sa-60A 2-[106] 385 045 042 037 M33998
Gst glutathione S-transferase 1-1 3-[51] 209 088 0.83 X14233
gt giant: AHLH (Leu zipper) 1-1.0 448 070 049 0.59 X61148
h hairy: AHLH 3-26.5 337 076 0.67 X15905
H2.0 homeodomain P 2.0 TF 2-[20] 410 0.68 0.57 Y00843
hb hunchback: Zn finger protein 3-48.3 758 071 040 0.60 Y00274
Hisl histone H1 2-[546] 255 048 041 X14215
His2A histone H2A 2-[54.6] 124 054 0.54 X14215
His2AvD histone H2A variant 3-[91] 134 044 0.34 X07485
His2B histone H2B 2-[54.6] 123 063 0.53 X14215
His3 histone H3 2-[546] 136 057 0.55 X14215
His4 histone H4 2-[546] 103 055 0.54 X14215
HmG-CoAR  3-OH-3-Methylglutaryl CoA 3.[81] 916 062 0.55 M21329
reductase
HmgD high mobility group protein D 2-[99] 112 074 0.65 M77023
Hrb87Fa RNA-binding protein 3-[54] 386 0.64 033 0.60 X59691
Hsc70-1 heat-shock protein cognate 1 3-[41] 68* 067 042 058 JO1085
Hsc70-2 heat shock protein cognate 2 3-[52] 68* 0.78 029 066 KO01297
Hsc70-4 heat shock protein cognate 4 3-(57] 651  0.79 0.78 M36114
Hsp22 heat shock protein 22 kD 3-[28] 174 077 0.68 J01098
Hsp23 heat shock protein 23 kD 3-[28] 186 075 0.69 JO1100
Hsp26 heat shock protein 26 kD 3-[28] 208* 0.75 0.69 J01099
Hsp27 heat shock protein 27 kD 3-[28] 213 072 0.64 JO1101
Hsp67Ba heat shock protein 3-[28] 238 071 0.59 M26267
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Gene Function/Product Map AA GCs GC; F,, Acc#
Hsp67Bb heat shock protein 3-[28] 111 055 030 045 X07311
Hsp67Bc heat shock protein 3-[28] 169  0.53 0.44 X06542
Hsp70A heat shock protein 70 kD 3-[51] 643 0.75 0.68 J01103
Hsp70B heat shock protein 70 kD 3-[51] 641  0.73 0.66 J01104
Hsp83 heat shock protein 83 kD 3-[5] 375 077 035 0.76 KO01685
Ide insulin-degrading enzyme — 990 0.63 0.54 MS58465
ImpE2 ecdysone inducible gene E2 3-[6] 466  0.57 0.52 MS55099
inaC protein kinase C 2-82 700 053 0.48 J04845
Inr insulin-like receptor b subunit 3-(70] 300* 0.56 046 M13568
Jra jun-related AHLH (Leu zipper) 2-(59] 289 072 0.64 M36181
Kin kinesin heavy chain 2-[76] 975 074 0.66 M24441
Kip54D kinesin-like protein (KLP1) 2-[80] 133* 0.65 0.50 M74427
Klip61F kinesin-like protein (KLP2) 3-[0] 130* 0.55 049 M74428
Klip64D kinesin-like protein (KLP4) 3-[19] 129*  0.55 048 M74430
Kip674 kinesin-like protein (KLP3) 3-[27] 118* 0.69 0.56 M74429
Kip68D kinesin-like protein (KLPS) 3-[36] 123*  0.63 0.50 M74431
Kip98A kinesin-like protein (KLP6) 3-[98] 95* 0.66 0.53 M74432
kni knirps: steroid receptor P family  3-[46] 429 075 042 0.62 X13331
knri knirps-related protein 3-[46] 647 058 049 X14153
Kr Kriippel: Zn finger protein 2-107.6 467 0.54 033 044 X03414
Kr-h Kr homolog: Zn finger protein 2-[20] 79* 083 0.74 M14940
I(Dsc lethal at scute: T3 AHLH protein  1-0.0 257 059 051 X12549
(2)37Cc mitochondrial protein 2-53.9 203 073 042 061 X04227
()¢l lethal giant larvae: 2-00 1,160 036 0.28 X05426

transmembrane P
lab labial: homeodomain TF 3-[47.5] 495* 071 0.57 X13103
Lam nuclear lamin 2-[17] 621  0.79 0.73 X07278
LanA laminin A chain 3-[21]  1,951* 0.60 0.52 M75882
LanB1 laminin B1 chain 2-[24] 1,787 0.1 0.53 M19525
LanB2 laminin B2 chain 3-[28] 1,639 0.68 0.61 M25063
Lepl cuticle protein I 2-[58] 130 070 047 069 J01080
Lep2 cuticle protein II 2-[58] 126 0.66 043 065 J01081
Lep3 cuticle protein III 2-[58] 112 077 045 0.73 JO01081
Lep4 cuticle protein IV 2-[58] 111 074 040 072 JO1081
lds lodestar: DEAH-family 3-47.8 974  0.59 049 X62629
NTP-binding
Lspl-a o larval serum protein 1-39.5 70* 083 048 076 X03872
Lspl-b f larval serum protein 2-19 100* 091 047 0.88 XO03873
Lspl-g gamma larval serum protein 3-{0] 105* 069 042 064 X03874
LvpD larval visceral protein 2-[58] 508 0.62 0.55 V00204
LvpH larval visceral protein 2-[58] 521 070 031 065 V00204
LvpL larval visceral protein 2-[58] 505 0.71 045 0.65 V00204
LysD lysozyme 3-[0] 140 0.76 0.72 X58382
LysP lysozyme 3-[0] 141 073 0.65 X58382
M(2)21C ribosomal protein 21C 2-0.0 112 0382 0.81 Y00504
M(3)67C ribosomal protein S17 3-289 131 084 037 0.84 M22142
M(3)99D ribosomal protein rp49 3-[101] 133 0.78 047 0.72 X00848
mam mastermind: neurogenic protein 2-70.3 1,596 0.67 0.58 X54251
Map205 microtubule-associated 205 kD 3-[105] 1,163 045 0.37 X54061
(continued)
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Gene Function/Product Map AA  GCg GC; F,, Acc#
Madr49 P-glycoprotein (drug resistance) 2-[67] 1,302 0.67 0.60 M359076
Mdr65 P-glycoprotein (drug resistance) 3-[21] 1,302 051 043 M59077
me31B maternal expression: 2-[37} 459 046 041 M59926

DEAD-helicase

mex! midgut expression | 3-[42] 83 079 033 070 M63626
Mhc myosin heavy chain 2-52.2 1,962 0.77 040 0.76 M61229
Micl myosin light chain 1 3-{98] 155 075 0.70 KO01567
Mic2 myosin light chain 2 3-[101] 222 073 045 070 M11947
mle male-less: DEAH-family helicase ~ 2-55.2 1,293 0.53 046 M74121
mod modulo: DNA-binding protein 3-[102] 544 049 040 X15702
Mov34 Mov34 2-[106] 338 0.78 0.70 Mo64643
Mp20 muscle-specific protein 20 2-[68] 184 0.82 034 083 Y00795
mshl muscle homeodomain 1 3-[100] 61* 043 0.31 M38582
Mst26Aa male accessory gland 2-[20] 264 041 032 033 Y00219
Mst26Ab male accessory gland 2-[20] 90 051 036 043 Y00219
Mst87F sperm protein 3-[45] 56 047 029 045 YO00831
Mst95E male-specific protein msp316 3-[81] 52039 031 029 M32022
mys myospheroid: integrin b-subunit 1-[21] 8§46  0.70 0.61 J03251

N notch: transmembrane protein 1-3.0 2,703  0.63 042 052 Mi16152
nau nautilus: AHLH protein 3-[81] 332 0.62 0.50 X356161
ned non-claret disjunctional 3-100.7 700 072 039 0.63 XS52814
ninaA ninaA: transmembrane protein 2-14 237 080 0.39 0.68 M22851
ninaC ninaC: protein kinase 2-[22] 1,501  0.62 032 0.54 JO3131

ninaE opsin-R1/R6 3-66.4 373 079 033 071 KO02315
NK1 NK-1 homeodomain TF 3-[72] 659  0.70 0.54 X55393
NK2 NK-2 homeodomain TF 1-[0.0] 158*  0.66 0.55 M27290
NK3 NK-3 homeodomain TF 3-[72] 194* 077 038 0.64 M27291
nod kinesin-like protein 1-36 666  0.64 0.52 M36195
nonA RNA-binding protein 1-52.3 700 0.55 0.48 X55902
norpA phospholipase C-b-type 1-6.5 1,095  0.67 0.59 J03138

nos nanos: posterior determinant 3-66.2 401 068 037 055 M72421
Nrq neuroglian Ig-like 1-23.6 1,239 0.65 0.57 M28231
Nrt neurotactin: Ser protease-like 3-[44] 846  0.64 0.55 X53837

TMP

numb numb 2-[35] 556 0.66 0.55 M27815
oc ocelliless: homeodomain TF 1-23.1 671* 0.65 047 X58983
Ocr octopamine receptor 3-[100] 601  0.80 0.69 M60789
ogre optic ganglion reduced 1-18.8 362 0.79 0.71 X61180
omb optomotor-blind 1-7.5 974  0.63 048 ME1796
osk oskar: maternal effect 3-48.4 606 063 027 0.51 M65178
Ote otefin: nuclear envelope protein 2-[86] 406 0.62 0.51 X17495
otu ovarian tumors 1-22.7 811 0.55 046 X13693
pAbp poly(A)-binding protein 2-[80] 574 0.70 0.65 M38019
Pah phenylalanine-4-hydroxylase — 453 061 0.52 M32802
para paralytic: Na-channel « subunit 1-52.1 1,820 0.56 049 M32078
Pcna proliferating cell nuclear antigen  2-[88] 260 079 030 072 M33950
Pcp pupal cuticle protein 2-(22] 184 070 051 060 J02527

pex pecanex transmembrane protein 1-0.9 2483 056 050 045 M74329
Pep protein on ecdysone puffs: Zn 3-[45] 716 0.67 0.64 X56689

finger
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APPENDIX 37.A. Continued.

Gene Function/Product Map AA  GCs GC; F,, Acc#
Pepck phosphoenolpyruvate — 647 074 0.69 Y00402
carboxykinase
per period: biological clock protein 1-1.2 1,218 0.79 048 0.62 M30114
Pgd 6-phosphogluconate 1-0.5 481 0.80 047 073 MB80598
dehydrogenase
phl pole-hole: raf-oncogene analog 1-[1] 666 064 031 051 X07181
Pig1 pre-intermoult gene 1 1-[3] 187 047 038 X15760
Pka-C1 cAMP-dependent protein kinase A  2-[34] 353 083 0.74 M18655
Pka-C2 cAMP-dependent protein kinase-B  3-[102] 354 072 046 0.65 X16960
Pka-C3 cAMP-dependent protein 3-[43] 502 0.61 049 X16961
kinase-related
Pkc53E protein kinase C 53E 2-[78] 639 061 026 055 X05283
Pkc98E protein kinase C 98E 3-[99] 634 078 0.69 J04848
Pkg244 c¢GMP-dependent protein kinase  2-[9] 894  0.69 0.59 M30147
24A
Plc21C phospholipase C 2-[01] 1,312 0.63 0.52 M60453
polo protein Ser/Thr kinase 3-46 576 0.74 0.65 X63361
Pp1-87B protein-Ser/Thr phosphatase 1 «  3-[51] 302 077 0.71 X15583
PpY-554 protein Ser/Thr phosphatase Y 2-[83] 314 053 046 Y07510
prd paired: homeodomain TF 2-45 613 066 047 0.56 M14548
Prm paramyosin 3-[26] 477 0.88 0.84 X62591
pros prospero: homeodomain 3-[51] 1,407 0.71 0.60 MS81389
Pros28 proteasome 28 kD subunit — 249 072 070 M57712
Pros35 proteasome 35 kD subunit 3-[59] 279 063 0.57 X15497
Psc posterior sex combs: Zn finger 2-67 1,603 0.56 045 X59275
Ptp protein Tyr phosphatase — 1,462 049 042 M27699
PtplOD protein Tyr phosphatase 10D 1-{36] 1,558  0.68 0.57 MB80538
Ptp994 protein Tyr phosphatase 99A 3-[100] 1,301 0.68 0.59 MS81795
pum pumilio 3-48.5 1,533  0.64 0.53 X62589
R roughened: ras analog 3-14 184 0.84 0.75 MB80535
r rudimentary: dihydroorotase 1-54.5 2,236 0.64 0.54 X04813
Rab3 ras-related GTP-binding protein  2-[60] 220 074 0.64 M64621
Ras64B GTPase ras-analog 2 3-[15] 187  0.79 0.71 KO01962
Ras85D GTPase ras-analog 1 3-[49] 189  0.72 0.66 KO01960
Rdl GABA-A receptor 3-[27] 606 0.54 046 M69057
ref(2)P male fertility (Zn finger) 2-54.0 599 058 034 050 X16993
Rh2 rhodopsin-2 3-[65] 381 065 033 0.54 M12896
Rh3 rhodopsin-3 3-[67] 383 072 062 M17718
Rh4 rhodopsin-4 3-[44] 378  0.74 0.61 M17730
Rm62 DEAD-family helicase 3-[474] 575 072 0.68 X52846
RpAl ribosomal protein Al 2-[78] 113 0.80 0.78 XO05016
RpI135 RNA polymerase I 135 kD 2-[01] 1,129 053 032 044 X17298
subunit
RplI140 RNA polymerase IT 140 kD 3-54 1,123 0.58 0.26 0.55 X05709
subunit
RpIlI215 RNA polymerase II 215 kD 1-35.7 1,896 0.66 0.34 0.58 M27431
subunit
RplI1128 RNA polymerase IIT 128 kD 2- 1,135 0.64 0.56 X58826
subunit
(continued)
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APPENDIX 37.A. Continued.

Gene Function/Product Map AA GGy GC, F,, Acc#
RpL1 ribosomal protein L1 3-[98] 407 0.79 0.79 X13382
RpS14A4 ribosomal protein S14 A 1-[21] 151 0.70 042 0.72 M21045
RpSI4B ribosomal protein S14 B 1-[21] 151 0.69 039 071 M21045
Rrpl recombination repair protein 2-[6] 679 056 048 M62472
run runt: ATP-binding protein 1-65 509 080 0.65 X56432
rut rutabaga: adenylyl cyclase 1-46 2,248 0.70 0.59 MB81887
ry rosy: xanthine dehydrogenase 3-[52] 1,335 064 0.37 055 Y00308
sala spalt accessory 2-44 142 028 025 026 X57474
sas stranded at second 3-[47.5] 1348 0.64 0.52 M68866
sc scute: AHLH protein 1-0.0 345 051 043 M17119
sca scabrous: fibrinogen-like 2-66.7 774  0.73 0.61 M60065
Scr sex combs reduced: homeodomain 3-47.5 73* 036 022 X05228

TF

sd scalloped: DNA-binding protein 1-51.5 440 056 045 MB83787
Sd segregation distorter: Leu zipper ~ 2-54 363  0.59 0.51 X60218
Ser99Da serine protease 1 3-[101] 265 082 0.78 M24379
Ser99Db serine protease 2 3-[101] 265 082 0.77 M24379
Ser99Dc serine protease 3 3-[101] 61 054 0.51 M24380
sev sevenless: protein Tyr kinase 1-33.4 2,554 066 037 054 J03158

sgg shaggy: Ser/Thr kinase 1-1.3 514 0.57 049 X53332
Sgs4 salivary gland secretion 1-[3] 182* 047 0.37 X06565
Sgs5 salivary gland secretion 3-[60] 163 054 0.25 046 X04269
Sh shaker K *-channel 1-57.6 643 048 038 X07132
Shab shaker cognate b 3-[3] 924  0.63 0.54 M32659
Shal shaker cognate | 3-[46] 490 0.79 0.66 M32660
Shaw shaker cognate w 2-[10] 498 0.71 0.62 M32661
shi shibire: dynamin 1-51.5 836 0.56 0.50 X59448
sim single-minded: AHLH protein 3-522 655% 0.73 0.61 M19020
sina seven in absentia: nuclear protein  3-[44] 314 080 0.69 M38384
sli slit: transmembrane protein 2-77 1,480 0.73 0.64 X53959
slo slowpoke: Ca-activated 3-86 1,184* 059 0.50 M69053

K" -channel

sn singed 1-21.0 512 075 037 0.65 X17549
sna snail: Zn finger protein 2-51 390 073 0.64 Y00288
snk snake: serine protease 3-52.1 435  0.67 0.59 X04513
snRNP27D  sn-ribonucleoprotein 70 kD 2-[21] 448 0.76 047 065 M31162
Sod Cu-Zn superoxide dismutase 3-[34] 153 074 0.67 Y00367
sol small optic lobes: Zn finger 1-[65] 1,597 0.73 0.60 M64084
Sos son of sevenless: G-exchange 2-[48] 1,595  0.68 0.56 MB83931
Spec-a a-spectrin 3-[1.5] 2415 076 0.72 M26400
SR55 Ser-Arg RNA-binding protein 3-[53] 350  0.66 0.65 X58720
Src29A4 src-oncogene analog 2-[24] 590 0.63 0.55 M16599
Src64B src-oncogene analog 3-[15] 552 0.74 0.65 M11917
Sry-a serendipity o 3-[101] 530  0.70 0.60 X03121
Sry-b serendipity f§: Zn finger protein 3-[101] 351 0.88 0.78 X03121
Sry-d serendipity &: Zn finger protein 3-[101] 430 088 0.53 080 Xo03121

stau staufen 2-83.5 1,026 0.61 047 M69111
Ste stellate: casein kinase II-b-like 1-45.7 172 074 035 061 X15899
sty string: Tyr phosphatase 3-[100] 479 078 0.70 M24909
su( f) suppressor of forked 1-65.9 733 059 034 052 X62679
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APPENDIX 37.A. Continued.

Gene Function/Product Map AA  GCs GC, F,, Acc#
Su(H) suppressor of Hairless: 2-50.5 550  0.65 0.56 X58393
DNA-binding
su(Hw) suppressor of Hairy wing 3-54.8 944 060 033 054 Y00228
su(s) suppressor of sable: RNA-binding 1-0.0 1,334 059 038 049 MS57889
Su(var)20 suppressor of variegation: 2-31.1 206 0.64 037 056 MS57574
DNA-binding
Su(z)2 suppressor of zeste-2: Zn finger 2-[67] 1,364 0.58 039 044 X56798
svp seven-up: steroid receptor 3-[51] 543  0.75 0.65 M28863
Sx1 Sex-lethal: RNA-binding protein ~ 1-19.2 366 058 0.52 M59448
Syt synaptotagmin-p63 2-[7] 474 072 0.64 M55048
Takr86C tachykinin-like receptor 3-f50] 504 071 0.60 M77168
Takr99D tachykinin-like receptor 3-{101] 519 080 0.64 X62711
T-cpl T complex protein 1 analog 3-[76] 557 0.72 0.69 M21159
term terminus: Zn finger protein 3-[45] 428 0.82 0.73 M19140
Tf1ID transcription factor IID 2-[99] 353 067 0.56 M38082
Tafb-60A4 TGF-b-like 2-[106] 455  0.86 0.75 M84795
tin tinman: homeodomain TF 3-[72] 150* 0.74 029 0.65 M27292
tko technical knockout: mt RP S12 1-1.0 140 079 0.68 M19494
Tl Toll: transmembrane protein 391 1,097 0.66 0.53 M19969
tld tolloid: bone morphogenetic 3-85 1,057 061 0.53 M76976
P-1-like
el tailless: steroid receptor 3-102 452 0.73 0.64 M34639
Tml tropomyosin I 3-[551 284 0.84 044 085 K02623
Tm2 tropomyosin II/troponin H 3-[55] 285 0.7t 0.72 M15466
top torpedo: protein Tyr kinase 2-[97] 174* 0.70 0.61 KO03417
Top2 type II DNA topoisomerase 2-[54] 1,447 063 037 0.57 X61209
tor torso: receptor Tyr kinase 2-57 923 060 033 051 X15150
tra2 transformer-2: RNA-binding 2-[71] 264 054 049 M23633
protein
trp serine protease 3-[100] 1,275 0.68 038 0.59 M34394
trx trithorax: Zn finger protein 3-54.2 3,759 050 041 M31617
Try trypsin-like Ser protease 2-[60] 256 073 0.67 X02989
tsh teashirt: Zn finger protein 2-[548] 993 049 039 MS57496
ttk tramtrack: Zn finger protein 3-[102] 641  0.69 0.55 X17121
tub tube: (dorso-ventral polarity) 3-[471] 462 0.59 044 M59501
Tuba67C a-4 tubulin 3-[28] 462 072 030 0.64 M14646
Tuba84B a-1 tubulin 3-[47.5] 450 0.79 039 0.79 M14643
Tuba84D a-3 tubulin 3-[48] 450 0.79 0.79 M14645
Tuba85E a-2 tubulin 3-[49] 449 074 032 0.69 M14644
Tubb60D $-3 tubulin 2-[107] 454 088 042 080 M22335
Tubb85D B-2 tubulin 3485 46 072 0.66 M20420
Tubb97EF -1 tubulin 3-[92] 447 081 0.79 M20419
Tubg gamma-tubulin 2-[6] 475  0.66 0.58 M61765
tud tudor protein 2-97 2,515 054 047 X62420
tuf tufted: transmembrane protein 2-59 1,286 0.78 035 065 M28999
twi twist: AHLH protein 2-(102] 490 081 025 071 X12506
twn twain: homeodomain protein 2-[46] 601  0.69 0.59 M65015
UbcD6 ubiquitin conjugating enzyme 3-[47.1] 151 043 0.38 M63792
Ubi-f ubiquitin-RP hybrid 1-[17] 128 0.80 0.80 X53059
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APPENDIX 37.A. Continued.

Gene Function/Product Map AA GGy GC, F,, Acc#
Ubi-m ubiquitin-RP S27A hybrid — 156 071 0.70 M22536
Ubi-p poly-ubiquitin protein 3-[6] 231 068 0.69 M22428
Ubx Ultrabithorax: homeodomain TF  3-58.8 246 070 0.54 059 M24608
up upheld: troponin-T 1-41.0 396 0.76 0.74 X54504
Uro urate oxidase 2-[24] 352 070 022 0.62 X51940
usp ultraspiracle: chorion 1 TF 1-[0.5] 508 0.77 0.65 X53417
uzip unzipped 2-107.6 500 0.53 0.44 X07450
v vermilion: tryptophan oxidase 1-33.0 379 068 039 061 M34147
vas vasa: DEAD-family helicase 2-51 661 047 032 041 X12946
Vha vacuolar H*-ATPase 16 kD — 159 063 0.55 X55979

subunit
Vm26Aa vitelline membrane protein 26Aa  2-[20] 168 074 0.72 M20936
Vm26Ab vitelline membrane protein 26Ab  2-[20] 141 082 0.79 M18280
Vm32Ec vitelline membrane protein 32Ec ~ 2-[44] 116 0.59 049 M27647
Vm34Ca vitelline membrane protein 34Ca  2-[47] 96* 0.72 0.65 X01802
w white eye 1-1.5 687 0.71 0.58 X51749
wg wingless: intl-oncogene analog 2-[22] 468 0.74 0.63 M17230
y yellow body 1-0.0 541 046 033 035 X04427
yema nuclein a DNA-binding protein 3-[99] 1,022 0.68 0.35 0.55 X63503
Ypl yolk protein 1 1-30 442 080 0.38 076 X01524
Yp2 yolk protein 2 1-30 439 080 0.25 075 XO01524
Yp3 yolk protein 3 1-44 420 080 037 0.75 M15898
z zeste 1-1.0 575 0.68 0.38 0.58 Y00049
Z600 histone-like protein 3-[42] 90 068 0.63 X58286
zfhl Zn-finger homeodomain protein 1 3-[102] 1,060 0.76 0.65 M63449
zfh2 Zn-finger homeodomain protein 2 4-{1] 3,005 043 0.35 M63450
zip zipper: myosin heavy chain 2-(108] 1972 0.63 0.56 M35012
— 65 kD protein phosphatase — 591 0.67 0.62 M86442
— retinal specific G-o protein — 353 052 037 046 M58016
— fushi tarazu repressor — 641  0.69 0.56 M62856
— Glu-tRNA aminoacyl synthetase = — 1,475 057 0.51 M74104
— DNA polymerase — 1,505 0.55 0.29 047 D90310
— laminin receptor — 253 0.88 0.83 M77133

Genes are presented in alphabetical order; gene names follow FilyBase (Ashburner 1992). Map is the genetically
defined map location. AA is the length of the gene in codons, * indicates a partial gene sequence. GCy is the
G + C content at silent third positions of codons (i.e., excluding Trp, Met and stop codons); GC, is the G + C
content in introns. F, is the frequency of optimal codons (see text for definition). Acc.# indicates the accession
number allowing retrieval of the sequence from the GenBank/EMBL/DDBJ DNA sequence data library.
Abbreviations: AHLH = amphipathic helix-loop-helix; DH = dehydrogenase; FS = female sterile; G = guanine;
mt = mitochondrial; P = protein; RP = ribosomal protein; TF = transcription factor; TGF = transforming
growth factor; TMP = transmembrane protein.
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Appendix 37.B. Codon Usage Bias in D. melanogaster Transposable

Elements
Family Element Gene AA GCq ) Acc.#
LINE-like: F NA binding 122 0.50 0.43 M17214
RT 858 045 0.38
I NA binding 429 0.38 0.36 M14954
RT 1,086 0.41 0.37
Jockey NA binding 583 0.38 0.32 M22874
RT 916 0.46 0.37
DOC NA binding 565 042 037 X17551
RT 888 0.41 0.35
R1Dm orfl 471 0.63 0.50 X51968
RT 1,021 0.56 0.45
R2Dm RT 1,057 0.46 0.36 X51967
Ty-like Copia 1,409 0.28 0.23 X02599
1,731 gag 273 0.49 0.35 X07656
pol 982 0.50 0.39
Retrovirus-like: 17.6 gag 445 0.30 0.27 X01472
pol 1,058 0.33 0.28
env 472 0.28 0.26
297 gag 424 0.31 0.26 X03431
pol 1,059 0.26 0.23
env 471 0.29 0.26
Gypsy gag 451 0.52 043 M12927
pol 1,035 0.54 045
env 509 0.51 0.44
412 gag 444 0.36 0.32 X04132
pol 1,219 0.27 0.22
Foldback: FB4 orf 148 0.35 0.30 J01084
FBw* orfl 633 0.39 0.29 X15469
orf2 403 0.37 0.29
P-like: P element 751 0.38 0.31 V01520
HOBO 644 0.32 0.26 M69216

Abbreviations: NA = nucleic acid; RT = reverse transcriptase. See also the footnote to Appendix 37.A.
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APPENDIX

Early Stages of Embryonic Development

Many of the genes treated in Part I are expressed in early embryos. Four figures
that summarize different aspects of the processes involved are presented in this
appendix.

Fi1G. A.1. “Schematic drawing of the embryonic stages leading up to gastrulation
in D. melanogaster” from Foe and Alberts (1983). “This figure is modified from
Zalokar & Erk (1976) to show the correct times of appearance of pole and somatic
buds and to indicate the cessation of division of the yolk nuclei. The number beside
each embryo, which denotes its developmental stage, corresponds to the total number
of nuclear division cycles undergone by the almost synchronously dividing embryonic
nuclei. A stage begins with the start of interphase and ends with the conclusion of
mitosis. Stage 1 is the fertilized zygote during its first interphase and mitosis. The
subsequent stages, each of which corresponds to one complete nuclear division cycle
(interphase plus mitosis), are numbered consecutively. Embryos are shown in
longitudinal section and with their anterior ends at the top. They are depicted
without vitelline membranes to emphasize the changes in surface morphology of the
plasma membrane that surrounds the syncytial embryo. Solid black circles represent
nuclei, stippled regions denote yolk, and non-textured regions denote the yolk-free
regions of cytoplasm. As shown, when development begins there is a thin layer of
yolk-free cytoplasm at the egg periphery (the ‘periplasm’), and a yolk-free region of
cytoplasm surrounding each nucleus (the ‘protoplasmic islands’). For stages 1-5 all
nuclei are indicated, even though they would not all normally be in the same plane.
For stages 6-14, only a fraction of the embryonic nuclei is shown.”

“Stages 1-7: The nuclei multiply exponentially in the central region of the egg.”

“Stage 8: The majority of the still dividing nuclei, with their enveloping
protoplasmic islands, have started their migration outwards, leaving the future yolk
nuclei behind. These yolk nuclei will divide in approximate synchrony with the
remaining nuclei in cycles 810, and thereafter cease dividing and become polyploid.”

“Stage 9: Early in their 9th interphase, a few migrating nuclei appear in the
posterior periplasm, creating there the posterior cytoplasmic protuberances called
pole buds. At the end of this stage, these nuclei (like all others in the syncytium) enter
into mitosis, thus doubling the number of pole buds.” (continued)
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FiG. A.1 continued. “Stage 10: The remainder of the migrating nuclei appear in the
periplasm at the beginning of their 10th interphase, organizing somatic buds over the
entire embryonic surface. During mitosis of this cycle, the pole buds divide again and,
nearly simultaneously, are pinched off from the syncytial embryonic mass to produce
the pole cells; after this stage these cells, which are the potential germ cell progenitors,
will continue to divide, but they lose mitotic synchrony with the embryonic

syncytium.”
“Stages 10—13: The syncytial nuclei in their somatic buds at the embryonic
periphery divide with near synchrony. (continued)
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F1G. A.1 continued. During cycle 13, the depth of the yolk-free periplasm increases
dramatically at the expense of the central yolk region.”

“Stage 14A: Plasma membrane formation occurs synchronously between all of the
peripheral nuclei to generate separate cells. During this process, the nuclei elongate,
matching the shape of the elongated blastodermal cells that are forming. Stage 14A is
depicted at both early (no cell membranes evident) and late (cellularization just
completed) times. The cells that form at this time are the progenitors of the somatic
tissues.”

“Stage 14B: Immediately following cellularization, gastrulation movements begin.
The infolding of cells depicted about one-third of the distance down from the anterior
pole is a section of the cephalic furrow (also called the anterior oblique cleft), and the
invagination of the posterior pole is part of the posterior midgut furrow (all called the
amnioproctodaeal invagination) into which the pole cells move. Not knowing when
nuclear division occurs during stage 14, Zalokar & Erk (1976) designated the early
gastrula as stage 15, rather than as stage 14B. The cells do not begin the mitosis of
cycle 14 synchronously, but rather enter mitosis in a consistent region-specific
sequence beginning 15 min after the start of gastrulation. Note also that a true
‘cellular blastoderm’ stage hardly exists in Drosophila, since gastrulation begins as
soon as cells have formed.”

“The average time required for stages (nuclear cycles) 1-9 is 8 min at 25°C. Stages
10, 11, 12, 13 and 14 occupy about 9, 10, 12, 21, and more than 65 min, respectively.”
From Foe and Albert (1983); reproduced by permission.
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FIG. A.2. Main zones of expression of several gap genes along the antero—posterior
axis of the egg (%EL) during blastoderm stage (modified from Hiilskamp et al. 1990).
0% egg length = posterior pole to the right; the scale on the vertical axis is arbitrary
and cannot be used to compare levels of gene products to each other. The horizontal
line near the bottom of the graph represents the threshold of detection; it is meant to
indicate that the presence, and effect, of some of these products may extend beyond
the region of the embryo where they are detected. Localization of these products
occurs at the mRNA level and it is due, at least in part, to the following interactions.

Maternal bcd RNA is anchored at the anterior pole by cytoskeletal elements.
BCD stimulates transcription of hb thus limiting this RNA to the anterior half of the
embryo. Low concentrations of BCD and HB stimulate transcription of Kr in the
middle section of the embryo, while high concentrations repress it (thus defining the
anterior border of the KR bang). KR in turn represses hb thus defining this gene
posterior border of expression, and it activates kni in a band immediately posterior to
its own. Low to moderate concentrations of HB and TLL repress kni thus defining
the anterior and posterior border of the KNI band.
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F1G. A.3. Top. “A fate map of the Drosophila blastoderm (from Campos-Ortega and
Hartenstein, 1985)” as modified by Akam (1987). “The shape is a planimetric
reconstruction of the blastoderm surface. All parts of the egg surface contribute to the
embryo proper, except the narrow dorsal primordium for the amnioserosa (as).
Hatched areas will invaginate at gastrulation. Cells that will generate metameric
structures are enclosed by a thick line. Abbreviations: amg, anterior midgut; ant,
anterior; as, amnioserosa; cl, clypeolabrum; dEpi, dorsal epidermis; dors, dorsal; dr,
dorsal ridge; es, oesophagus; mt, Malpighian tubules; MS, mesoderm; ol, optic lobe;
ph, pharynx; pmg, posterior midgut; pNR, procephalic neurogenic region; pr,
proctodeum; sg, salivary gland; vNR, ventral neurogenic region; M” or Mn,
“mandibular segment; Mx, maxillary segment; La, labial segment; T1-T3, thoracic
segments; AI-A10 abdominal segments.”

Bottom. “Expression of segmentation genes in the Drosophila blastoderm:
approximate registration of pair-rule stripes, engrailed expression and metameric
units.” Each segment is divided, by the parasegment line, into an anterior (A) and a
posterior (P) compartment. “The patterns of expression are shown for four of the
pair-rule genes at about cleavage stage 14A/B. The later patterns of engrailed
expression have been projected onto the same diagram, even though at this
mid-blastoderm stage hybridization reveals only a single well-defined engrailed stripe
(stripe 2).”

“The bands of engrailed expression define P compartments and so lie at the
anterior margin of each parasegment. (continued)
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FIGURE A.3 continued. Stripes of even-skipped and fushi-tarazu expression are each
approximately four cells wide at mid-blastoderm, and appear to lie out of phase with
each other. Double-labelling experiments in later embryos suggest that the anterior
margins of both ftz and eve stripes coincide precisely with the engrailed stripes, and
hence define parasegment boundaries (Lawrence et al. 1987). hairy stripes are about
the same width, but are displaced slightly with respect to parasegments and overlap
those of ftz. paired stripes are broader than a single metameric repeat, but the seven
stripes split into fourteen before gastrulation.” (This figure combines elements from
Figs 1 and 4B from Akam (1987); reproduced by permission.) For a review and
discussion see also Carroll (1990).



14014

Maorphology

- Nuclear migration (1:25h, ~ 128 nuclei)

Ciene activiry




SOy

D. Gastrulation (3 h, ~5000 cclls) pmg

dors

anl

Fic. A4. “Patterns of gene activity during early Drosophila development . . . Diagrams on the left show the morphology of
stages during early embryogenesis. Corresponding panels on the right show patterns of gene activity established at the
corresponding stages: A. Localized maternal determinants: bicoid RNA (crosses); polar granules (dots). The bicoid protein
gradient is shown by shading. B. Gap gene expression: hunchback, Kriippel, knirps (shading, zones from anterior to posterior);
tailless (stipple at both ends). C. Pair rule stripes: even-skipped (dark) and fushi-tarazu (light). D, E. Evolving pattern of
segment polarity gene expression: wingless (dark) and engrailed (light).” By M. Akam, from The Encyclopaedia of Molecular
Biology (Oxford: Blackwell Scientific Publications), reproduced by permission.
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INDEX

abdominal A 277
Abdominal B 277
Ac 3,6
achaete, see ac
achaete-scute complex (ac, sc, Isc, ase) 3
Actd24 27
Act57B 29
ActS5C 20
Act79B 29
Act87E 31
Act88F 34
Actin genes (Act5C, Act42A, Act57B,
Act79B, Act87E, Act88F) 17
ac-sc 158, 169
Adh 37
Adh-dup 41
Alcohol dehydrogenase, see Adh
a-Amylase, see Amy
a-Crystallin B2 chain 171
Amy 44
Andropin, see Anp
Anp 53
Antennapedia complex
bed 64
Edg844 100
Jtz 148
Antp 60, 147, 270, 280
Ase 3,12
asense, see ase

bcd 89, 140, 168, 212, 220
bicoid, see bed

Blastoderm-specific gene at 25D, see Bsg25D

Broad Complex 254
Bsg25D 67

Caudal 60, 150
CecAl 53

CecA2 54
CecB 56
CecC 57
Cecropin gene cluster (Anp, CecAl, CecA2,
CecB, CecC) 51
Chitin 88
Chorion protein genes (Cpl5, Cpl6, Cpl8,
Cp19, Cp36, Cp38) 72
Chorion proteins
CP 72,78
DOXA2 123
Cis-acting regulatory region
large (> 5 kb)
eve 140
fiz 149
h 159
Kr 220
sc 12
Ubx 280
medium size (1-5 kb)
Act5C 25
Act88F 34
Adh-p 41
Ddc neural 113
kni 212
Pgd 239
y 303
small (< 1kb)
ac 10
Adh-d 41
Amy 46
Cp 76,81
Ddc epidermal 113
hb proximal 169
Hsp67B 175, 177, 181
Hsp70 193
janB 204
Lep2 93
Mmn 226
otu 233
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Cis-acting regulatory region (cont.)
small (< 1kb) (cont.)
Sgs 252, 256, 258
Srya 262
v 287
Vm26Aa, Vm26Ab 292, 293
Concerted evolution
Amy 44
Hsp70 193
Cpl5 178,81
Cpl6 78, 85
Cpl8 78, 85
Cpl9 78, 85
Cp36 72,76
Cp38 72,78
Cs 121
Cuticle proteins genes 88
Cuticular proteins
DDC 111
DOXA2 123
EDG78E 97
EDGS84A 99
EDGY91A 100
LCP 89
PCP 93
Y 298
Cytel 104, 108
Cytc2 104, 108
Cytochrome ¢, see Cytcl and Cytc?
Cytokerating 100

daughterless 4, 169
Ddc 111
decapentaplegic 277
Deformed 64
Delta 4
Diphenol oxidase component A2, see
DoxA2
DNA amplification
Cp 7579
otu 233
Dopa decarboxylase cluster (Ddc, 1(2)amd,
Cs, DoxA2) 109
doublesex 310
DoxA2 123

Ecdysone dependent genes (Edg) 97
Edg78E 97

Edg844 99

Edg914 100

Eflal 126,130

Efia2 126, 130

Egg shell protein genes (Cp) 72

INDEX

egon 213

Elongation Factor 1 alpha (EfIal,
Efia2 126

Embryonic gonads, see egon

engrailed 135, 144, 149

eve 60, 135, 147, 148, 151, 162, 215, 244

even-skipped, see eve

exuperantia 65

Follicle cell protein at 3C 296

fos 67
Stz 41,138, 139, 144, 154, 280
Jushi-tarazu, see ftz

Cap gene G

hb 167

kni 209

Kr 216

Gene expression

in adult epidermis
Ddc 111,113
DoxA2 123
Edg 99, 100, 103
Pcp 96
vy 303

in adult fat body
Adh 37
CecA 52
Yp 307,310

in adult midgut
Amy 44
Mm 223

and aging, Ef-1aF1 126

autoregulation of
ac 10
eve 138, 140
Jiz 147, 151
hb 162, 169
Ubx 270, 280

in blastoderm stage
ac-sc family 8, 10
bed 60
Bsg25D 67
eve 138, 139
ftz 147, 148
h 158,159
hb 168
kni 209
knrl 213
Kr 216,219
prd 244
SryB, Sryé 267, 268



Srya 262
Ubx 278
in gjaculatory duct Anp 51, 53
environmental induction of
Cec 51
Hsp67B 173
Hsp70 192
Mtn 223
Mo 226
environmental repression in Amy 46
in gastrulation
eve 139
ftz 147
h 158
kni 212
Kr 219
Ubx 277,279
in gonadal primordia egon 213
in hindgut
eve 139
fiz 147
h 158,159
in imaginal discs
ac-sc family 8, 15
h 158
Pgd 235
Ubx 277
in indirect flight muscles Act88F 17
induced by ecdysone
Act424 29
Act5C 25
Edg78E 99
Edg844 100
Edg914 103
GEBF1/3gs3 254
Hsp67B 173, 175, 181
Lep 88
Ypl, Yp2, Yp3 307
induced by heat
Hsp67B 175,177, 181, 186, 187
Hsp70 193
induced by infection Cec 52
induced by juvenile hormone Ypl,
Yp2 307
induced by mating Anp 53
induced by metals
Mt 223
Mto 226
in intersegmental muscles
Act57B 17
Act87E 17
in larval epidermis
Ddc 111,113
DoxA2 123
Edg 99, 103

INDEX

Lep 88, 89
Pcp 96
y 303
in larval fat body
Adh 37
CecA 52
Pgd 235
v 287
in larval midgut
Adh 37
Amy 44
Min 223
in larval salivary glands Sgs 249, 251
in neuroblasts
ac-sc family 4, 8, 15
eve 139
ftz 149
hb 167, 169
Kr 216
in neurons Ddc 111, 113
in optic lobes ac-sc family 8, 15
in ovarian follicle cells
Cp 75,76, 81
Fcp3C 297
Vm 291-295
Ypl, Yp2 307, 310
in ovarian nurse cells
bed 64
hb 168
Hsp23
Hsp26 177
Hsp27 181
otu 228,233
SryB, Sryé 268
in ovaries janA 203
in pupal histolysis CecB/C 52
with segmental polarity
eve 139
prd 245
Ubx 277
in testes
Hsp26 177
HspG2 186
jand 203
janB 204
in thoracic muscles Act79B 17
ubiquitous
Act42A 17
Act5C 17
Cytc 108
Eflal 130
Hsp67B 173
Hsp70 192
Rp49 247

177
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Gene expression (cont.)
in “zebra” pattern

eve 139

fiz 148, 149

h 160,161

prd 244
Genel, Gene2, Gene3 (HspG1-G3) 171
giant 140, 216, 220
gooseberry 241

h 151, 154, 209, 216

hairy, see h

Hairy-wing (ac-sc) 6

Hb 4, 60, 140, 148, 162, 212, 215, 220, 280

Heat-Shock Cognate Genes 198

Heat-shock cluster at 67B (Hsp22 ...
HspG3) 171

Heat-shock genes 20

Heat-shock proteins of 70 kD (Hsp7047 ...

Hsp70C1) 189

Hemolymph protein

CEC 51

YP 305
Homeotic gene, Ubx 277
Hsp22, Hsp23, Hsp26, Hsp27 171
Hsp67B Heat-shock cluster at 67B 171
Hsp68 198
Hsp70 189
HspGl, HspG2, HspG3 171
hunchback, see hb

Intron, alternative splicing
bed 64
Ddc 111
otu 232
Ubx 278
Intronless gene
ac 6
AmyA, AmyB 46
ase 12
Hsp67B 171
Hsp70 192
Isc 12
sc 10
Srya 262
Sryé 268
Vm26A4Aa 291
Ym26A4b 293
Vm32E 294
Vm34C 295

janA, janB 201, 261
janus, see janA, janB

INDEX

kni 160, 167, 205, 216

knirps, see kni

knirps-related, see knrl

knrl 214

Kr 60, 140, 160, 162, 209, 212, 215
Kriippel, see Kr

Larval cuticle proteins genes (Lcpl—4) 88
Lepl—4 88-93
Leader intron
Act424 27
Act5C 20
Act87E 31
Act88F 34
Adh 38

Dde 111

Efia 130

hb 168

HspG2 184
janA 203

kni 209

otu 232

lethal of scute, see Isc
Isc 3,12

i(2yamd 117

Metallothioneins (Mtn, Mto) 222
mRNA
degradation signals
Cec 52
eve 139
ftz 149
Hsp70 197
Mt 223
localization signals bcd 64
maternal
Act5C 20
bed 60
Mst(3)gl-9 204
Mwn 222,223
Mo 222,226
myc 4, 148, 154
MyoD 4

Notch 4

ocelliless 75
otu 75,228
ovarian tumor, see otu



INDEX

Overlapping genes
Act5C/X 27
Ddc/Cs 113
Hsp26/HspGl
HspG2/HspG3
JjanAjjanB 201
janA/Sryf 203
Pcpjade3 93
Sgs7/Sgs8 251
Ypl/Yp2 310

178
186

paired, see prd
Pair-rule gene
eve 138
fiz 147, 148
h 158
prd 244
Pcp 93
Pcpgart 93
Pgd 235
6-Phosphogluconate dehydrogenase, see Pgd
Polycomb 279
prd 148, 241
Promoter
multiple
Act5C 20
Adh 38
h 159
hb 168
HspG2 183
with CAAT box
Act424 27
Act5C distal 20
Act79B 29
Act87E 31
Act88F 34
Adh distal 38
Amy 46
Anp 53
Bsg25D 67
Cpl5 81
Cpl6 85
Cp36 76
Cp38 78
Ddc 111
DoxA2 124
Edg914 101
Efla2 130
eve 139
h distal
hb distal
janB 203
Lepl 91

159
168

411

Lep2 92
Lep3 93
I(2)amd
M 223
Mto 226
otu minor
Pgd 239
Sgs3 252
Sgs5 258
Sgs7 256
Sgs8 256
SryB 268
Srya 262

v 287
Vm26Ab 293
y 298

Yp2 314

119

232

with TATA box

ac 6

Act5C distal 20
Act79B 29
Act87E 31
Act88F 34

Adh distal 38
Adh proximal 38
Amy 46
Anp 53

ase 12
Bsg25D 67
CecAl 54
CecA2 54
CecB 56
Cpl5 81
Cplé 85
Cpl8 85
Cp19 85
Cp36 76
Cp38 78

Cs 121

Ddc 111
Edg78E 99
Edg844 100
Edg914 101
eve 139
ftz 148

hb distal 168
hb proximal
Hsp22 173
Hsp23 175
Hsp26 177
Hsp27 179
Hsp70 197
HspGl 181
HspG2 183
HspG3 186

168



412

Promoter (cont.)
with TATA box (cont.)
jand 203
janB 203

Kr 216

Lepl 91
Lep2 92
Lep3 93
Lepd 93
{(2)amd 119
Mtn 223
Mto 226

Pcp 93

Pgd 239

sc 10

Sgs3 252
Sgs5 258
Sgs7 256

Sgs8 256
Srya 262
Sryf 268
Sryé 268
Vm264a 291
Ym26A4b 293
Vm32E 294
Ym34C 294
y 298

Ypl 310

Yp2 314

Yp3 315
without CAAT box
ac 6

Act5C proximal 20
Adh proximal 38
ase 12

CecAl 54
CecA2 54
CecB 56
Cpl8 85
Cpl9 85

Cs 121
Edg78E 99
Edg84A 100
Eftal 130
ftz 148

h proximal 159
hb proximal 168
Hsp23 175
Hsp2 177
Hsp27 179
Hsp70 197
HspGl 181
HspG2 183
HspG3 186
Kr 216

INDEX

Lepd 93
otu major 232
Pep 93
Rp49 247
sc 10
Sryé 268
Ubx 278
Vm34C 294
Ypl 310
Yp3 315
without TATA box
Act424 27
Act5C proximal
DoxA2 124
Eflal 130
Efla2 130
h distal 159
h proximal 159
otu major 232
otu minor 232
Rp49 247
Ubx 278
v 287
Protein features
Ala repeat
EVE 135
KR 215
UBX 270

20

ATP-binding site HSP70 189
basic helix-loop-helix (pHLH)

AS-SC family 3
HAIRY 154
degradation signal
FTZ 148
EVE 140

denatured protein binding site HSP70

GTP-binding site EFlx 126

homeodomain
BCD 59
EVE 135
FTZ 144
PRD 241
UBX 270
KNI box KNI 205

nuclear localization signal SRYé 267

nucleolar localization HSP70

OPA repeat

BCD 39
HAIRY 154
PEST sequences
AC-SC family 4
BCD 59

FTZ 148
HAIRY 154
PRD domain PRD

141, 241

189

189



PRD repeat
BCD 59
PRD 241
pyridoxal binding site
AMD 117
DDC 111
Zn fingers, C,H,
SRYB, SRYS 267
HB 162
KR 215
Zn fingers, C,/Cs KNI 205
Protein processing
cross-linking
CP 72,79
LCP 88
MT 222
SGS 249
C-terminal amidation CEC 51
derivatized N-terminus
ADH 37
AMY 44
glycosylation
HAIRY 154
KR 215
SGS 249, 252, 257
YP 305
phosphorylation
AC-SC family 4
BCD 59
FTZ 144
HSP67B 171
UBX 270
YP 305
signal peptide
EDG78E 97
AMY 44
CEC 51
CP 72,79
EDGR84A 100
EDG91A 100
LCP1-4 88
PCP 93
SGS 249
VM 289
Y 298
specific hydrolysis
CEC 51
DOXA2 123
tyrosine sulfation YP 305
Pseudogene
Cec 52
Lep 89
Pupal cuticle proteins genes (Pcp, Edg78E,
Edg84A4, Ed914) 93

INDEX

raised 34

Retrovirus HIV-1 pol 162

Ribitol dehydrogenase, Adh 37
Ribosomal protein 49, see Rp49
RNA-binding proteins Hsp67B 171
Rp49 247, 261

$15, S16, S18, S19, S36, S38, see Cp

Salivary gland secretion protein genes (Sgs3,
Sgs5, Shs7, Sgs8) 249

sc 3,10

scute, see sc

Serendipity Cluster (Srya, Sryf, Sryé, janA,
janB, Rp49) 261

sex-lethal 6

Sgs3. 249, 252

Sgs5 249, 257

Sgs7 249, 254

Sgs8 249, 256

sisterless b (sc) 6

Small heat-shock proteins Hs67B 171

Srya 262

Sryp 267

Sryé 247,267

staufen 65

suppressor of sable 287, 303

swallow 65

tailless 160, 212
Transcription factor

AC-SC family 3
AC-SC family in

ac-sc 10

hb 169
ADF-1 in Adh 41
AFEF-1in Adh 41
AEF-1in Yp 310
ANTP in Ubx 280
BCD 59
BCD in

eve 140

hb 168, 169

kni 209

Kr 220
CAD in fiz 150
CFlin Cpl5 85
CFILin Cpl5 85
C/EBP in Adh 41
C/EBPin Yp 310
DA in ac-sc 4,10
DA in hb 169
DEP1-4 in Adh 41
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Transcription factor (cont.)
DSXin Yp 310
EMC in ac-sc 4
EVE 135
EVE in eve 141
FTZ 144
FTZ in fiz 151
FTZ in Ubx 280
FTZ-F1 in Adh 41
FTZ-F1in fiz 149
FTZ-F2 in ftz 150
GAGA protein in

Act5C proximal 25
eve 141, 142
Hsp26 177
Hsp70 197
Ubx 280
GEBF1 in Sgs3 254
GT in eve 140
HAIRY 154
HB 162
HB in
eve 140
hb 169
kni 212
Kr 220
Ubx 280
helix-loop-helix protein, see
AC-SC family
DA
EMC
HAIRY
homeodomain protein, see
ANTP
BCD
EVE
FTZ
PRD
UBX
HSF in Hsp70 193
KNI 205
KNILinh 160
KNI in Kr 220
KR 215
KR in
eve 140
h 160
hb 169
kni 212
POU/homeodomain protein 117
PRD 241
PRD in eve 141
SP2 Adh 41
Steroid hormone receptor, see
CFI = USP

INDEX

FTZ-F1
KNI
TLL in
h 160
kni 212
Kr 220
TTK in eve 141, 142
TTK in ftz 150, 151
UBX 270
UBX in Ubx 280
USP in Cpl5 85
YPFlin Yp 314
ZESTE in Ubx 280
Zn finger protein, see
CFII
HB
KR
SRYp, SRYé
TTK = FTZ-F2
Transcriptional interference
Adh 41
janB 204
y 303
Transcriptional read-through
HspGl 186
Sry 261
Transposable element insertion
412inv 287
Bi04inv 286
copia in s¢ 10
gypsy in ac 8
gypsy in y 302
HMS Beagle in Lcp3 94
P in
otu 232
v 286
y 302
Triacylglycerol lipase 305
Tropomyosin 67
Tryptophan oxygenase, see v

Ubx 147, 167, 270
Ultrabithorax, see Ubx
ultraspiracle 85

v 283, 303

vermilion, see v

Vitelline membrane proteins gense (Vm26Aa,
Vm26Ab, Vm32E, Vm34C,
Fcp3C) 289

Vitellins 305

Vitellogenins 305

¥Ym26A4a 289, 291



Vm26Ab 289, 292
Vm32E 289, 293
Vm34C 289, 294

y 3,287,298
yellow, see y

INDEX

Yolk proteins gense (Ypl, Yp2, Yp3) 305

Ypl 41, 305, 310
Yp2 305,314
Yp3 305,315

Zwischenferment

239
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