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Abstract Virus proliferation depends on the successful recruitment of host cellular com-
ponents for their own replication, protein synthesis, and virion assembly. In the course of
virus particle production a large number of proteins are synthesized in a relatively short
time, whereby protein folding can become a limiting step. Most viruses therefore need cel-
lular chaperones during their life cycle. In addition to their own protein folding problems
viruses need to interfere with cellular processes such as signal transduction, cell cycle reg-
ulation and induction of apoptosis in order to create a favorable environment for their pro-
liferation and to avoid premature cell death. Chaperones are involved in the control of
these cellular processes and some viruses reprogram their host cell by interacting with
them. Hsp70 chaperones, as central components of the cellular chaperone network, are
frequently recruited by viruses. This review focuses on the function of Hsp70 chaperones
at the different stages of the viral life cycle emphasizing mechanistic aspects.

Introduction

The life cycle of a virus is a course with many obstacles that must be overcome in order to
produce a sufficient number of progeny to guarantee evolutionary survival (Fig. 1). Virus-
es have to interact with cell surface receptors, induce endocytosis and/or membrane fusion
and thereby achieve entry into the cell. Their capsid, which needs to be relatively stable
outside of the cell to ensure sufficient protection of the viral genome against environmen-
tal impacts, must be disassembled or opened to allow the viral nucleic acid to gain access
to the cytoplasm and nucleus where replication and transcription take place. The matura-
tion process of viral proteins, which often consist of multiple domains or are produced as
polyproteins, can be very complicated. New capsids have to assemble in an ordered way
around the viral genome and release of new virions must be induced. In addition, cellular
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Fig. 1 Life cycle of adenovirus. Known and suspected interactions with Hsp70 are shown. /, Hsp70 is in-
volved in the recycling of clathrin during the formation of clathrin coated pits and vesicles and afterwards
in the uncoating of clathrin coated vesicles (Greene and Eisenberg 1990; Newmyer et al. 2003; Newmyer
and Schmid 2001; Ungewickell 1985). 2, Binding of Hsp70 to the hexon capsid protein. 3, Hsp70-mediated
release of the viral genome into the nucleus. 4, Interaction of Hsp70 with the immediate early gene product
E1A, dissociation of pRB-E2F complexes, regulation of viral and host transcription by E1A with likely par-
ticipation of Hsp70. 5, interaction of Hsp70 with newly synthesized coat proteins and possible role in the
virion assembly
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defense mechanisms must be overcome and sometimes cell differentiation prevented and
start of the cell cycle induced.

Some of these obstacles involve protein folding processes and it is therefore not sur-
prising that most viruses interact with cellular chaperones. In fact, two of the major chap-
erone systems in Escherichia coli, the Hsp70 (DnaK, Dnal, GrpE) and the Hsp60 (GroEL,
GroES) systems, were originally discovered as host factors essential for growth of bacteri-
al viruses, the bacteriophages 1 and T4 (Georgopoulos 1972, 1977; Sunshine et al. 1977).
Early on it became clear that the folding tasks of the chaperones, in particular of the
Hsp70s, involves not only the acceleration of the maturation of viral proteins but also the
regulation of the viral life cycle and coordination of host and viral physiological states. In
eukaryotic cells Hsp70 chaperones are involved in the regulation of fundamental cellular
processes such as the cell cycle and apoptosis. The functional interaction of viruses with
these chaperones therefore contributes to reprogramming the host cell, specifically to al-
low re-entry into the cell cycle and to avoid premature apoptosis. Hsp70 chaperones also
seem to be involved in circumvention of cellular defense and sometimes even in avoid-
ance of the host defense mechanisms.

This treatise deals mainly with the role of Hsp70 chaperones for virus proliferation. Be-
fore detailing the virus—Hsp70 interactions, the cellular functions and the molecular mech-
anism of Hsp70 chaperones and their various co-chaperones are introduced. The role of
Hsp70 at different stages of the viral life cycle is discussed. Finally, an evolutionary facet
of the virus—Hsp70 relationship will be considered.

Mechanism of Hsp70 chaperones

Members of the Hsp70 family of chaperones are involved in an astonishingly large variety
of processes. Among these processes are the folding of newly synthesized polypeptides,
the refolding of stress denatured proteins, the disaggregation of protein aggregates, the
translocation of organellar and secretory proteins across membranes, the assembly and
disassembly of oligomeric structures, and the control of the biological activity and stabili-
ty of regulatory proteins (Bukau et al. 2000; Craig et al. 1999; Gething 1999; Hartl and
Hayer-Hartl 2002; Neupert and Brunner 2002; Ryan and Pfanner 2002; Schlieker et al.
2002). Hsp70 chaperones not only continuously survey the folding status of proteins as
part of their quality control function that is especially important under stress conditions,
they are also involved in many cellular housekeeping functions including signal transduc-
tion and regulation of cell cycle and cell death (Beere and Green 2001; Helmbrecht and
Rensing 1999). Among these housekeeping functions, it is especially noteworthy that in
most organisms Hsp70s are involved in the regulation of the stress response (Arsene et al.
2000; Gabai et al. 1998; Morimoto 1999; Urano et al. 2000). In eukaryotic cells Hsp70
chaperones are found in virtually all compartments and even on the cell surface where
specific receptors exist for the binding of Hsp70 proteins (Asea 2003).

The evolutionary adaptation to such a broad spectrum of functions was made possible
by three basic properties of Hsp70s. First, they transiently interact with short hydrophobic
peptide stretches within their target proteins and protein size is therefore not a limiting
factor. Second, they are regulated in their activity by co-chaperones including the large
family of modular J-domain proteins (JDPs) that target Hsp70s to their substrates. Third,
for specific tasks they cooperate with other chaperone systems.
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Fig. 2 Structure of Hsp70 chaperones. Top: domain structure of Hsp70s; the residues that are conserved in
at least 11 out of the 12 known full-length sequences of viral Hsp70s are shown in darker colors. Bottom:
secondary structure representation of the crystal structure of the ATPase domain of bovine Hsc70 (1BUP;
left; Sousa and McKay 1998) and the substrate-binding domain of E. coli DnaK (1DKX; right; Zhu et al.
1996). In viral Hsp70s conserved residues are shown in dark blue (ATPase domain) and dark green (sub-
strate-binding domain)

The ATPase cycle

Hsp70 homologs share the same overall structure, consisting of an N-terminal ATPase do-
main of 45 kDa and a C-terminal substrate binding domain of at least 25 kDa which is fur-
ther subdivided into a S-sandwich subdomain of 15 kDa and a C-terminal o-helical subdo-
main (Fig. 2). ATP binding to the ATPase domain of Hsp70 proteins decreases the affinity
of the substrate-binding domain for substrates by 5- to 85-fold (Mayer et al. 2000b; Pal-
leros et al. 1993; Schmid et al. 1994). This decrease in affinity is due to an increase in the
dissociation rate (k¢) of Hsp70-substrate complexes by two to three orders of magnitude
and a concomitant increase of the association rate (k,,) for substrate binding by approxi-
mately 50-fold (Mayer et al. 2000b; Pierpaoli et al. 1997; Schmid et al. 1994; Theyssen et
al. 1996). The ATPase cycle of Hsp70 thus consists of an alternation between the ATP
state with low affinity and fast exchange rates for substrates, and the ADP state with high
affinity and low exchange rates for substrates.

ATP hydrolysis by Hsp70s is generally very slow (7=5-15 min) but is stimulated by
substrate association (two- to tenfold) and by a J-domain containing co-chaperones (in
general <tenfold). The simultaneous interaction of Hsp70s with a substrate and a JDP
synergistically stimulate the ATPase activity up to several thousand-fold (Barouch et al.
1997; Karzai and McMacken 1996; Laufen et al. 1999; Misselwitz et al. 1998). After ATP
hydrolysis the substrate is tightly bound by the Hsp70 chaperone and for most Hsp70s nu-
cleotide exchange is rate-limiting for substrate release, i.e., the rate with which ADP dis-
sociates determines how long the substrate remains in complex with the Hsp70 proteins.
For some prokaryotic, mitochondrial and plastidal Hsp70s nucleotide exchange is cat-
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Fig. 3 ATPase cycle of Hsp70 chaperones and action of some co-chaperones on the ATPase cycle

alyzed by the nucleotide exchange factor GrpE (Harrison et al. 1997; Liberek et al. 1991;
Packschies et al. 1997). For the cytosolic Hsc70-type Hsp70s the family of Bag proteins
has been shown to accelerate ADP dissociation (Brehmer et al. 2001; Gissler et al. 2001;
Hohfeld and Jentsch 1997; Sondermann et al. 2001) (Fig. 3).

Hsp70 substrate interactions

Hsp70 chaperones interact promiscuously with virtually all unfolded proteins but general-
ly do not bind their native counterparts. Yet, they also recognize certain folded proteins
with high specificity. An important question therefore is, how Hsp70 can combine within
its substrate specificity both of these seemingly contradicting properties. Using a library of
cellulose-bound peptides scanning the sequences of natural proteins the binding motif for
the E. coli homolog DnaK was elucidated (Riidiger et al. 1997). This motif consists of a
core of five amino acids enriched in hydrophobic residues, flanked on both sides by a re-
gion where positively charged residues are preferred. Such motifs occur in virtually all
proteins on average every 30—40 residues. In folded proteins they are mostly found in the
hydrophobic core explaining the promiscuous binding to denatured proteins. In contrast, it
is not completely clear how Hsp70s recognize specifically certain folded proteins, al-
though the binding sites of Hsp70 proteins in a few native substrates has been determined
(Hoff et al. 2002; Kim et al. 2002; M.P. Mayer and B. Bukau, unpublished results).

How Hsp70 systems refold denatured proteins is also still enigmatic. In analogy to the
global unfolding hypothesis proposed for Hsp60 and Hsp100 chaperones (Shtilerman et al.
1999; Weber-Ban et al. 1999) it is proposed that Hsp70s induce local conformational
changes in their substrate protein thereby giving them a new chance to fold productively
(Mayer et al. 2000a; Pierpaoli et al. 1997; Slepenkov and Witt 2002).
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Fig. 4 Comparison of the J domains of Hdjl and polyomavirus T antigen. Left: Secondary structure repre-
sentation of one of the 20 energy minimized NMR structures of human Hdj1 (1HDJ; Qian et al. 1996) and
mouse polyomavirus T antigen (1FAF; Berjanskii et al. 2000) with the highly conserved and essential His—
Pro—Asp motif as stick model. The positions of the residues are shown in cyan for which in the correspond-
ing residues in E. coli Dnal J-domain line broadening and chemical shift perturbation is observed upon in-
teraction with the E. coli Hsp70 homolog DnaK ATPase domain. Right: Surface representations of the two
J-domains colored according to the surface potential (—10 to +10; left) and the residues that correspond to
the DnaK interacting residues in Dnal (right); cyan, identical residues as in Dnal; green, conservative ex-
changes; gray, not conserved. The inset shows the orientation of the J-domains as worm representation. The
surface representation and the electrochemical potentials were calculated using the GRASP program

The family of J-domain proteins: targeting of substrates to Hsp70s

The family of JDPs consists of modular multidomain proteins that are characterized by a
conserved domain of 70-80 amino acids, the so-called J-domain (Cheetham and Caplan
1998; Kelley 1998; Laufen et al. 1998) (Fig. 4). The additional domains of JDPs serve as
protein—protein interaction sites allowing JDPs to bind substrate proteins, to interact with
other chaperones, or to target JDPs to specific cellular locations.

The J-domain is essential for the functional interaction of JDPs with Hsp70s, i.e., the
stimulation of the ATPase activity, and mutations within this domain especially in the al-
most universally conserved tripeptide motif His-Pro-Asp (HPD-motif) abrogate the func-
tion of the JDPs as co-chaperones of Hsp70s. JDPs have been shown to promote the bind-
ing of Hsp70s to their substrates by simultaneous co-stimulation of the ATPase activity
leading to the locking-in of the substrate into the substrate binding cavity of the Hsp70s
(Karzai and McMacken 1996; Laufen et al. 1999; Misselwitz et al. 1998). This function of
JDPs depends on close proximity of JDP and substrate, which for most JDPs is guaranteed
by direct interaction with the Hsp70 substrate. How JDPs interact with substrates and me-
diate their transfer onto Hsp70 partner proteins is not clear.

Some JDPs have a broad substrate specificity such as E. coli Dnal, yeast Ydjl and hu-
man DjB1/Hdjl and are able to prevent the aggregation of misfolded proteins, while oth-
ers have more restricted substrate spectra, such as the clathrin-specific auxilin, or they
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may not bind substrates themselves but rather be positioned in close proximity of sub-
strates. The latter seems to be the case for Sec63 at the translocation pore in the endoplas-
mic reticulum (ER) (Corsi and Schekman 1996; Rapoport et al. 1996), Pam18 at the
translocase of the inner mitochondrial membrane (D’Silva et al. 2003; Mokranjac et al.
2003; Truscott et al. 2003) and cysteine string proteins on the surface of neurosecretory
vesicles (Buchner and Gundersen 1997; Evans et al. 2003).

GrpE and the Bag family of proteins: induction of substrate unloading

The 21-kDa nucleotide exchange factor GrpE has been found only in prokaryotic organ-
isms and in some eukaryotic organelles (mitochondria and plastids). It forms an asymmet-
ric homodimer when in complex with its Hsp70 partner protein DnaK and does not share
any sequence or structural motifs with other known proteins. The family of Bag proteins
are multidomain proteins that share a three-helix bundle domain of approximately 120 re-
sidues, the so-called Bag domain, which is essential for interaction with Hsp70 proteins
(Briknarova et al. 2001; Sondermann et al. 2001; Takayama et al. 1999).

Bag proteins differ from GrpE proteins by their ability to associate with ligands other
than Hsp70 proteins. These interactions link Bag proteins to a number of highly diverse
cellular processes including signal transduction processes inducing apoptosis, prolifera-
tion, and differentiation. Bag proteins have been found in complexes with the anti-apop-
totic Bcl-2, the protein kinase Raf, the transcription factor c-Jun, the receptors for vitamin
D, androgen and glucocorticoids (Bardelli et al. 1996; Clevenger et al. 1997; Schneikert et
al. 1999; Takayama et al. 1995; Wang et al. 1996; Zeiner et al. 1997; Zeiner and Gehring
1995), and the proteasome (Liiders et al. 2000). The known cellular processes in which
Bag proteins are involved were recently reviewed comprehensively and are therefore not
discussed in detail here (Takayama and Reed 2001).

Whatever the functions of Bag proteins are in the above cellular processes, it is clear
from the work of several laboratories that Bag proteins are not strictly essential for the
chaperone activity of Hsp70 proteins in folding of non-native proteins (Bimston et al.
1998; Gissler et al. 2001; Liiders et al. 1998; Nollen et al. 2000; Takayama et al. 1997,
1999; Zeiner et al. 1997). This is in contrast to the essential role for GrpE in the chaperone
cycle of DnaK. In vivo and in vitro experiments demonstrated that Bag proteins, in partic-
ular Bag-1 M, can act as positive and negative regulatory factor for Hsp70 (Bimston et al.
1998; Gissler et al. 2001; Nollen et al. 2000; Takayama et al. 1997; Zeiner et al. 1997).
Since the positive or negative regulatory function of Bag-1 depends on its concentration,
which in most cell types is rather low (3% of the Hsc70 concentration; Kanelakis et al.
1999), it might be that the inhibitory effects of Bag-1 are restricted to special environmen-
tal and metabolic conditions of the cell. An attractive hypothesis is that in the cell, most
Bag proteins are associated with their protein partners and exert their regulatory role only
locally. Furthermore, it was shown that Bag-1, by accelerating nucleotide exchange, pro-
motes substrate release thereby counteracting the activity of JDPs (Gissler et al. 2001). In
the context of Bag-1 binding to the proteasome, Bag-1 could act as substrate discharging
factor stimulating substrate release by Hsp70 at the location were the misfolded protein is
to be delivered for degradation. Similarly, Bag-1 bound to receptors or kinases could stim-
ulate the premature dissociation of Hsp70 thereby influencing the chaperone-mediated ac-
tivation of these signaling molecules.
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Additional Hsp70 cofactors: cooperation with other chaperones and the degradation ma-
chinery

The 35-kDa protein Chip interacts with Hsc70’s substrate binding domain and thereby
negatively influences the chaperone activity of Hsc70 (Ballinger et al. 1999). This cofac-
tor recently turned out to be a ubiquitin E3 isopeptide ligase promoting the degradation of
proteins that were also shown to be substrates of Hsc70 (Hatakeyama et al. 2001; Jiang et
al. 2001). The hypothesis is therefore that Chip’s interaction with the Hsp70 chaperone
systems influences the decision whether a misfolded or regulatory protein is to be refolded
into the active state or degraded by the proteasome (Connell et al. 2001; Meacham et al.
2001). The proteasome-interacting Bag-1 may be part of this decision-making system. In
addition, Chip seems to have degradation-independent regulatory functions. The heat
shock factor HSF1 was found to be activated by the interaction with Chip and translocated
into the nucleus in complex with Chip and Hsp70 to activate transcription of heat shock
genes (Dai et al. 2003).

The homodimeric 43-kDa Hsp70 interacting protein Hip was originally found in a two-
hybrid screen using the Hsc70 ATPase domain as bait (Hohfeld et al. 1995; Velten et al.
2000). This Hsp70 cofactor was subsequently found to be part of the multi-chaperone
folding machine that regulates steroid hormone receptors (Prapapanich et al. 1996). Al-
though Hip was proposed to aid chaperone function of Hsp70s by slowing down their nu-
cleotide exchange (Hohfeld and Jentsch 1997; Hohfeld et al. 1995; Liiders et al. 1998)
more recent investigations could not provide evidence for such a function of Hip and its
biochemical function is still unclear (M.P. Mayer, unpublished results). Rather then hav-
ing a direct effect on the ATPase cycle of Hsc70 Hip seems to compete with Bag proteins
for binding to the ATPase domain of Hsc70 and thereby counteracts the effect of Bag (Ka-
nelakis et al. 2000) (see Fig. 3).

The homodimeric 60-kDa Hsp70-Hsp90 organizing protein Hop (yeast Stil) was also
found in the steroid hormone receptor chaperone complexes (Smith et al. 1993). Hop was
shown to promote the assembly of the Hsp70-Hsp90—substrate complex with steroid hor-
mone receptors (Fig. 3).

Chip, Hip, and Hop contain several tetratricopeptide repeat (TPR) domains that consti-
tute protein—protein interaction motifs. The TPR motifs of Hop and Chip bind the EEVD
motifs that are found at the C terminus of all known eukaryotic cytosolic Hsp70s and
Hsp90s (Scheufler et al. 2000).

Viral control of production and localization of Hsp70s

Increase in Hsp70 chaperone levels following viral infection of cells has been widely ob-
served (see Table 1) (Jindal and Malkovsky 1994). These observations prompted the ques-
tions how viruses influence the production of Hsp70 proteins, how specific this induction
is and whether such an increase in Hsp70 chaperone levels is advantageous for viral pro-
liferation. From the known regulatory circuits three alternative mechanisms can be in-
ferred. First, the induction may occur indirectly through the production of a large number
of proteins that are in an unfolded, aggregation-prone state. In the cytosol or nucleus these
protein species could compete with the HSF for binding to Hsp70 thereby leading to an in-
crease of free and active HSF that elicits the transcription of many heat shock genes in the
course of the normal cellular stress response (Morimoto et al. 1994). In the ER misfolded
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proteins would bind to the ER Hsp70 homolog BiP/Grp78 and thereby elicit the unfolded
protein response that increases the transcription of genes encoding for ER resident chaper-
ones (Urano et al. 2000). Second, the viruses could interfere with stress signal transduc-
tion pathways upstream or independent of HSF thereby using pathways that are indepen-
dent of unfolded proteins inside the cell. Third, specialized viral proteins may induce di-
rectly the increased production of Hsp70 proteins, either by binding to the promoters of
specific Hsp70-encoding genes or by stabilizing certain mRNAs and activating their trans-
lation. As detailed in the following parts, all three mechanisms have been observed. While
the changes in the levels of Hsp70 proteins were investigated in many systems, changes in
the levels of co-chaperones of Hsp70 may be inferred but are generally not mentioned.

Induction of the stress response

The stress response to unfolded proteins is apparently the reason for the induction of heat
shock gene transcription during infection with the varicella zoster virus (VZV, Herpesviri-
dae). Inclusion bodies, which are formed in the nucleus of the host cells in the course of
the virus infection, sequester Hsp70 and presumably liberate HSF for heat shock gene
transcription (Ohgitani et al. 1998). More direct evidence for this mode of viral heat shock
response induction was provided by Rajes and coworkers (Jockusch et al. 2001). Analyz-
ing Hsp70 and Hspl8 mRNA and protein levels in tobacco leaves after infection with
wild-type tobacco mosaic virus (TMV, Tobamoviridae) or a mutant virus, which encodes
a temperature sensitive coat protein, they found that degree and time of induction paral-
leled the amount of insoluble viral coat protein suggesting that the amount of unfolded
protein is the inducing agent.

Such an induction mechanism was also found for the ER resident Hsp70 and Hsp90 ho-
mologs, BiP/Grp78 and Grp94, which are overproduced in the course of a hepatitis C vi-
rus (HCV, Picornaviridae) infection. The HCV envelope protein E2 is retained in a pre-
Golgi compartment in an at least partially misfolded state and bound by BiP (Liberman et
al. 1999). Since BiP is part of the sensing system that detects misfolding in the ER, the in-
teraction of E2 with BiP activates the feedback mechanism of the unfolded protein re-
sponse leading to the overproduction of a number of ER resident chaperones including
BiP and Grp94 (Kozutsumi et al. 1988). Similarly, the BiP encoding gene is induced dur-
ing the infection with the paramyxoviruses measles virus, Sendai virus and simian virus 5
(SV5) (Bolt 2001; Peluso et al. 1978). However, the inducing viral component, the he-
magglutinin—neuraminidase glycoprotein, is not retained in the ER in an unfolded state.
The high flux of this protein through the ER seems to suffice for the induction of the un-
folded protein response (Ng et al. 1989; Watowich et al. 1991). The case of the rotavirus
(Reoviridae) nonstructural glycoprotein NSP4, which also induces the production of BiP
and Grp94, seems to be slightly different, since an interaction with BiP or Grp94 could not
be detected. The mechanism of this induction is not clear (Xu et al. 1998).

Interference with stress signaling pathways is described for the human immune defi-
ciency virus (HIV). HIV induces the synthesis of Asp70 and hsp27 mRNA through the in-
teraction of its envelope glycoprotein gpl120 with cell surface receptors (Furlini et al.
1994; Wainberg et al. 1997). Isolated gp120 is also able to induce the heat shock genes in
the absence of intact virus particles. The Epstein—Barr virus also seems to induce the
hsp70 and hsp90 genes through the interference with signal transduction pathways since
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the induction is clearly dependent on virus attachment but independent of viral protein
synthesis and involves an influx of Ca?* (Cheung and Dosch 1993).

Selective hsp gene induction

A specific hsp induction is realized by a number of viruses, e.g., adenovirus (AdV), herpes
simplex virus (HSV), and simian virus 40 (SV40) and is characterized by the selective in-
duction of specific chaperone-encoding genes while the expression of other heat shock
genes is not influenced. The transactivating viral proteins thereby recognize the specific
promoters directly by binding to cis-acting DNA elements or by interacting with promot-
er-specific transcription factors. The SV40 large T-antigen (TAg), for example, induces
the hsp70 gene expression (Kingston et al. 1986; Sainis et al. 1994; Simon et al. 1988) by
binding to the general transcription initiation factors, the TATA-binding protein (TBP)
and TFIIA, and stabilizing the transcription pre-initiation complex at the Asp70 promoter
TATA-element, but not at two other promoters tested (Damania et al. 1998a; Gilinger and
Alwine 1993). The adenoviral early gene products E1A and E1B synergistically stimulate
hsp70 gene expression (Herrmann et al. 1987; Kao et al. 1985; Phillips et al. 1991; Wu et
al. 1986) in a cell cycle specific manner (Milarski and Morimoto 1986; Simon et al.
1987). This stimulation is mediated through an interaction of E1A with the CCAAT-box
binding factor (Agoff and Wu 1994; Lum et al. 1992; Williams et al. 1989) and the dis-
ruption of the inhibitory complex of DR1 with TBP (Kraus et al. 1994). Furthermore,
AdV specifically promotes the nuclear export of the isp70 mRNA by interaction of the
mRNA with E1B, thereby circumventing the general virus-induced export block for cellu-
lar mRNAs (Moore et al. 1987; Yang et al. 1996). Late during AdV infections the hsp70
mRNA levels decline precipitously while transcription continues demonstrating the com-
plexity of the viral regulation of hsp70 expression (Theodorakis and Morimoto 1987).

In addition to the induction of production of Hsp70, viruses are able to influence the lo-
calization of the Hsp70 systems. The avian AdV CELO gene product Gaml for example
leads to a strong accumulation of Hsp70 and its co-chaperone Hdjl in the nucleus (Glotzer
et al. 2000). Similarly, the human cytomegalovirus (HCMYV) directs Hsp70 to the nucleus
in the early phase of infection but redirects it to the cytoplasm in the late phase (Ohgitani
et al. 1999).

What is the significance of the virus induced hsp70 expression? In view of the fact that
transcription of most cellular genes is shut down and mRNA processing, transport and
translation is regulated by many viruses, the virus-induced increase of Hsp70 levels in the
cell seems to be important for the viral life cycle. Two clear examples where the essential-
ity of the Hsp70 system for virus proliferation was demonstrated beyond doubt are the
bacteriophage A and the avian AdV CELO. The E. coli Hsp70 homolog DnaK (GroPC)
was originally identified as host factor essential for bacteriophage A proliferation and loss
of function mutations in dnak, dnaJ, and grpE can only be complemented by transduction
of the respective gene (Georgopoulos 1977; Saito and Uchida 1977). The CELO inducer
of hsp70 and hdjl transcription, Gaml1 is also essential for virus proliferation. However,
Gaml can be replaced by a heat shock, being most efficient immediately before infection,
or the transduction of the hdjl gene (Glotzer et al. 2000).
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Functions of the Hsp70 system in the viral life cycle

Hsp70 systems are potentially involved in all phases of the viral life cycle including cell
entry, virion disassembly, the transfer of viral genome into the nucleus, replication of the
viral genome, morphogenesis of the virion particles, and transformation of the cell. The
following discussion is ordered according to these stages of the life cycle rather than to vi-
rus systematics and the same viruses are discussed in several sections in different contexts.
For a systematic summary see Table 1.

Cell entry: interaction of viruses with cell-surface exposed Hsp70s

Before animal viruses can transfer their virion particles into host cells by fusion of their
envelope with the plasma membrane or by receptor-mediated endocytosis, they must at-
tach to specific surface receptors. This surface attachment is, at least in some cases, a mul-
tistep process that can involve surface-exposed Hsp70 proteins. Although Hsp70 and
Hsc70 do not contain export signal sequences and more importantly depend in their chap-
erone function on repetitive cycles of ATP hydrolysis, they are found on the cell surface
of a number of different cell types including tumor cells (Hantschel et al. 2000; Kaur et al.
1998; Multhoff et al. 1998; Multhoff and Hightower 1996; Shin et al. 2003), virus infect-
ed cells (Brenner and Wainberg 1999; Chouchane et al. 1994), spermatogenic cells
(Boulanger et al. 1995; Miller et al. 1992), epidermal cells (Rocchi et al. 1993), arterial
smooth muscle cells (Johnson and Tytell 1993), monocytes and B cells (Manara et al.
1993; VanBuskirk et al. 1989, 1991). It is not clear in each case how Hsc70 and Hsp70 lo-
cate to the cell surface, however, for antigen-presenting cells it was shown that specific re-
ceptors exist that bind Hsp70 and Hsc70 for uptake out of the extracellular space (Arnold-
Schild et al. 1999; Asea et al. 2002; Becker et al. 2002; Binder et al. 2000; Lipsker et al.
2002; Sondermann et al. 2000). This uptake is proposed to signal necrotic and lytic pro-
cesses and to induce an inflammatory response (Dybdahl et al. 2002; Milani et al. 2002;
Vabulas et al. 2002). Furthermore, it was proposed that Hsp70-bound peptides are trans-
ferred in the endosomal pathway onto MHC II molecules for antigen presentation (Becker
et al. 2002; Domanico et al. 1993; Kishi et al. 2001; Nicchitta 2000; Panjwani et al. 1999;
Pierce 1994; Roth et al. 2002; Suzue et al. 1997; VanBuskirk et al. 1989).

The nonenveloped rotavirus, a double-stranded RNA virus, needs cell surface-exposed
Hsc70 at a postattachment step for the successful infection of epithelial cells (Arias et al.
2002). Treatment of the epithelial cells with monoclonal antibodies against Hsc70 pre-
vented internalization and infection by rotavirus but did not obliterate its attachment to the
cells, while infection with poliovirus and reovirus was not affected by the antibody treat-
ment (Guerrero et al. 2002). Hsc70 was shown to bind to free rotavirus particles and
preincubation of the virus particles with Hsc70 significantly decreased their infectivity
(Guerrero et al. 2002). The C-terminal half of the viral coat protein VP5 was demonstrated
to be sufficient for interaction with Hsc70 and the interaction of VP5 as well as whole vi-
rus particles with Hsc70 could be competed with a 17-mer peptide containing a sequence
stretch of the VP5 C-terminal domain (Zarate et al. 2003). These observations pose inter-
esting questions regarding the mechanism of this interaction: What is the role of Hsc70 in
the internalization of rotavirus? Are substrate-binding by Hsc70 and its chaperone activity
involved?
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In view of the fact that Hsc70 proteins loaded with substrate peptides are internalized
through receptor-mediated endocytosis, it is tempting to speculate that the internalization
process may depend on, or even may be triggered by, peptide binding to the substrate-
binding domain of Hsc70. Rotavirus could use such a mechanism for efficient cell entry
by providing the substrate signal to Hsc70. Since there is no ATP available for cell surface
exposed Hsc70, the interaction of the substrate-binding domain of Hsc70 with a substrate
polypeptide would be a very slow reaction (7~~100-1,000 s; Pierpaoli et al. 1997; Takeda
and McKay 1996). These limitations, however, do not preclude such a mechanism for the
interaction since attachment steps prior to the interaction with Hsc70 are necessary for ro-
tavirus internalization providing the time window and the high local concentration neces-
sary for an efficient binding. Since substrate dissociation rates are very low in the ADP or
nucleotide-free state, the rotavirus would be firmly attached to the cell once associated to
Hsc70. Such a mechanism could be tested by competing rotavirus infection with high con-
centrations of peptides, which are known to have a high affinity for Hsc70 and are unrelat-
ed to the VP5 sequence, or by replacing surface exposed wild-type Hsc70 by mutant pro-
teins, which are defective in their affinity for substrates (compare Mayer et al. 2000b). Al-
ternatively, rotavirus could bind to any other part of the Hsc70 molecule without involv-
ing the chaperone mechanism of Hsc70. For example a co-chaperone binding site could
serve as interaction site, as is the case for the Hsc70 receptor CD40, which competes with
the co-chaperone Hip for binding to the ATPase domain of Hsc70 (Becker et al. 2002). In
favor of this mode of binding is the fact that the peptide, which was able to compete with
rotavirus infection, does not seem to be a high-affinity substrate for Hsc70 as judged from
the sequence of the peptide using the DnaK algorithm and the BiP scoring system (Blond-
Elguindi et al. 1993; Riidiger et al. 1997). Rotavirus would then be internalized as a hitch-
hiker on Hsc70. A more extensive function of the cell-surface exposed Hsc70, for exam-
ple by chaperoning a viral coat protein to promote translocation through the membrane or
uncoating of the virion, seems unlikely because Hsc70 depends in its chaperone function
on ATP and the assistance of a JDP both of which have not yet been found on the cell sur-
face. At later stages, however, in endosomal vesicles, such a chaperone action may be
possible, because ATP as well as co-chaperones are present in the ER and could be trans-
ferred by vesicular flow to endocytotic vesicles.

Similar to rotavirus, the coxsackievirus A9 (CAV-9), a nonenveloped RNA virus of the
Picornaviridae family, also interacts with a cell-surface exposed Hsp70 homolog. Its tar-
get Hsp70, the primarily ER resident BiP/Grp78, was shown by fluorescence energy trans-
fer experiments to be associated to major histocompatibility complex (MHC) I molecules
(Triantafilou et al. 2002). BiP is known to interact with MHC molecules already in the ER
supporting their folding and assembly (Paulsson and Wang 2003). It therefore may occa-
sionally remain in complex with the MHC proteins and migrate with them to the plasma
membrane. Monoclonal BiP-specific antibodies prevent attachment and cell entry of
CAV-9 (Triantafilou et al. 2002).

Another example of a virus interacting with Hsp70 proteins on the cell surface is the
retrovirus human T lymphotropic virus type 1 (HTLV-1). The cell-free infectivity of this
virus is very low (Clapham et al. 1983) but as in many other retrovirus infections, close
cell-to-cell interactions between HTLV-1 harboring cells and target cells leads to syncy-
tium formation allowing direct cell-to-cell transfer of the virus (Hoshino et al. 1983). Cell-
surface exposed Hsc70 is essential for this process as shown by blocking syncytium for-
mation with Hsc70-specific monoclonal antibodies or a peptide derived from the sequence
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of the HTLV-1 glycoprotein gp46, which binds to Hsc70 (Fang et al. 1999; Sagara et al.
1998). This peptide seems to be a good Hsc70 substrate as judged by the DnaK-algorithm
(Riidiger et al. 1997) and syncytium formation could therefore involve the substrate bind-
ing properties of Hsc70.

Uncoating and genome release

The viral genomes are packaged in nucleocapsid structures which allow condensation of
the viral nucleic acid in a very small space and serve as protective coat against a hostile
environment. For successful infection the viral genome has to be released from the virion
particle either by disassembly of the coat or by opening of a pore. The coats, however,
must be stable to prevent genome release outside of a host cell and uncoating of the virion
particle is most likely a thermodynamically unfavorable process. The differences between
extra- and intracellular environment, oxidizing versus reducing conditions and the differ-
ent ionic milieu, which are experienced by the capsid of nonenveloped viruses, may not be
sufficient for the destabilization of the virion particle. If the virion particle would be stable
in the extracellular but unstable in the intracellular milieu, thermodynamics would require
that the assembly reaction in the cytoplasm should be unfavorable. Therefore, viruses for
which the uncoating does not occur in endocytic vesicles aided by acidification may in-
volve cellular components in the genome release process. Since Hsp70 chaperones are
known to be involved in the disassembly of oligomeric protein structures, the best exam-
ple of which is the uncoating of clathrin coated vesicles (Greene and Eisenberg 1990;
Ungewickell 1985), it is conceivable that the Hsp70 chaperone machinery assists the un-
coating of virion particles.

Such a process was described for an AdV. Soon after the release of the virion particle
from endocytic vesicles into the cytoplasm, Hsp70 and Hsc70 can be found attached to the
hexon protein, the major AdV coat proteins (Niewiarowska et al. 1992). In addition,
Hsp70 and its co-chaperone Bag3 interact with the penton protein, the base and fiber-
forming virion component (Chroboczek et al. 2003). The intact nucleocapsid is transport-
ed to the nuclear pore complex using the normal nuclear localization signal (NLS)-depen-
dent nuclear import machinery as demonstrated by competition with classical NLS-con-
taining proteins and inhibition with nuclear import inhibitors like GTPyS (Saphire et al.
2000). The nucleocapsid docks with the nuclear pore by interaction of its hexon protein
with components of the pore complex without transiting into the nucleus. The viral DNA
is subsequently transferred into the nucleus in an Hsp70-dependent manner. Since purified
hexon can enter the nucleus in an Hsp70-independent manner while the viral DNA cannot
(Saphire et al. 2000), it is plausible that the nucleocapsid, which is too large to pass
through the nuclear pore complex, is disassembled in an Hsp70-dependent manner allow-
ing the viral DNA to enter the nucleus. The final proof for such a mechanism is, however,
still lacking because in a reconstituted import assay containing the necessary import fac-
tors for hexon import supplemented with Hsp70 the viral DNA was not transferred into
the nucleus to any significant extent. The inability of the reconstituted system used to un-
coat the virion particle was most likely due to the absence of Hsp70 co-chaperones such as
JDPs or Bag-domain proteins. Similar to the uncoating of clathrin coated vesicles where
the clathrin associated JDP auxilin targets Hsc70 to clathrin for the multiple ATPase cy-
cles requiring uncoating reaction, JDPs may be necessary for targeting Hsp70 proteins to
the AdV coat and disassembly may require multiple J-domain stimulated rounds of ATP
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hydrolysis. Furthermore, proteolytic processes including the proteasome may also be in-
volved since three ubiquitin-protein isopeptide ligases were found associated with the viri-
on (Chroboczek et al. 2003).

Replication and reverse transcription

The involvement of Hsp70 systems in viral DNA replication was first demonstrated by ge-
netic and biochemical means for the E. coli bacteriophage 1 (Alfano and McMacken
1989b; Georgopoulos 1977; Georgopoulos and Herskowitz 1971; Mensa-Wilmot et al.
1989; Saito and Uchida 1977; Zylicz et al. 1989; for review see Zylicz et al. 1999). The
bacteriophage protein AP sequesters the E. coli DNA helicase DnaB and recruits it to the
origin of replication oril of the bacteriophage genome, where it interacts with the four di-
mers of AO assembled at oriA to form a multimeric complex (Dodson et al. 1985; Liberek
et al. 1988; Roberts and McMacken 1983). In the absence of the Hsp70 system of E. coli,
DnakK, Dnal and GrpE, the A0-AP-DnaB complex is stalled at the oril and DNA unwind-
ing and therefore replication cannot start. The most likely reason for this block is that the
affinity of AP to DnaB is significantly higher (at least fivefold) than the affinity between
the E. coli replication initiation factor DnaC and DnaB (Mallory et al. 1990). AP therefore
outcompetes DnaC for binding to DnaB with the consequence that the AP-DnaB complex
cannot spontaneously disassemble. The thermodynamically stable complex of 10, AP, and
DnaB at ori is disassembled by the chaperone action of Dnal and DnaK, which interact
with and sequester AP in an ATP-dependent process thereby liberating DnaB for the un-
winding of the DNA and the initiation of replication (Alfano and McMacken 1989a; Dod-
son et al. 1989; Hoffmann et al. 1992; Liberek et al. 1988; Zylicz et al. 1989). If DnaK is
in large excess over AP the nucleotide exchange factor GrpE is not essential. However, if
DnaK is at more stoichiometric concentrations GrpE enhances the efficiency of the pro-
cess greatly, demonstrating that nucleotide exchange and therefore multiple rounds of the
ATPase cycle with substrate binding and release is central to the efficiency of the disas-
sembly reaction (Alfano and McMacken 1989a; Alfano and McMacken 1989b; Zylicz et
al. 1988, 1989).

For the replication of the P1 phage genome, as well as for the replication of the F-plas-
mid, the DnaK/DnaJ/GrpE-system plays a different role (Kawasaki et al. 1990; Tilly and
Yarmolinsky 1989; Wickner et al. 1991a; , 1991b, 1992; Wickner 1990). The initiator pro-
teins RepA for P1 phage and RepE for the F-plasmid form stable homodimers in vivo and
in vitro (Ishiai et al. 1994; Swack et al. 1987; Wickner et al. 1991b). RepA does not bind
DNA in its dimeric form, while RepE binds to an inverted repeat sequence motif, the op-
erator of the repE gene repressing its transcription (Ishiai et al. 1994). Both proteins can
only bind in their monomeric form to the direct repeat sequence motifs, the so-called iter-
ons, within their respective origin of replication to initiate DNA replication. The conver-
sion into monomers requires the chaperone action of DnaK, Dnal, and GrpE, as demon-
strated in vitro and by mutant analysis in vivo (Dibbens et al. 1997; Ishiai et al. 1994;
Wickner et al. 1991b, 1992). A constitutively monomeric mutant protein of RepE is able
to initiate replication of the P1 genome independent of the DnaK system (Matsunaga et al.
1997). The crystal structure of the constitutively monomeric mutant protein of RepE in
complex with its iteron DNA suggested that large conformational changes are necessary
for the dimer—-monomer interconvertion explaining the necessity of Hsp70 action (Komori
et al. 1999; Sharma et al. 2004).
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The involvement of the Hsp70 system in genome replication has also been demonstra-
ted for eukaryotic viruses. The binding of the human papillomavirus-11 (HPV) DNA heli-
case E1 to DNA is enhanced by Hsp70, Hdjl, and Hdj2, whereby the action of Hsp70 is
ATP dependent (Liu et al. 1998). Hdj2 stabilizes E1 in a dihexameric state on supercoiled
and relaxed DNA. In the presence of topoisomerase I and single-stranded DNA-binding
protein E1 unwinds supercoiled DNA. This unwinding reaction, however, was indepen-
dent of an origin of replication. The HPV origin binding protein E2, which is essential for
the formation of the pre-initiation complex at the origin of replication but dispensable for
the elongation reaction, binds with high affinity to E1 and inhibits the unwinding reaction.
This inhibition is abrogated by the Hsp70 chaperone system (Lin et al. 2002). Together
these data suggest the following model. The E2 protein recognizes the origin of replica-
tion of the HPV genome and tethers the E1 helicase to the origin DNA. The Hsp70 chap-
erone machinery enhances this assembly process significantly, maybe by remodeling the
hexameric, ring-shaped E1 to allow efficient DNA threading. The Hdj-proteins seem to
stabilize a dihexameric form of E1 probably in preparation for bidirectional unwinding.
Finally, Hsp70 and Hdj-proteins remove the E2 protein in a reaction similar to the E. coli
DnaK machinery removing the AP protein from the pre-initiation complex. Consequently,
the block on the stalled complex is lifted allowing the start of DNA unwinding by E1 and
the action of DNA primase (Lin et al. 2002).

The Hsp70 chaperone machinery also seems to be essential for replication of the SV40
genome. The SV40 TAg is a multifunctional protein that among other functions acts as
replication initiator protein and DNA helicase. It contains at its N terminus the signature
motif for JDPs, the J-domain (Fig. 4). Many point mutations or deletions within this do-
main lead to a reduction or even loss of helicase function (Campbell et al. 1997; Li et al.
2001; Weisshart et al. 1996). SV40 proteins with a deletion of the N-terminal J-domain
does not assemble into the correct hexameric structure and exhibits a lower affinity for the
SV40 origin of replication (Weisshart et al. 1996). The J-domain also seems to contribute
to the interaction with DNA polymerase a-primase (Dornreiter et al. 1990).

The DNA-replication of HSV is also affected by Hsp70 chaperones. The affinity of the
dimeric replication initiator protein UL9 to oriS, one of the viral origins of replication, is
greatly stimulated by Hsp70 and Hdjl (Tanguy Le Gac and Boehmer 2002). This effect is
largely due to an increase in association rate whereas the dissociation rate is seemingly
unaltered. In contrast, the Hsp70 chaperone team does not affect the affinity of UL9 to
single-stranded DNA as well as the helicase activity. Interestingly, the monomeric C-ter-
minal origin-binding domain of UL9 binds independent of Hsp70 or Hdjl to oriS with
even higher affinity (Tanguy Le Gac and Boehmer 2002). One possible interpretation of
these results is that Hsp70 monomerizes UL9 similar to the effect of the E. coli DnaK/
DnalJ/GrpE system on the replication initiator proteins of P1 phage, RepA, and of the F-
plasmid, RepE, thereby enhancing the affinity and specificity of UL9 for oriS. Alterna-
tively, Hsp70 could assist a conformational transition of UL9 that would increase the ac-
cessibility of the origin-binding site of UL9 in its C-terminal domain and thereby increase
the affinity of dimeric UL9 for oriS. Since the strand-opening reaction is strictly depen-
dent on the amount of UL9 bound to its high and low-affinity sites flanking the central
A/T-rich region of oriS, Hsp70 increases with the UL9 occupancy on oriS the efficiency
of DNA replication in HSV.

In canine distemper virus (CDV, Paramyxoviridae) the replication of the negative
strand RNA occurs in a ribonucleocapsid particle containing the virus-encoded proteins N
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and P, the major core protein and the RNA-dependent RNA polymerase. The observation
that the induction of the stress response promoted cytopathic effects of CDV infection and
an association of Hsp70 proteins with the nucleocapsid particles suggested a possible con-
tribution of Hsp70 proteins to viral replication (Oglesbee and Krakowka 1993; Oglesbee
et al. 1990). Isolation of nucleocapsid particles from stressed and unstressed cells under
conditions of ATP depletion demonstrated that Hsp70 and Hsc70 are associated under
normal as well as under stress conditions. Furthermore, antibodies against Hsp70 reduced
the RNA polymerase activity associated with the nucleocapsid particles, while addition of
purified Hsp70/Hsc70 proteins increased the polymerase activity (Oglesbee et al. 1996).
Isolation of nucleocapsid particles in the presence of ATP, which led to a depletion of
Hsp70 proteins, yielded particle devoid of polymerase activity. These data clearly demon-
strate the importance of Hsp70 association with the nucleocapsid particles for viral ge-
nome replication and transcription. The mechanism of this interaction is still unknown.
Two possible modes of action could be that the Hsp70 proteins interact and remodel the N
protein to make the RNA accessible to the polymerase, or they could directly chaperone
the polymerase and thereby enhance its activity.

It has also been reported that the reverse transcriptase of the retroid hepadnavirus de-
pends on the Hsp70 folding machinery for activity (Beck and Nassal 2001; Hu et al.
1997). In this case cellular folding processes are used that are normally involved in the
control of stability and activity of regulatory proteins such as receptors and protein kinases
involved in signal transduction, cell cycle regulation, and apoptosis. In addition to JDP
and Hsp70 proteins, these processes involve the Hsp90 chaperones and an increasing num-
ber of co-chaperones including Hop, Hip, p23, pSOCdC37, and immunophilines (Pearl and
Prodromou 2002; Pratt and Toft 2003; Richter and Buchner 2001; Young et al. 2001). The
current model of the action of this chaperone machine is derived from the assembly reac-
tion of steroid hormone receptors. The reaction cycle starts with the interaction of Hdjl
and Hsp70 with the so-called client protein cotranslationally or directly after de novo syn-
thesis. The TPR-containing protein Hop assembles Hsp70, Hsp90 and the client in an ear-
ly complex. p23 and immunophilins replace Hop and Hsp70 to yield the mature complex
which dissociates with a half-life of approximately 5 min (Smith 2000). Hdj1 and Hsp70
can rebind the released client to restart the cycle. It is believed that the chaperone activity
of Hsp70 brings the client into a certain conformation in which it is captured by the clamp
mechanism of Hsp90. In this conformation the client is inactive but rapidly activatable by
protein modifications such as phosphorylation or by binding to a ligand or a partner pro-
tein. After the initial observation that Hsp90 is associated with the reverse transcriptase of
the duck hepatitis B virus (HBV) (Hu and Seeger 1996), a number of in vitro reconstitu-
tion experiments demonstrated that the activation of the reverse transcriptase follows the
general scheme of the activation of cellular regulatory proteins (Beck and Nassal 2001,
2003; Gyoo Park et al. 2002; Hu and Anselmo 2000; Hu et al. 1997, 2002). Only after in-
teraction with Hdjl, Hsp70, Hop, and Hsp90 in an ATP dependent reaction, is the reverse
transcriptase able to assemble with the eRNA located near the 5" end of the pregenome as
a template and with the core protein into a nucleocapsid, where DNA synthesis com-
mences with the protein priming reaction and the template switch from the 5’ to the 3’ end
(Bartenschlager et al. 1990; Bartenschlager and Schaller 1992; Pollack and Ganem 1994;
Tavis et al. 1994; Wang and Seeger 1992, 1993). The co-chaperone p23 increases the effi-
ciency of the process. A more recent study demonstrating that Hdj1 and Hsp70 alone are
able to activate the reverse transcriptase supports the notion that Hsp70 transforms the re-
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Fig. 5 Activation of the reverse transcriptase/DNA polymerase of hepadnavirus. The activation combines
the model for the activation of steroid hormone receptor by Hsp90, the Hsp90 ATPase cycle with proposed
conformational changes in Hsp90 and the activation model from Hu et al. (Hu et al. 1997; Mayer et al.
2002; Pearl and Prodromou 2002; Pratt 1997; Richter and Buchner 2001; Smith 2000; Young et al. 2001).
RT, Hepadnavirus P protein reverse transcriptase/DNA polymerase; 7P, N-terminal domain of the P pro-
tein; 70, Hsp70; 90, Hsp90 with N-terminal ATPase domain, middle domain and C-terminal domain; /P,
immunophilins. The interaction sites of the Hsp70 and Hsp90 are not known and therefore arbitrary

verse transcriptase by a modulation of its conformation into the active state in which it is
stabilized by Hsp90 and co-chaperones and which allows association with the RNA and
the core proteins to form the reverse transcription-competent nucleocapsid particle (Beck
and Nassal 2003) (summarized in Fig. 5). Finally, Hsp70 and Hsp90 are found incorporat-
ed in the released virus particles supporting the idea that the two chaperones stabilize the
reverse transcriptase during transmission in the extracellular space and allow immediate
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activation after reintroduction into a suitable host cell. Since Hsp70 is also found in other
viruses including the retrovirus human immune deficiency virus (HIV) and non-retrovirus-
es of the negative-strand RNA group (rabies virus, vesicular stomatitis virus, influenza A
virus, etc.) in similar amounts as the polymerase it is possible that the chaperones assist
reverse transcription and RNA-dependent RNA polymerase reactions in other viruses as
well (Gurer et al. 2002; Sagara and Kawai 1992).

In summary, Hsp70s are involved in viral genome replication by monomerization of
initiator proteins, assisting assembly and disassembly of preinitiation complexes, and by
stabilizing and activating helicases and polymerases.

Viral gene expression

Most viruses exploit the cellular transcription and translation machineries for the expres-
sion of their genes and therefore recruit initiation and elongation factors. Since some of
the involved host factors interact with components of the Hsp70 system, the chaperone
system is also important for this stage of the viral life cycle. Several transcription initia-
tion factors interact physically with the Hsp70 co-chaperone Bagl in vitro and Bagl stim-
ulates general transcription activity in vitro and when overexpressed in vivo in an Hsp70-
dependent manner (Niyaz et al. 2003; Niyaz et al. 2001; Zeiner et al. 1999). Such a stimu-
lation of transcription was also observed when viral promoters were used in reporter gene
constructs with promoters of the human polyomavirus JCV and HCMV (Devireddy et al.
2000; Takahashi et al. 2001). The molecular mechanism of the general transcriptional ac-
tivation, however, is still unclear.

As discussed above, Bagl stimulates ADP dissociation from Hsp70 proteins. In the
presence of physiological ATP concentrations, ATP rebinds rapidly inducing the confor-
mational change in Hsp70 and Hsc70 that leads to substrate release (Géssler et al. 2001;
Hohfeld and Jentsch 1997; Sondermann et al. 2001). Taking these properties into account
it is possible that Bagl, tethered to DNA by its own unspecific DNA binding activity and/
or by interaction with a transcription initiation factor, assists the assembly of transcription
initiation complexes by triggering the release of Hsc70-bound transcription factors at the
site of the promoter. Alternatively or in addition, Bagl-Hsc70 interaction could remodel
initiation complexes thereby stimulating the promoter clearance of the RNA polymerase.

A different way of stimulating virus specific transcription is used by HIV-1. The Tat
protein specifically binds to the TAR stem—loop structure at the 5’ end of the nascent viral
transcript and activates HIV-1 transcription by enhancing the processivity of RNA poly-
merase (Cullen 1998; Jones 1997). This activation is mediated by the human transcription
elongation factor P-TEFb, which directly interacts with Tat and phosphorylates the C-ter-
minal tail of RNA polymerase II (Chen et al. 1999). The protein kinase subunit of P-TEFb
is the cyclin-dependent protein kinase Cdk9 which is a Hsp70 and Hsp90 client. Interfer-
ence with the Hsp70-Hsp90 chaperones, for example using the Hsp90 inhibitor gel-
danamycin, prevents the formation of the functional Cdk9-cyclin T1 complex and the tran-
scriptional stimulation by Tat (O’Keeffe et al. 2000).

A common problem for gene expression of RNA viruses is that double-stranded RNA
intermediates of their replication and gene expression induce the protein kinase PKR (pro-
tein kinase-RNA-activated) which shuts down translation by phosphorylating the transla-
tion initiation factor elF2o (Galabru and Hovanessian 1987; Gale et al. 1998). PKR is also
induced by interferon and as such it is part of the host defense strategy against viral infec-
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tions. To circumvent the PKR-mediated block to viral proliferation influenza A virus in-
duces the cellular TPR-domains containing JDP p58%, which down-regulate PKR in an
Hsp70-dependent manner (Lee et al. 1990, 1992, 1994; Tang et al. 1996; Melville et al.
1997, 1999). In uninfected, unstressed cells p58'™* forms a complex with Hdjl which is
proposed to be the inactive form of p58™X (Melville et al. 1997, 1999). During influenza
A virus infection the amount of Hdj1 that co-precipitates with p58' first increases about
twofold and then decreases to zero. The Hsp70-mediated dissociation of the p58'-Hdj1
complex is suggested to lead to an activation of p58'X allowing the interaction,
monomerization and consequently inhibition of PKR (Melville et al. 1999). The exact
mechanism of this process, in particular why two J-domain containing proteins are in-
volved is not clear.

In summary, Hsp70 can be involved in viral gene expression at the level of transcrip-
tion initiation and transcription elongation. In addition, Hsp70 is instumentalized by virus-
es to circumvent the general translation block induced by double-stranded RNA and inter-
feron.

Morphogenesis

There is ample circumstantial evidence, based on “guilt by association”, that Hsp70 sys-
tems may also be involved in viral morphogenesis assisting folding of capsid monomers,
assembly of nucleocapsids, and facilitating folding of cytoplasmic of luminal domains of
envelope proteins (Choukhi et al. 1998; Liberman et al. 1999; Macejak and Luftig 1991).
Howerver, conclusive evidence that these interactions lead to higher yields of properly
folded capsids or envelope proteins and more efficient virion assembly is still missing for
most of the investigated viral model systems. A few more conclusive examples are de-
tailed here. Hsp70 was shown to interact with the capsid proteins VP1, VP2, and VP3 of
polyomavirus. Expression of these proteins in a variety of systems including A31 mouse
fibroblasts, reticulocyte lysate, Sf9 insect cells, and E. coli leads to the formation of an
ATP-sensitive complex with Hsp70 proteins. During infection the capsid protein—Hsp70
complex is first detected in the cytoplasm and subsequently imported into the nucleus.
These observations prompted the speculation that Hsp70 assists folding of the capsid pro-
teins to an assembly competent state but prevents premature virion assembly until translo-
cation into the nucleus and genome replication have been completed (Cripe et al. 1995).
Chromy et al. demonstrated that purified VP1 and VP3 assembles in vitro into polymor-
phic higher oligomeric structures upon addition of unphysiological concentrations of Ca**
(0.5 mM), while the addition of the prokaryotic DnaK or mammalian Hsc70, which bound
to the C terminus of VP1, inhibited the Ca”* induced assembly. In contrast, the addition of
the complete prokaryotic DnaK, DnalJ, GrpE chaperone team assembled VP1 and VP3
into virion-like structures in an ATP-dependent but Ca**-independent process. The mam-
malian Hsc70 could also assemble correct icosahedral virion particles in an ATP-depen-
dent process when the SV40 large T antigen with a functional J-domain was present as its
JDP partner (Chromy et al. 2003).

In the positive-stranded RNA closteroviruses Hsp70, which in this case is virus encod-
ed as discussed in detail below, plays a different role in the assembly of the helical sym-
metric capsid. Genetic analysis demonstrated that deletion of the viral Hsp70, or muta-
tions that abrogated its ATPase activity, dramatically reduced the formation of full-length
virions (Satyanarayana et al. 2000). In a biochemical analysis of the filamentous virion
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particles the Hsp70 protein was found to be a component of the virion together with the
major and the minor coat proteins (CP, CPm) and a fourth protein called p61 (Citrus tris-
teza virus, CTV) or p64 (Beet yellow virus) (Napuli et al. 2000, 2003; Satyanarayana et al.
2000). A more detailed analysis using a minimal CTV replicon, which contained only the
gene encoding CPm with or without the genes encoding Hsp70 and p61, revealed that
CPm starts incapsidation of the RNA at a 5’ nontranslated region, which previously was
shown to be essential for virus replication (Gowda et al. 2003), and covers the RNA to dif-
ferent extents. When Hsp70 and p61 are present, incapsidation by CPm is restricted to
about 630 nucleotides of the 5" end consistent with the observation that in wild-type viri-
ons only a short tail is covered with CPm while the majority of the 20 kb RNA genome is
covered with CP (Satyanarayana et al. 2004). Hsp70 therefore seems to be important for a
coordinated incapsidation of the RNA. The mechanism of this process and whether Hsp70
has additional functions in the coat assembly reaction is unknown. It is also unclear why
in contrast to other helical viruses like TMV two different coat proteins are necessary for
the formation of this filamentous helical structure. One hypothesis is that CP forms a more
stable coat around most of the RNA to protect the genome during the transition outside
the plant cells, while encapsidation by CPm is less stable to allow efficient disassembly
after reentry into a host cell. Thereby the origin of replication becomes accessible for
translation and replication, two processes which could aid complete uncoating. The incor-
poration of Hsp70 into the CPm coated part of the capsid could stabilize CPm especially
during extracellular transition where ATP is absent and Hsp70 release is slow.

During morphogenesis of the double-stranded RNA reovirus cellular Hsp70 assists the
assembly of the trimeric lollipop-shaped sigma 1 protein that is responsible for the interac-
tion with the host cell receptor. While the N-terminal filamentous part of the sigma 1 pro-
tein folds and trimerizes cotranslationally in a Hsp70-independent manner, the C-terminal
globular domain folds post-translationally Hsp70-dependently. In this process Hsp70
binds already cotranslationally to a protein segment located downstream of the N-terminal
triple o helical coiled-coil presumably inhibiting unwanted interactions and misfolding.
After release from the ribosome trimerization of the C-terminal domain is coupled to
ATP-mediated release of Hsp70 (Leone et al. 1996).

For the envelope proteins of a number of viruses including Sindbis virus, VSV, influen-
za A virus and HIV a transient interaction with the ER resident Hsp70 chaperone BiP/
Grp78 was demonstrated (Carleton and Brown 1996; de Silva et al. 1990, 1993; Earl et al.
1991; Hammond and Helenius 1994; Hogue and Nayak 1992; Machamer et al. 1990; Mul-
vey and Brown 1995; Otteken et al. 1996; Singh et al. 1990). This interaction was pro-
longed when the folding of the protein or its assembly into an oligomeric structure was de-
layed by ATP depletion, prevention of disulfide bond formation, inhibition of glycosyla-
tion, temperature sensitive mutations at nonpermissive temperatures, and missing or mis-
folded oligomerization partners. These data strongly suggest that BiP plays an integral
part of the folding of viral envelope proteins.

The cytoplasmic Hsp70 chaperone, however, can also be involved as demonstrated for
the HBV glycoprotein L (Lambert and Prange 2003; Loffler-Mary et al. 1997; Prange et
al. 1999). Hsc70, in conjunction with its J-domain co-chaperone Hdjl and regulated in an
antagonistic fashion by the co-chaperones Hip and Bagl, plays a functional role in the to-
pogenesis of the L protein. The L protein is a polytopic membrane protein with initially
three transmembrane helices which are inserted cotranslationally into the ER membrane in
a topology where the N terminus is cytoplasmic and the C terminus is luminal. Post-trans-
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lationally the N terminus is translocated into the ER lumen in approximately 50% of the
molecules resulting in a mixed topology that is preserved during virus maturation allow-
ing the N terminus to perform dual functions as nucleocapsid matrix protein and in recep-
tor recognition (Bruss and Vieluf 1995; Le Seyec et al. 1999). Hsc70 binds to the N termi-
nus and assists and regulates its translocation as evidenced by the following observations.
Deletion of the Hsc70 binding site leads to a cotranslational translocation of the N termi-
nus and a uniform topology (Loffler-Mary et al. 1997). Increasing intracellular Bagl lev-
els significantly enhance post-translational translocation of the N terminus consistent with
its role as substrate release factor (see above; Gissler et al. 2001). In contrast, overproduc-
tion of Hip reduced post-translational translocation consistent with its proposed function
as antagonist of Bagl (Kanelakis et al. 2000). Together these data clearly show that the
Hsp70 chaperone system regulates the mixed topology of the HBV envelope protein
(Lambert and Prange 2003).

Taken together, Hsp70 assists folding and maturation of capsid and envelope proteins
as well as the multimeric assembly reactions of subunits or entire virions.

Transformation

Viruses which do not provide their own polymerase are dependent on the host replication
machinery. In order to proliferate in quiescent cells the virus has to reinitiate the cell cycle
thereby transforming the cell. A number of mechanisms have evolved enabling viruses to
overcome the restriction points of the cell cycle. The best investigated example demon-
strating the involvement of Hsp70 systems is the DNA tumor virus SV40, the prototype of
Polyomaviridae family, which also include the human BK and JC tumor viruses. Central
to the transforming ability of SV40 virus are the large and small T antigen (TAg), both of
which contain the signature motif of an Hsp70 co-chaperone, the J-domain, at their N ter-
minus. Mutations within the J-domain that affect the functional interaction of the TAg
with Hsp70s have been demonsrated to obliterate the ability of TAg to transform mam-
malian cells (Srinivasan et al. 1997) reviewed recently in full depth by Sullivan and Pipas
(Sullivan and Pipas 2002). Among other functions the SV40 TAg sequesters the retino-
blastoma family gene products pRb, p107 and p130 and liberates members of the E2F
family of transcription factors in an Hsc70 and ATP hydrolysis-dependent manner (Sulli-
van et al. 2000a, 2001). The free E2F proteins subsequently trigger the expression of the
S-phase genes leading to DNA replication (Dyson 1998). The most likely mechanism in-
volves the following steps. First, the large TAg binds to the pRB-E2F complex. Second,
Hsc70 in its ATP-bound form with high substrate association rates associates with the
pRB-E2F-TAg complex. Third, the J-domain of TAg stimulates ATP hydrolysis by
Hsc70 triggering the transition to the high-affinity conformation of Hsc70’s substrate-
binding domain thereby trapping the substrate protein, either pRB or E2F. Forth, Hsc70
induces a conformational change in the substrate protein leading to the dissociation of
pRB and E2F, whereby pRB is still in complex with TAg and Hsc70 is bound to either
pRB or E2F. ADP dissociation and rebinding of ATP to Hsc70 leads to the dissociation of
the Hsc70—substrate complex resulting in free E2F and the pRB-TAg complex. The pRB—
TAg complex may decay with a certain half-life spontaneously or induced through an AT-
Pase driven interaction cycle with Hsc70 liberating TAg for other tasks. The fact that
Hsc70 binds to TAg itself in an ATP-dependent manner is not surprising and also ob-
served by other JDPs (e.g. Laufen et al. 1999; Mayer et al. 1999; Wittung-Stafshede et al.
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2003). The J-domain signals to Hsp70 proteins the close proximity of a substrate. For lack
of a substrate bound to the JDP Hsp70 binds to the JDP itself (compare Schirmbeck et al.
2002).

A second task of the TAg, the transactivation of E2F promoters independent of the dis-
ruption of the pRB-E2F complex also involves the J-domain and consequently a Hsp70
protein (Chao et al. 2000; Harris et al. 1998; Sheng et al. 1997; Sheng et al. 2000; Zalvide
et al. 1998). A possible mechanism could involve the Hsc70 assisted assembly of a tran-
scription initiation complex on the respective promoters similar to the role of Hsc70 in the
Bagl stimulated transcription discussed above. Alternatively, TAg could induce Hsc70 to
disassemble an inhibitory silencer complex or to assist in remodeling the chromatin.

Although no clear indication was found so far for a participation of the J-domain of
TAg in the interaction with p53 and ensuing inactivation of p53 which contributes to cell
transformation and prevention of apoptosis, it should be mentioned that pS3 interacts with
the Hsp70-Hsp90 chaperone machinery (King et al. 2001; Zylicz et al. 2001) and an
Hsp70-mediated transfer of p53 into a complex with TAg is possible. A JDP involved in
this process may be TPR2 instead of TAg because it was suggested that TPR2 mediates
the retrograde transfer of an Hsp90 bound client onto Hsp70 (Brychzy et al. 2003).

HPV and AdVs have similar transforming activities using the proteins E7 (HPV) and
E1A (AdV) to disrupt the complexes between pRB family proteins and E2F family pro-
teins. Although neither E7 nor E1A contains a J-domain both proteins could transform
cells in a way similar to that described for SV40 TAg. E7 interacts with the JDP hTid-1,
the homolog of the Drosophila protein Tid56, which acts as a tumor suppressor (Schilling
et al. 1998). The C terminus of E7, which mediates the interaction with hTid-1, has also
been shown to be essential for the physical disruption of the pPRB—E2F complex albeit it is
not necessary for direct interaction with pRB (Patrick et al. 1994; Wu et al. 1993). These
observations suggest that the interaction with hTid-1 is involved in the disruption of the
pRB-E2F complex providing E7 with the J-domain necessary to recruit Hsc70 for the
complex dissociation in analogy to the function of SV40 TAg. Alternatively, the binding
of E7 to hTid-1 could transform cells through an inhibition of the assumed tumor suppres-
sor function of hTid-1. E1A, on the other side, directly interacts with Hsc70 (White et al.
1988) and could use Hsc70 in this way to disrupt the pRB-E2F complex. However, in ad-
dition to Hsc70 a JDP would be necessary for efficient stimulation of Hsc70’s ATPase ac-
tivity.

In conclusion it can be said that most double-stranded DNA viruses depend on Hsp70
chaperones for reprogramming of the host cells to reenter into the cell cycle. The depen-
dency of cell transformation on Hsp70 chaperones is also observed in many tumor cells.

Cell survival and apoptosis

Hsp70 systems are essential for the survival under stress conditions. Therefore, the induc-
tion of Hsp70 protein production may serve an additional purpose for the virus, namely,
the prevention or delay of host cell death until the progeny is ready to leave. It is therefore
not surprising that interference with apoptotic signal transduction pathways in both direc-
tions—inhibiting and activating—is a quite common phenomenon accompanying viral infec-
tions (reviewed in Benedict et al. 2002; Hardwick 2001; Roulston et al. 1999). The induc-
tion of cell death during viral infection can have different reasons. First, many DNA virus-
es replicating in quiescent cells need to induce reentry into the cell cycle by providing
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proliferation signals. Such untimely proliferation signals very often induce apoptosis as
first line of cellular defense against viruses as well as against tumor growth (Debbas and
White 1993; Fromm et al. 1994; Lowe and Ruley 1993; Symonds et al. 1994). Second,
many different kinds of stress induce apoptosis and viral infection may impose such a le-
thal stress. Third, viral infection of a cell can induce the release of interferons triggering
apoptosis (Castelli et al. 1997; Diaz-Guerra et al. 1997; Rivas et al. 1998). It is self-evi-
dent that viruses have evolved means to interfere with the cell death response because ap-
optosis is detrimental for viral proliferation during the early phase of viral life cycle. In
contrast, when the viral particles are ready assembled apoptosis can be advantageous for
virus spreading (Anderson 2001; Best et al. 2002; Goh et al. 2001; Henke et al. 2000,
2001; Muthumani et al. 2002a, 2002b; Schultz-Cherry et al. 2001). If virions are incorpo-
rated into apoptotic bodies which are engulfed by neighboring phagocytic cells, viruses
can infect new cells without the danger of being exposed to the host’s immune system
(Fazakerley 2001; Fazakerley and Allsopp 2001).

It has been shown that Hsp70 plays an important role in apoptosis. Hsp70 interferes
with the signal transduction pathways leading to programmed cell death at several levels
including inhibition of (1) the apoptosis inducing Jun N-terminal kinase, (2) cytocrome C
release out of mitochondria, (3) apoptosome assembly by interaction with Apaf-1, and (4)
execution of apoptosis acting even downstream of caspase 3 (Beere and Green 2001;
Beere et al. 2000; Gabai et al. 1997, 1998; Jditteld et al. 1998; Jolly and Morimoto 2000;
Li et al. 2000; Mosser et al. 1997, 2000; Ravagnan et al. 2001; Saleh et al. 2000; Yaglom
et al. 1999). In addition, Jddtteld and coworkers demonstrated that depletion of Hsp70 in
hsp70 overexpressing tumor cells leads to an induction of apoptosis (Nylandsted et al.
2000). It is therefore conceivable that upregulation of hsp70 expression may also serve as
a tool to prevent premature apoptotic cell death, and the precipitous decrease of hsp70
mRNA levels at the end of AdV infections may lead to the timed induction of apoptosis.

In this context it is also interesting that a decrease of the BiP concentration in tumor
cell lines inhibits tumor progression and eliminates resistance to T-cell mediated cytotox-
icity (Jamora et al. 1996; Sugawara et al. 1993). In analogy, viruses may evade T-cell me-
diated induction of apoptosis by upregulating the concentration of the ER resident Hsp70
homolog.

Virus-encoded components of the Hsp70 system

Not all viruses seem to be content with inducing the expression of the genes encoding the
components of the Hsp70 system and then compete with cellular substrates for their chap-
erone power. There are examples of viruses that bring with them their own components of
the Hsp70 system.

Viral J-domain containing proteins

The multifunctional large and small TAg of the simian and human DNA tumor viruses
SV40, JC and BK virus, contain an N-terminal J-domain that functionally interacts with
Hsp70 chaperones acting like a bona fide J-domain (Campbell et al. 1997; Genevaux et al.
2003; Kelley and Georgopoulos 1997; Kelley and Landry 1994). This J-domain induces
Hsc70 binding to the TAg in an ATP-dependent manner (Sullivan et al. 2001). The TAg
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are involved in almost all viral activities, including genome replication, regulation of tran-
scription of viral and cellular genes, virion assembly, and cell transformation and many of
these functions are abrogated by mutations in the J-domain (DeCaprio 1999; Kelley
1999). It is therefore assumed that its mode of action is based on the targeting of the
Hsp70 chaperone machine to certain protein complexes inducing remodeling and change
of activity of these complexes (for review see Sullivan and Pipas 2002).

The MCO13L protein of the DNA poxvirus causing molluscum contagiosum also con-
tains a J-domain (Moratilla et al. 1997). This protein interacts with the glucocorticoid and
vitamin D receptors and downregulates their transcriptional activity, possibly by interfer-
ing with the Hsp70-Hsp90 chaperone machine (Chen et al. 2000).

The need for a specialized chaperone to assist folding and assembly of viral and host
proteins is reminiscent of the T4-like phages that encode an Hsp60 co-chaperone in order
to ensure the proper folding of their capsid protein (for a review see Ang et al. 2000).

The question arises why the polyoma- and poxviruses bring their own JDP along. Two
alternative hypotheses are possible. First, the viral J-domain has a unique property that is
not present in cellular JDPs. Second, the fusion of a J-domain to a viral protein could be
more beneficial for the protein’s function than the recruitment of a host JDP would be.
Comparing the NMR structures of the J-domain of murin TAg and human Hdjl reveals
clear differences, in particular, when the electrostatic potential at the surface is analyzed
(Fig. 4). In addition, many of the residues corresponding to E. coli DnalJ residues which
are important for interaction with Dnal’s Hsp70 partner DnaK are conserved in Hdj1 but
not in TAg (Fig. 4) (Genevaux et al. 2002; Greene et al. 1998). Nevertheless, the J-do-
mains of SV40, JC and BK TAg can substitute for the J-domain of Dnal in supporting
Hsp70 function in E. coli (Genevaux et al. 2003; Kelley and Georgopoulos 1997). To ad-
dress the question of specific effects of the TAg J-domain in more detail, domain-swap
experiments were carried out and TAg function was investigated. The J-domain of SV40
TAg was replaced by two different J-domains of cellular JDPs without loss of functionali-
ty as measured by the ability to promote viral DNA replication (Campbell et al. 1997), in-
teraction with pRB family proteins, and in vivo viral proliferation (Stubdal et al. 1997).
These results clearly suggest that the viral J-domain functions as a normal J-domain with-
out any specific properties. On the other hand, the J-domain of polyomaviruses contains in
helix 1 a highly conserved "*LXXLLXL' motif that is not conserved in other J-domains.
Mutational alteration of this sequence reduced viral DNA replication 100-fold while the
effects on pRB, including release and activation of E2F, were unimpaired (Li et al. 2001).
Magnusson and coworkers suggest from these data that the sequence of the viral J-domain
may have, in some contexts, a specific function. However, of the three substitutions tested
(L13M, L13I, L13V) only L13V had a phenotype. Given the fact that the consensus resi-
due in other JDPs is the large hydrophobic amino acid tyrosine it is likely that a minimum
size is necessary to stabilize the hydrophobic core between helix 1, 2, and 3 and valine is
just too small, leading to a destabilization of helix 1 or the entire J-domain. This interpre-
tation is supported by the fact that the small TAg with this mutation is unstable.

Taken together, all available evidence indicates that the evolutionary fusion of a J-do-
main to the viral protein increased the functionality of this protein by the more efficient
recruitment of the Hsp70 chaperones as compared to other viral proteins that interact with
host JDPs.
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Virus-encoded Hsp70 proteins

The plant pathogenic closteroviruses, including beet yellow virus, lettuce infectious yel-
low virus, and CTV, went one step further and encode for their own proper Hsp70 chaper-
one. This Hsp70 protein is essential for cell-to-cell transmission (Agranovsky et al. 1998;
Alzhanova et al. 2000, 2001; Peremyslov et al. 1999) and has been implicated in virion as-
sembly as discussed above (Napuli et al. 2003; Napuli et al. 2000; Satyanarayana et al.
2000, 2004). In addition to its function in virion assembly, the viral Hsp70 also binds to
microtubules and is found associated with the plasmodesmata, the open cytoplasmic cell-
to-cell contacts, in closterovirus infected plant cells (Karasev et al. 1992; Medina et al.
1999) and interacts with a long-distance transport factor (Prokhnevsky et al. 2002). It is
therefore possible that it has supplementary functions in viral transmission.

Similar to the situation with the virus-encoded JDPs, there are two possible explana-
tions why closteroviruses encode for their own Hsp70 protein. First, coding for and regu-
lating the production of a proper Hsp70 chaperone could supplement the viral need for
chaperone power and even make the virus independent of the host Hsp70s. Second, the vi-
rus-encoded Hsp70 could have specific properties of the ATPase cycle and substrate spec-
ificity/affinity which are necessary for the folding of specific viral and host substrates but
not supplied by the cellular Hsp70 proteins. Since it has not yet been attempted to comple-
ment the loss of function of the viral Hsp70 by the overproduction of a host Hsp70 pro-
tein, and the viral Hsp70s are not yet biochemically characterized, it is not possible to dis-
tinguish the two alternative hypotheses at present. However, in the unrelated tomato spot-
ted wilt virus, a negative-stranded RNA virus of the Bunyaviridae family, the viral move-
ment protein binds to the viral nucleocapsid and a plant JDP indicating the recruitment of
a host Hsp70 for the cell-to-cell movement process (Soellick et al. 2000). This observation
demonstrates that the plant virus specific process of cell-to-cell movement as such does
not require a specialized Hsp70 chaperone. Furthermore, the fact that the Hsp70 proteins
of the different members of the Closteroviridae family are not highly conserved (7.6%
identity, 25% similarity in a multiple sequence alignment; see Fig. 2) and only slightly
closer related among each other than to human Hsc70 (87% of the residues completely
conserved within the Closteroviridae Hsp70s are also found in human Hsc70) does not
support the hypothesis of an adaptation to a specific folding task. However, the co-evolu-
tion of the viral Hsp70 with a specific viral protein such as the small capsid protein would
not necessarily be apparent in sequence identity among the different Closteroviridae
Hsp70s. Furthermore, all viral-encoded Hsp70s are on average 82 residues shorter than the
eukaryotic cytosolic Hsp70 proteins. Since the viral Hsp70s remain incorporated in the
nucleocapsid (about 10 molecules per capsid; Napuli et al. 2000), the size of the protein
may be an issue.

Taken together, although the currently available evidence provides no indication for an
adaptation to a specific folding task, co-evolution with a specific substrate (capsid protein)
and the requirement to fit into the nucleocapsid cannot be excluded as a driving force for
the evolution of a virus-encoded Hsp70 protein.
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Evolutionary aspects of the virus-Hsp70 interaction

Many mutational alterations lead to a destabilization of proteins and increase their tenden-
cy to misfold and aggregate. Since chaperones recognize misfolded proteins, prevent their
aggregation and promote their refolding into the native state, chaperones can keep a muta-
tionally altered protein functional and thereby buffer detrimental mutations. Such a func-
tion as evolutionary capacitor was shown for the Hsp90 chaperone (Queitsch et al. 2002;
Rutherford and Lindquist 1998; Sollars et al. 2003). Rutherford and Lindquist demonstra-
ted that the reduction of Hsp90 activity in Drosophila melanogaster by genetic or pharma-
cological means leads to the appearance of strain specific morphological alterations sug-
gesting that Hsp90 preserves the natural function of certain morphogenetic factors that in
its absence would not be active or would have a different activity. Continuous selection
for a given trait under low Hsp90 activity conditions (mutant Hsp90, presence of an
Hsp90 inhibitor or stress) could make the trait independent of Hsp90 activity. Similarly,
Queitsch and Lindquist showed that plasticity in plants is also Hsp90 dependent. In princi-
ple, a similar function could also be performed by Hsp70 chaperones. Like Hsp90, Hsp70s
are involved in chaperoning signaling molecules such as transcription factors and protein
kinases, which constitute some of the morphogenetic factors. Since Hsp70, but not Hsp90,
can refold denatured proteins Hsp70s could buffer many destabilizing alterations in struc-
tual proteins.

RNA replication is a very error-prone process with a rate of 1 misincorporation per 10*
replicated bases. In the absence of repair mechanisms this means that the progeny viruses
differ from each other and from the parent, a fact that is expressed in the term ‘quasi-spe-
cies’ for RNA viruses because they are defined by a sequence space and not by a unique
sequence found in the majority of the species’ members. The virus-encoded Hsp70 pro-
teins are an impressive example for the accumulation of mutational alterations. While
Hsp70s belong to the most conserved proteins with about 50% sequence identity between
E. coli and man, the sequence variations found within the virus-encoded Hsp70s is so high
that only 7.6% of the residues remained unchanged within the entire family (see Fig. 2). It
therefore is very likely that destabilizing mutations occur frequently in viral genes increas-
ing the likelihood for chaperone dependency of the encoded proteins. The minimal num-
ber of fully functional progeny required to give a sufficiently high chance for a successful
new infection defines the mutational window for the virus species which is widened by
the action of Hsp70 chaperones. Under certain circumstances Hsp70 chaperones may even
be the prerequisite for an evolutionary survival of RNA viruses.

Concluding remarks

The ample evidence demonstrating the participation of Hsp70 chaperones at distinct steps
in the life cycles of a variety of viruses suggests that Hsp70 involvement in virus prolifer-
ation is a widespread phenomenon. Since Hsp70 function is essential for eukaryotic cells
and complete knockouts of the major hsp70 genes are therefore not available, it is difficult
to show in how many viral processes Hsp70s are involved and to rigorously demonstrate
that the Hsp70 contribution to these processes is essential. The reduction of the Hsp70 lev-
els through the use of gene knockdown technologies (siRNA) may give valuable indica-
tions in future studies. In addition, as more and more in vitro reconstitution systems for
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the different steps of the viral life cycle become available, the mechanism of the Hsp70-
mediated viral folding and assembly processes will be elucidated.
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Abstract Exciting discoveries in the last decade have cast light onto the fundamental
mechanisms that underlie polarized trafficking in epithelial cells. It is now clear that epi-
thelial cell membrane asymmetry is achieved by a combination of intracellular sorting op-
erations, vectorial delivery mechanisms and plasmalemma-specific fusion and retention
processes. Several well-defined signals that specify polarized segregation, sorting, or re-
tention processes have, now, been described in a number of proteins. The intracellular ma-
chineries that decode and act on these signals are beginning to be described. In addition,
the nature of the molecules that associate with intracellular trafficking vesicles to coordi-
nate polarized delivery, tethering, docking, and fusion are also becoming understood.
Combined with direct visualization of polarized sorting processes with new technologies
in live-cell fluorescent microscopy, new and surprising insights into these once-elusive
trafficking processes are emerging. Here we provide a review of these recent advances
within an historically relevant context.

Abbreviations AEE: Apical Early Endosomes - AP: Adaptins or clathrin-adaptor
complexes - ARF: ADP-ribosylation factor, Ras-like small G-proteins involved in
vesicular trafficking - BFA: Brefeldin A, a fungal metabolite that inhibits ARF-dependent
attachment of coat proteins - BEE: Basolateral Early Endosomes - CASK:
Calcium/calmodulin-dependent protein kinase, MAGUK protein, also known as Lin-2 -
CRE: Common Recycling Endosome - DRM: Detergent Resistant Membrane, a
biochemical hallmark of a raft - ECM: Extracellular Matrix - EEAI: Early Endosome
Antigen 1, a Rab effector and a marker for the early endosome - FYVE: Zinc-binding
domain named after the proteins that it is found in; targets proteins to membrane lipids via
interaction with phosphatidylinositol-3-phosphate, “PI3P finger protein” - GFP: Green
Fluorescent Protein - GPI: Glycosyl Phosphatidyl Inositol - HA: Influenza Hemagglutinin,
a prototypical apical marker protein - MDCK: Madin Darby Kidney Cells, a polarized
epithelial cell line - Munc18—1: Mammalian UNC18, C. ELEGANS, syntaxin-binding
protein 1 - LDLR: Low-Density Lipoprotein Receptor, a prototypical basolateral marker -

C. Campo - A. Mason - D. Maouyo - O. Olsen - D. Yoo - P. A. Welling (£=Q)
Department of Physiology, University of Maryland School of Medicine,
Baltimore, MD 21201, USA

e-mail: pwelling@umaryland.edu



48 Rev Physiol Biochem Pharmacol (2005) 153:47-99

LLC-PK]I: A pig kidney polarized epithelial cell model - L27: A protein—protein
interaction domain first identified in Lin-2 and Lin-7 - Lin: Genes that were first identified
in genetic screens for abnormal cell /ineage in C. Elegans - MAGUK: Membrane
Associated Guanlyate Kinases, a family of PDZ proteins - MT: Microtubule - NSF:
N-ethyl maleimide-sensitive factor, a component of the fusion machinery -

plIgR: Polymeric Immunoglobin Receptor For IgA, a prototypical protein for basolateral to
apical transcytosis - Par: Partitioning Defective Proteins - PDZ: A protein—protein
interaction domain found in scaffolding proteins - PGTI: Post-Golgi transport
intermediates - Rab: A family of RAS-related small GTP-binding proteins that play
important roles in the regulation of exocytotic and endocytotic pathway - Ral: A family of
RAS-related small GTP-binding proteins that have been implicated in vesicle trafficking,
cell morphology, and signalling - TfR: Transferrin receptor, a prototypical marker for
basolateral membrane and CRE recycling - SAC: Subapical Compartment, also known as
ARE - Sec 6/8: Components of the exocyst, but the term is often used to refer to the entire
mammalian exocyst complex - SNAP: Soluble NSF Attachment Factor, component of
fusion machinery - SNARE: Soluble N-Ethyl Maleimide-Sensitive Attachment Factor
Receptors, components of fusion machinery - --SNARE: SNARES on target membrane -
v-SNARE: SNARES on vesicle membrane, also known as VAMP/synaptobrevin -

TGN: Trans-Golgi Network - VAMP: Vesicle Associated Membrane Protein, also known
as v-SNARE - VSV G: Vesicular Stomatitis Virus coat protein, used as a prototypical
basolateral marker

Introduction

The asymmetric distribution of membrane proteins on distinct plasma membrane domains
is a fundamental property of epithelial cells and a central underpinning of vectorial trans-
port processes, signal transduction mechanisms in development, cell-matrix interactions
and barrier functions. Certainly, the homeostatic transport of solutes, electrolytes, and wa-
ter in the kidney are made possible by the polarized expression of specific transport pro-
teins and regulatory molecules on two separate plasma membrane domains. Consider, for
example, the reabsorption of salt in the distal nephron, an important process for the main-
tenance of blood pressure. Because sodium channels and Na/K ATPase are specifically
expressed on opposite plasma membrane domains (apical membrane, facing the tubule lu-
men, and the basolateral membrane, facing the interstitium, respectively), the sodium
transport activities of these molecules are effectively linked in series, allowing the direc-
tional movement of sodium from tubule lumen to interstitium. Epithelial polarization pro-
cesses have been the target of extensive study over the last quarter century and the subject
of several excellent reviews (Caplan 1997; Matter and Mellman 1994; Mostov et al. 2000;
Yeaman et al. 1999). Exciting new discoveries in the field have begun to illuminate the
molecular mechanisms that underpin polarized targeting and expression of membrane pro-
teins in epithelial cells.

According to the present understanding, polarized protein expression is determined by
a combination of intracellular sorting processes and plasmalemma domain-specific reten-
tion operations. The present model holds that directed sorting, trafficking, and retention
are dictated by signals embedded within the structures of polarized proteins. Intracellular
sorting signals are read, interpreted, and acted on by intracellular trafficking machinery to
segregate and package these membrane proteins into specialized apical and basolateral
membrane transport vesicles. Intracellular vesicles, containing segregated cargo, then have
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the capacity to be directly shipped, docked, and fused with the appropriate domain, guar-
anteeing that cargo arrives at the correct plasmalemma. Once delivered to a particular
plasma domain, many of these proteins can then be effectively anchored at these polarized
locales through retention signals, directing interactions with the cytoskeleton or other
membrane associated proteins. Fundamental mechanistic insights into polarization pro-
cesses have begun to emerge with the identification of trafficking and retention signals,
and the intracellular machinery that acts on them. Here we provide a review of the field,
highlighting recent advances within an historically relevant context.

Sorting pathways

An appreciation of the fundamental mechanisms that underlie polarized sorting processes
in epithelial cells can be gained from the vantage of the intracellular targeting pathways
that are followed by membrane proteins en route to their polarized plasmalemma locales.
In fact, elucidating the sorting pathway pursued by a particular protein in a particular epi-
thelial cell type provides valuable, if not essential, clues about the basic nature of the sort-
ing compartments and the prevailing or dominant sorting mechanism. In principle, three
different routing pathways may be pursued (Evans 1980).

First, and conceptually the simplest, newly synthesized proteins can follow a direct
route to their final, apical, or basolateral membrane destination (Fig. 1). In these cases,
membrane proteins are sorted soon after synthesis and prior to plasmalemma delivery and
are therefore said to follow the biosynthetic pathway. Analogous to protein sorting within
the classic secretory or exocytic pathway (Palade 1975) of nonpolarized cells, the trans-
Golgi network (TGN, see Abbreviations) has been considered to be the principal sorting
station of the biosynthetic pathway in epithelial cells. Recent studies suggest the involve-
ment of endosomal sorting compartments (see the section entitled “Biosynthetic pathway”
below). While polarized protein sorting in the biosynthetic pathway is initiated and driven
by the segregation of apical and basolateral membrane-destined cargo within these intra-
cellular compartments, it is also dependent on other mechanisms, insuring that the intra-
cellular transport carriers are directly shipped and docked with the appropriate polarized
membrane domain. In these cases, plasma-membrane domain-specific retention mecha-
nisms are not necessarily required but they can increase the fidelity of the polarization
process and control cell surface density.

Second, newly synthesized membrane proteins may be randomly sent to both plasma
membrane domains and then either selectively retained, degraded, or relocated to their po-
larized destinations by postendocytic sorting processes and transcytosis. In this trafficking
process, called the random pathway, polarized sorting must be achieved at the plasmalem-
ma itself by selective retention or within the postendocytic pathway by segregation pro-
cesses or by a combination of both.

Third, in some systems, polarized expression of membrane proteins may arise by a cir-
cuitous routing process, often termed indirect trafficking. In this case, newly synthesized
proteins are initially targeted to one plasma membrane domain and then either selectively
retained or selectively retrieved and reshipped to the opposite membrane domain. Many
apical membrane proteins in hepatocytes follow this route (Bartles et al. 1987). Recent
studies indicate that certain apical proteins that are dependent on lipid rafts may use this
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Fig. 1 Polarized expression of membrane proteins depends on hierarchical trafficking operations. Proteins
traveling in the biosynthetic pathway are sequentially processed in as many as four different trafficking
steps. (/) In this routing pathway, the sorting process is ultimately driven by the segregation of apical and
basolateral membrane-destined proteins. This occurs soon after synthesis within the Trans Golgi network
(TGN) and/or an endosomal sorting compartment (the common recycling endosome, CRE). (2) Following
the biosynthetic sorting operation, apical and basolateral membrane-destined transport vesicles are directly
shipped to the appropriate membrane domain, involving the cytoskeleton and the exocyst. (3) Specific
membrane fusion machines guarantee that vesicles fuse with the appropriate target membrane, involving
SNARE:s and the exocyst. (4) Plasma-membrane domain-specific retention machinery, depicted as an an-
chor, can increase the fidelity of the polarization process by anchoring appropriately sorted proteins on the
correct membrane domain. 7J, tight junction; M7, microtubules with plus ends (+) facing toward the apical
membrane and minus ends (-) facing toward the basolateral membrane

pathway in renal epithelial cells, traveling first to the basolateral membrane and then be-
ing delivered to the apical surface by transcytosis (Polishchuk et al. 2004).

Polarized membrane protein expression in renal epithelia can be achieved by a combi-
nation of direct, random, and indirect routing mechanisms, depending on the membrane
protein and type of epithelial cell. Consequently, segregation of polarized membrane pro-
teins within biosynthetic and postendocytic sorting compartments as well as retention pro-
cesses at specific polarized plasmalemma domains can contribute to membrane protein
polarization in kidney cells.

Biosynthetic pathway
Proof of the well-traveled biosynthetic sorting pathway grew out of the development of a

polarized renal epithelial cell model, Madin Darby Kidney Cells(MDCK; Leighton et al.
1969), and the seminal discovery that certain viruses emerge from infected MDCK cells in
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a polarized manner (Rodriguez-Boulan and Sabatini 1978). Certainly, the virus-infected
MDCK model provided an early and extremely powerful tool to elucidate mechanisms of
asymmetric sorting processes in epithelial cells. In this system, particular enveloped virus-
es, like the vesicular stomatitis virus (VSV), bud exclusively from the basolateral mem-
brane while others, like the influenza virus, develop only from the apical membrane. The
asymmetric budding response is a consequence of polarized expression of viral coat pro-
teins. Steady-state localization of the VSV G coat protein occurs exclusively on the baso-
lateral membrane. The Influenza hemagglutinin coat protein (HA), on the other hand, only
accumulates on the apical membrane (Rodriguez-Boulan and Pendergast 1980). With the
development of innovative plasmalemma domain-selective detection techniques, it was
found that newly synthesized HA (Misek et al. 1984; Rodriguez-Boulan et al. 1984) and
VSV G (Rindler et al. 1984) are rapidly and directly transported to their target membranes
without any transitory stops on opposite plasma membrane domains. The result indicated
that viral coat proteins must be sorted within an intracellular compartment and vectorially
delivered to their target membrane, the sine qua non for a biosynthetic sorting process.
Many later studies, employing similar pulse-chase and domain-selective detection tech-
niques, such as surface biotinylation (Gottardi et al. 1995 for review), confirmed that en-
dogenous membrane protein trafficking in MDCK cells (for example, Caplan et al. 1986)
can also follow a direct sorting route to either the apical or basolateral membrane.

The specific location of a major biosynthetic sorting compartment was illuminated us-
ing biochemical and immuno-electron micrographic techniques to simultaneously track in-
tracellular transit of apical and basolateral viral membrane proteins in MCDK cells doubly
infected with pairs of viruses of opposite budding polarity. HA and VSV G proteins, en
route to apical and basolateral membranes, were found to intermix at all stages of intracel-
lular traffic from the endoplasmic reticulum through the Golgi cisternae. Thus, critical
segregation steps must take place somewhere between the end of Golgi and the plasma
membrane. This compartment has long been presumed to be the Trans-Golgi Network
(TGN; Rindler et al. 1984). Support for segregation within the TGN came from observa-
tions that membrane protein traffic can be specifically blocked within the trans-Golgi by
low-temperature (19-20°C) (Griffiths et al. 1985; Saraste and Kuismanen 1984). Upon re-
lease from block, viral membrane proteins proceed rapidly and directly to their appropri-
ate plasma membrane without obligate stops in endosomes or other intracellular compart-
ments (Griffiths et al. 1985; Pfeiffer et al. 1985; Matlin and Simons 1983). Distinct TGN
vesicles (Bennett et al. 1988), separately containing apical and basolateral membrane car-
g0, can be resolved biochemically by immuno-isolation techniques after low-temperature
block (Wandinger-Ness et al. 1990), providing strong evidence for a sorting event in the
TGN. These classic studies have recently been corroborated by time-lapse fluorescence
imaging studies of live cells transfected or infected with basolateral and apical membrane
marker proteins. These studies have revealed that apical and basolateral membrane cargo
progressively can segregate within domains of the Golgi and TGN, exclude resident pro-
teins, and then exit in separate tubulovesicular carriers in direct route to the plasmalemma
(Keller et al. 2001; Kreitzer et al. 2003).

Although there is a large body of data indicating that polarized trafficking from the
TGN to the plasma membrane domains often proceeds in a direct fashion, it should be
pointed out that sequential intracellular routing steps, involving intermediate endosomal
compartments, have recently been identified. For instance, using an assay designed to
measure the meeting of newly synthesized membrane proteins with endosomal compart-
ments loaded with horseradish peroxidase, Orzech et al. (Orzech et al. 2000) found that
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the biosynthetic road traveled by polymeric immunoglobulin receptors can involve an en-
dosomal compartment, most likely the common recycling endosome (CRE). Because api-
cal and basolateral proteins intermix in this compartment (see the section entitled “Posten-
docytic pathway” below), the observation implies that the common endosome might also
serve as a polarized sorting station for some proteins in the biosynthetic pathway. In fact,
new work on the clathrin-adaptor complexes raises the possibility that biosynthetic sorting
within the CRE, rather than the TGN, may be much more widespread than once believed
(see section entitled “Adaptins™). At present it is unknown if trafficking from the TGN to
the CRE occurs by default or is signal mediated. Likewise, the functional significance of
multiple or parallel routing steps, involving the TGN and/or the CRE, in the biosynthetic
pathways remains an open question. Orzech suggested that it may permit flexible regula-
tion of sorting processes, possibly allowing cells to adjust targeting in response to chang-
ing physiological and developmental requirements (Orzech et al. 2000).

Whether sorting occurs in the TGN or CRE, the crucial, if not driving, step involves
segregation of cargo and the assembly of trafficking vesicles by coat proteins and adaptor
molecules or complexes. Selective attachment of specific coat factors to cargo is believed
to promote segregation and concentration of select cargo while specifically marking vesi-
cle carriers for either basolateral or apical membrane traffic. Selective portioning in spe-
cialized lipid domains may provide another mechanism (see section entitled “Rafts”).
Structural evidence for distinct coat-based sorting domains in the TGN is provided by
high-voltage electron microscopy studies combined with computer axial tomography.
These studies reveal that the TGN consists of multiple tubules, containing clathrin or nov-
el “lace-like” coats (Ladinsky et al. 1994, 1999, 2002). Moreover, Brefeldin A (BFA), a
fungal metabolite that inhibits ADP-ribosylating factor (ARF)-dependent attachment of
coat proteins, can cause missorting of proteins traveling in the biosynthetic pathway.

Postendocytic pathway

Precise sorting in the postendocytic pathway not only provides the chief polarizing mech-
anism for proteins that are processed in the indirect pathway by transcytosis (see Tuma
and Hubbard 2003; Rojas and Apodaca 2002 for recent review of transcytosis), it is also
required for the general maintenance of epithelial cell polarity. Certainly, because nearly
50% of a typical polarized plasma membrane is endocytosed per hour (Mellman 1996;
Von Bonsdorff et al. 1985), specific sorting mechanisms must be in place to insure that
endocytosed proteins are recycled back to the appropriate plasma membrane. Viewed an-
other way, constant internalization and sorting in the postendocytic pathway may offer a
continuous surveillance or proofreading mechanism, faithfully reshuffling proteins that
happen to be randomly sorted or missorted in the biosynthetic pathway. Considering that
sorting in the biosynthetic pathway only occurs once in the lifetime of a protein, continu-
ous postendocytic sorting processes are quantitatively more significant.

Distinct intracellular sorting compartments have been identified in model epithelia,
such as MDCK cells and CaCO-2 intestinal cells (Hughson and Hopkins 1990; Knight et
al. 1995). As illuminated by studying intracellular trafficking itineraries of endocytotic re-
cycling (e.g., transferrin and its receptor, TfR) and transcytotic marker proteins (e.g., [gA
and its receptor, pIgR), the collective body of recent data is consistent with at least three,
more likely four, distinct populations of endosomes (see Fig. 2). While generally reminis-
cent of the early and recycling endosomes that have been well described in nonpolarized
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Fig. 2 Postendocytic sorting compartments in epithelial cells. Proteins internalized by clathrin-dependent
pathways first accumulate in distinct populations of early endosomes found near the basolateral membrane
(BEE, basolateral early endosome) or the apical membrane (AEE, apical early endosome). Early endosomes
are can be identified by the presence of Rab 5 and/or EEA1. The common recycling endosome (CRE) re-
ceives endocytosed proteins from the apical membrane and basolateral membrane via the AEE (arrows not
shown), the BEE, and possibly the ARE. The CRE also receives newly synthesized proteins from the TGN.
Here, apical and basolateral membrane proteins are segregated and recycled back to the correct plasma
membrane domain. The CRE is usually identified by its perinuclear location and the presence of Rab 11 or
Rab 17, and an acidic pH. The ARE (apical recycling endosome, also known as SAC) is suspected to be an
endocytic hub where apical membrane traffic is regulated. It is often identified by its apical location, the
presence of Rab 11 and a neutral pH

cells (Mellman 1996), additional levels of complexity presumably reflect the added re-
quirements for polarized sorting operations.

Material internalized by clathrin-dependent pathways from opposite poles of epithelial
cells first accumulates with fluid-phase markers in spatially distinct populations of early
endosomes found near the basolateral (BEE, Basolateral Early Endosomes) and apical
membranes (AEE, Apical Early Endosomes) (Parton et al. 1989; Bomsel et al. 1989).
While both of these peripheral compartments contain Rab 4 (Sheff et al. 1999) or Rab 5
(Bucci et al. 1994) and EEAI, a Rab effector (Wilson et al. 2000; Simonsen et al. 1998),
the AEE and BEE appear to be biochemically and physiologically distinct from each oth-
er. AEE and BEE exhibit different overall protein compositions (Fialka et al. 1999), fusi-
genic properties (Fialka et al. 1999), recycling rates (Sheff et al. 1999), and dependence
on filamentous actin (Sheff et al. 2002). Such observations presumably indicate that the
AEE and BEE are separately designed for disparate sorting demands. Certainly, each pop-
ulation of early endosome supports rapid and efficient membrane protein recycling to its
cognate plasma membrane, preventing mixing of apical and basolateral membrane pro-
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teins. Material endocytosed into AEE or BEE can also be separated from fluid-phase
markers (Dunn et al. 1989) and be targeted into the lysosomal pathway or directed to a
common recycling endosome (CRE) (reviewed by Mukherjee et al. 1997). Apical proteins
endocytosed into the AEE may also travel through a specialized compartment, called the
apical recycling endosome (ARE) (Leung et al. 2000).

The CRE, often identified by its perinuclear localization, the presence of Rab 11(Sheff
et al. 1999) and/or Rab 17 (Hunziker and Peters 1998), absence of fluid phase markers,
and a tubular morphology, is clearly distinct from early endosomes. Indeed, the CRE can
be resolved from early endosomes physically, biochemically, and pharmacologically in
MDCK cells (Sheff et al. 1999). Because the CRE receives and appropriately recycles in-
ternalized material from both the basolateral and the apical compartment (Bomsel et al.
1990; Parton et al. 1989), it is generally considered to be a major polarized sorting station.
Recent work is beginning to provide a glimpse into a mechanism for some basolateral
membrane proteins. Ultrastructural studies indicate that basolateral sorting of the transfer-
rin receptor occurs in tubular extensions of the CRE (Odorizzi et al. 1996) on clathrin-
studded vesicles (Futter et al. 1998). Reminiscent of the biosynthetic pathway, the sorting
process in the CRE is sensitive to BFA (Matter et al. 1993; Wan et al. 1992; Wang et al.
2002; Futter et al. 1998). Because BFA does not induce gross disruption or fusion of the
endocytic compartments in MDCK cells (Wang et al. 2002), it has been believed to alter
endosomal sorting processes directly. Presumably by exerting its well-known inhibitory
effect on the association of coat proteins (Kreis 1992), BFA prevents critical segregation
steps in the CRE. Futter first presented evidence suggesting that y-adaptin, a subunit of
AP-1A and AP-1B clathrin adaptor complexes, marks clathrin-coated vesicles emanating
from the tubular extensions of the CRE as basolateral membrane-destined carriers (Futter
et al. 1998). More recent work indicates that direct interaction of cargo in the CRE with
the AP-1B complex is sufficient to target proteins to the basolateral membrane (see sec-
tion entitled “Adaptin”).

A three compartment model, comprised of the BEE, AEE, and CRE may be sufficient
to describe the kinetic behaviors of the pIgR bound with IgA in the transcytotic pathway
and the TfR in the recycling pathway of MDCK cells (Sheff et al. 1999, 2002). Neverthe-
less, a fourth compartment is likely to serve as a depot for membrane proteins traveling
between the apical membrane and CRE (reviewed in Van Ijzendoorn et al. 2000; see
Fig. 2), perhaps via the AEE (Leung et al. 2000). This compartment, called the apical re-
cycling endosome (ARE) or the subapical compartment (SAC), has been the subject of
great interest because it is suspected to be a postendocytic hub where apical membrane
traffic is regulated to control apical membrane protein surface density (Van Ijzendoorn et
al. 2000). Nevertheless, efforts to differentiate the ARE from apical-membrane transport
intermediates or, more importantly, the CRE, have been hampered because of their over-
lapping or common properties. Indeed, both ARE and CRE compartments are located in a
subapical, perinuclear, or pericentriolar region of the cell, are devoid of fluid-phase mark-
ers, are dependent on microtubules, and many contain a similar complement of Rab pro-
teins, including Rab 11, Rab 17, and Rab 25 (Casanova et al. 1999; Sheff et al. 1999;
Goldenring et al. 1996; Hunziker and Peters 1998). More recent studies (Brown et al.
2000; Wang et al. 2000; Leung et al. 2000) provide several criteria for distinguishing ARE
from the CRE in MDCK cells. Brown defined the ARE as an endocytic compartment at
the extreme apical pole that is enriched in apical proteins. The CRE, in contrast, dis-
tributes throughout the apical and lateral cytoplasm and contains apical and basolateral
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proteins in equal proportion. Furthermore, as resolved by confocal microscopy, Rab 11
predominately associates with the apical-membrane-protein-enriched vesicles at the ex-
treme apical pole rather than with the CRE. A sharp demarcation in the intravesicular pH
of the CRE (acidic) and ARE (neutral) provides a functional dissimilarity, which can be
used to define the two compartments (Wang et al. 2000).

How polarized sorting is achieved in the endocytotic pathway remains a fundamental
question. The identification of various endocytic compartments in epithelial cells provides
a road map to find key sorting locales. The notion that postendocytic sorting may share
fundamental mechanisms with the biosynthetic pathway provides an obvious, if not over-
simplified, hypothesis to test.

Sorting signals

According to our present understanding, polarized sorting processes are signal dependent.
That is, signals embedded within the structure of polarized membrane proteins contain cell
localization information. These signals operate as the molecular equivalents of zip codes.
They are read, interpreted, and acted on by intracellular sorting machineries, which in turn
shuffle, retain, or retrieve molecules to appropriate membrane domains. A great deal of re-
search activity has focused on identifying these signals to help illuminate the mechanisms
of polarized sorting operations.

Generally, polarized sorting determinants are identified in mutagenesis studies as struc-
tural elements necessary for polarized membrane expression. By definition, removal of
such a structure will alter polarized expression. The type of missorting phenotype that is
produced, however, depends on the presence or absence of other sorting signals contained
within the polarized membrane protein. When the protein is devoid of any other sorting
information, ablation of the sorting signal will result in a nonpolarized expression pattern.
In contrast, removal of a dominant polarized sorting signal can cause preferential localiza-
tion to the opposite membrane domain when recessive sorting signals are present.

Once a particular structure is recognized as a necessary polarized sorting determinant,
it is instructive to determine whether it is sufficient to act in an autonomous fashion and
direct a polarized sorting operation in isolation. Such a test usually involves transplanting
the structure of interest onto a reporter protein that is otherwise expressed in a nonpolar-
ized fashion and examining whether it confers a polarized sorting phenotype. Combined
with further mutagenesis, such studies may reveal the minimum and precise sequence re-
quirements for a polarized sorting operation, and thereby define the sorting signal signa-
ture.

Basolateral sorting signals

Two different classes of autonomous basolateral sorting signals have been defined (Matter
and Mellman 1994) from work on unrelated proteins. One class is similar to clathrin-de-
pendent endocytic or lysosomal sorting signals (see Bonifacino and Traub 2003 for re-
view). These include the basolateral sorting signals, typified by short tyrosine-containing
motifs (NPXY or YXX@, where @ is a hydrophobic residue; Bonifacino and Dell’ Angeli-
ca 1999). These are seen, for example, in the LDL receptor proximal signal (Matter et al.



56 Rev Physiol Biochem Pharmacol (2005) 153:47-99

Table 1 Three binding classes of PDZ domains. Ligands of different classes of PDZ domains are
largely distinguished by residues at the O and -2 positions, where O denotes the extreme COOH ter-
minal residue (*). Subcellular localization is not generalized; it is listed for the specific PDZ protein/
ligand example in the corresponding row

PDZ binding class Canonical ligand Example (ligand/PDZ protein) Localization
Class I X-(S/T)-X-¢-* DSAL (Kir 2.3)/Lin-7 Basolateral
(Olsen et al. 2001)
DTRL+ (CFTR)/NHERF Apical
(Moyer et al. 2000)
Class IT X-(¢p/'Y)-X-¢-* EFYA: (Syndecan-2)CASK Basolateral
(Daniels et al. 1998)
Class III X-(D/E)-X-¢-* SEPL:KIF17/Mint1(lin-2) Trafficking vesicles
or (Setou et al. 2000)
(E/D)-X-W-C/S (Maximov et al. 1999)

¢, Hydrophobic; ¥, aromatic; *, COOH terminus.

1992), the VSV-G protein (Thomas and Roth 1994; Thomas et al. 1993), and the asialo-
glycoprotein receptor (Geffen et al. 1993). Alternatively, dileucine/dihydrophobic signals
have been identified in the IgFc receptor (Hunziker and Fumey 1994; Matter et al. 1994),
the MHC, class II protein (Simonsen et al. 1999b), the CD44 adhesion factor (Sheikh and
Isacke 1996), E-cadherin (Miranda et al. 2004), and the Norepinephrine transporter (Gu et
al. 2001). Present evidence suggests that these signals may direct interaction with clathrin-
adaptor molecules (see section entitled “Adaptin”).

The other class of basolateral sorting signals, distinguished only by being unrelated to
endocytic signaling motifs, is likely to represent several distinct kinds of sorting signals
(Matter and Mellman 1994; Le Gall et al. 1997; Reich et al. 1996; Simmen et al. 1999).
These include acidic cluster motifs that are either juxtaposed to critical di-hydrophobic re-
sidues [e.g., in furin (Simmen et al. 1999) and the stem cell factor (Wehrle-Haller and Im-
hof 2001)] or penultimate tyrosine residues (e.g., the LDL receptor distal determinant;
Matter et al. 1992). The H/RXXV motif in the polymeric immunoglobulin receptor, pIgR,
(Casanova et al. 1991; Aroeti et al. 1993) has been proposed to form a beta-turn structure
that interacts with BFA-sensitive adaptor complexes (Reich et al. 1996) to direct basolat-
eral sorting. Other basolateral sorting signals, like those in the Kir 2.3 channel (Le Maout
et al. 2001), the GAT-2 GABA transporter (Brown et al. 2004), and betaine transporters
(Perego et al. 1997), are found at the extreme carboxyl terminus and juxtapose PDZ bind-
ing motifs (see section entitled “PDZ proteins” and Table 1). These signals appear to oper-
ate independently of the PDZ ligand. Interestingly, part of the basolateral sorting determi-
nant in Kir 2.3 shares some resemblance to the more precisely defined basolateral sorting
signal in the GAT-2 GABA transporter (defined by the sequence, LRLTELE), raising the
possibility of a distinct class of conserved basolateral sorting signals. Still other unrelated
and unique autonomous basolateral sorting signals have been described in transferrin
(Odorizzi and Trowbridge 1997) and the neural cell adhesion molecules (N-CAM) (Le
Gall et al. 1997).
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Apical sorting signals

Apical sorting signals are less well defined and, until recently, were believed to reside al-
most exclusively within membrane domains or in extracellular regions. For instance, GPI-
linkage and certain transmembrane domain structures, which allow selective partitioning
into lipid rafts, have been implicated as apical sorting determinants in some apically ex-
pressed proteins (see section entitled ‘“Rafts”). Other transmembrane domain structures
drive apical membrane targeting in a manner that is not dependent on raft compartmental-
ization, such as in the case of the gastric H/K ATPase alpha subunit (Dunbar et al. 2000).
In other cases, N- and O-linked glycosylation appears to be necessary for correct apical
delivery (Scheiffele et al. 1995; Wagner et al. 1995; Yeaman et al. 1997; Jacob et al.
2000; Rodriguez-Boulan and Gonzalez 1999; Potter et al. 2004). This may reflect the re-
quirement for proper cargo folding (Rodriguez-Boulan and Gonzalez 1999) and/or the in-
volvement of apical cargo receptor lectins, such as VIP36 (Hara-Kuge et al. 2002).

More recently, apical sorting determinants have been identified in cytoplasmic do-
mains. For instance, PDZ domain binding motifs in GAT-3, a GABA transporter (Muth et
al. 1998), the sodium-phosphate transporter, NaPi II (Hernando et al. 2002), and the Cys-
tic Fibrosis Transmembrane Regulator, CFTR (Moyer et al. 2000), appear to be required
for efficient apical localization of these molecules. The cytoplasmic tail of rhodopsin con-
tains an unrelated apical sorting determinant, which directly interacts with microtubule
motor proteins to direct apical targeting (Tai et al. 2001; Chuang and Sung 1998). Interest-
ingly, the cytoplasmic tail of the main endocytic receptor of the proximal tubule, megalin,
has recently been shown to possess apical sorting information that contains an NPXY-type
motif (Takeda et al. 2003), raising the surprising and fascinating possibility that some api-
cal sorting operations may also involve interactions with clathrin-adaptor molecules (Na-
gai et al. 2003)

Sorting signal recognition

A great deal of research activity has focused on identifying and characterizing the intra-
cellular machinery that directly interacts with and decodes intracellular sorting and plasma
membrane retention signals. Work in this area has largely proceeded along two experi-
mental fronts. Candidates for sorting machinery have been discovered using biochemical
and genetic methods to capture proteins that directly interact with sorting signals. Others
have been identified using in silico analysis to mine the genome for epithelial-specific
paralogs of known trafficking proteins. Once identified, candidate proteins are tested for
the hallmarks of signal-dependent trafficking operations. Ideally, these include: (1) a simi-
lar sequence requirement for cargo-interaction and sorting functions, (2) localization to
the appropriate sorting compartment, (3) a similar missorting phenotype should be ob-
served whether the target sorting signal is mutated or the interaction with cargo is disrupt-
ed in vivo. While few of the presently identified sorting machinery candidates meet all of
these rigorous standards, their discovery has greatly advanced our mechanistic understand-
ing of polarization processes. Below we discuss our present understanding of these sorting
machinery candidates.
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Clathrin adaptors

The resemblance of tyrosine and dileucine-based basolateral sorting signals to well-estab-
lished, clathrin-dependent endosomal and lysosomal targeting signals (see Bonifacino and
Traub 2003 for review) has long suggested the possibility that basolateral membrane sort-
ing processes might employ a related mechanism (Matter and Mellman 1994). The break-
through discovery and characterization of a novel, epithelial-specific “medium” subunit of
the clathrin adaptor AP-1 complex, called 1B (Ohno et al. 1999), coupled with recent
studies on the AP-4 clathrin adaptor complex (Simmen et al. 2002) strongly suggest that
this is, in fact, the case.

Tyrosine- and dileucine-based endosomal and lysosomal sorting signals have been well
known to act as target-recognition sites for specific subunits of heterotetrameric clathrin
adaptor complexes (AP) called adaptins (reviewed in Bonifacino and Dell’ Angelica
1999). Four adaptor complexes, consisting of two large subunits (p, @, 6, €, and f1-4), one
medium subunit (x11-4), and one small subunit (¢ 1-4), have been described [AP-1 (S1,
y, ulA or ulB, o 1); AP-2 (82, a, u2, 02); AP-3 (B33, 8, u3, 03), or AP-4 (54, €, u4, o4)
(Boehm and Bonifacino 2001)]. Medium subunits (11-44) of the clathrin adaptor complex
specifically bind to the common endocytotic “YXX@” sorting motif (see section entitled
“Sorting signals”) (Ohno et al. 1995, 1996) through a structurally-defined interaction often
described as “a two-pinned plug fitting into a socket” (Owen and Evans 1998). The larger
B subunits, on the other hand, have been shown to recognize dileucine motifs (Rapoport et
al. 1998). Since clathrin adaptor complexes also participate in the formation of coated ves-
icles, their interaction with membrane proteins carrying these signals effectively marks
them as cargo for inclusion into vesicles. Depending on the type of AP complex interac-
tion, these vesicles are targeted to different destinations. For instance, the AP-1 complex
is responsible for the delivery of proteins from the trans-Golgi to the endosomal-lysoso-
mal system, while AP-2 mediates rapid internalization from the plasma membrane, and
AP-3 has been implicated in alternative pathways to endosomes or lysosomes (Robinson
and Bonifacino 2001). The subsets of YXX@ signals recognized by ul, u2, y3, and u4
overlap to a significant extent. Nevertheless, each chain exhibits differing preferences for
residues neighboring the critical tyrosine residue (Ohno et al. 1998), presumably provid-
ing a basis for sorting selectivity by the YXX@ signal.

AP-1B

The first experimental evidence that the 1B adaptin is actually involved in a basolateral
sorting event, came from a series of elegant studies (Folsch et al. 1999) utilizing a pig kid-
ney epithelial cell line called LLC-PK1 (Hull et al. 1976). Curiously, these cells do not ex-
press detectable amounts of x1B (Ohno et al. 1999). Moreover, Roush et al. had previous-
ly shown that several proteins, which depend on tyrosine-based sorting signals for basolat-
eral membrane localization in MDCK cells, are processed to the apical membrane in LLC-
PK1 cells (Roush et al. 1998). Such a result might be predicted if 1B was a crucial com-
ponent of a basolateral sorting machine. Following these observations, Folsch et al. devel-
oped a LLC-PK1 cell line that stably expressed p1B and tested whether expression of this
adaptin was sufficient to rescue the apparent basolateral-sorting defect. They found that
11B assembled with other AP-1 components, forming a complex, AP-1B, that is biochem-
ically and spatially distinct from AP-1A (Folsch et al. 2003). Remarkably, both the LDL
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and transferrin receptors, which are mislocalized to the apical membrane in wild-type
LLC-PKlcells, are appropriately expressed on the basolateral membrane in LLC-PK1
cells transfected with ©1B. These observations provided convincing evidence for a baso-
lateral sorting process that is absolutely dependent on the AP-1 complex containing ¢1B.

The most likely explanation for the requirement of the epithelial-specific adaptin, u1B,
is that it directly interacts with tyrosine-based basolateral membrane sorting signals. In
such a scheme, proteins carrying these signals would be selected for inclusion into AP1B-
dependent vesicles that are destined for the basolateral membrane. Recent biochemical
and immunocytochemical studies support this notion, at least for the LDL receptor
(LDLR) (Folsch et al. 2001). The LDLR can be coimmunoprecipitated with the entire AP-
1B complex, and as measured by yeast two-hybrid, can directly interact, albeit weakly,
with u1B (Folsch et al. 2001). Moreover, as expected for a bona fide signal recognition
event in the biosynthetic pathway, early immunofluorescence and electron microscopic lo-
calization of epitope-tagged 1B suggested that AP-1B interaction with LDLR occurs
within the TGN on clathrin-coated buds and vesicles (Folsch et al. 2001). Later studies in-
dicated that AP-1B complexes are confined to perinuclear regions close to the TGN and
colocalize with endocytosed transferrin, typical of common recycling endosomes (CRE)
(Ang et al. 2003; Folsch et al. 2003).

Surprising results of studies designed to determine the pathway where AP-1B operates
turned the spotlight onto the CRE as a major, perhaps common, polarized sorting station.
These recent observations indicate that newly synthesized AP-1B-dependent cargo, such
as VSV-G, can colocalize with AP-1B in transferrin-positive compartments immediately
upon exit from the Golgi (Folsch et al. 2003). This strongly suggests that AP-1B performs
sorting functions for proteins traveling in the biosynthetic pathway at the CRE rather than
at the TGN, as originally believed (see section entitled “Biosynthetic pathway”). By con-
trast, careful examination of LDLR trafficking in LLCPKI1 cells revealed a different sort-
ing process and uncovered a role for 1£1B in the postendocytic pathway (Gan et al. 2002).
Gan et al. discovered that LDLR are directly targeted to the basolateral membrane by a
11B -independent process. Amazingly, however, steady state expression of LDLR on the
basolateral membrane still relies on AP1-B. This occurs because AP-1B also apparently
functions to appropriately recycle internalized receptors back to the basolateral membrane.
Without it, endocytosed receptors are missorted to the apical membrane. As first suggest-
ed by Traub and Apodaca ( 2003), the seemingly disparate results of Folsch et al. and Gan
et al. can be reconciled by a hybrid model in which AP-1B operates in both biosynthetic
and postendocytic pathways, depending on the cargo involved.

AP-1B appears to be functionally coupled to other basolateral sorting machinery. For
instance, Cdc42, a Rho GTPase previously implicated in basolateral transport
(Kroschewski et al. 1999; Musch et al. 2001), as well as Rab 8 and the exocyst (see sec-
tions entitled “Rabs” and “Docking and fusion,” below) have recently been shown to oper-
ate in the AP-1B sorting pathway (Ang et al. 2003; Folsch et al. 2003). This potentially
links AP-1B-dependent cargo selection and vesicle formation to a specific basolateral
membrane-domain docking and fusion process.

It is clear that u1B is a component of a basolateral membrane sorting machine. Never-
theless, several questions remain unanswered, particularly regarding mechanisms of 11B
subunit interactions with basolateral membrane-destined cargo and how these interactions
decode the sorting signals. This issue is particularly relevant for x1B-dependent basolater-
al proteins, such as the LDLR, which contain tyrosine-based basolateral sorting signals
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that do not conform to the canonical “YXX@ “ adaptin-binding motif (Matter et al. 1992).
Other ©1B -dependent proteins, such as the TfR, rely on sorting signals that share abso-
lutely no resemblance to known clathrin-adaptor binding motifs (see section entitled
“Sorting signals”). A simple and straightforward answer to this puzzle is that some baso-
lateral sorting determinants might interact directly with ¢1B through a distinct binding site
other than that used by YXX@ motifs. In support of this idea, mutant x1B subunits, ren-
dered defective for YXX@ binding, are able to support basolateral membrane expression
of LDLR and TfR but are unable to support basolateral membrane targeting of those pro-
teins that require a canonical tyrosine motif for basolateral sorting (Sugimoto et al. 2002).
While highly suggestive, it should be pointed out that the mechanisms by which these
noncanonical sorting signals bind to ©£1B have not been characterized. Thus, it is impossi-
ble to judge if direct u1B interaction is sufficient to decode these types of sorting signals.

In the absence of definitive interaction data, other mechanisms must also be consid-
ered. Certainly, given the broad range of proteins with different basolateral sorting signals
that depend on u1B for basolateral membrane expression, it is tempting to speculate that
11B may also carry out indirect, but essential, basolateral sorting functions. Consistent
with this idea, Folsch et al. found that u1B expression also greatly improved the overall
monolayer organization of LLC-PK1 cells and speculated that £1B might induce the ex-
pression of one or more endogenous proteins, like integrins (see section entitled “Genesis
of polarity,” below) that play important roles in epithelial morphogenesis and the induc-
tion of epithelial polarity (Folsch et al. 1999).

It should be emphasized that AP-1B-dependent cargo-selection does not provide a uni-
versal mechanism for basolateral sorting in the biosynthetic pathway. Certainly, a number
of proteins, such as the IgG Fc recptor FcR11-B2 (Roush et al. 1998) and the Kir 2.3
channel (Le Maout et al. 2001) are directly routed and stably expressed on the basolateral
membrane of wild-type LLC-PK1 cells, implying an AP-1B-independent sorting process.
The FcR11-B2 contains a dileucine-type basolateral targeting signal (Roush et al. 1998),
which presumably has the capacity to interact with S-adaptin subunits (Rapoport et al.
1998). Thus, other adaptin complexes (such as AP-4, see below) or adaptin-like molecules
(Zhu et al. 2001; Puertollano et al. 2001) may mediate basolateral targeting of molecules
containing these types of sorting signals.

AP-4

Simmen et al. recently provided evidence for the involvement of the AP-4 adaptor com-
plex in basolateral sorting (Simmen et al. 2002). They found that AP-4 localizes in the
TGN and endosomes and showed that cytoplasmic MDCK cell fractions, enriched in the
AP-4 complex, could interact with a diverse set of basolateral sorting signals in vitro, in-
cluding those found in furin (Simmen et al. 1999), LDLR (Matter et al. 1993), and the TfR
(Odorizzi and Trowbridge 1997) (see section entitled “Sorting signals”). RNA antisense-
mediated knockdown of the medium AP-4 subunit, p4, in MDCK cells produced an apical
missorting phenotype of furin and LDLR, but not transferrin. The results suggest that AP-
4 interaction with some target proteins may actually drive a basolateral sorting process. It
will be important to determine how AP-4 interacts with these sorting signals and to ascer-
tain whether these interactions are sufficient to decode basolateral sorting instructions.
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Rabs

Members of the Rab family of small GTPases regulate the spatial and temporal organiza-
tion of numerous membrane trafficking processes, including vesicle budding, targeting,
and tethering as well as the docking and priming stages of vesicle fusion (reviewed in
Schimmoller et al. 1998). Because they have highly specific localizations within different
sorting stations, Rabs are considered excellent candidates for coordinators of specific traf-
ficking events in epithelial cells (reviewed in Stow 1995). In fact, accumulating evidence
strongly suggests that several Rabs are important components of polarized sorting ma-
chines. While Rabs have traditionally been considered to only interact indirectly with ve-
sicular cargo by common vesicular affinities, recent studies reveal that cargo proteins can
be direct effectors of Rabs. In these few cases, specific Rabs appear to directly interact
with sorting signals.

Several Rabs have been implicated in apical membrane sorting processes. For instance,
the epithelial-specific Rabs, Rab 17 (Lutcke et al. 1993; Zacchi et al. 1998) and Rab 25
(Goldenring et al. 1993), along with the more widely expressed Rab 11a, localize within
discrete populations of apical endosomes (Casanova et al. 1999). Using an inducible sys-
tem to express wild-type, dominant negative, or constitutively active Rab mutants, Wang
et al. showed that Rab 11a and 25 are required for selective postendocytic vesicular trans-
port steps that control apical rather than basolateral recycling processes in MDCK cells
(Wang et al. 2000). Interestingly, Rab 11a redistributes to apical secretory cannaliculi dur-
ing stimulation of acid secretion in gastric parietal cells (Calhoun et al. 1998). Conditional
expression of a dominant negative mutant Rab 11a is capable of specifically inhibiting
regulated translocation of the H/K-ATPase from the tubulovesicular network to the apical
cannulicular membrane (Duman et al. 1999). Similar studies implicated Rab 17 in the reg-
ulation of traffic through the subapical population of endosomes. These endosomes are
considered to be ARE in MDCK (Hunziker and Peters 1998) and Eph mammary epithelial
cells (Zacchi et al. 1998). Thus, three Rab proteins, Rab 11a, Rab 17, and Rab 25, appear
to regulate trafficking into or out of discrete endosomal systems, which, in turn, control
apical targeting of transport vesicles.

Other Rabs, particularly Rab 8, have been implicated in basolateral membrane process-
ing steps (Huber et al. 1993; Ang et al. 2003). In MDCK cells, Rab 8 localizes within or
near the Golgi complex and within a population of basolateral membrane-destined vesi-
cles that carry VSV-G as cargo. Huber et al. (1993) showed that a peptide derived from
the hypervariable COOH-terminal region of Rab 8 could selectively inhibit biosynthetic
membrane traffic of VSV-G from the TGN to the basolateral plasma membrane without
affecting influenza HA traffic from the TGN to the apical surface. More recent studies in-
dicate that expression of a constitutively activated GTP hydrolysis mutant of Rab 8 selec-
tively inhibits basolateral transport of newly synthesized membrane proteins traveling in
the 1B adaptor-dependent pathway. Thus, Rab 8 participates in biosynthetic and posten-
docytic sorting at the CRE (Ang et al. 2003).

While many of the precise details of Rab function are still hazy, accumulating evidence
has begun to provide a plausible generalized mechanistic model (Schimmoller et al.
1998). It is presently believed that Rab proteins orchestrate trafficking events by specifi-
cally associating with a precise membrane compartment and then recruiting a unique set
of effector proteins to that compartment, depending on the particular Rab and its GTP/
GDP-dependent conformational state. Perhaps the best understood Rab effectors are teth-
ering molecules, like those in the exocyst complex (see section entitled “Exocyst”). Cer-
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tainly, genetic and biochemical experiments in yeast revealed that the active, GTP-bound
form of the prototypical Rab, Sec 4p, directly interacts with a component of the exocyst,
Sec 15p, to initiate the assembly of the entire exocyst complex in yeast (Guo et al. 1999).
Not surprisingly, tethering proteins also act as Rab effectors in epithelia. For instance, the
most likely ortholog of Sec 4 is Rab 8, the Rab implicated in basolateral sorting (see
above). Moreover Rab 5, a common component of the apical and basolateral early endo-
somes (Simonsen et al. 1998), interacts with the FYVE-finger protein, EEAIL, (Simonsen
et al. 1998; Wilson et al. 2000) to confer targeting specificity before SNARE-dependent
early endosomal fusion events (Christoforidis et al. 1999; Simonsen et al. 1999a; McBride
et al. 1999). More germane to polarized targeting, Rip 11, an epithelial-specific Rab 11 ef-
fector, appears to tether vesicles emanating from the apical recycling endosome en route
to the apical membrane (Prekeris et al. 2000). The identification of other types of Rab ef-
fectors in nonpolarized cells, such as vesicle coat proteins or adaptors (Carroll et al. 2001)
and specific microtubule- or actin-based motors (reviewed in Hammer and Wu 2002), pro-
vides intriguing candidates for vesicle formation and directed trafficking in polarized epi-
thelial cells.

Each Rab protein can potentially act in multiple sorting roles. However, transport spec-
ificity is achieved because their performances are likely to be set on only one, or a limited
number, of specific sorting stages. It has been generally assumed that Rabs are recruited to
specific membrane domains as parts of trafficking complexes, connected only indirectly to
vesicular cargo by common vesicular affinities or by adaptor molecules and coat proteins.
A recent study from K. Mostov’s group (Van Ijzendoorn et al. 2002), revealing that
Rab 3b directly interacts with the polymeric immunoglobulin receptor, now suggests that
certain Rabs directly bind to specific cargo proteins to affect their trafficking itinerary.

Van Ijzendoorn et al. discovered that Rab 3b, a member of a Rab subfamily well
known to control regulated exocytic events, directly interacts with the polymeric immuno-
globulin receptor, pIgR, within vesicular structures near the apical surface of MDCK cells.
They showed that the active, GTP-bound form of Rab 3b binds to a specific 14 amino-
acid site in the cytoplasmic domain of the receptor that was previously shown to be re-
quired for pIgR transcytosis, implicating the interaction in a transcytotic trafficking event.
Using a combination of biochemical, physiological, and cell biological analyses, the group
found that regulated dissociation of Rab 3b from pIgR stimulates basolateral to apical
plgR transcytosis, presumably by triggering translocation of receptor-containing-vesicles
from the ARE to the apical membrane. Collectively, the study provides strong evidence
for the notion that direct interaction of vesicle cargo with a Rab can determine its own in-
tracellular traffic. It remains to be determined how widespread the phenomenon is. As
pointed out by Van Ijzendoorn, the direct cargo interaction mechanism may have evolved
for very abundant membrane proteins, like pIgR, which might require a dedicated and
“private” trafficking mechanism to maintain a high fidelity of robust intracellular traffick-

ing.
PDZ proteins
PDZ domains, named after the homologous group of proteins that they were originally

identified [PSD 95, a postsynaptic density protein (Hunt et al. 1996), Dlg (Drosophila
Disc large tumor suppressor), and ZO-1 (zona occludens, the tight junction protein) (Je-
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saitis and Goodenough 1994)], are ~ 90 amino acid protein-interaction modules that bind
short protein motifs (four amino-acid) generally (Songyang et al. 1997), but not always
(Hillier et al. 1999; Harris et al. 2001), found at the extreme COOH-terminus of target
proteins (Table 1). PDZ domains have now been identified in a variety of proteins. Most
of these molecules contain multiple PDZ domains or other protein—protein interaction do-
mains, allowing them to act as molecular scaffolds that facilitate multiprotein complex
formation and organize expression of target proteins on particular membrane domains
(Gomperts 1996). Obviously, such functions are well suited for polarized sorting and re-
tention operations. An ever-growing body of work has strongly implicated PDZ proteins
in targeting and clustering various receptors, channels, transporters, and signal transduc-
tion elements at specific plasma membrane domains in neurons (Sheng and Sala 2001;
Gomperts 1996), muscle (Adams et al. 2001), and the Drosophila visual system (Xu et al.
1998). Concomitantly, a number of studies also indicate important roles for PDZ proteins
in polarized epithelial sorting processes.

Significant, albeit correlative, clues about PDZ protein function in epithelia are provid-
ed by their curious localization. Certainly, with growing precedent in other systems, ob-
servations that various PDZ proteins are preferentially expressed at polarized membrane
domains or within critical sorting compartments indicate a capacity to perform polarized
retention or sorting operations. There are examples of PDZ proteins that predominately re-
side at the basolateral membrane of certain intestinal and renal epithelia. These include
syntrophin (Kachinsky et al. 1999), Lin-7 (Straight et al. 2000), the ErbB interacting pro-
tein, ERBIN, (Borg et al. 2000), and certain members of the MAGUK (Membrane Associ-
ated Guanlyate Kinase) family of PDZ proteins (Anderson 1996), such as CASK (Cohen
et al. 1998), PSD-93 (Tojo et al. 1999), and SAP97 [also known as Discs large homolog 1
(Wu et al. 1998)]. Other PDZ proteins, like the Sodium Hydrogen Exchange Regulator
Factors [also known as NHERF 1 or EBP-50 and NHERF 2, E3-KARP (Shenolikar and
Weinman 2001; Wade et al. 2001], PSD-95 (Tojo et al. 1999), NaPi-Cap1/2 [also known
as PDKZ1, Cap 70 or CLAMP (Gisler et al. 2001)], and IKEPP [intestinal and kidney-en-
riched PDZ protein (Scott et al. 2002)] are chiefly expressed on or near the apical mem-
brane. Still others, like CAL (CFTR-associated ligand), which is primarily located in the
Golgi (Cheng et al. 2002) or syntenin, which is found in apical recycling endosomes (Fial-
ka et al. 1999), reside in biosynthetic or endocytotic sorting compartments.

As would be predicted if PDZ proteins directly affect polarized sorting or retention of
proteins that interact with them, a PDZ binding motif appears to be necessary for polar-
ized expression of a variety of different membrane proteins in epithelial cells. Working to
identify polarized sorting signals in the GABA transporters or GATs (Ahn et al. 1996),
Muth et al. (Muth et al. 1998) provided one of the first examples. These investigators
found that deletion of a COOH-terminal sequence resembling a PDZ binding motif from
the apically expressed isoform, GAT-3, caused the transporter to randomly localize to
both apical and basolateral membranes. Likewise, apical expression of the Cystic Fibrosis
Transmembrane Regulator, CFTR, (Moyer et al. 2000; Benharouga et al. 2003) and the
sodium-phosphate cotransporter (Karim-Jimenez et al. 2001; Hernando et al. 2001), which
have the capacity to interact with the apical PDZ proteins NHERF and NaPi-Cap2 (Wang
et al. 1998, 2001; Short et al. 1998; Karim-Jimenez et al. 2001), require an intact PDZ
binding motif for apical membrane localization. In the case of CFTR, the PDZ binding
motif appears to be read in the postendocytotic pathway to coordinate efficient expression
on the apical membrane (Moyer et al. 2000). Basolateral membrane expression of several
membrane proteins has also been found to require a PDZ binding motif. For instance,
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ErbB receptors, which play crucial roles in morphogenesis and oncogenesis, interact with
a basolateral PDZ protein, called ERBIN, and require a PDZ binding motif for basolateral
membrane expression (Borg et al. 2000). Efficient basolateral membrane expression of the
inwardly rectifying potassium channel, Kir 2.3, (Olsen et al. 2002) and y-amino butyric
acid transporter, BGT-1 (Perego et al. 1999), both of which interact with the basolateral
PDZ protein Lin-7, also require an intact PDZ binding site.

In principle, PDZ proteins could coordinate polarized expression of target proteins by
all imaginable mechanisms, involving any level of the sorting process. Certainly in nonep-
ithelial cells, different PDZ proteins have been shown to mediate anterograde trafficking
in the biosynthetic pathway (Fernandez-Larrea et al. 1999; Scott et al. 2001; Standley et
al. 2000), control delivery (Setou et al. 2000) to and retention on the plasmalemma (Kim
et al. 1995), and play roles in postendocytotic recycling (Cao et al. 1999). In polarized
epithelial models, present evidence strongly supports the idea that PDZ—protein interac-
tions orchestrate plasma membrane retention and postendocytic sorting operations. How-
ever, because of the large number of different PDZ proteins that can potentially interact
with any one target, it has been a challenge to ascribe a particular PDZ protein to a specif-
ic polarized trafficking operation. With the advent of new gene silencing methods and
PDZ protein knockout models, such as the one used to explore NHERF-1 function (Wein-
man et al. 2003; Shenolikar et al. 2002), the precise roles of PDZ proteins should begin to
be illuminated. In the meantime, the rich history of the Lin-7 PDZ protein complex in C.
Elegans along with its vertebrate orthologs provides an example of the mechanisms by
which PDZ proteins coordinate polarized expression of target proteins in epithelial cells.

Lin-7 system

Perhaps the first definitive evidence that a specific PDZ protein can coordinate the polar-
ized targeting of its interacting protein partner evolved from the identification of three dif-
ferent PDZ-protein encoding genes, lin-7, lin-2, and lin-10 (Lin for abnormal cell line-
age), required for vulva progenitor cell (VPC) differentiation in C. Elegans (Kaech et al.
1998). In this model, terminal differentiation of vulva epithelial cells from pluripotent pre-
cursors is dependent on the activation of basolateral membrane receptor tyrosine kinase,
LET-23, by an interstitial EGF-like paracrine factor. Consequently, mutations in LET-23
or anything that disrupts the LET-23-dependent signal transduction cascade will produce a
vulva-less phenotype.

Using a powerful combination of genetic, cell biological and biochemical analyses,
Stuart Kim’s group (Simske et al. 1996; Kaech et al. 1998) discovered that the null muta-
tions in lin-7, lin-2, or lin-10 yield a vulva-less phenotype in C. Elegans because the Let-
23 receptor becomes mislocalized to the apical membrane, effectively separating the re-
ceptor from its ligand. As part of a multidisciplinary effort to understand how the three
different PDZ proteins collectively determine the basolateral localization of LET-23,
Kaech et al. tested for the possibility of biochemical association. Lin-7, Lin-10, and Lin-2
were found to form a heterotrimeric protein complex on the basolateral membrane. In vit-
ro binding and yeast-two hybrid studies revealed that Lin-7 acts as the upstream scaffold-
ing molecule, binding directly to the Let-23 receptor through a type 1 PDZ interaction
(see Table 1) and with Lin-2 via a unique N-terminal interaction site, called a L27 domain
(Simske et al. 1996; Kaech et al. 1998). To determine conclusively whether the interaction
directly coordinates basolateral membrane localization of the receptor in vivo, Kaech et al.
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implemented a series of clever experiments, exploiting the genetic tractability of C. Ele-
gans. In these studies, the PDZ binding site in LET-23 was altered in vivo to render the re-
ceptor unable to bind to the wild-type Lin-7 protein. A complementary mutation was in-
troduced into the lin-7 gene so that its protein product would only interact with the mutant
LET-23 and not the wild-type receptor. As predicted, the mutant LET-23 receptor, lacking
the type I PDZ binding motif, showed apical mislocalization in the wild-type Lin-7 back-
ground as did the wild-type receptor in transgenic animals carrying the mutant Lin-7.
Even more convincingly, an allele-specific suppression of both the apical receptor mislo-
calization and the vulva-less phenotype was observed in double transgenic animals ex-
pressing the mutant receptor and the mutant Lin-7.

Exactly how Lin-7, Lin-2, and Lin-10 organize polarized expression of the receptor in
VPC remains unknown. Nevertheless, an intriguing hypothesis that the PDZ complex
might act in several different steps of a hierarchical targeting program (Borg et al. 1998;
Butz et al. 1998) was put forward from work in other systems. Just as the work in C. Ele-
gans was unfolding, orthologous gene products (Lin-7=Veli/MALS; Lin-2=CASK; Lin-
10=Mint-1/X11) were identified as a tripartite protein complex in the mammalian brain
(Butz et al. 1998), supporting the notion of an evolutionarily conserved mechanism for
compartmentalizing proteins at specific membrane domains. Based on the known binding
capacities of each component of the complex, it was suggested that the complex might act
in two different steps of a membrane protein-targeting program in neurons (Borg et al.
1998; Butz et al. 1998). Interestingly, KIF17, a neuron-specific molecular motor in neuro-
nal dendrites, interacts with the PDZ domain of mLin-10 (Mint1/X11), providing a mech-
anism for selective intracellular transport of vesicles containing the complex (Setou et al.
2000). The Lin-10 ortholog also interacts with a syntaxin binding protein called Munc18-1
(Hata et al. 1993). Borg et al. (1998), therefore, suggested that the tripartite complex
might also link specific vesicle cargo to the SNARE machinery and provide a mechanism
for docking exocytic vesicles to the appropriate membrane domain. Once docked, Lin-7,
CASK and Lin-10 then would act as a retention complex, recruiting various membrane
proteins into clusters at the membrane via different types of PDZ interactions. For in-
stance, the PDZ domain in Lin-2/CASK binds the synaptic adhesion molecule neurexin
(Butz et al. 1998), possibly anchoring the complex at the synaptic junction.

While this is an intriguing hypothesis for protein targeting in neurons, the biology of
Lin-10 and Munc-18 in the kidney provides reason to suspect a significant divergence in
mammalian epithelia. The mammalian counterpart of Lin-10 is actually encoded by a
family of proteins called the Mints or X11s (Okamoto and Sudhof 1997). Although all
three members of the Mint family share C-terminal PDZ and PTB domains, only the neu-
ron-specific form, Mint-1, contains a CASK interaction domain (Borg et al. 1998). This
observation suggests that the Mint module is dispensable for polarized targeting in the
mammalian kidney in contrast to the absolute requirement for Lin-10 in the worm VPC
(Kaech et al. 1998). The alternative view that an undefined Mint isoform assembles with
CASK in the kidney cannot be ruled out. Since a Munc-18 isoform, Munc-18-2, has been
implicated in apical, rather than basolateral membrane sorting (Riento et al. 1998), how-
ever, such a model might also necessitate a completely different mechanism than has been
proposed for synaptic vesicle trafficking. Other Munc-18 isoforms have not, yet, been im-
plicated in basolateral membrane trafficking. In any regard, the system loses the obvious
link to microtubule-dependent delivery and Munc-18-dependent fusion, in the absence of
the Mint-1 module.
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BLM

SAP97

CASK/Lin 2

Fig. 3 The Lin 7/CASK/SAP 97 PDZ complex acts as basolateral membrane retention complex. CASK si-
multaneously interacts with two other PDZ proteins, Lin-7 and SAP-97, as well as with syndecan and the
actin binding protein, 4.1, at the basolateral membrane. By linking extracellular matrix receptors and the
cytoskeleton, the LIN7/CASK/SAP-97 complex has the capacity to act as a stable anchor to retain proteins
that interact with the PDZ domains in Lin-7 and SAP-97 at the basolateral membrane. Box summarizes the
functional domains present in members of the complex. L27 is protein—protein interaction domain first de-
scribed in Lin2/Lin7, GUK is a guanylate kinase homology domain, SH3 is a Src homology 3 domain; the
Hook domain interacts with 4.1 actin binding proteins, the CII kinase domain resembles the Ca2+/calmodu-
lin-dependent protein kinase catalytic domain

Available evidence in mammalian epithelia cells supports the idea that Lin-7/CASK
primarily functions to retain target proteins at the basolateral membrane. As predicted for
a retention complex, CASK and Lin-7 coimmunoprecipitate and colocalize on the basolat-
eral membrane of MDCK and native kidney epithelial cells (Straight et al. 2000; Olsen et
al. 2002). Basolateral membrane localization of Lin-7 requires binding to one of the two
L27 domains in CASK (Straight et al. 2000), while CASK associates with the basolateral
membrane through a web of interactions. Indeed, multiple protein—protein interaction sites
allow CASK to interact simultaneously with Lin-7, SAP97 (Lee et al. 2002), the heparin
sulfate proteoglycan, syndecan, as well with the actin/spectrin binding protein, 4.1 (Cohen
et al. 1998; Lee et al. 2002) (see Fig. 3). By linking extracellular matrix receptors and the
cytoskeleton, the Lin-7/CASK complex has the capacity to act as a stable anchor to retain
Lin-7 interacting proteins, like epithelial GABA transporter, BGT-1 (Perego et al. 1999),
and the Kir 2.3 channel (Olsen et al. 2002), on the basolateral membrane. Indeed, Perego
and colleagues found that removing the PDZ ligand in BGT-1 disrupted Lin-7 association
in MCDK cells and dramatically increased the internalization of the transporter from the
plasmalemma, consistent with a PDZ-dependent retention mechanism. Moreover, observa-
tions from heterologous expression studies that Lin-7 is sufficient to stabilize the Kir 2.3
channel on the cell surface provides direct evidence for Lin-7 as a retention factor.

Lin-7 appears to operate primarily as a component of a basolateral membrane retention
machine in mammalian epithelial cells. Nevertheless, it should be pointed out that disrup-
tion of Lin-7 interactions can produce a wide range of mislocalization phenotypes, de-
pending on the Lin-7 binding partners and the types of sorting signals embedded within
them. For instance, mutant BGT transporters that lack their PDZ binding motif are pre-
dominately localized on the basolateral membrane. In this case, BGT-1 transporters are
presumably directed to the basolateral membrane by non-PDZ-dependent sorting signals
(Perego et al. 1997). Mutant Kir2.3 channels that lack their PDZ binding motif, on the oth-
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er hand, are directed largely to an endosomal compartment rather than the basolateral
membrane (Olsen et al. 2002). This is consistent with the presence of strong endosomal
targeting signals that dominate when the retention motif is lost. In more marked contrast,
removal of the PDZ binding site from a chimeric LET-23/ nerve growth factor receptor
protein produces an apical-missorting phenotype (Straight et al. 2001). In this case, Lin-7
may normally stabilize the receptor on the basolateral membrane and thereby abrogate en-
dosomal routing. In this scheme, a basolateral to apical transcytotic signal does not have
the opportunity to be read in the postendocytotic pathway. The intriguing alternative pos-
sibility that Lin-7 acts more directly in the postendocytotic pathway to appropriately recy-
cle the interaction partners back to the basolateral membrane remains to be rigorously ex-
plored.

Rafts

Membrane microdomains that are rich in glycosphingolipid and cholesterol are believed to
exist as lipid “rafts” (reviewed in Brown and London 1998), which function as venues for
specialized membrane trafficking and signal transduction operations (reviewed in Ikonen
2001). Initially, lipid rafts were hypothesized to operate as sorting platforms and delivery
vehicles for apical membrane proteins and lipids traveling in the biosynthetic pathway. Si-
mons and Van Meer (1988) proposed that lipid-raft carriers are vectorially delivered to the
apical membrane after formation in the TGN. Consequently, selective assimilation of
newly synthesized proteins into glycosphingolipid-rich microdomains of the TGN should
guarantee targeting to the apical membrane. Since this appealing apical transport scheme
was first proposed over a decade ago, its simple hypothesis has been challenged by ex-
haustive experimentation using a plethora of different apical membrane proteins and mod-
el systems. Evidence now indicates that lipid rafts can play supporting roles in apical traf-
ficking via mechanisms that are far more complex than originally hypothesized.

Work with glycosylphosphatidylinositol (GPI)-anchored proteins illustrates the evolu-
tion of the raft hypothesis. Because GPI-anchored proteins accumulate in detergent-resis-
tant membrane (DRM) compartments that are characteristic of lipid rafts (see Brown and
London 1998 for a review on raft biochemistry), these proteins provide a convenient sub-
strate to test a central tenet of the raft hypothesis, namely that apical sorting signals are
decoded solely by lipid-raft partitioning.

In MDCK cells, early work indicated that GPI-anchored proteins, such as Placental Al-
kaline Phosphatase (PLAP), preferentially partition into a DRM compartment during bio-
synthetic transport and are subsequently targeted directly to the apical membrane (Brown
and Rose 1992; Lisanti et al. 1990). With observations indicating that nearly all endoge-
nous GPI-anchored proteins in MDCK cells are expressed on the apical membrane (Zur-
zolo et al. 1993), the correlation between GPI-linkage, DRM association and apical mem-
brane delivery suggested that GPI anchors might serve as raft-dependent apical sorting
signals. This view was initially reinforced by polarized trafficking studies of chimeric re-
porter constructs (Brown and Rose 1992; Brown et al. 1989), as well as GPI-anchored and
transmembrane splice variants of a cell adhesion molecule, N-CAM (Powell et al. 1991).
The results of these studies were reasonably interpreted to indicate that GPI-conjugation is
necessary and sufficient to direct proteins to the apical membrane. However, the generali-
ty of this conclusion was convincingly challenged by subsequent studies. These studies re-
vealed that polarized targeting of the chimeric reporter constructs could be largely ex-
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plained by the presence of GPI-independent sorting signals (see Brown and London 1998
for review). Other examples were also identified. For instance, N-glycans can mediate api-
cal sorting of some GPI-anchored, raft-associated proteins in MDCK cells (Benting et al.
1999). Additionally, in Fisher rat thyroid cells, where the majority of endogenous GPI-an-
chored proteins are paradoxically delivered to the basolateral membrane (Zurzolo et al.
1993), the prototypical GPI-anchored apical marker protein, PLAP, is expressed on the
apical membrane by a GPI-independent mechanism (Lipardi et al. 2000). Furthermore, al-
though disruption of lipid rafts in MDCK cells (by cholesterol depletion or through inhibi-
tion of glycosphingolipid synthesis) can cause missorting of some GPI-anchored proteins
(Mays et al. 1995), others are not affected (Lipardi et al. 2000; Hannan and Edidin 1996).
These results imply that raft-association is not always necessary for apical membrane traf-
ficking, and although GPI anchors may certainly mediate raft association, they are often
insufficient for apical sorting. Finally and surprisingly, recent studies indicate that GPI-
linked proteins actually travel via an indirect pathway to the apical membrane in MDCK
cells rather than a direct pathway as initially thought. Amazingly, they are delivered first
to the basolateral membrane and then move to the apical surface by transcytosis (Pol-
ishchuk et al. 2004). Thus, if raft-dependent sorting is involved, the segregation process
must occur at the plasmalemma or in the postendocytic pathway, rather than within the
TGN as originally believed.

Transmembrane-domain dependent raft association has also been considered. The well-
studied apical influenza proteins, hemagglutinin (HA) and neuraminidase, contain apical
sorting determinants within their transmembrane domains (Lin et al. 1998; Kundu et al.
1996). The transmembrane domains in HA and neuraminidase also mediate association
with DRM in the biosynthetic pathway. Disruption of DRM by cholesterol removal can
cause missorting of these proteins to the basolateral membrane (Keller and Simons 1998,
but see Tall et al. 2004). While depletion of cholesterol may have pleiotropic effects, these
observations are nevertheless consistent with the idea that transmembrane domain interac-
tions with DRM can coordinate apical membrane sorting processes. Further characteriza-
tion of the apical sorting determinants in the transmembrane domains of HA (Lin et al.
1998; Tall et al. 2004) and neuramindase (Kundu et al. 1996) revealed that residues in the
transmembrane domains that are required for apical expression do not necessarily corre-
spond to the residues that are required for partitioning into DRM, however. Once again,
rafts appear to be necessary but not sufficient for apical membrane targeting.

To complicate matters further, DRM association does not absolutely correlate with api-
cal membrane targeting. Some basolateral membrane proteins also partition into raft-like
compartments (Melkonian et al. 1995; Sargiacomo et al. 1993). For example, specialized
cholesterol-enriched raft domains called caveolae (or caveolin protein-associated mem-
brane compartments) are largely expressed on the basolateral rather than the apical mem-
brane in MDCK cells (Mora et al. 1999; Lahtinen et al. 2003), intestinal cells (Vogel et al.
1998), and in the native kidney (Breton et al. 1998). Clearly, trafficking of lipid rafts in
epithelial cells does not occur in the straightforward manner originally imagined. Since
the raft theory requires unidirectional lipid trafficking, it is highly unlikely that apical sort-
ing processes in the biosynthetic or indirect pathway are merely driven by a generic parti-
tioning processes. Conceivably, extremely specific compartmentalization of proteins des-
tined for the apical membrane in specialized (Roper et al. 2000) or noncaveolin II-contain-
ing glycosphingolipid-rich microdomains (Lipardi et al. 1998) could play a role.
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Raft-associated trafficking molecules

Several observations described above raise the possibility of hierarchical apical sorting
schemes that involve rafts. In these cases, raft association may simply be the price of ad-
mission to other necessary trafficking events. Segregation, delivery, or membrane-specific
fusion machineries that are compartmentalized in rafts could sequentially process the par-
ticular apical membrane-destined proteins, which rely on raft-dependent sorting processes.
Consistent with this idea, several raft-associated proteins have been identified as candi-
dates for raft-dependent sorting machinery.

MAL. MAL/VIP17, a 17 kDa integral membrane protein (Alonso and Weissman 1987)
containing a MARVEL domain (Sanchez-Pulido et al. 2002), is perhaps the best-charac-
terized raft-associated sorting candidate. The unusual “lipid-like” properties of MAL (Mil-
lan et al. 1997), allow it to take up residence in special DRM, identified as apical mem-
brane transport carriers in MDCK (Zacchetti et al. 1995) and Fisher thyroid epithelial cells
(Martin-Belmonte et al. 2000). Antisense-mediated depletion of MAL in MDCK cells re-
duces HA inclusion into DRM and causes missorting of HA (Puertollano et al. 1999) and
other DRM-associated apical membrane proteins (Cheong et al. 1999) to the basolateral
membrane, supporting the role for MAL in a raft-dependent, apical-membrane trafficking
process. Since the majority of HA interacts with MAL in DRM only after HA has reached
the apical membrane, it is likely that MAL participates in trafficking steps following seg-
regation and delivery of apical membrane proteins in the biosynthetic pathway (Tall et al.
2004). Consistent with this idea, roles for MAL in postendocytotic trafficking steps have
recently been described (Martin-Belmonte et al. 2003). Furthermore, the missorting ef-
fects of MAL antisense on many different apical membrane proteins (Martin-Belmonte et
al. 2000), including non-DRM associated proteins, implies that apical transport function(s)
of MAL extend beyond raft-dependent processes.

Annexin. Members of the annexin family of calcium-dependent phospholipid-binding pro-
teins, particularly annexin II (Jacob et al. 2004) and annexin 13b (Fiedler et al. 1995; La-
font et al. 1998) associate with DRM and are required for raft-dependent trafficking of
some apical membrane proteins. Annexin 13b directly interacts with an apical membrane-
directed microtubule motor protein, KIFC3, suggesting a mechanism that links DRM asso-
ciation with an apical membrane-directed delivery process (Noda et al. 2001). As an inter-
esting possible corollary, annexin II associates with a population of post-Golgi vesicles
that contain an actin motor protein, myosin la, which has been implicated in apical mem-
brane delivery (Jacob et al. 2003).

Polarized delivery

For polarized protein expression to be achieved within biosynthetic or postendocytic recy-
cling pathways, classical concepts suggest that the intracellular sorting operations, which
segregate apically-directed molecules from basolaterally-directed ones, must be pursued
by other trafficking processes. Most importantly, these include: (1) direct delivery of
transport carriers to the appropriate acceptor membrane, or (2) specific docking and fusion
with the correct membrane domain, or (3) some combination of both. A great deal of re-
search has focused on determining whether the cytoskeleton and associated motor proteins



70 Rev Physiol Biochem Pharmacol (2005) 153:47-99

carry vesicles from intracellular sorting compartments to polarized plasmalemma locales.
Here, we provide a current understanding, highlighting recent developments in the field.
The interested reader is also directed to two comprehensive reviews on the fundamental
role of the cytoskeleton in epithelial polarization, motility, cell-to-cell adhesion, endocyto-
sis, and vesicle delivery (Hamm-Alvarez and Sheetz 1998; Apodaca 2001).

Microtubule-mediated intracellular traffic

Microtubules (MT) are well known to facilitate the rapid (~0.1-1 um/s) and efficient
movement of vesicles to the plasmalemma. MT-dependent transport processes also can
apparently facilitate selective plasmalemma targeting. The extent to which the MT track-
ing system is absolutely necessary for polarized targeting, however, appears to depend on
the extent to which downstream processes, particularly docking and fusion, specify the fi-
nal step in the polarized sorting program. Because the polarized localization of the dock-
ing and fusion machinery can depend on the MT system, it can be difficult to sort out the
relative importance of the MT-dependent vesicle tracking mechanisms.

The unique organization of MT in polarized epithelial cells (Bacallao et al. 1989) along
with directional requirements of MT-motor proteins (reviewed in Vale 2003) has long
suggested a capacity for selective apical and basolateral membrane transport. Formed by
polymerization of tubulin into protofilaments, MTs align in head-to-tail fashion to pro-
duce an intrinsically polarized plus- and minus-ended structure. In fully differentiated po-
larized epithelial cells, MT not only form a transverse network within the apical and basal
cytoplasm, but also align into polarized bundles along the apical-to-basolateral axis (see
Fig. 1). This contrasts with the broad radial organization that is commonly observed in fi-
broblasts and nonpolarized epithelial cells. Minus ends, anchored at a MT organizing cen-
ter, face towards the apical membrane while the fast-growing plus ends extend toward the
basolateral surface (Bacallao et al. 1989). Consequently, minus-end-directed motors, like
dynein and the unconventional kinesins, are expected to selectively carry vesicles toward
the apical membrane. Conventional kinesin motor proteins, on the other hand, are plus end
directed. Consequently, they should transport membrane-destined vesicles to the basolat-
eral membrane as well as track apical membrane vesicles along the mixed polarity subapi-
cal MT network.

A number of studies support this general model. Nevertheless, it should be pointed out
that epithelial polarity can be established in the absence of the strategic longitudinal MT
organization (Grindstaff et al. 1998a). These authors used classic pulse-chase, plasma
membrane domain-selective detection techniques to assess biosynthetic processing of sev-
eral apical and basolateral membrane proteins during the development cell surface polari-
ty in the MDCK model. The result of these studies provided convincing evidence that di-
rect targeting pathways from the TGN to the apical or basolateral membrane can become
established before the longitudinal organization of MTs develops. While provocative,
these observations should not be interpreted to indicate that MTs do not normally partici-
pate in some fashion, however minor, to polarized trafficking. If the MT system acts with-
in an intermediate step, its contribution to the polarized sorting processes can be difficult,
if not impossible, to detect with classical techniques, particularly when surface membrane-
specific docking and fusion processes are in play.

With the development and application of sophisticated real-time imaging techniques
(Kreitzer et al. 2003), it has now become possible to directly monitor the intracellular traf-
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ficking of post-Golgi transport vesicles. Using these techniques, Kreitzer et al. assessed
the role of MTs in trafficking and fusion of post-Golgi transport intermediates (PGTI),
carrying GFP-tagged apical or basolateral-destined proteins. Before polarity develops in
MDCK cells, apical and basolateral PGTI randomly distribute throughout the cytoplasm
and fuse randomly with the basal domain of plasmalemma. After polarization (see section
entitled “Genesis of polarity,” below) and coincident with the development of the axial or-
ganization of microtubules, PGTI trafficking and fusion appears to become more directed
and plasma membrane domain-specific. MT disrupting agents caused apically destined
PGTI to fuse with the lateral membrane. Interestingly, the appropriate localization of the
apical docking protein, syntaxin 3, (see section entitled “Docking and fusion,” below) was
also dependent on MTs; MT-disrupting agents caused syntaxin 3 to become randomly dis-
tributed to apical and basolateral membrane domains. The result extends the role of MTs
beyond just a route for polarized delivery of vesicles containing apically destined cargo.
In contrast, MT-disrupting agents did not inhibit delivery or fusion of transport vesicles
containing basolateral cargo (LDLR or NCAM) to the basolateral membrane.

These observations are consistent with numerous studies, which show that efficient
transport to the apical plasmalemma is highly sensitive to MT disrupting agents such as
nocodazole or cholchicine. Indeed, drug-mediated MT dispersion significantly slows de-
livery of membrane proteins to the apical membrane whether they are traveling in the bio-
synthetic pathway (Breitfeld et al. 1990; Grindstaff et al. 1998a), the apical recycling
pathway (Apodaca et al. 1994), or the transcytotic pathway (Maples et al. 1997). For some
apical proteins, MT depolymerization causes missorting to the basolateral membrane
(Sabolic et al. 2002; Saunders and Limbird 1997; Rindler et al. 1987). Such studies sug-
gest that apical membrane-directed MT-dependent traffic can also specify the final polar-
ized sorting operation of certain select proteins. Without it, promiscuous docking and fu-
sion reactions prevail.

As predicted by the dependence on an intact MT cytoskeleton, efficient transport to the
apical membrane requires MT motors. LaFont et al. showed that immunodepletion of dy-
nein or kinesin inhibits the transport of HA, the prototypical apical marker, to the apical
membrane of MDCK cells (Lafont et al. 1994). Using time-lapsed imaging to study intra-
cellular trafficking of a GFP-tagged apical marker, p75, Kreitzer et al. not only confirmed
that kinesin and dynein are required for post-Golgi transport, but also provided evidence
that different motor proteins may play distinct roles (Kreitzer et al. 2000). They found that
dissimilar mistrafficking phenotypes are produced by immunodepletion of unconventional
kinesin and expression of dominant negative dynein. Consequently, they suggested that
kinesin is essential for the formation and transport of apically-directed tubulo-vesicular
carriers while dynein is required for release of vesicles from the TGN. Consistent with
these observations, KIFC3, a minus end-directed kinesin that is associated with subapical
transport vesicles in kidney epithelial cells, has been shown to drive transport of vesicles
containing HA and annexin XIIIb (see section entitled “Rafts”) to the apical membrane
(Noda et al. 2001). The role of dynein extends beyond the TGN, however. For instance, in
the renal collecting duct, dynein associates with a population of post-TGN intracellular
vesicles, containing AQP2 water channels (Marples et al. 1998). These aquaporins are
translocated to the apical membrane in response to vasopressin-stimulation through an
MT- (Sabolic et al. 1995) and dynein- (Marples et al. 1996) dependent mechanism. The
interaction between AQP2 and dynein is most likely indirect, however, and is likely to be
governed only by common affinity to the same population of vesicles. Nevertheless, it
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should be pointed out that recent studies provide a precedent for a more direct mechanism.
Importantly, TGN-to-apical membrane trafficking of rhodopsin is coordinated by a direct
interaction between its apical sorting signal (Chuang and Sung 1998) and the dynein light
chain, Tctex-1 (Tai et al. 2001).

Basolateral trafficking is more resistant to MT disruption (Boll et al. 1991; Breitfeld et
al. 1990). For instance, some secreted proteins are dependent on MTs for polarized deliv-
ery to the basolateral membrane while others are not (Boll et al. 1991). LaFont et al. re-
ported that either nocodazole or kinesin immuno-depletion can inhibit basolateral trans-
port of VSV-G in permeabilized MDCK cells (Lafont et al. 1994). More recent studies in-
dicate that complete MT depolymerization in intact MDCK cells only reduces the rate of
delivery of newly synthesized membrane proteins to the basolateral membrane without
causing profound missorting to the apical membrane (Grindstaff et al. 1998a). Thus, it is
likely that many basolateral-destined vesicles travel by alternative, MT-independent trans-
port pathways.

Actin-mediated intracellular traffic

Actin filaments, like MTs, have intrinsic fast-growing plus ends (“barbed”) and slower-
growing minus ends (“pointed”). Unlike MTs, however, actin filaments do not organize
into apical to basolateral-directed tracks, but rather arrange themselves into dense net-
works or into loose nonparallel bundles known as stress fibers. Actin filaments also tend
to be shorter than MTs and to conduct cargo more slowly. Transport along their networks
is driven by myosin motor proteins (Mermall et al. 1998). All myosins move toward the
barbed (+) end of actin filaments except for myosin VI (Wells et al. 1999).

Investigations into the role of actin in polarized trafficking operations have generally
relied on drugs that disrupt actin filament polymerization dynamics. Unfortunately, these
studies have produced conflicting and confusing results. Treatment of MDCK cells with
cytochalasin D (CD), a fungal toxin that caps the barbed ends of actin filaments, impairs
endocytosis from the apical membrane to the AEE (Gottlieb et al. 1993). This inhibits api-
cal membrane-directed transcytosis and alters apical recycling (Maples et al. 1997) with-
out affecting endocytosis or recycling of several basolateral marker proteins. In contrast,
treatment of MDCK cells with latrunculin B (LatB), another actin-depolymerizing agent,
was shown to specifically alter postendocytotic trafficking of basolateral but not apical
cargo proteins (Sheff et al. 2002). Jasplakinolide, a drug that stabilizes actin filaments, in-
creases uptake of fluid-phase markers from the basolateral, but not the apical surface
(Shurety et al. 1998). While these contradictory reports are difficult to reconcile, the posi-
tive effects of different drugs suggest that the actin cytoskeleton may play roles in intra-
cellular trafficking to both apical and basolateral membranes. We anticipate that future
studies, using molecular rather than pharmacological-based techniques, may provide a
clearer picture of actin-dependent intracellular vesicle trafficking within epithelial cells.

Some progress has been made in identifying the myosin motors responsible for actin-
based trafficking in polarized epithelial cells. Work on Class V myosins, implicated as
motors for actin-dependent organelle and vesicle transport (reviewed by Langford 2002),
is particularly intriguing. Myosin Vb directly interacts with Rab 11a in common recycling
endosomes (Hales et al. 2002). As judged by the selective effects of negative-interfering
constructs on polarized postendocytotic recycling, mysosin Vb appears to function in the
apical recycling system (Lapierre et al. 2001). Another Class V myosin isoform expressed
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primarily in epithelial cells, myosin-Vc, colocalizes with and functions in a Rab 8-depen-
dent (see section entitled “Rab”) endocytic compartment (Rodriguez and Cheney 2002).
These tantalizing preliminary results suggest a schema whereby myosin-Vb mediates api-
cal recycling, while myosin-Vc assists with basolateral traffic. Obviously, more data are
required to verify these roles.

The backward-moving myosin, myosin VI, has recently been localized within an inter-
microvillar coated-pit region of the apical brush border membrane in the kidney proximal
tubule (Biemesderfer et al. 2002). Myosin VI has the capacity to associate with clathrin-
coated vesicles and membrane protein cargo at the plasma membrane. Indeed, the cargo-
binding tail domain of myosin VI interacts with scaffolding and adaptor molecules, such
as Dab2 (Morris et al. 2004), GIPC (Simon et al. 1998), and SAP 97 (Bunn et al. 1999).
The myosin VI may function to move exocytic vesicles towards the minus end of actin fi-
laments, away from the plasma membrane, and into the cell.

A candidate motor protein has also been identified as the mediator for the actin-depen-
dent release of vesicles from the TGN. Musch et al. demonstrated that the TGN coat pro-
tein, p200, contains a myosin II domain that is critical in the assembly of VSVG-contain-
ing vesicles in MDCK cells. Depletion of p200/myosin results in a 50% reduction in
VSVG vesicle release from the TGN (Musch et al.1997). Others have found that removal
of this protein from the cytosol does not affect vesicle generation; instead the p200/myo-
sin antibody used by Musch could interact with undenatured coatomer, a protein that they
found essential for vesicle formation (Simon et al. 1998). In light of this, the identity of
the actin motor that assists with vesicle release remains in question.

Polarized docking and fusion

Specific membrane fusion machines are thought to provide a critical and necessary level
of control in a hierarchical scheme of polarized membrane protein targeting, guaranteeing
that vesicles fuse with the appropriate target membranes while preventing misguided vesi-
cles from accidentally uniting with the wrong acceptor membrane.

SNARES

The core machinery for vesicle fusion (Sollner et al. 1993b; Rothman 1994; Jahn and Sud-
hof 1999; Chen and Scheller 2001) is comprised of a family of structurally related integral
membrane proteins, called the SNAREs (soluble N-ethyl maleimide-sensitive attachment
factor receptors), and two soluble proteins called NSF (N-ethyl maleimide-sensitive fac-
tor) and a-SNAP (soluble NSF attachment factor). Interaction between specific SNAREs
on transport vesicles (v-SNAREs, generally VAMP/synaptobrevin homologs) and their
cognate SNARESs on target membranes (t-SNAREs, generally homologs of syntaxin and/
or SNAP-25) is thought to form stable, membrane-specific docking complexes (Fasshauer
et al. 1998; Sutton et al. 1998). Because the intertwined v-/t-SNARE heterotrimeric com-
plex has an unusually high melting point (70-90°C), its formation is believed to provide
the free energy for membrane fusion (Sutton et al. 1998; Jahn and Sudhof 1999). Disas-
sembly of the SNARE complex is then controlled by the direct interaction with a-SNAP
in association with the ATP bound form of NSF. SNAP stimulates ATPase activity on
NSF to trigger SNARE disassembly (Sollner et al. 1993a; Barnard et al. 1997). According
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to the original SNARE hypothesis (Rothman 1994), fusion selectivity is achieved by the
specificity of pairing between v-SNAREs and t-SNARESs. Although this innovative pro-
posal still remains somewhat controversial and may now require some refinements (Chen
and Scheller 2001; Waters and Pfeffer 1999; Guo et al. 2000), it triggered a flurry of pro-
ductive research activity in membrane biology, including the polarized trafficking field.

Early studies suggested that apical membrane-directed traffic in the biosynthetic path-
way might involve a SNARE-independent mechanism (Ikonen et al. 1995; Fiedler et al.
1995; Verkade and Simons 1997). Subsequent work has proven that the apical membrane
protein trafficking does not, in fact, depend on mechanisms that are profoundly different
from other known membrane fusion processes. SNARE machinery is certainly required
for apical trafficking of marker proteins in MDCK cells (Apodaca et al. 1996; Low et al.
1998a; Lafont et al. 1999) and physiologically relevant transport proteins, such as the
AQP2 water channel (Jo et al. 1995; Nielsen et al. 1995; Inoue et al. 1998; Mandon et al.
1997; Gouraud et al. 2001) and proton ATPases (Frank et al. 2002; Banerjee et al. 1999,
2001) in the native kidney, bladder (Franki et al. 1995), and male reproductive tract (Bre-
ton et al. 2000).

Localization studies have, in fact, suggested a capacity for specific, t-SNARE-depen-
dent fusion processes that are individually tailored for either apical or basolateral mem-
brane domains. Indeed, some t-SNARES display a remarkable polarized distribution in
epithelia, quite unlike the nonspecific plasmalemma compartmentalization in neuronal
cells (Foletti et al. 1999). Studies on SNARE: that are endogenous to MDCK cells provid-
ed early and noteworthy examples. In contrast to the nonpolarized distribution of SNAP-
23, a ubiquitous SNAP-25 homolog, and syntaxins 2A and 11, Low reported that Syntaxin
3 and Syntaxin 4 are expressed on opposite membrane domains of MDCK cells. Based on
these observations they speculated that these particular t-SNARES might underpin polar-
ized vesicle fusion processes (Low et al. 1998b, 1996, 2000). Several lines of evidence are
consistent with this idea. First, over expression of Syntaxin 3, the apically-localized
t-SNARE in MDCK cells, selectively inhibits apical membrane traffic (Low et al. 1998a).
Second, Lafont et al. reported that addition of an anitsyntaxin 3 antibody to streptolysin-
O-permeabilized MDCK cells selectively decreases reporter membrane protein traffic to
the apical membrane. Addition of an anitsyntaxin 4 antibody, in contrast, selectively de-
creases membrane protein traffic to the basolateral membrane (Lafont et al. 1999).

The polarized distribution of endogenous Syntaxin 3 and Syntaxin 4 in the native epi-
thelial cells of the kidney is controversial, however. Several groups have reported that
Syntaxin 3 is found on the basolateral membrane while Syntaxin 4 is expressed on the api-
cal membrane (Breton et al. 2002; Mandon et al. 1996, 1997), precisely the opposite of
what is observed in MDCK cells (Low et al. 1996), Ca-Co 2 cells, and the native intestine
(Delgrossi et al. 1997). Li et al., however, have recently reported that syntaxin 3 exclu-
sively localizes to the apical membrane and syntaxin 4 localizes to the basolateral mem-
brane of all epithelial cells in the kidney (Li et al. 2002). At present the explanation for the
contradictory reports of syntaxin 3 and 4 localization is unknown. Several alternative-
splice forms of syntaxin 3 have been identified (Ibaraki et al. 1995), raising the possibility
of isoform-specific, differential localization as has been shown for Syntaxin 2A and B
(Quinones et al. 1999).

Three different vesicle-associated SNAREs have also been implicated in polarized
membrane traffic, at least at the apical membrane. In the renal cortical collecting duct
principal cell, VAMP2 (Rossetto et al. 1996), along with SNAP-23, is present in subapical
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intracellular vesicles that contain the AQP-2 water channel. This is consistent with a role
in vasopressin-regulated trafficking at the apical membrane (Inoue et al. 1998; Nielsen et
al. 1995). Likewise, VAMP2 associates with SNAP-23 in subapical vesicles containing
the H"-ATPase in intercalated cells (Banerjee et al. 2001). Another VAMP-isoform,
VAMP 7 (also called TI-VAMP, for Tetanus neurotoxin /nsensitive), forms complexes
with SNAP-23 and syntaxin 3 at the apical membrane of CaCo-2 cells (Galli et al. 1998)
and MDCK cells (Lafont et al. 1999). Furthermore, antibodies directed against VAMP7
inhibit HA traffic to the apical membrane. Steegmaier et al. used GFP-tagged v-SNAREs
to monitor the trafficking between intracellular compartments and the polarized plasma
membrane domains in MDCK cells (Steegmaier et al. 2000). They reported that VAMPS/
endobrevin uniquely cycles through the apical but not through the basolateral membrane.
Interestingly, VAMPS, an abundant v-SNARE in epithelia, is restricted to the apical mem-
brane of nearly all segments of the nephron, suggesting that this v-SNARE may play a
general role in apical endosomal trafficking in polarized epithelial cells. Additional stud-
ies are required to determine whether any v-SNAREs are uniquely associated with baso-
lateral membrane traffic.

While the polarized distribution of some SNARE:S in epithelia is intriguing, it should be
pointed out that it remains to be determined whether fusion specificity is encoded solely
by t-SNARE/v-SNARESs partnerships. Certainly, SNARE pairing promiscuity, among oth-
er factors, has made this issue the subject of tremendous debate (see Pelham 2001 for re-
cent update) in membrane biology. In the special case of epithelial cells, the precise distri-
bution of various SNARESs presently appears to be somewhat cell specific. Thus, it seems
unlikely that any particular SNARE combination could provide a specific and universal
apical or basolateral fusion role. SNARE-associated proteins, such as Munc-18 (Riento et
al. 1998; Rowe et al. 2001) and the mammalian form of Drosophila tumor suppressor pro-
tein lethal (2) giant larvae (1(2)gl) (Musch et al. 2002), may have roles in specifying polar-
ized fusion. Recent studies in the general fusion arena have strongly suggested a role for a
variety of other factors, such as membrane tethers and Rab proteins. These molecules ap-
pear to coordinate initial docking events preceding SNARE-mediated fusion (Waters and
Pfeffer 1999). While significance of all these factors in polarized fusion events in epithelia
remains to be determined, the exocyst might serve as a prototype.

Exocyst

The exocyst was first identified in genetic and biochemical studies in budding yeast (Ter-
bush et al. 1996). It is a multiprotein complex which functions as a necessary component
of the intracellular exocytic machinery and mediates polarized tethering and/or docking of
post-Golgi vesicles at the growing bud tip. The complex, composed of eight proteins
(sec3p, secSp, secop, sec8p, seclO0p, sec15p, Exo70p, and Exo84p), is evolutionarily con-
served (Hsu et al. 1996; Matern et al. 2001). Present evidence strongly suggests that the
exocyst governs a polarized trafficking operation in mammalian epithelia, targeting cer-
tain Golgi-derived or postexocytic vesicles to the basolateral membrane (Grindstaff et al.
1998b; Yeaman et al. 2001; Moskalenko et al. 2002; Matern et al. 2001). Perhaps, as a
consequence, the exocyst is also required for normal renal tubulogenesis (Lipschutz et al.
2000; O’Brien et al. 2001; Charron et al. 2000).

Grindstaff and coworkers (1998) and Yeaman and coworkers (1999, 2001) first postu-
lated that the exocyst operates as a selective docking site for the insertion of vesicles des-
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tined for the basolateral membrane. In MDCK cells, components of the exocyst, namely
Sec 6/8 [because early work was largely performed with antibodies to Sec 6 and Sec 8, the
mammalian exocyst is often called the Sec 6/8 complex (Hsu et al. 1999)], are rapidly re-
cruited from the cytosol to sites of cell-cell contact upon initiation of calcium-dependent
cell—cell adhesion (see section entitled “Genesis of cell polarity,” below). As polarity de-
velops, the complex becomes restricted to a zone near the junctional complex on the later-
al membrane (Grindstaff et al. 1998b). In addition, functional studies demonstrated that
neutralizing antibodies to Sec 8 partially inhibit the delivery of LDL receptors to the baso-
lateral membrane but have no effect on apical membrane-destined cargo in the streptoly-
sin-O permeabilized polarized MDCK cell model (Grindstaff et al. 1998b). Taken togeth-
er, these observations provided key evidence for the involvement of the Sec 6/8 complex
as an active site of insertion for basolateral membrane-destined transport vesicles. Recent
live-cell imaging analysis of post-Golgi trafficking vesicles in MDCK cells indicated that
plasma membrane fusion events of vesicles containing GFP-tagged LDLR, may in fact,
occur along the lateral membrane at sites that are nearly, albeit not perfectly, coincident
with Sec 6 localization (and syntaxin 4; see section entitled “Fusion”) (Kreitzer et al.
2003). This new observation reinforces the concept that the Sec 6/8 complex may be in-
volved in basolateral membrane docking.

Other components of the exocyst have been implicated in polarized basolateral mem-
brane trafficking. For instance, Sec 10 colocalizes with Sec 6/8 (Lipschutz et al. 2000) and
Exo 70 is recruited into the Sec 6/8 complex at cell-cell contact points in polarizing
MDCK cells (Matern et al. 2001). Interestingly, overexpression of exogenous Sec 10 se-
lectively enhances basolateral transport in MDCK cells (Lipschutz et al. 2000).

Our present understanding about how the exocyst might orchestrate polarized delivery,
tethering, and/or docking of exocytic vesicles at the lateral membrane in mammalian epi-
thelial cells has been shaped from mechanistic studies on the yeast exocyst. In yeast, as-
sembly of the exocyst complex is tightly controlled by a specific secretory vesicle-associ-
ated Rab GTPase, called Sec 4 (see section entitled “Rab”) (Guo et al. 1999). Docking, on
the other hand, is specified by Rho-dependent localization of Sec 3 at the bud tip (Finger
et al. 1998). In this scheme, the active, GTP-bound, form of Sec 4 directly interacts with a
component of the exocyst, Sec 15. This protein—protein interaction then initiates assembly
of the entire exocyst complex, and consequently Sec 4p on the secretory vesicle surface
becomes indirectly tethered to Sec 3 on the cell surface (Guo et al. 1999). Intriguingly, the
most likely mammalian ortholog of Sec 4, Rab 8, has been strongly implicated in basolat-
eral membrane trafficking (Huber et al. 1993; Ang et al. 2003) (see sections entitled
“Rab” and “Adaptin”), suggesting a parallel between yeast and mammalian epithelia. Fur-
ther studies are required to determine if Rab 8 actually interacts with mammalian Sec 15p
to orchestrate exocyst assembly.

Although there may be a number of mechanistic parallels, the mammalian exocyst in
epithelial cells appears to be different from yeast in several important respects. First, intra-
cellular localization of the Sec 6/8 complex may be highly dynamic. For instance, maneu-
vers that block trafficking in the secretory pathway, such as low temperature or Brefeldin
A treatment, cause Sec 6/8 to accumulate near the TGN (Yeaman et al. 2001). These ob-
servations suggest that localization of Sec 6/8 in mammalian epithelia depends on contin-
uous exocytic vesicle trafficking. Second, in contrast to yeast, the mammalian Sec 3p, is
neither a Rho effector nor does it act as a spatial landmark for exocytosis on the lateral
membrane of mammalian epithelia (Matern et al. 2001). Exactly how the complex associ-
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ates with the lateral membrane remains unknown. Finally, the mammalian exocyst is regu-
lated differently. Unlike yeast, the mammalian exocyst is a target of the Ral GTPase
(Moskalenko et al. 2002, 2003; Sugihara et al. 2002). In mammalian systems, direct inter-
action of Ral GTPases with specific components of the exocyst, namely Sec 5p (Moska-
lenko et al. 2002; Sugihara et al. 2002) and Exo 84p (Moskalenko et al. 2003), can facili-
tate the assembly of the entire octameric exocyst complex (Moskalenko et al. 2002, 2003).
As a consequence, perturbation of Ral signaling causes inhibition of exocyst assembly and
missorting of several basolateral membrane proteins to the apical surface of polarized epi-
thelial cells (Moskalenko et al. 2002, 2003).

In summary, the exocyst plays an important role in polarized targeting of basolateral
membrane-destined post-Golgi vesicles. Additional studies are now needed to elucidate
how and where specific cargos are selected for exocyst-dependent trafficking.

Genesis of cell polarity

It is generally thought that de novo generation of membrane polarity in epithelial cells is
initiated by asymmetric spatial cues at the cell surface that involve cell-cell and cell-ex-
tracellular matrix (ECM) adhesion (reviewed in Rodriguez-Boulan and Nelson 1989). This
key concept has its roots in the study of epithelial structure formation during embryogene-
sis. The development of a polarized epithelial cell phenotype in the kidney, following in-
ductive interactions between the uretic bud and mesenchymal cells, correlates with the ex-
pression of adhesion proteins that mediate cell-to-cell and cell-to-substratum attachment
(Ekblom et al. 1986; Klein et al. 1988). In the past decade, the notion has been buttressed
by a growing body of experimental data generated with epithelial cells in culture. These
studies indicate that epithelial polarization is indeed induced by specific cell-cell adhesion
molecules, namely E-cadherin, a member of the Ca**-dependent cadherin superfamily
(Huber et al. 1996), and nectin, an immunoglobin-like adhesion molecule, as well as spe-
cific integrins and laminin, which coordinate cell adhesion to ECM. Cellular adhesion
contacts not only serve as molecular landmarks to define contacting and noncontacting
sites on the plasma membrane as forerunners of basolateral and apical membrane (Yea-
man et al. 1999), but also trigger intracellular signaling cascades (Nelson and Nusse
2004). These, in turn, stimulate the local assembly of polarity protein complexes involved
in tight junction formation and cytoskeletal rearrangements that are critical for develop-
ment of the polarized phenotype.

The first hint that cell-to-cell adhesion might be involved in the epithelial polarization
process came from observations that MDCK cells display a random distribution of mem-
brane proteins when grown at a sufficiently low density to prevent cell-cell contacts.
These cells then gradually become polarized as cellular confluence is reached, correlating
with cell—cell contact development (Balcarova-Stander et al. 1984; Herzlinger and Oja-
kian 1984). Similar observations were made when MDCK cells were grown in the absence
of extracellular calcium to prevent cadherin dependent cell-cell contacts (Ojakian and
Schwimmer 1988; Vega-Salas et al. 1987a). Under these conditions, MDCK cells not only
fail to polarize but also develop an unusual intracellular storage compartment. This struc-
ture, called a vacuolar apical compartment (VAC), contains apical membrane markers and
microvilli (Vega-Salas et al. 1987b). Upon elevation of extracellular calcium, often re-
ferred to as a calcium-switch protocol (reviewed in Cereijido et al. 2000), cadherin-depen-
dent contacts are formed and polarization ensues (Wang et al. 1990a; Rodriguez-Boulan et
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al. 1983). This occurs as polarity protein complexes (see section entitled “Junction devel-
opment” below) and components of the tight junction, such as ZO-1, are recruited to a
zone immediately adjacent to cell-cell adhesion points (Wang et al. 1990a; Vega-Salas et
al. 1988; Rajasekaran et al. 1996). At the same time, apical and basolateral domain-specif-
ic submembrane cytoskeleton components begin to assemble (Salas et al. 1988; Nelson et
al. 1990) and VAC exocytosis occurs towards the apical aspect of the forming tight junc-
tion (Vega-Salas et al. 1988).

Exogenous expression of E-cadherin in nonpolarized fibroblasts is sufficient to induce
selective redistribution of Na/K ATPase to the E-cadherin-mediated cell-cell contact
zones, comparable to the lateral distribution of Na/K ATPase in polarized epithelial cells
(McNeill et al. 1990). Interestingly, this response occurs in the absence of ZO-1 and does
not require the formation of a barrier junction. Instead, the process coincides with a reor-
ganization of the actin cytoskeleton (Adams et al. 1996, 1998) and a recruitment of fodrin
to sites of E-cadherin mediated cell-cell contact (Adams et al. 1996, 1998). Because fo-
drin and ankyrin interact with the alpha subunit of the Na/K ATPase (Nelson and Vesh-
nock 1987; Koob et al. 1988; Morrow et al. 1989), it is generally assumed that the local
organization of the membrane cytoskeleton at E-cadherin junctions effectively anchors the
transport protein at the regions of cell—cell contact. Consistent with this idea, the cytoplas-
mic tail of E-cadherin, indispensable for the induction of cell surface redistribution of the
Na/K ATPase, interacts with alpha and beta catenin to form stable linkages with the actin
cytoskeleton and reinforce cell-cell adhesion (Jou et al. 1995; Adams et al. 1996; Nathke
et al. 1994; Nelson et al. 1990). In MDCK cells, E-cadherin, alpha-catenin, and beta-cate-
nin form complexes (Nathke et al. 1994) containing ankyrin and fodrin (Nelson et al.
1990), which localize along cell—cell contacts and associate with bundles of actin (Adams
et al. 1996) and the Na/K ATPase.

The extent to which other cadherin isoforms in the kidney participate in cell-cell adhe-
sion and polarization is not known. However, it is notable that cadherin-6, a type II cad-
herin, is expressed during early stages of nephrogenesis (Cho et al. 1998). Interestingly,
targeted disruption of the cadherin-6 gene in mice delays the timing of the renal epithelial
polarization process in the embryonic kidney (Mah et al. 2000). Like E-cadherin, cad-
herin-6, assembles in complexes with alpha- and beta-catenin at sites of cell-cell adhesion
in MDCK cells. Unlike E-cadherin, cadherin-6 is negatively regulated by a Wnt/Wingless
pathway (reviewed in Barth et al. 1997), suggesting additional roles in signal transduction
(Stewart et al. 2000).

An entirely different cell-cell adhesion molecule, nectin, has also been implicated in
epithelial polarization. Nectin forms calcium-independent adhesions through homophilic
interactions involving extracellular immunoglobin-like domains (Yasumi et al. 2003). The
intracellular COOH-terminus of nectin associates with filamentous actin through a PDZ
adaptor protein, afadin (Asakura et al. 1999). Protein—protein interaction studies, com-
bined with observations in heterologous expression systems, indicate that nectin has the
capacity to recruit the E-cadherin-catenin complex (Yokoyama et al. 2001) through cyto-
plasmic tail interactions with afadin and catenin (Tachibana et al. 2000). Based on obser-
vations that dominant negative nectin interferes with E-cadherin complex formation and
cell adhesion, it seems likely that these interactions are necessary to facilitate proper as-
sembly of the cell-cell adherens junction (Honda et al. 2003). Nectin also associates with
the tight junction proteins, ZO-1 (Yokoyama et al. 2001) and junctional adhesion mole-
cule JAM) (Fukuhara et al. 2002) as well as a key polarity protein, PAR-3 (see section
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entitled “Junction formation,” below). This raises the intriguing possibility that nectin-
based adhesion also plays a role in the formation of the tight junction. Perhaps it serves as
a platform where signals, induced by cell—cell contact, are translated into tight junction as-
sembly.

Although cell—cell contacts are necessary for the induction of epithelial polarity, they
are not sufficient. Cell-extracellular matrix (ECM) interactions are also required. The de-
velopment of MDCK suspension culture system (McAteer et al. 1987; Grantham et al.
1989), allowed experimental control over cell-substratum contact and provided an ideal
model to test the role of ECM in polarization . Using this system, Wang et el. discovered
that cell—cell contact is sufficient to trigger segregation of apical and basolateral marker
proteins and to stimulate ZO-1 recruitment to the cell-cell contact zone, but cell-substra-
tum contact is essential to induce the appropriate localization of tight junction proteins
and the proper orientation of the apico-basolateral membrane axis (Wang et al. 1990a).
The key concept that cell-ECM interactions define where the apical and basolateral mem-
brane lie relative to the external environment is elegantly demonstrated by the pleomor-
phic behavior of MDCK cells grown in suspension culture. When seeded in fluid suspen-
sion, MDCK cells form distinctive multicellular cysts with an opposite polarity to cysts
that are formed in a collagen (type IV) gel. In fluid suspension culture, the basolateral
membrane faces a central lumen and the apical membrane faces the outside, whereas in
collagen gel, the basolateral membrane faces the outside and the apical membrane faces
the central lumen. Moreover, fully developed cysts that are grown in fluid suspension
rapidly reverse cell polarity when placed on collagen gel substrate (Wang et al. 1990b).
Upon apical membrane-outside contact with the collagen matrix, the apical membrane is
rapidly internalized and degraded as a new apical surface forms on the free surface. Cer-
tain ECM molecules, particularly a2 beta 1 integrins (Schwimmer and Ojakian 1995;
Saelman et al. 1995) and laminin (O’Brien et al. 2001), have been identified as key adhe-
sion receptor proteins that mediate the cell-ECM-induced axis of polarity.

Other ECM proteins also may play roles in cell-specific polarization processes. For in-
stance, hensin, a 230-kDa ECM protein (van Adelsberg et al. 1994), appears to trigger po-
larized remodeling of intercalated cells in the kidney (reviewed in Al-Awqati 2003). Re-
cent studies indicate that the bicarbonate secreting f-intercalated cells deposit hensin into
the extracellular matrix in response to acidification. This stimulates the adaptive polarity
conversion of f-intercalated cells into acid-secreting o-intercalated cells (Schwartz et al.
2002).

Junction development

Proper formation of the tight junction is a key underpinning of the polarization process in
vertebrate epithelial cells. By acting as a molecular fence or diffusion barrier, this struc-
ture separates and demarcates the boundary between the apical and basolateral membranes
and prevents intermixing of polarized membrane proteins (reviewed in Cereijido et al.
1998). Recent genetic studies in Drosophila melanogaster and Caenorhabditis elegans,
complemented by biochemical and cell biological studies in mammalian epithelial cell
culture, have begun to offer mechanistic insights into the formation of epithelial cell-cell
junctions. While the organization of the junctions is quite different in vertebrates, worms,
and the fly (reviewed in Knust and Bossinger 2002), the results of these studies indicate
that the molecules that control their development are very similar in very divergent organ-
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isms. To date, three groups of orthologous gene products have been identified. Each group
contains and is distinguished by the presence of one or more PDZ domain proteins. Per-
haps best known by their names in the fly, the groups are called Stardust/Crumbs/Discs
Lost; Bazooka/Par 6/aPKC; and Scribble/ Discs Large/ Lethal Giant Larvae.

Stardust (Sdt) is a membrane-associated guanylate kinase (or MAGUK, see section en-
titled “PDZ proteins”). It associates with Crumbs (Crb), an apically-oriented transmem-
brane protein, and Discs Lost (Dsl), a PDZ-containing protein, within a subapical domain
in fly epithelia near the apex of the lateral membrane (Muller and Wieschaus 1996; Grawe
et al. 1996). The site of assembly corresponds to the region where the tight junction devel-
ops in vertebrates. The PDZ domain of Stardust interacts with the cytoplasmic C-terminal
tail of Crumbs (Tepass et al. 1990; Tepass and Knust 1993; Knust et al. 1993; Grawe et al.
1996; Bachmann et al. 2001), while its L.27 binding domain associates with the MAGUK
recruitment domain of Discs Lost (Roh et al. 2002a, b; Bhat et al. 1999), to form a ternary
complex (see Fig. 4). In Drosophila, null mutations in Crumbs, Stardust (Muller and
Wieschaus 1996; Tepass and Knust 1993; Knust et al. 1993), or Discs Lost (Bhat et al.
1999) cause defects in junction formation and alterations in apico-basolateral polarity. In
contrast, overexpression of Crumbs leads to polarity defects and expansion of the apical
surface (Wodarz et al. 1995). Such observations indicate that the Stardust/Crumbs/Discs
Lost complex acts to coordinate the formation of apical membrane as well as the adherens
junction in the fly.

The mammalian orthologs of Stardust (PALS1; Kamberov et al. 2000), Discs lost
(Palsl-associated tight junction protein; PATJ), and Crumbs (CRB3; Makarova et al.
2003) participate in identical interactions, forming a ternary complex near the tight junc-
tion of renal epithelial cells (Roh et al. 2002b). While the many details about the function
of PALS1-PATJ-CRB3 in mammalian epithelia remain poorly understood, early reports
suggest that the complex participates in tight junction assembly. This is reminiscent of the
role of Stardust-Discs Lost-Crumbs in adherens junction assembly in Drosophila. For in-
stance, PAT]J directly binds to tight junction proteins, ZO3, and claudin 1 through PDZ in-
teractions and presumably links the complex to the tight junction. More importantly, ex-
pression of dominant negative PATJ in MDCK cells causes mislocalization of PALS and
fragmented assembly of the tight junction (Hurd et al. 2003) but has no effect on the in-
tegrity of preformed junctions (Roh et al. 2002b). Interestingly, mutations in a human
Crumbs isoform that is exclusively expressed in the eye, CRBI1, have been linked with
two severe forms of retinal dystrophy, Retinitis Pigmentosa 12 and Leber’s congenital
amaurosis (Den Hollander et al. 1999), raising the possibly that the Crumbs group also
functions in the generation of cell polarity in the retina.

A separate group, comprised of Par 3 [also known as Bazooka in fly or atypical PKC
isotype-specific interacting protein (ASIP)], Par 6, and atypical PKC (zeta and Lambda),
colocalizes with the Crumbs group (Izumi et al. 1998; Joberty et al. 2000; Lin et al. 2000;
Johansson et al. 2000; Hurd et al. 2003), forming a ternary complex at an early state of
epithelial cell development. Presently, there is debate about how the complex is brought
together (Suzuki et al. 2001; Nagai-Tamai et al. 2002). Studies of Joberty et al. (Joberty et
al. 2000) and Lin et al. (Lin et al. 2000) indicate that Par 3 directly binds Par 6 through a
homotypic PDZ interaction that involves the first PDZ of Par 3 and the single PDZ do-
main of Par 6. In contrast, Nagai-Tami et al. suggested that Par 3 and Par 6 are indirectly
brought together through a simultaneous interaction with atypical Protein Kinase C (either
lambda or zeta PKC) (Nagai-Tamai et al. 2002). In any case, proper formation and activa-
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Fig. 4 Three groups of gene products involved in the formation of the epithelial cell-cell junction and the
apical-basolateral membrane boundary. Par 3 (Bazooka)/PAR 6/aPKC, form a ternary complex that partici-
pates in the initiation of the polarization process, orchestrating tight junction formation. In addition, the
Par3/Par6/aPKC complex stimulates the activity the PATJ (Disc Lost)/PALI1 (Startdust) /CRB3 (Crumbs3)
complex, located near the apex of the cell. The apically-oriented complex plays roles in generation of the
tight junction and the formation of the apical membrane. A separate group recruited to the lateral mem-
brane is comprised of SAP97 (Disc large)/Scribble/Lethal Giant Lavare. This complex antagonizes the
function of Par3/Par6/aPKC, repressing apical membrane formation and thereby defining the lateral aspect
of the cell. Activities of the complexes are summarized on the left. Green represents the PATJ (Disc Lost)/
PALI (Startdust) /CRB3 (Crumbs3) complex; yellow is the Par3/Bar6/aPKC complex, red is SAP97/Scrib-
ble/LGL (arrows, positive regulation; bars, negative regulation). Below is a summary of the functional do-
mains present in members of each complex, CRIB is a Cdc42/Rac interactive binding site; GUK is a
guanylate kinase homology domain, SH3 is a Src homology 3 domain; L27 is a Lin2/Lin7 homology do-
main; PDZ is a protein—protein interaction domain first described in PSD-95, Dlg, and ZO-1/2; the PB1 do-
main is protein—protein interaction domain named after the first proteins Phox and Bem/p that it was found
in; WD40 are repeating motifs that form a stable propeller-like protein—protein interaction platform
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tion of the complex is necessary for initiation of the polarization process (Joberty et al.
2000; Yamanaka et al. 2001). Indeed, overexpression of Par 3, Par 6 (Joberty et al. 2000),
or dominant negative aPKC (Suzuki et al. 2001) disrupts tight junction biogenesis and
causes loss of apical-basolateral polarity in MDCK cells.

Importantly, orthologs of these proteins in C. elegans were first shown to function in
the polarization of mother cells before asymmetric cell division (Kemphues 2000) (hence,
Par for Partitioning defective) as well as in the development of epithelial cell polarity in
the fly (Kemphues 2000). The implication is that Par 3-Par 6-aPKC is a conserved system
for developing and organizing cellular asymmetry in a variety of diverse systems. In the
case of mammalian epithelial development, recent studies indicate that the Par 3-Par 6-
aPKC complex may physically interact with the more epithelial-specific Crumbs group
via a regulated interaction between the mammalian Stardust ortholog, PALS1, and also
Par 6 (Hurd et al. 2003).

Understanding just how the Par3-Par6-aPKC complex is regulated has been the focus
of extensive investigation. Recent studies indicate that Par 6-aPKC is an important down-
stream effector of Cdc42 and Rac 1. This would potentially provide a link between the
Rho-type small G-proteins in polarization (Takaishi et al. 1997; Jou and Nelson 1998;
Kim et al. 2000; Noren et al. 2001), and tight junction formation. The active, GTP-bound
forms of Cdc42 specifically bind to the Cdc42/Rac-interactive binding (CRIB) domain of
Par 6 (Suzuki et al. 2001; Joberty et al. 2000; Lin et al. 2000). Upon Cdc42-association,
Par 6 appears to undergo a conformational change, altering the interaction and activity of
two binding partners. First, it markedly enhances the binding affinity for PALS1, presum-
ably to help recruit Par 6 and associated proteins to the Crumbs complex on the apical side
of the cell (Hurd et al. 2003). Second, Cdc42 association releases aPKC from Par 6-depen-
dent suppression, and thereby enhances protein kinase activity (Yamanaka et al. 2001).
While the identity of all relevant aPKC effectors remains to be determined, it seems likely
that junctional assembly is controlled, at least in part, by the Cdc-42-dependent activation
of aPKC and phosphorylation of several key building blocks (Suzuki et al. 2001). The re-
cent observation that phosphorylation of Par 3, the first-known substrate of aPKC, destabi-
lizes aPKC binding to PAR3 and frees the kinase to phosphorylate other critical effectors
certainly supports this idea (Nagai-Tamai et al. 2002). It remains to be seen if phosphory-
lation also modifies the interactions of Par 3 with its binding partners such as the immuno-
globulin (Ig)-like junctional adhesion molecules JAM-1 (Itoh et al. 2001; Ebnet et al.
2001) and nexin (Takekuni et al. 2003). Such a mechanism would allow a cdc42-depen-
dent recruitment of the Par 3-Par-6-aPKC complex to the forming junction while simulta-
neously establishing contact with the apical Crumbs group. Hopefully, future studies will
provide further insight into the dynamic nature of Cdc42/Racl-Par 6-Par 3-aPKC interac-
tions, and a more complete understanding of how the complex orchestrates tight junction
assembly.

The third group of molecules has largely been defined by genetic studies in Drosophila
(reviewed in Tepass et al. 2003). This group consists of Discs Large, a MAGUK protein,
Scribble, a LAP protein [for Leucine Repeats and PDZ (Santoni et al. 2002)], and Lethal
Giant Larvae (Bilder et al. 2000; Bilder and Perrimon 2000). It localizes near the plasma-
lemma at a region that is basal to the Crumbs and Bazooka (Par) complexes. Although it
is unknown if these proteins actually form a ternary complex, the localization and behav-
ior of each individual protein is mutually dependent on the expression of the others, as
might be expected if they do physically interact. Null mutations in the Discs Large group



Rev Physiol Biochem Pharmacol (2005) 153:47-99 83

cause a loss of the epithelial junction in the fly, similar to the Crumbs and Bazooka
groups. However, unlike the null mutations in members of the more apical complexes,
which inhibit or strongly reduce apical membrane development, null mutations in the
Discs Large group enlarge the apical membrane domain (Bilder et al. 2000; Bilder and
Perrimon 2000). Consequently, the Discs Large group is thought to restrict apical mem-
brane development and thereby help define the basolateral membrane. While it remains to
be determined if the process is recapitulated in mammalian epithelia, the mammalian or-
thologs of Discs Large (SAP97) (Wu et al. 1998; Reuver and Garner 1998), Scribble
(Nakagawa and Huibregtse 2000), and Lethal Giant Larvae (Musch et al. 2002) (see sec-
tion entitled “SNARE” for alternative or parallel functions of LGL) at least localize along
the lateral membrane of MDCK cells.

Exciting genetic studies in Drosophila now provide strong evidence that the three dis-
parate groups operate within a single regulatory hierarchy (Tanentzapf and Tepass 2003;
Bilder et al. 2003). According to this model, Baz-Par 6-aPKC lies at the top of the chain
and initiates junctional assembly and apical polarity. The Discs Large-Scribble-Lethal Gi-
ant Larvae group is then independently recruited to the lateral membrane to antagonize the
function of Bazooka-Par 6-aPKC and, thereby repress apical membrane formation. Apical
recruitment of Crumbs-Stardust-Discs Lost by the Bazooka-Par 6-aPKC then counters the
negative function of the Discs Large-Scribble-Lethal Giant Larvae group. By the time a
tie has been called in this molecular tug-of-war match between the complexes, a junction
is formed and apicol-basal polarity is established. It will be interesting to see if this in-
triguing mechanism is as well conserved in mammalian epithelia as the polarity complex-
es.

Summary

Exciting discoveries in the last decade have cast light onto the fundamental mechanisms
that underlie polarized trafficking in epithelial cells. It is now clear that epithelial cell
membrane asymmetry is achieved by a combination of intracellular sorting operations,
vectorial delivery mechanisms and plasmalemma-specific fusion and retention processes.
Superposed on this basic conceptual framework, a list of the parts that are required to car-
ry out these functions has begun to be assembled. Indeed, a few well-defined signals that
specify polarized segregation, sorting, and retention commands have, now, been de-
scribed. The intracellular machineries that decode and act on these signals are beginning
to be described. In addition, the nature of the molecules that associate with intracellular
trafficking vesicles to coordinate polarized delivery, tethering, docking, and fusion are
also becoming understood. Combined with the new technologies in live-cell fluorescent
microscopy, which permit direct real-time visualization of trafficking processes, pictures
of polarization mechanisms are coming into focus.

There is still much more to be learned, however. Many issues remain unresolved. At
present, only a small number of conserved sorting signals have been definitively identi-
fied. Even less is known about how the majority of sorting signals are recognized and act-
ed upon. Consider, for example, basolateral membrane-directed traffic in the biosynthetic
pathway. Although a number of basolateral proteins appear to be sorted soon after biosyn-
thesis by a AP-1B adaptor-dependent mechanism, many others do not. The nature of the
basolateral sorting machineries that process these “clathrin-independent” signals remain
unknown. There is an even larger gap for apical membrane proteins. With very few excep-
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tions, the molecular bases for apical membrane sorting remain completely unsolved. Thus,
it would seem that the most pressing matter involves developing a complete inventory of
polarized sorting signals and the machinery that interacts with them. These discoveries
should, in turn, pave the way to elucidate the exact sorting events and pathways.

With the application of powerful new tools in cell biology, genomics, and proteomics,
we can expect that many of these gaps will be filled in the near future. As they are, it will
be crucial to explore the generality of the sorting mechanisms. It will be equally as impor-
tant to elucidate how epithelial trafficking processes are regulated in concert with physio-
logical demands. In this regard, studies must continue to extend beyond a few select re-
porter molecules in model epithelial cells to physiologically relevant proteins in their na-
tive cellular environments. In doing so, we might come close to fulfilling the field’s ulti-
mate ambition. That is, to predict how a given membrane protein, with its own unique
repertoire of sorting signals, is expressed on a polarized locale of any given epithelial cell
type, with its own unique and potentially regulated assortment of sorting machinery.
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Abstract Cerium is a member of the lanthanide series or rare earth elements which exert
diverse biological effects mainly by their resemblance to calcium. This similarity, which
is particularly characteristic for the lighter members of the lanthanide series, enables these
elements to replace calcium in biomolecules without necessarily substituting for it func-
tionally. While the inhibitory effects on calcium-dependent physiological processes (such
as those involved in the blood clotting cascade as well as in neuronal and muscular func-
tions) are well-known, their relevance for the pharmacological properties of cerium are
less clear. Historically, cerium oxalate was used as an antiemetic, especially in vomiting
of pregnancy and kinetoses, although its mechanism of action has never been clarified. At
present, cerium nitrate is available as an adjunct to silver sulfadiazine cream for the topi-
cal treatment of extensive burns not amenable to early wound excision. Apart from direct
antiseptic effects, cerium helps to prevent postburn sepsis and systemic inflammatory re-
sponse by fixing burn toxins. The antineoplastic potential of cerium compounds, which
had fallen into oblivion, is currently being re-explored in experimental settings, though the
mechanistic basis remains to be elucidated.

Introductory remark

Cerium is a member of the lanthanides, lanthanoids, or rare earth elements. The defini-
tions of these terms differ somewhat: while lanthanides (abbreviated Ln) is the historical
name for the “d-element” lanthanum (La, atomic number: 57) and the following 14 “f-ele-
ments” from cerium (Ce, atomic number: 58) to lutetium (Lu, atomic number: 71), the
term lanthanoids, created by the IUPAC in 1963, comprise only the “f-elements” from Ce
to Lu, excluding La. Rare earth elements is the historical term still in use for the lan-
thanides plus yttrium (Y) and scandium (Sc), reflecting the fact that these two elements
are associated with the lanthanides in their natural occurrence.
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The discovery of the rare earth elements began in the year 1787, when Arrhenius iden-
tified a grayish-black and very heavy mineral which he named “ytterbite.” This mineral
turned out to be a real treasure, containing a lot of previously unknown elements and set-
ting off an exciting quest for new elements (Kleber 1961; Moeller 1963, 1973; Trifonov
1963; Eyring 1964). First, subgroups were isolated, called “ceria,” “terbia,” “yttria,” and
“ytterbia,” corresponding to mixtures of the light (“cerit-earth elements”), middle (“terbin-
earth elements”), heavy (“ytter-earth elements”), and very heavy earths (“ytterbin-earth el-
ements”). The similar chemical behavior of the components of these fractions made the
first analyzers consider these mixtures as pure elements. In 1803, cerium became the first
of the lanthanides to be isolated with high purity. Still, for most early applications purity
was not important, and therefore one must be aware that the term cerium when used in
older literature (up to the early twentieth century) does not always mean pure cerium.

9 <

Chemical and biochemical aspects

To understand the chemical behavior of cerium and its unique position among the lan-
thanides, it is necessary to discuss some aspects of the chemistry of this family of very
similar elements. In physiological solutions, most of the lanthanides are only stable in the
trivalent form, the only exceptions being Ce(IV) and Eu(II) (Asprey and Cunningham
1960). The ionic radii of trivalent ions (in complexes with coordination number 6) steadily
decrease with increasing atomic number within the small range from 1.03 At 086A, a
phenomenon known as the lanthanide contraction. The small differences in ionic hardness
result in slight differences of their distribution coefficients and the hydrolytic sensibility
of their salts. Both effects are relevant for the purification of the individual elements.
Ce(IV) (ionic radius: 0.89 A) shows a hydrolytic behavior like a hypothetical “super-lute-
tium.” Therefore, aqueous solutions of Ce(IV) salts (without complexation) are stable only
if acidified to pH<3. Otherwise, hydrolysis takes place, together with formation of some
turbidity or gel at higher concentrations. Since weakly bound ligands like biological buf-
fers do not prevent hydrolysis, Ce(IV) salts have no biological relevance.

The preferred coordination number of all lanthanides is 8-9, but complexes from 6—12
could be prepared as well. In aqueous solution, the hydration shell includes 9-12 water
molecules—a controversy about these values is still going on. The ionic character of com-
plexes of trivalent lanthanide ions is very high, with a typical order in strength of bonding
to O<N<S. The interaction with nitrogen in complexes such as those with o-phenanthro-
line (Sinha 1966) is very weak, and ligands containing only N-donor atoms do not com-
plex with rare earth ions under physiological conditions. The predominant donor in aque-
ous solutions is the oxygen atom. Sugars, nucleosides, and ligands with carboxyl groups
are preferential complexing groups, and chelating is the predominant form of complexa-
tion (Komiyama and Sumaoka 2001).

The redox potential €° of the system Ce**/Ce** is 1.70 V (in 1 M HCIO,). In compari-
son with the standard potential of the redox system H,O/O, (1.299 V) and the possible
formation of Ce(Ill) and O,, the meta-stable character of aqueous Ce(IV) solutions can be
understood. Ce(IV) is a powerful oxidant without biological relevance (Nash and Sullivan
1991), but it has been studied as a catalyst of phosphate ester and nucleic acid hydrolysis
(Sumaoka et al. 1998; Takarada et al. 2000; Shigekawa et al. 1999). On the other hand,
Ce(III) is very resistant to oxidation and reacts only with very strong oxidants.
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Calcium in the bivalent state (ionic radius: 1.00 A) is very similar to trivalent cerium
(ionic radius: 1.01 A) in terms of size, bonding, and preferences to donor atoms. Hence, it
is not surprising that trivalent cerium behaves chemically similar to calcium. One of the
most characteristic differences between Ln(III) and Ca(Il) is the higher charge-to-volume-
ratio of the former, resulting in a stronger binding to water molecules, an increased stabili-
ty of analogous complexes, and a preference for higher coordination numbers. The simi-
larity of cerium and calcium reflects in their natural occurrence, where cerium is always
found together with calcium (e.g., in apatite). In the biological context, the tendency to
precipitate together with calcium is reflected in the affinity of cerium to the mineral bone
matrix (Jowsey et al. 1958; Ewaldsson and Magnusson 1964; Schmautz 1964) and in the
induction of local soft-tissue calcification (Gabbiani et al. 1966; McClure 1980; Garrett
and McClure 1981). The mechanism of this calcergic action is not exactly known, but it
has been hypothesized that cerium precipitates with pyrophosphate, resulting in the loss of
the calcification-inhibitory function of pyrophosphate, and that these precipitates form
crystallization nuclei on which calcium and phosphate accumulate to form apatite
(Boeckx et al. 1992).

Because of their similar ionic radius, Ce>* and other lanthanide ions are able to replace
calcium in many biomolecules, without necessarily substituting for it functionally. For ex-
ample, they interfere with calcium-dependent reactions involved in the blood clotting cas-
cade such as the activation of prothrombin (Furie et al. 1976) and factor XIII (Achyuthan
et al. 1989). This behavior probably accounts for the long-known anticoagulant effects of
the lanthanides, which prior to the widespread availability of heparin raised temporary in-
terest in using them as antithrombotic drugs (Vincke and Oelkers1937; Vincke and
Schmidt 1942; Beaser et al. 1942; Vincke 1944).

Ce™* is capable of binding to the Ca**/Mg**-ATPase of sarcoplasmic reticulum of skel-
etal muscle (Yamada and Tonomura 1972) and of inhibiting the active transport of calci-
um through mitochondrial membranes (Mela 1969; Crompton et al. 1979). Moreover,
Ce’* is a potent blocker of neuronal low voltage-activated (T-type) calcium channels
(Mlinar and Enyeart 1993; Beedle et al. 2002) and of high voltage-activated calcium chan-
nels of presynaptic nerve terminals (Nachshen 1984) and skeletal muscle cells (Lansman
1990). Thereby, its interactions with ion channels are not exhausted: A-type potassium
channels of adrenal cortical cells are inhibited by binding of Ce®* to sites which are not
specific for calcium (Enyeart et al. 1998), whereas currents through type A y-aminobutyr-
ic acid (GABA)-activated chloride channels of rat dorsal root ganglion neurons are en-
hanced (Ma and Narahashi 1993; Narahashi et al. 1994). Ce’" is also capable of binding to
the calcium-binding sites of the N-terminal domain of calmodulin (CaM), which mediates
intracellular responses to calcium fluxes, in a cooperative manner (Bentrop et al. 1997)
and of substituting for calcium in the regulation of calcium/CaM-dependent enzymes such
as phosphorylase kinase (Sotiroudis 1986).

The strong interrelation between these two ions is further illustrated by the fact that ce-
rium(IIT) chloride administered intravenously to rats induces an increase of serum calcium
levels over a certain dose range, with high doses being ineffective (Johansson et al. 1968).
The reason for this phenomenon is unknown, but it has to be kept in mind that a variety of
biological actions of the lanthanides do not follow simple monotonic dose-response rela-
tionships, but may turn from enhancing to inhibiting, depending on the dose (Evans 1990;
Wang et al. 2003).
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Antiemetic properties

The first documented medical use of cerium dates back to the mid nineteenth century
when the obstetrician James Y. Simpson reported on satisfactory therapeutic results ob-
tained with cerium nitrate for the relief of vomiting (Simpson 1854). Especially in vomit-
ing of pregnancy, oral administration of cerium(III) oxalate has been widely practiced dur-
ing the following decades. Its use has also been proposed for other forms of vomiting such
as in cases of sea-sickness, for other gastrointestinal disorders such as chronic diarrhea,
and even in neurological disorders such as epilepsy and chorea. The medicinal prepara-
tions used until the early twentieth century contained substantial and varying amounts of
other lanthanides, however, supposedly without altering its therapeutic effects (Bohm
1915; Wilcox 1916).

As controversial as the opinions regarding the therapeutic value of cerium(III) oxalate
were the tentative explanations for its effects, ranging from sedative effects on the cere-
bral vomiting center or on the pneumogastric nerve and a lowering effect on the reflex ex-
citability of the gastrointestinal tract to astringent properties or the mere formation of a
protective coating on the wall of the stomach (Baehr and Wessler 1908; Hara 1923;
Umezawa 1925). Objections to this apparently nontoxic drug mainly arose from the facts
that it is nearly insoluble in water, except for strongly acidic solutions, and that it is not
absorbed from the gastrointestinal tract to any meaningful extent, making pharmacological
actions other than locally gastric rather unlikely (Wilcox 1916). The basis for its use was
seriously challenged by studies in dogs, which indicated marked effects on vomiting
caused by local irritation of the stomach, but either no or only a weak inhibitory effect on
vomiting of central nervous origin as induced by apomorphine (Baehr and Wessler 1908;
Umezawa 1925). Since some soluble cerium(IIl) salts are actually capable of preventing
apomorphine-induced vomiting when given intravenously, the modest effects of oral ceri-
um(IIl) oxalate observed in these studies can easily be explained by its poor intestinal ab-
sorption (Umezawa 1925).

The low bioavailability and the apparently unreliable therapeutic properties soon led to
the development of various soluble cerium preparations with the aim of overcoming these
limitations (Bohm 1915). A formulation described as colloidal cerium(IIl) oxalate (Lange
1933) was available until the 1950s, with vomiting of pregnancy and all forms of motion
sickness as primary indications, but it was later blended with (and eventually replaced by)
the antihistaminic meclizine (Gigglberger and Hohn 1958). Unfortunately, the efficacy of
cerium(IIl) oxalate has never been objectivized by clinical studies, and interest in eluci-
dating its mode of action ceased after its use had been abandoned.

It has long been known that Ce®* reduces the contractility of the heart (Mines 1910)
and skeletal muscles by inhibiting neuromuscular transmission (Hara 1923). It also affects
excitation-contraction coupling in intestinal smooth muscle, where it inhibits both the pha-
sic and tonic components of the response to a muscarinic agonist (Triggle and Triggle
1976). Since Ce** generally interferes with basic muscular and neuronal functions mainly
due to its calcium-antagonistic actions, it is tempting to assume a connection between this
behavior and its antiemetic properties.
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Antiseptic and immunomodulatory properties with special reference
to the treatment of burns

The bacteriostatic effects of cerium(IIl) nitrate and other cerium compounds had already
been recognized near the end of the nineteenth century (Drossbach 1897), soon leading to
their use as topical antiseptics in human and veterinary medicine. Apart from “dymal,” a
mixture of rare earth salicylates, several preparations were marketed under the common
name “ceolat,” namely cerium(IIl) acetate solutions as well as powders and ointments
containing cerium(IIl) stearate. These remedies have been beneficial in the treatment of
wounds, including burns, weeping eczema, intertrigo and decubitus, skin gangrene, impe-
tigo contagiosa, and other skin diseases (Bohm 1915). The idea that the oxidizing proper-
ties of cerium(I'V) might add to the bacteriostatic effects led to the use of cerium(IV) po-
tassium sulfate, which was applied as an antiseptic powder under the name ‘“ceriform”
(Bohm 1915).

Systematic investigations later confirmed the bacteriostatic and bactericidal activity of
cerium(III) chloride, cerium(IIl) nitrate, and cerium(IV) sulfate in a wide variety of bacte-
ria (Burkes and McCleskey 1947) and showed that gram-negative bacteria tend to be
somewhat more susceptible than gram-positive bacteria (Muroma 1958). These findings
formed the basis for the clinical evaluation of topical cerium(IIl) nitrate (applied as a
cream or in saline solution) in the treatment of extensive, life-threatening burns, with the
encouraging result of a nearly 50% reduction in the death rate as compared to the mortali-
ty anticipated if the patients had been treated with silver nitrate (Monafo et al. 1976).

Because the flora recovered from treated wounds tended to be dominated by gram-pos-
itive bacteria, combination with the complementary acting silver sulfadiazine has been
recommended (Monafo et al. 1976). Death from sepsis in patients surviving the original
hemodynamic and pulmonary insults from near-total burns could be effectively prevented
with the use of this combination (Fox et al. 1977; Monafo et al. 1977, 1978), and halving
of the mortality rate as compared to prediction was confirmed (Monafo 1983). Although
results of in vitro studies concerning the synergism or antagonism of these drugs have
been conflicting (Rosenkranz 1979; Heggers et al. 1979; Saffer et al. 1980; Holder 1982;
Marone et al. 1998) and the first prospective, randomized studies comparing silver sulfadi-
azine plus cerium nitrate to silver sulfadiazine alone failed to demonstrate any advantage
of the combination in adults (Munster et al. 1980) and children (Bowser et al. 1981), a
more recent trial confirmed the greater efficacy of the combination in terms of faster re-
epithelialization, earlier readiness for autologous skin grafting, and reduced duration of
hospitalization and even suggests a reduced mortality (de Gracia 2001).

Further beneficial aspects of the cerium nitrate adjunct have been emphasized: a re-
duced number of highly colonized wound sites (Hermans 1984) and the formation of a
dry, adherent eschar which allows an excellent take of graft after excision (Ross et al.
1993) and postponing of skin grafting (Wassermann et al. 1989; Hadjiiski and Lesseva
1999). The characteristic leathery consistency of these eschars, which form upon contact
of dermal collagen with cerium, at least in part results from superficial calcification in-
duced by the calcergic action of cerium and constitutes an additional, physical barrier that
insulates the dermis from germ contamination (Boeckx et al. 1992). Penetration through
the eschar and skin is low (Boeckx et al. 1992; Herruzo-Cabrera et al. 1992), and no ceri-
um could be detected in blood and urine even after treatment of large wounds for several
weeks (Monafo et al. 1976).



106 Rev Physiol Biochem Pharmacol (2005) 153:101-111

Apart from direct antibacterial effects, immunomodulatory properties have been recog-
nized as a major mechanism by which cerium helps prevent sepsis in burn patients. In
mice, cerium nitrate protects from postburn immunosuppression, as indicated by the
preservation of hypersensitivity reactions following antigen challenge of previously sensi-
tized animals (Hansbrough et al. 1984; Peterson et al. 1985), reduced alterations of the
splenic helper to suppressor lymphocyte ratio (Zapata-Sirvent and Hansbrough 1985), and
improved survival following septic challenge (Zapata-Sirvent et al. 1986). In humans, it
seems to preserve normal T-cell functions such as the production of interleukin 2 (IL-2)
and IL-2 receptor expression (Sparkes 1993; Allgower et al. 1995). This effect probably
results from the neutralizing action on the immunosuppressive burn toxins formed at the
wound site. In particular, cerium irreversibly denaturizes the toxic lipid-protein complex
(LPC), thereby probably fixing it in the eschar and preventing its entry into the circulation
(Allgower et al. 1995). Additionally, it inhibits the calcium-dependent hemolytic activity
of a low molecular weight lipid-peptide complex termed SAP isolated from the serum of
burn patients (Ninnemann et al. 1985). A study in mice receiving skin autografts, which
were burned and treated or not with cerium nitrate in vitro, demonstrated the protective ef-
fect against the mortality induced by grafting burned skin. Because the observed survival
rate was nearly identical to that of burned animals after necrotomy and subsequent skin
grafting, the effect of cerium nitrate was considered a chemical equivalent to surgical
wound excision and recommended in cases not allowing early surgical intervention
(Kistler et al. 1990). An impressive reduction of the anticipated death rate following treat-
ment of patients with a single early bathing in aqueous cerium nitrate solution supports
this opinion (Scheidegger et al. 1992).

Since it has been recognized that, apart from sepsis, a systemic inflammatory response
characterized by a chaotic cytokine cascade, which is responsible for an eventual multiple
organ dysfunction syndrome, is another major cause of “late” mortality in burn patients,
new aspects of the neutralizing action of cerium on LPC have become evident (Allgower
et al. 1995; Sparkes 1997). Recent experimental studies focus on the protective effect
against the processes involved in the systemic inflammatory response (Deveci et al. 2000;
Eski et al. 2001)."

Apart from these indirect effects specific for the burn setting, cerium also possesses di-
rect immunomodulatory properties. Injections of cerium(III) salts in rats inhibit edematous
inflammation caused by inflammatory agents (Jancsé and Jancs6-Gédbor 1960) and inhibit
reticuloendothelial system functions, in particular the phagocytotic activity of Kupffer
cells (Lazar 1973). Cerium(III) chloride is capable of interfering with epidermal Langer-
hans cell functions by inhibiting their Ca**/Mg>*-dependent ATPase (Gruner et al. 1991)
and of inhibiting histamine release from basophil granulocytes (Gruner et al. 1992). Be-
cause of the pathogenetic role of both histamine-releasing mast cells and Langerhans cells
in atopic eczema, therapeutic use of lanthanides has been proposed.

! The cerium nitratesilver sulfadiazine cream marketed under the name “flammacerium” in
several European countries and much advocated by clinicians (Lansdown et al. 2003), but clas-
sified as an orphan drug in the USA, was subject to an accelerated approval prior to the termi-
nation of a clinical phase III trial to respond to the urgent need resulting from the terror attacks
of Sept. 11, 2001.
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Antineoplastic properties

Dating back to the pioneering era of cancer chemotherapy, two clinical reports on the use
of “introcid,” i.e., a solution of cerium(Ill) iodide for intravenous administration, in the
treatment of patients with lymphogranulomatosis (M. Hodgkin) or inoperable solid tumors
deserve mentioning. This experimental drug has been explored for its antineoplastic prop-
erties among other compounds of iodine which were expected to accumulate in tumor tis-
sue. According to the clinical reports, cerium(IIl) iodide has been applied with remarkable
benefit, as indicated by tumor shrinkage and improved quality of life in several cases of
locally advanced or metastatic tumors of different origin (Lewin 1924; Cohn 1925). The
authors judged the therapeutic effects as superior to those of other compounds of iodine
and therefore considered cerium either the active component or an activator for iodine.
Animal experiments using Kato’s rabbit sarcoma confirmed the superiority to other com-
pounds of iodine, in particular potassium iodide and calcium iodide which lack any appre-
ciable activity in this tumor model (Ito 1937).

These observations are in peculiar contrast to the poor results obtained with cerium(III)
chloride in experimental tumor models. While this compound is completely devoid of ac-
tivity in two transplantable rat tumors (Maxwell and Bischoff 1931), it exerts moderate in-
hibitory effects on the proliferation of malignant cells in vitro, requiring high micromolar
or even millimolar concentrations. The antiproliferative effects have been reported to be
associated with morphological changes (polyhedral spreading) and cell cycle arrest in the
Go/G; phase in melanoma cells (Sato et al. 1998), decreased calmodulin levels in leuke-
mia cells, upregulation of p5S3 and p21 tumor suppressor gene expression in gastric cancer
cells (Ji et al. 2000), and apoptosis in leukemia cells (Dai et al. 2002).

Cerium(IIl) complexes of coumarin derivatives with known antibacterial, anticoagu-
lant, and cytotoxic properties have been synthesized and explored for their cytotoxicity in
malignant cells. In particular, Ce(HL); - 5 H,O with L=4-hydroxy-3-[1-(4-chlorophenyl)-
3-oxobutyl]-2H-1-benzopyran-2-one (coumachlor) (Kostova et al. 1999), Ce(HL); - 4 H,O
with L=4-hydroxy-3-[1-(4-nitrophenyl)-3-oxobutyl]-2H-1-benzopyran-2-one (niffcoumar)
(Manolov et al. 1999), and Ce(HL),(OH) - 5 H,O with L=4-methyl-7-hydroxy-2H-1-ben-
zopyran-2-one (mendiaxon) (Kostova et al. 2001) exert moderate cytotoxic effects in lym-
phoma and leukemia cells, while Ce(HL); - 4 H,O with L=4-hydroxy-3-(3-oxo-1-phenyl-
butyl)-2H-1-benzopyran-2-one (warfarin) is devoid of cytoxicity in relevant concentra-
tions (Kostova et al. 1999).

Cerium(IIT) complexes with 2,2'-bipyridine, 1,10-phenthroline and related ligands have
been synthesized and evaluated in vitro. Among these complexes, those with 1,10-phenan-
throline appear most promising. In particular, frans-[aquachlorobis(1,10-phenanthro-
line)cerium(IIl)] dichloride (KP776) exerts strong cytotoxic effects in cancer cells, with
1Cs values mainly in the low micromolar range. Experiments in cell models, each com-
prised of a parental cell line and a doxorubicin-selected subline overexpressing either P-
glycoprotein or MRP1, revealed that KP776 is substrate to none of these two multidrug re-
sistance-conferring transport proteins, but that the multidrug-resistant sublines show an
unexpected collateral sensitivity to this compound (Jakupec et al. 2002). Moreover, all at-
tempts to induce resistance to KP776 in cancer cell lines by prolonged exposure to mini-
mally cytotoxic concentrations of the compound failed (P. Heffeter and W. Berger, per-
sonal communication). KP776 has a much lower DNA interstrand cross-linking efficiency
than cisplatin and induces neither strand breaks nor alterations of the secondary structure
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of plasmids (Jakupec et al. 2002). Thus, the mechanisms by which KP776 and related
compounds exert their effects on malignant cells remain to be elucidated. Given the piv-
otal role of calcium signaling in controlling cell cycle and proliferation (Short et al. 1993;
Takuwa et al. 1995; Munaron et al. 2004) as well as malignant progression and angiogen-
esis (Kamrava et al. 2002), it seems reasonable to hypothesize a connection between the
capability of cerium to interfere with calcium-dependent processes and its antineoplastic
potential.
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