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Preface 

The essence of combinatorial chemistry or techniques involving 
"molecular diversity" is to generate enormous populations of 
molecules and to exploit appropriate screening techniques to 
isolate active components contained in these libraries. This idea 
has been the focus of research both in academia and in the 
pharmaceutical or biotechnology industry. Its developments go 
hand in hand with an exploding number of potential drug targets 
emerging from genomics and proteomics research. 

When the editors of Current Topics in Microbiology and 
Immunology encouraged us to assemble the present volume on 
Combinatorial Chemistry in Biology, we immediately felt that this 
might prove quite beneficial for the audience of this series. The 
field of combinatorial chemistry extends over a broad range of 
disciplines, from synthetic organic chemistry to biochemistry, 
from material sciences to cell biology. Each of these fields may 
have its own view on this topic, something which is reflected in a 
growing number of monographs and "special editions" of jour­
nals devoted to this issue or aspects thereof. The title of the 
present volume of Springer-Verlag's series suggests that it also 
has its own special focus. And, generally speaking, this is not 
wrong: we would even claim the special focus of this volume is on 
the immunologically relevant aspects of combinatorial chemistry. 
However, we thought it might also be quite appropriate to in­
clude some chapters from areas normally not immediately asso­
ciated with immunology, in order to attract the attention of 
researchers working in different fields and maybe even "seed" 
some new ideas. 

In the first and most detailed part of volume, an overview of 
various strategies of encoded combinatorial chemistry of peptides 
or proteins is presented. These techniques are represented by 
peptide, phage-display, ribosome-display, RNA/peptide-fusion, 
and spatially oriented peptide libraries, as well as libraries of 
proteins expressed by cells - the various two-hybrid technologies. 
This section also contains a chapter on evolutionary aspects of 
protein engineering. We then move into the world of nucleic acid 
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libraries and their screemng for functional molecules such as 
"aptamers" - specific ligand-binding nucleic acids - and rib­
ozymes - nucleic acids which are catalytically active. This is 
followed by a chapter on dynamic combinatorial chemistry of 
libraries of small synthetic organic molecules. Finally, the volume 
closes with a chapter on the perspectives of "synthetic biology" 
and its relevance for evolutionary biotechnology. 

We would like to thank all contributors for their efforts, the 
editors of the Current Topics series, and the staff at Springer­
Verlag for their continuous help and support in getting this 
volume published. 

Michael Famulok 
Chi-Huey Wong 

Ernst-Ludwig Winnacker 
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Protective immunity against microbial pathogens is connected with the ability to 
discriminate between self and non-self. Vertebrates have evolved an adaptive im­
mune system in which specialized white blood cells, the T cells, fulfill this role. 
These cells are trained to recognize proteolytic fragments of viral, bacterial or 
parasitic antigens in the context of specialized antigen presenting proteins, the 
major histocompatibility complex (MHC) molecules. Recognition of a non-self 
peptide in complex with the self component, the MHC molecule, ultimately leads to 
destruction of the infected cell or to the production of neutralizing antibodies. 

Cytotoxic T cells constantly monitor the status of a cell via the set of pep tides 
found on the surface of this cell in association with MHC class I molecules 
(TOWNSEND and BODMER 1989; YEWDELL and BENNINK 1992; RAMMENSEE et al. 

I Department of Cellular Biochemistry and Biophysics, Institute for Biochemistry, Philipps-University 
Marburg, Medical School, Karl-von-Frisch-Str. 1,0-35033 Marburg. Germany 
2 EMC microcollections, Sindelfinger Str. 3, 0-72070 Tiibingen, Germany 
31nstitut fUr Organische Chemie, Universitat Tiibingen, Auf der Morgenstelle 18. 0-72076 Tiibingen. 
Germany 



2 S. Uebel et al. 

1993). These peptides are derived from intracellular proteins targeted for degra­
dation and are processed as outlined below (Fig. 1). In the case of a productive 
infection during which microbial proteins are produced, non-self pep tides are found 
on MHC class I molecules in addition to self peptides. Cytotoxic T cells are trained 
in the thymus in a sequence of positive and negative selection events to recognize 
peptide-loaded MHC class I molecules via the T cell receptor and to destroy cells 
showing non-self pep tides. 

Extracellular antigens instead are subject to binding of neutralizing antibodies, 
triggering ingestion by phagocytotic cells, or destruction of antigen-bearing bac­
teria through the complement system. Production of antibodies requires processing 
of the extracellular antigens by specialized antigen-presenting cells, including bone­
marrow derived B cells, and presentation of pep tides in association with MHC class 
II molecules (Fig. I). Non-self peptides are recognized by T helper cells, leading to 
stimulation and clonal expansion of antibody-producing B cells bearing the right 
specificity (SANT and MILLER 1994). 

1.1 Processing and Presentation of Antigens - A Short Overview 

Removal of damaged, misfolded or otherwise unnecessary proteins is a function 
important for the survival of a cell. Proteins marked for degradation by 
ubiquitinylation are proteolytically processed by the proteasome complex (ROCK 
et al. 1994). From this pathway, peptides 8-16 amino acids in length are diverted 
for binding to MHC class I molecules after translocation into the endoplasmic 
reticulum (ER) by the transporter associated with antigen processing (TAP), 
localized in the ER-membrane (HILL and PLOEGH 1995; KOOPMANN et al. 1997). 
Here, assembly of class I and ~z-microglobulin and subsequent peptide loading 
takes place. Fully assembled complexes are routed to the cell surface for T cell 
recognition in the exocytotic pathway. 

MHC class II molecules instead are loaded with pep tides generated in the 
endocytotic pathway. Extracellular antigen is taken up by antigen presenting cells 
(APCs) through receptor-mediated endocytosis, phagocytosis or other endocytotic 
events and is sequentiaIly degraded as it travels from early to late endosomes and 
ultimately to Iysosomes (Fig. 1) (GOSSELIN et al. 1992; VIDARD et al. 1992). Empty 
class II molecules on their exocytotic route cross this degradation pathway and are 
loaded with partially degraded antigen in the MHC class II-containing compart­
ment MIIC, resembling late endosomes or early Iysosomes (PIETERS et al. 1991). 
Upon loading they leave to the cell surface, again for T ceIl recognition, while 
remaining antigen is further degraded to amino acids. 

1.2 MHC Molecules - The Common Principle 

The similarity of MHC class I and II structures reflects the common function, 
namely binding of peptides while allowing access for the T cell receptor. In order to 
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Fig. I. Antigen processing and presentation via MHC class I and II molecules. Endogenous proteins are 
degraded in the ubiquitin-proteasome pathway. The generated peptides can be transported into the 
endoplasmic reticulum by the transporter associated with antigen processing (TAP). where they are 
loaded onto class I molecules in a tightly regulated process involving the chaperones calnexin, calreticulin 
and tapasin. Fully assembled class I-peptide complexes subsequently dissociate from tapasin and traffic to 
the cell surface for recognition by cytotoxic T cells. Exogenous proteins in contrast are degraded as they 
travel down the endocytotic pathway. Loading of pep tides occurs in the MHC class II containing 
compartment MIIC after degradation of the invariant chain and remova l of CLIP by OM. Again , only 
full y assembled complexes exit to the cell surface for recognition by T helper cells. Ct,~, class II Ct and ~ 
chain; ~2111 , ~z-microglobulin; DM. HLA-OM ; ER. endoplasmic reticulum; he. class I heavy chain; 
Ii. invariant chain; PM. plasma membrane; Te. cytotoxic T cell; Th. T helper cell 
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maximize the number of non-self peptides that can be presented, each MHC 
molecule must be able to bind a wide spectrum of different peptides but with high 
affinity, matching the low peptide concentrations in the respective loading com­
partments. The structural organization of the MHC molecules places them in the 
"immunoglobulin fold" superfamily of proteins engaged in cell-cell contacts. The 
peptides are bound in a cleft formed by a ~-sheet platform and two at-helices. In the 
case of class I molecules, the atl and at2 subunits of the heavy chain form this 
peptide binding groove, with closed ends suited for pep tides ideally 8-11 amino 
acids in length (BJORKMAN et al. 1987). The cleft formed by the at2 and ~2 domains 
of the class II chains, in contrast, has open ends, allowing for longer pep tides to 
stick out at both ends (BROWN et al. 1993). The principles underlying stable peptide 
binding to class I molecules (see below) lead to significant restrictions on the 
peptide repertoire that each class I molecule can bind. Thus, for presentation of a 
maximum number of different antigens, MHC molecules have to be highly poly­
morphic. Each human carries up to six of several hundred alleles of class I and 
class II molecules. This polymorphism plays a key role in allograft rejection 
reactions and has ultimately led to the identification of class I and II molecules as 
factors involved in histocompatibility. Also, allele-specific susceptibility for certain 
autoimmune diseases highlights the importance of understanding MHC-peptide 
interaction. 

1.3 Assembly Pathways Are Different Between MHC Class I 
and II Molecules 

In order to ensure proper folding, loading, and intracellular trafficking of MHC 
molecules, a variety of chaperones are involved (Fig. 1). Calnexin binds to the 
newly synthesized class I heavy chain in the ER (DEGEN and WILLIAMS 1991; 
SUGITA and BRENNER 1994) and is replaced by calreticulin after association with 
~rmicroglobulin (~2m) (SADASIVAN et al. 1996). Tapasin bridges empty heavy 
chain/~2m complexes and TAP, possibly facilitating peptide loading (SADASIVAN 
et al. 1996; ORTMANN et al. 1997). Trimeric class 1-~2m-peptide complexes are then 
released from tapasin for further trafficking to the cell surface. The class II-loading 
pathway instead has to exclude premature association with ER-resident peptides, 
thus with peptides of intracellular origin. Therefore, class II molecules remain 
associated with the invariant chain Ii glycoprotein after synthesis in the ER until 
the class II-Ii complexes accumulate in endosomal compartments, with the CLIP 
region occupying the peptide binding groove of the class II molecules (CRESSWELL 
1992). Upon entering endosomal compartments, Ii is sequentially degraded by 
proteases until only the CLIP fragment remains associated with class II. Another 
protein, the heterodimeric HLA-DM, then triggers removal of CLIP in the MHC 
class II containing compartment MIIC (SHERMAN et al. 1995). Class II molecules 
loaded with high affinity peptides then undergo a conformational change that leads 
to sorting to the cell surface. 
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1.4 T Cell Recognition 

The heterodimeric T cell receptor (TCR) represents another member of the 
immunoglobulin superfamily. By genetic recombination, a total of more than 107 

different receptor molecules is generated, each expressed on a different cell. T cells 
undergo a series of selection events, in which cells with receptors reacting with self 
antigens and receptors not recognizing MHC structures are eliminated (KAPPLER 
et al. 1987). Mature T cells are mostly either CD4 + or CD8 + , e.g. they carry the 
accessory molecules CD4, for class II recognition, or CD8, for the class I contact. 
Target cells, carrying non-self peptides in the MHC class I context, are triggered 
to undergo apoptosis following the release of lymphokines (regulatory proteins) 
and pore-forming enzymes by the CD8 + T cells, also called cytotoxic T cells 
(SCHWARTZ 1985). Instead, CD4 + or helper T cells recognizing non-self structures 
bound to class II molecules modulate the action of different immune effector cells, 
for example, antibody producing B cells, again by the release of lymphokines 
(SINGER and HODES 1983). 

2 Combinatorial Libraries Applied in Studies 
with MHC Class I Molecules 

Naturally occurring organic compound libraries are found within many structural 
classes of products from microorganism or plants (JUNG 1996). Natural peptide 
libraries in particular are involved in some of the most fundamental events in 
mammalian immune response and interact with receptors which are highly 
degenerate with respect to their peptide interactions. Natural peptide libraries have 
been characterized by pool sequencing (STEVANOVIC and JUNG 1993), and allele­
specific sequence motifs for MHC class I and MHC class II molecules have been 
elucidated (FALK et al. 1991). 

Complex mixtures of synthetic peptides were introduced in 1986 to identify 
artificial antigens. At selected coupling cycles during synthesis, more than one 
amino acid was incorporated, yielding a mixture on a solid support. Characteristic 
for different mixtures is the number and the position(s) of defined sequence posi­
tions at which only one amino acid was coupled (GEYSEN et al. 1986). Combina­
torial synthetic peptide libraries have been introduced to search for an antigen 
within soluble hexapeptide libraries (HOUGHTEN et al. 1991; PINILLA et al. 1992) or 
to identify streptavidin binding peptides by screening pentapeptides immobilized on 
single resin beads (LAM et al. 1991). This initial studies have been extended to 
numerous applications in basic research and to identification of peptide lead 
structures for drug development (GALLOP et al. 1994). Several different strategies 
and formats have been described in combinatorial solid phase peptide synthesis. 
For example, soluble all D-amino acid peptide libraries have been used to define 
new ligands of opioid receptors with enhanced enzymatic stability in an iterative 
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procedure characterized by decreased complexity in each successive step of 
screening and synthesis (DOOLEY et al. 1994). 

Library formats were designed to ascertain multiple reuse of one type oflibrary 
homogenous in length and end groups, and inhomogeneous in sequences and in the 
number and positions of defined residues. Other formats allow encoding of the 
synthesis history by oligonucleotides or chemical tags (GALLOP et al. 1994). A 
commonly used procedure for the solid phase synthesis of, for example, tetrapep­
tide libraries is the split resin approach, which is, however, limited by the number of 
resin beads applicable in the synthesis (FURKA et al. 1991). To synthesize highly 
diverse libraries carrying more than six degenerate sequence positions, several 
methods, using premixed mixtures of amino acids for the introduction of X-posi­
tions in the sequence, have been described (WIESMULLER et al. 1996). It is obvious 
that the composition of the amino acid mixtures and the chemistry applied for 
coupling as well as the nature of the solid support influence the distribution 
of individual sequences. This synthetic peptide libraries have been analyzed by 
electro spray mass spectrometry (METZGER et al. 1994) and pool sequencing 
(STEVANOVIC and JUNG 1993). Limitations of the application of peptide libraries are 
given by the stoichiometry. For example, combinatorial collections of 1915 peptides 
are only partially accessible for biological assays (WIESMULLER et al. 1996). 

2.1 Binding Motif of MHC Class I Molecules 

The rules for peptide selection by MHC class I molecules were determined: (1) by 
the characterization of peptide mixtures extracted from MHC complexes (F ALK 
et al. 1991), (2) from the effects of collections of different peptides on binding to 
MHC molecules and from the response of cytotoxic T cells on peptides presented 
by MHC molecules (CHEN et al. 1993), and (3) from crystal structure analyses of 
defined MHC-peptide and MHC-peptide-T cell receptor complexes (MADDEN et al. 
1992; FREMONT et al. 1992; GARBOCZI et al. 1996; GARCIA et al. 1996). MHC class I 
ligands are frequently octa- or nonapeptides and obey allele-specific sequence 
motifs carrying prominent anchor residues (RAMMENSEE et al. 1996). The peptide 
binding groove offers specific pockets for these anchor residues (MADDEN et al. 
1992; FREMONT et al. 1992). 

In addition, complex synthetic peptide libraries have been used to further 
analyze the MHC-peptide interaction, especially to define the contributions of 
primary, secondary, and non-anchor residues in MHC-peptide binding and to in­
vestigate the response of cytotoxic T cells (Fig. 2). Some 152 octapeptide libraries 
O/X7• each representing a collection of about 900 x 106 individual peptides, were 
investigated in initial studies with the mouse MHC class I molecules, H-2Kb and 
H-2Ld. Thereby the contribution of individual amino acids in the sequence position 
o to the binding of peptides to MHC molecules was defined by a standard stabi­
lization assay for in vitro detection of peptide-loaded MHC molecules. The results 
were not influenced by restrictions presented by intracellularly preselected, natu­
rally processed peptides. Amino acids in positions 0 of the library O/X7 were found 
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Fig. 2. a Example of the interaction of an octapeptide library with murine MHC class I molecules. The 
library is characterized by one prominent position (black triallgle) for favorable interactions or unfa­
vorable efTects in contacts to MHC molecules or with the T cell receptor. b Ranking of amino acids 
according to the stabilization of mouse MHC H-2K b molecules by O/X7 libraries (UOAKA et al. 1995a). 
Amino acids 0 are classified by their influence on stabilization ( + ) or destabilization (-) 

to contribute positively, negatively or neutrally to binding to the MHC molecule 
and the recognition of the resulting complexes by CTL (UDAKA et al. 1995a,b; 
PRIDZUN et al. \996) . Using synthetic peptide libraries the determinative roles of 
motif amino acids, which are vital for peptide binding and for the stability of the 
entire complex, were confirmed. 

Prominent primary anchor residues in anchor positions determined by pool 
sequencing (allele H-2Kb, positions 5 and 8; allele H-2Ld, positions 2 and 8) were 
ascertained by screening octapeptide libraries. Less important for stabilization are 
secondary anchor residues which were identified, e.g., for the H-2Kb peptide 
complex in positions \ , 2, and 3 whereas amino acids in positions 4, 6 and 7 point 
out of the MHC binding groove and are accessible for interactions with the TCR. 
These positions are also characterized by a low number of residues unfavorable for 
stabilization of H-2Kb (Fig. 2b). The contribution of individual amino acids on 
stabilization of MHC molecules that is induced by a ligand is not additive as 
influenced by flanking residues. Peptide libraries with two or more defined positions 
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are in many cases highly sensitive to the structure and position of the second or 
further defined position. Peptides which lack one or both primary anchor positions 
also had significant effects on the stabilization mediated by secondary anchors 
(UDAKA et al. 1995b). Unfavorable effects on binding can be induced by amino 
acids in non-anchor positions. Conformational analysis of several individual pep­
tides bound to MHC class I molecules showed that the position of the peptide 
backbone in the binding groove as well as the orientation of side chains in other 
sequence positions is influenced by individual amino acid side chains (MADDEN 
et al. 1992; FREMONT et al. 1992). These interactions strongly determine the 
accessibility of the peptide on the MHC I surface and thus the response of the 
effector cells. Anchor residues promote efficient binding to MHC I but notably 
suppress the CTL response to the complex peptide libraries (UDAKA et al. 1995b). 

Nonapeptide libraries were also used to determine the peptide binding motifs 
for three rat MHC class I molecules. Proper folding in the presence of the X9 
library, isolation of pep tides from the MHC-peptide complex, and pool sequencing 
revealed a motif almost identical to the one obtained by classical procedures with 
acid-eluted peptides (STEVENS et al. 1998). The motif obtained with the X9 library is 
not strongly affected by cellular processing and transport and is thus similar to the 
stabilization experiments in the presence of O/Xs libraries, a measure of the con­
formational space offered by the binding groove of the respective MHC molecule. 
The minor differences in the "synthetic" and "natural" motifs suggest that the 
proteolytic cleavage and TAP transporter specificities predetermine restrictions on 
the availability of peptides, which in turn is influenced by characteristic residue­
sequence position combinations. 

2.2 MHC Class I-Restricted T Cell Recognition 

The degeneracy of peptide recognition by one TCR implies that many individual 
synthetic peptides can be used for priming of CTL with directed specificity. The 
induction of T cell-mediated immunity against tumor or viral antigens does not 
require identification of the natural epitopes; any peptide presented by MHC class I 
and recognized in the correct orientation by the TCR should be sufficient. Synthetic 
epitopes have been identified with the peptide library approach to determine the 
molecular basis for the observed cross-recognition of two ligands by a single re­
ceptor (UDAKA et al. 1996). A prerequisite for the T cell-mediated immune response 
is the formation of the MHC-peptide complex and subsequent recognition by the 
T cell repertoire, which can be analyzed in cell lysis assays with 5JCr-loaded target 
cells. Chromium release is a measure for peptide-induced cell lysis by CTL and 
indicates the potency of the peptide preparation to serve as an epitope for the allele 
used in the assay. 

The responses of a H-2Kb-restricted CTL clone specific for the octapeptide 
epitope SIINFEKL and the eight O/X7 peptide libraries SXXXXXXX, 
XIXXXXXX, XXIXXXXX, XXXNXXXX, XXXXFXXX, XXXXXEXX, 
XXXXXXKX, XXXXXXXL that define the epitope are a measure of the contri-
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bution of the amino acids in the O-position (indicated in bold type) to peptide 
recognition by the CTL clone 4G3. Improvement in CTL response was observed 
with 0 in position 1, 2, 4, 6, and 7 of O/X? peptide libraries. Amino acids in MHC 
anchor positions 5 and 8 were extremely unfavorable for a CTL response (UDAKA 
et al. 1996b). This observation is probably due to the competition induced by 
peptides that bind to the MHC molecule and do not present residues which evoke 
CTL responses. The unfavorable effects of anchor amino acids in position 0 ofO/X? 
peptide libraries on CTL responses cannot be generalized. The screening of 152 0/ 
X? peptide libraries on cytolysis of target cells by several CTL clones showed clone­
specific activity patterns which allow the deduction of synthetic T cell epitopes 
effective in the concentration range also typical for naturally occurring epitopes 
(GUNDLAcH et al. 1996a/b). The degree of degeneracy is characteristic for a certain 
CTL clone and is also represented in the activity pattern of the peptide library. 

Peptide analogues can serve as synthetic epitopes which are functional mimics of 
the native sequence. Combinatorial peptide libraries with restricted numbers of 
building blocks in X-positions were screened using an iterative strategy based on 
their ability to sensitize RMA/S cells for lysis by CTL specific for recognition of 
unidentified tumor antigens. The approach succeeded in the construction of func­
tional epitope mimics, provided that the presenting MHC molecule and the peptide­
binding motif were characterized (BLAKE et al. 1996). One peptide was identified that 
induces a CTL response in vivo and thus represents the functional mimicries of a 
CTL epitope. The application of peptide libraries for the identification of synthetic 
epitopes for the potential application in tumor vaccines was practically confirmed by 
adoptive transfer of a CTL line from mice immunized with the epitope. The trans­
ferred CTL inhibited the growth of an ascitic tumor (BLAKE et al. 1996). 

Combinatorial peptide libraries, either completely random or characterized by 
one or several defined positions, are useful tools for the identification of the critical 
features of MHC class I binding peptides and of natural and synthetic epitopes. 
The complete activity pattern of an O/X? library with 152 individual samples 
represents the influence of amino acid residues critical for mediating contact to the 
MHC class I molecules and of residues crucial for the recognition of peptides by the 
TCR. Combinatorial libraries support the design of pep tides applicable in a tumor 
model vaccine and are also one the most promising tools in the design of thera­
peutic vaccines to treat incorrectly oriented immune responses. 

3 Peptide Selection by the Transporter Associated 
with Antigen Processing 

The crucial role of TAP in MHC class I antigen presentation became evident from 
studies with mutant cell lines defective in class I surface expression. This led to the 
identification of MHC-encoded genes for members of the ATP-binding cassette 
(ABC) superfamily of proteins (DEVERSON et al. 1990; SPIES et al. 1990; TROWSDALE 
et al. 1990). These proteins are involved in the transport of a variety of substrates 
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across membranes and include the multidrug resistance P-glycoprotein (MDR), the 
cystic fibrosis transmembrane conductance regulator (CFTR), and the adreno­
leukodystrophy protein (ALDP) (HIGGINS 1992). ABC transport proteins are 
typically composed of four domains: two transmembrane domains made up of six 
to ten membrane-spanning regions, as judged by hydropathy profiles, and two 
domains involved in nucleotide binding and hydrolysis. containing the Walker A 
and B motifs. TAP is a heterodimeric complex formed by TAPI and TAP2, con­
taining one nucleotide binding and one transmembrane domain each. It could be 
demonstrated by ATP-cross-linking that the hydrophilic domains of either TAPI 
or TAP2 alone can indeed bind ATP (MULLER et al. 1994; WANG et al. 1994). TAP 
could be localized to the ER membrane (KLEIJMEER et al. 1992) and the stoichio­
metry of the purified complex was shown to be 1: 1 (MEYER et al. 1994). 

The function of TAP as a peptide translocator could be proven by restoration 
of class I surface expression in the mutant cell lines through transfection with the 
tap genes (POWIS et al. 1991; SPIES and DEMARS 1991; ATTAYA et al. 1992) and, 
more directly, by ATP-dependent peptide translocation into the ER lumen using 
semi-permeabilized cells (ANDROLEWICZ et al. 1993; NEEFJES et al. 1993) or isolated 
microsomes (SHEPHERD et al. 1993; MEYER et al. 1994). These experiments rely on 
trapping of translocated peptides in the ER by binding to class I molecules or on 
N-glycosylation of pep tides carrying a consensus recognition sequence (NXSjT) 
through enzymes on the lumenal side of the ER membrane. From its central role in 
the antigen processing pathway, supplying peptides to many different class I mol­
ecules, the question arose whether TAP puts a restriction on the pool of peptides 
available for presentation to cytotoxic T cells, possibly acting as a bottleneck in the 
process. The important role of TAP is also highlighted by recent findings on how 
viruses avoid immune recognition by inhibiting steps in antigen presentation, in 
particular TAP (PLOEGH 1998). 

3.1 Peptide Libraries in the Study of TAP 

The first evidence for peptide selection by TAP came from a functional polymor­
phism in rat (POWIS et al. 1992). While expression of the cima-allele of TAP2 (for 
class I modifier) leads to normal loading of the class I molecule RTIAa, prefer­
entially with peptides with positively charged COOH-terminals, loading is less 
efficient in the presence of the cinl'-allele. Also, a different spectrum of peptides can 
be eluted from RTIA a-molecules, with aliphatic or aromatic residues at the 
COOH-terminal. The assumption that the differences in the TAP2 alleles result in 
differential transport of peptides, depending on their COOH-terminal amino acid, 
could subsequently be confirmed by in vitro transport assays (HEEMELS et al. 1993; 
MOMBURG et al. 1994; SCHUMACHER et al. 1994). A study further examining this 
polymorphism is also the first report of the use of a partially randomized peptide 
library for TAP (HEEMELS et al. 1993). ER-trapped peptides from a partly de­
generate library with a site for radioiodination, N-glycosylation recognition se­
quence and a fixed COOH-terminal amino acid (lie, total of 384 peptides) were 
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compared electrophoretically with those from a library with degenerate COOH­
terminals (2304 peptides). The results are in line with a more systematic report 
using poly-alanine sequences, again containing radioiodination and glycosylation 
sites as well as one partially randomized position (mixture of seven peptides each) 
(HEEMELS and PLOEGH 1994) and the experiments using variants of high-affinity 
peptides (MOMBURG et al. 1994; NEEFJES et al. 1995). Thus, while cim" is relatively 
promiscuous towards the peptide COOH-terminal but is restricted to pep tides 8-10 
amino acids in length, cima selects for hydrophobic COOH-terminals but also 
tolerates longer peptides (8-13 amino acids). A study trying to extend the use of the 
partially randomized library (n = 2304) to the polymorphism in mouse failed to 
detect any marked difference between the alleles tested (SCHUMACHER et al. 1994). 
This is in agreement with the absence of functional polymorphism for mouse and 
human TAP, as shown using high-affinity peptides or poly-alanine scans (OBST et al. 
1995; DANIEL et al. 1997). 

The need for radio iodination and glycosylation recognition sequences when 
using peptide libraries in conjunction with TAP-transport assays highlights the 
problems associated with these assays. Readout is mostly via the amount of 
glycosylated peptide accumulated in the ER, the result of a multi-step process 
composed of transport glycosylation and ATP-driven export of peptides and possibly 
degradation, each process with its characteristic kinetic. The apparent transport rate 
could thus be influenced by processes other than transport alone, which can be seen 
from differences in transport rate and efficiency to compete for transport of a reporter 
peptide (NEEFJES et al. 1995). The use of totally randomized peptide libraries there­
fore necessitates the development of a bimolecular assay measuring peptide affinity 
for TAP directly. This was achieved by exploiting the fact that TAP is arrested below 
room temperature in a conformation with the peptide binding region accessible, 
allowing for the determination of equilibrium binding affinity constants KD (VAN 
ENDERT et al. 1994). When used in conjunction with competition for binding of a 
reporter peptide with known affinity, this gives averaged affinity constants for peptide 
libraries directly. Totally randomized soluble peptide libraries were used to establish 
the length selectivity of human TAP (VAN ENDERTet al. 1994). Efficient competition 
for binding was found for peptides 8-16 amino acids in length, with 9-12 amino acids 
ideally suited and irrelevant of the reporter peptide used. This is consistent with 
peptides ideally 9-13 amino acids in length in an approach using glycosylation and 
radioiodination sequences placed at the NHr and COOH-terminal, thus avoiding 
interference from degradation products (KOOPMANN et al. 1996). The latter approach 
was used with defined sequences as well as with partially randomized libraries (ran­
domized at position 3 to C-5). For rat TAP, a similar picture was found as before, but 
with some transport also of pep tides 18-20 amino acids in length for cima. 

3.2 Recognition Principle of TAP 

From the studies with permutations of high-affinity peptides used in direct trans­
port assays, rat cimu and mouse TAP had been grouped together as specific for 
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hydrophobic COOH-terminals but otherwise rather promiscuous, while cimG and 
human TAP had been considered as being largely unspecific towards side chain 
replacements (NEEFJES et al. 1995). Therefore, it seemed surprising that the average 
affinity of human TAP for a totally randomized nonamer library was found to be 17-
fold lower than for the reporter peptide used (UEBEL et al. 1997). Although this value 
is tenfold lower than for peptide-MHC class I interactions, it indicates marked 
selectivity for human TAP. This is also illustrated by the effects of single amino acid 
substitutions that resulted in only two- to threefold differences in transport rates 
with the high affinity peptides, but in up to 80-fold differences as revealed by the 
library concept. One possible explanation is that the high concentrations used over 
long periods of time in the transport studies resulted in saturation of the 
glycosylation machinery and thus in underestimation of differences of affinities. 
Furthermore, only variations of class I motifs had been used in these studies; thus, 
small effects in a high affinity context might have been overlooked. 

Subsequent mapping of the fine specificity of human TAP, using nonapeptide 
sublibraries, has led to an understanding of the principles of substrate binding by 
TAP (Fig. 3), even in the absence of a high resolution crystal structure (UEBEL et al. 
1997). The most pronounced effects for side chain substitutions were found for the 
COOH-terminal. Here, aromatic, aliphatic, and positively charged residues were 
preferred, with negatively charged amino acids being strongly destabilizing. In 
addition, a NHrterminal region (positions 1-3) was found to be equally important. 
Although each of the three positions alone is not as relevant as the COOH­
terminal, the combined effect exceeds that of the COOH -terminal. There is no clear 
prevailing pattern for side chains at these positions, but negatively charged residues 
were generally disfavored, while positively charged amino acids, in particular Arg, 
as well as most of the hydrophobic residues were preferred. Substitutions at 
sequence positions 4-8 however had only minor effects. As opposed to MHC class I 
molecules, TAP does not prefer only one anchor residue per position, but rather 
one or more classes of residues. The emerging binding motif for TAP can also be 
used for prediction of peptide affinities, as illustrated by the two extremes tested 
(NRYMPRIRY, Ko= 137nM; EPGNTWDED, Ko > ImM). 

Interestingly, Pro at position 2 had the strongest destabilizing effect of all 
substitutions. A similar effect for Pro had been observed before in the transport 
assays for mouse, human, and rat TAP at positions 2 or 3 (HEEMELS and PLOEGH 
1994; NEISIG et al. 1995; VAN ENDERT et al. 1995). This, together with the need for 
free peptide NHr and COOH-terminals (SCHUMACHER et al. 1994), led to the 
speculation that the peptide backbone might play an important role in binding to 
TAP. This would explain how high affinity, comparable to that of class I molecules 
albeit with broader selectivity, is achieved by TAP. Another indication for the 
involvement of the peptide backbone is the undetectably low affinity of retro­
inverse peptides, i.e., all-D-amino acid variants of a peptide but with reverted 
sequence. These peptides can adopt the same relative side chain conformations but 
differ in the arrangement of main chain atoms. Experiments with nonamer peptides 
and peptide libraries containing the one D-amino acid position have allowed 
mapping of the backbone binding to the three NHrterminal positions and the 
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Fig. 3. a Model of the transporter associated with an tigen processing (TAP) complex. b Peptide residues 
preferred ( + ) and disfavored (- ) by human TAP are given at the individual positions of a nonamer 
peptide library OjXs. The relevance of preferred side chains, given as the variance of the stabilizing 
factors and the relevance of the peptide backbone derived from D-amino acid libraries, are indicated 
(U EBEL et al. 1997). The peptide recognition principle of human TAP involves the three NH2'terminal as 
well as the very COOH-terminal residue of the peptide 
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COOH-terminal residue (UEBEL et al. 1997). In order to extend the findings on the 
substrate binding mechanism of TAP to longer peptides, undecapeptide libraries 
and 15-mer peptides with one D-position have also been tested. Again, the back­
bone effect maps to the NHrtenninal region and the very COOH-terminal. Thus, 
TAP holds on to peptides via interaction with backbone and side chains at the ends, 
explaining the observed length selectivity. While pep tides shorter than eight amino 
acids are too short to span the interaction sites, longer pep tides can bulge out until 
an upper limit, possibly due to steric hindrance, is reached. This is consistent with 
findings that TAP can accommodate pep tides with bulky, nonnatural side chains or 
branched peptides (UEBEL et al. 1995; GROMME et al. 1997). 

The COOH-terminal peptide residues preferred by TAP match those supplied 
by the tryptic and chymotryptic activities of the proteasome (GACZYNSKA et al. 1993; 
EHRING et al. 1996) as well as with anchors used by most human class I molecules. 
Aliphatic, aromatic and basic residues are preferred by both class I and TAP; for 
example, the COOH-terminal anchors for the most frequent human class I allele 
HLA-A2, Val/Leu, are among the residues strongly preferred by TAP. For the class 
I anchors found at positions 2 and 3, a match is less pronounced. The strongly 
disfavored Pro at position 2 is even found as an anchor for several HLA-B alleles. 
This could imply that trimming of pep tides has to occur for loading onto these HLA 
alleles as well as onto HLA-A*0101, with the disfavored Asp/Glu as anchor at 
position 3, explaining why TAP can transport longer peptides than needed for direct 
class I loading. Recently, it was shown that the contact of a class I-bound peptide 
with the TCR is mainly with residues 5-8, a region where TAP exerts minimal 
selection (GARBOCZI et al. 1996; GARCIA et al. 1996). It can thus be speculated that 
TAP has coevolved with other components of the class I pathway, displaying a 
mechanism for high affinity binding of peptides in order to supply pep tides optimal 
or binding to different class I alleles without compromising T cell response. 

4 Binding Motif of MHC Class II Molecules 

Molecular interactions which determine peptide binding to MHC class II molecules 
are of great importance for the design of synthetic vaccines and for an improved 
understanding of immunologically mediated diseases. Compared to MHC class I 
proteins MHC class II molecules bind longer pep tides (10-25 amino acids) with no 
apparent restriction in peptide length. Also, they show allele-specific motifs, which 
were not completely characterized by pool sequencing due to the difficulty in 
aligning peptide sequences of variable length (RUDENSKY et al. 1992; CHICZ et al. 
1993). The fine specificity of peptide binding to MHC class II molecules has been 
analyzed with substituted peptides (MALCHEREK et a!. 1994), by isolation and 
sequencing of individual class II-associated peptides (CHICZ et a!. 1993), or by pool 
sequencing of natural ligands revealing allele-specific motifs (F ALK et al. 1994). 
Quite different to these more classical methods is the search for MHC ligands using 
M 13 phage display libraries (HAMMER et al. 1992, 1994). 



Peptide Libraries in Cellular Immune Recognition 15 

Crystal structure analysis of the human MHC class II molecule HLA-DRI 
complexed with a tridecapeptide from influenza virus shows several interaction sites 
or pockets within the peptide binding site of HLA-DRI, five of which accommo­
date hydrophobic side chains of the bound influenza virus peptide (STERN et al. 
1994). Many of the residues forming these pockets are highly polymorphic. This 
polymorphism is thought to be responsible for the different peptide specificities of 
different class II proteins. There are 11 core residues of the influenza virus peptide 
interacting with the MHC molecule. 

Completely randomized synthetic peptide libraries from seven to 16 amino 
acids (X,XI6) were synthesized and applied to elucidate an ideal peptide length 
applicable in competition studies. A minimal length of 11 amino acids was deter­
mined (FLECKENSTEIN et al. 1996). Competition experiments with 220 undecapep­
tide amide libraries O/XIO in total representing a combinatorial library of 
2.05 x 1014 undecapeptide amides can be considered as an attempt to define the 
conformational space offered by the MHC class II molecule. The analytical data 
from pool sequencing, mass spectrometry and amino acid analysis confirmed the 
close to equimolar distribution of pep tides in this unique undecapeptide amide 
library. Tolerance to amino acid variations in the II sequence positions was de­
termined by calculating the average of the absolute values of the In(relC) for all 20 
O/X IO sublibraries of one sequence position. For sequence positions that allow 
close contact of the amino acids to the DRI molecule, low tolerance with respect to 
biological activity to amino acid variations was expected. In contrast, amino acids 
variations should be better tolerated in positions projecting away from the binding 
cleft. The X-ray structure of the peptide in complex with DRI shows the orienta­
tion of the central II residues of an influenza virus peptide. This orientation was 
confirmed by the results of the studies with undecapeptide libraries: sequence po­
sitions 2, 5, 7, 8, 10 and 11 show low tolerance to modifications of amino acids 
(Fig. 4). Positions 1, 3 and 9 are most tolerant whereas positions 4 and 6 show 
intermediate tolerance to exchanges of amino acids. Defined competitor undeca­
peptide amides were created from the activity pattern of the undecapeptide amide 
library (pattern for position 2 shown in the insert in Fig. 4). The most favorable 
amino acids for biological activity are located in those positions, which were most 
sensitive to amino acid exchanges (FLECKENSTEIN et al. 1996). In a second sys­
tematic study MHC class II binding peptides were also identified by random 
selection of amino acids from the activity pattern of the peptide library (lUNG et al. 
1998). These defined pep tides resulted in high competition (> 90%) of a reporter 
peptide labeled with a fluorescence dye. 

The peptide library approach proved to be successful when applied in com­
petition studies with undecapeptide amide libraries and reporter pep tides bound to 
MHC class II molecules. By means of competition assays using these peptide 
libraries the influence of every individual amino acid in all sequence positions on 
MHC class II binding can be easily detected and quantified. The approach will be 
useful for testing all MHC class II alleles and thus characterizing their binding 
pockets as well as binding pockets of other receptors with degenerate ligand 
interaction. 
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Undecapeptide amide libraries in competition experiments with MHC class II molecules 

Fig. 4. Format of synthetic combinatorial undecapeptide amide libraries applied in competition studies 
with MHC class II molecules and for T helper cell proliferation studies. The library is characterized by 
sublibraries with one defined position 0 and ten randomized positions X. The level of columns indicate 
the tolerance to amino acid variations in the II sequence positions 0 1_ 11 and represent the average of the 
absolute values of In(relative competition) for the 20 sub libraries specific for one sequence position and 
differing in the amino acid in position O. The differences of relative competition values for the 20 amino 
acids 0 in sequence position 2 are indicated (bars within rectangle). The one letter code indicates L-amino 
acids in position 0 of the XOX9 libraries. B (a-aminobutyric acid) was used instead of L-Cys 

4.1 MHC Class II-Restricted T Cell Recognition 

Based upon length determination using completely random X6 to XIS libraries, 
undecapeptide amide libraries were capable of inducing an almost maximal re­
sponse on T helper cell proliferation, which was shown for the Xl3 library (HEM­
MER et al. 1997). The highly diverse undecapeptide amide library previously used in 
competition studies for the identification of ligands for MHC class II molecules was 
thus investigated for induction of proliferation of autoreactive CD4 + T cells. Cell 
proliferation of clone TL 5G7, which is specific for a peptide from myelin basic 
protein and DRB1*150l-restricted, was measured by a standard [3Hl thymidine­
incorporation assay in the presence of peptide libraries (HEMMER et al. 1997). The 
results were ranked in an activity pattern (favorable amino acids listed in Table I) 
of the peptide library, and individual synthetic epitopes were deduced, synthesized, 
and tested for proliferating activity on clone TL 5G7. All peptides induced pro­
liferation at much lower concentration «Ing/ml) than observed for the natural 
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Table 1. Peptide libraries in MHC class II-restricted T cell response 

Position 2 3 4 5 6 7 8 9 10 II 

D I I F F F K V V V V 
K L L W M Y N N I K 
E V V M Y K Y I 
G M M V Q 
P F F L 

W I 
Q 

Amino acids ° in their sequence posltlon of undecapeptide amide libraries O/X IO favorable for 
proliferation of the autoreactive DRBI *1501-restricted T cell clone TL 5G7 (HEMMER et al. 1997). 

epitope (lOO/lg/ml). A protein database search for potential human or microbial 
antigens revealed peptides widely corresponding to the motif from the activity 
pattern of the library (HEMMER et al. 1997). 

Homology searches provide a useful method for the identification of putative 
autoantigens and detecting molecular mimicry. In an independent study pep tides 
derived from the acetylcholine receptor were found to fulfill ranking rules from the 
activity pattern (JUNG et al. 1998). Investigation of DRBI *030 I-restricted T cells 
derived from myasthenia graves patients with this putative autoantigen will prove a 
broader applicability of the approach, successful for selected clones for myelin basic 
protein but without any specificity in many other T cell clones investigated. 

The reiterated activity of a defined amino acid residue 0 in neighboring positions 
of peptide libraries is typical for investigations with MHC class II molecules and in 
the proliferative response of T cell clones. We explain this observation by a trans­
lational invariance of the defined anchoring or pointing-away position. This occurs 
by protrusion of the terminals from the binding groove of MH C class II proteins. The 
ranking of amino acids in an activity pattern obtained by screening sublibraries, 
followed by directed or random selection of favorable amino acids for the design of 
new ligands, provides a comprehensive approach for the evaluation ofMHC-peptide 
and MHC-peptide-TCR interactions. The ranking permits a prediction of pep tides 
favorable and non-favorable for MHC binding and supporting T cell proliferation. 
The peptide library approach presented here offers a promising strategy to identify 
specific T cell activating peptides and is a promising tool to be employed in the search 
for immunoactive peptides and in the design of immunomodulating peptides. 
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Pep tides synthesized on continuous cellulose membranes by the spot synthesis 
technique (FRANK et al. 1992) have been increasingly used to study molecular 
recognition events. The application of these positionally addressable peptide 
libraries include investigating protein/protein (literature cited throughout the text), 
protein/DNA (KRAMER et al. 1993; REUTER et al. 1998) and protein/metal inter­
actions (MALIN et al. 1995). In addition, substrate specificities of kinases (TOOMIK 
et al. 1996; TEGGE et al. 1998; MUKHIJA et al. 1998), proteases (DUAN and LAURSEN 
1994; KRAMER et al. 1998; REINEKE et al. 1999) and chaperones (ROOIGER et al. 
1997) have been determined. In this chapter we review protein sequence- and 
library-based approaches to map linear and discontinuous antibody/antigen and 
receptor/ligand contact sites using the spot synthesis technique. 
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2 Spot Synthesis 

Spot synthesis is an easy and flexible technique for simultaneous, parallel 
chemical synthesis on membrane supports (for detailed experimental description 
see FRANK 1992; KRAMER et al. 1994; FRANK and OVERWIN 1996; KRAMER and 
SCHNEIDER-MERGENER 1998). The most frequent application is the synthesis of 
peptides on cellulose membranes (Fig. 1) which initially involves derivatizing the 
hydroxyl functions of a commercially available filter paper (e.g., Whatman, 
Maidstone, UK) with 9-fluorenylmethoxycarbonyl-p-alanine (Fmoc-p-Ala) and 
the subsequent removal of the Fmoc-group. Synthesis areas (spots) are defined by 
spotting a Fmoc-p-alanine-pentafluorophenyl ester solution to distinct sites on the 
membrane. This is done either by a pipetting robot (Abimed GmbH, Langenfeld, 
Germany) or manually. Blocking (acetylating) the remaining amino functions 
between the spots provides up to 8000 discrete reaction sites on a 20 x 30cm 
membrane for further standard, solid-phase peptide synthesis using amino acid 
pentafluorophenyl esters. For the synthesis of randomized positions in combi­
natorial libraries equimolar mixtures of amino acids are applied (KRAMER et al. 
1994; KRAMER and SCHNEIDER-MERGENER 1998). Routinely, peptides up to a 
length of 20 residues, but also longer peptides (MOLINA et al. 1996), can be 
synthesized with sufficient fidelity. The peptides can then be used for binding and 
enzymatic assays directly on the cellulose membranes or cleaved from the solid 
support by the use of ammonia or via special linker molecules between the 
membrane and the peptide (HOFFMANN and FRANK 1994; VOLKMER-ENGERT et al. 
1997). 

C= Q 
I 

.. ~~..-..."~..,.,.,,. .,. .... ~~..,..,..,.~...,. 
-...-..,~~..,.. .... ~ 

......... -'* .... ~~.." ......... .-..~~~~ 
.-.~.-. .... -.,.. 

Fig. 1. Spot synthesis. The peptides are 
COOH-terminally covalently linked to the 
hydroxyl functions on predefined areas 
(spots) of the cellulose membrane. The 
arrangement of peptides on the membrane 
is created by the program SpotLab (Wu 
and Schneider-Mergener, unpublished) . 
The synthesis is performed semi-automat­
ically (Abimed GmbH, Langenfeld, Ger­
many). For sufficient flexibility during 
synthesis and for binding studies, a two ~­
alanine residue spacer is inserted between 
the cellulose and the peptide 
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3 Overlapping Peptide Scans for the Mapping 
of Linear Epitopes 

The site on a protein surface that is recognized by its binding partner can be a linear 
stretch of amino acids or a more complex discontinuous (non-linear) epitope 
composed of at least two segments close in space but separated on the primary 
sequence (Fig. 2). In linear epitopes the residues which are in contact with the 
binding partner comprise up to 15, but usually 8-12, amino acids. Peptides covering 
such epitopes are able to compete with the protein-protein interaction and usually 
have affinities in the same range as the native protein. 

The mapping of linear epitopes using overlapping peptides derived from the 
protein sequence is nowadays an easy and straight forward approach (GEYSEN 
et al. 1984; HOUGHTEN 1985; FRANK 1992). The entire sequence is scanned with 
short overlapping pep tides which are subsequently probed for binding to the 
respective protein. The sequence common to the interacting peptides is the 
linear epitope (Fig. 2) . In this case the length of the scanning peptides should 
be at least 12 amino acids. In most linear epitopes not all residues are in 
contact with the binding partner. In order to identify side chains which are 
important for the interaction substitutional analysis membranes are synthesized. 
Each position of the epitope is replaced individually by all other amino acids 
and the binding properties of the single substitution analogs are tested (Fig. 3). 
The side chains of residues which cannot be substituted, or at least only by 
physico-chemically similar amino acids, are considered to be key residues in the 
peptide/protein and thus in the native protein/protein complex. 

Sometimes characteristic patterns of key residues are observed, from which the 
secondary structure of the epitope in the context the entire protein can be deduced. 
In the right part of Fig. 3 a typical pattern for a helical epitope is shown. This 
epitope of human interleukin-IO (hIL-IO), recognized by the monoclonal antibody 
CB/RS/3 (REINEKE et al. 1998a), has key residues at a distance of three to four 
amino acids and the presence of proline leads to complete loss of binding, even at 
positions not sensitive to other substitutions. In this case the key residues are 

Linear Epitopes Discontinuous Epitopes 

Fig. 2. Scheme of mapping linear and discontinuous antibody epitopes 
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located on the solvent exposed side of a helix (Fig. 3C). On the left panel of Fig. 3A 
typical substitutional analysis pattern for a loop region recognized by the anti-hIL-
10 antibody CB/RS/8 is shown. Five subsequent key residues are observed, one of 
them being proline which stabilizes the loop in the three-dimensional hIL-1O 
structure. 

4 Mapping of Discontinuous Epitopes 

Since protein/protein interactions are usually mediated by relatively large contact 
sites (JONES and THORNTON 1996), in the majority of cases proteins recognize dis­
continuous sites on their binding partners (Fig. 2). The mapping of discontinuous 
epitopes using fragments of proteins generated either chemically or biologically 
(MORRIS 1996) suffers from the drawback that peptides derived from single binding 
regions of a discontinuous binding site generally have very low binding partner 
affinities which are usually not measurable in ELISA or BIAcore experiments. 
Therefore two problems have to be addressed in order to identify such epitopes: 
(1) The binding assay has to be sufficiently sensitive and (2) unspecific peptide/ 
protein interactions which are inherent in low affinity ranges have to be avoided or 
ruled out. Within the last few years, several examples of investigations into dis­
continuous protein/protein interactions using peptides synthesized on continuous 
surfaces have been described. In terms of sensitivity the spot approach is especially 
suitable since the high peptide density on the membranes (50nmol/cm2) simulates a 
high local concentration. 

4.1 Sensitivity of the Assay System 

Binding of a protein to cellulose-bound peptides can be detected directly on the 
membrane using a specific antibody which is enzyme-labeled or recognized by a 
second enzyme-labeled antibody. Low affinity peptide/protein interactions are 
therefore difficult to identify since the binding equilibrium of the peptide/protein 
complex on the membrane is shifted towards the uncomplexed molecules during 
incubation with the detection antibodies. This can be avoided by electrotransfer of 
peptide-bound protein onto polyvinylene difluoride membranes prior to immuno-

Fig. 3A~C. Mapping of the two interleukin-IO epitopes. A Binding of the anti-hIL-1O antibodies CB/RS/ 
8 and CB/RS/3 to hIL-IO-derived overlapping peptides (l5-mers shifted by three amino acids, 146 
peptides in total, starting at the upper left side of the membrane, 20 spots per row). Binding experiments 
were performed and detected using a peroxidase-conjugated anti-mouse antibody as previously described 
(REINEKE et al. 1998a). B Substitutional analyses of the epitope peptides. All residues of the wild type 
epitope (left coillmn) are substituted by all other L-amino acids (rows) and tested for binding. C Parts of 
the hIL-IO structure (ZOANOV et al. 1996). The epitopes are highlighted in black and key residues are 
displayed with their side chains 
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detection (RUDIGER et al. 1997; REINEKE et al. 1998a). Such a procedure can be 
carried out in a fractionated manner which sometimes results in different binding 
patterns presumably due to different affinities. In this way the interaction of hlL-1O 
with its receptor (hIL-IOR) (Fig. 4) as well as the discontinuous epitopes recognized 
by an anti-hIL-I0 and an anti-hIL-I0R antibody were mapped (REINEKE et al. 
1998a). In this study hlL-1O and hIL-I0R scans with 6-mer and IS-mer peptides 
were used for the mapping the hIL-I0/hIL-I0R combining site. Some binding 
regions (region C on hIL-I0, Fig. 4) were detected in both scans, whereas others 
(hIL-1O region Band hIL-I0R regions A-D) were recognized only as is-mer or 
6-mer peptides, respectively. This is most likely due to the different lengths of 
binding regions. If short binding regions of a few amino acids have to be detected, 
the sequences which are adjacent in the primary structure but possibly buried in the 
protein can influence the peptide/protein interaction if synthesized as pep tides and 
thus being accessible for the binding partner. Therefore, peptide scans with shorter 
peptides can help to reduce the effects of the artificial assay system. On the other 
hand the detection of extended binding regions may require scans of longer 
peptides. Another approach to increase the assay sensitivity is the use of radioac­
tively labeled proteins as was used for the mapping of the human interleukin-6 
(hIL-6)/human interleukin-6 receptor (hIL-6R) combining site with e251]hIL-6 and 
[ 1251]hIL_6R (WEIERGRABER et al. 1995). 

4.2 Identification of Unspecific Protein-Protein Interactions 

Different strategies to distinguish between specific and unspecific peptide/protein 
interactions can be applied: (1) If the three-dimensional structure is available, the 
location of the binding regions may be informative since specific binding regions 
must be on the protein surface and form a connected epitope. Such structural 
aspects have been regarded using X-ray crystal structures or three-dimensional 
models for the mapping of the hIL-I0/hIL-I0R interaction (REINEKE et al. 1998a), 
the hIL-6/hIL-6R combining site (WEIERGRABER et al. 1995), the epitope of an 
antibody specific for the pathological form of the bovine prion protein (KORTH et al. 
1997), the paratope of the anti-lysozyme antibody HyHEL-5 and an anti-angio­
tensin II antibody (LAUNE et al. 1997), the epitopes of the poly specific antibody CB/ 

Fig. 4. Mapping of the hIL-IO/hIL-IOR combining site. Center, Model of the complex between the hIL-
10 homodimer (black) and two identical hIL-1O receptors (gray) (ZDANOV et al. 1996). Upper leji, Binding 
of the extracellular soluble part of hIL-IOR (shIL-IOR) to lL-IO-derived peptide scans (I, 6-mers; II and 
III IS-mers). The IL-IO sequence was scanned with peptides (shifted by one amino acid starting at the 
upper left side of the membrane). Binding was detected after electro transfer of cellulose-bound sIL-IOR to 
a PDVF membrane (RUDIGER et al. 1997; REINEKE et al. 1998a). I represents the first blot of the 6-mer 
peptide scan, II the first and III the third blot of the IS-mer peptide scan. Binding regions A, Band C of 
the IL-IOR binding site are marked on the hIL-1O structure (lower left). Binding to pep tides 70 and 71 is 
unspecific (REINEKE et al. 1998a). Upper right, Binding of hIL-1O to a shIL-IOR-derived peptide scan. 
ShIL-IOR was scanned with 6-mer pep tides shifted by one amino acid. Binding regions A-E of the IL- I 0 
binding site are marked on the hIL-IOR model 
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RS/5 against hIL-IO and tumor necrosis factor a (TNF-a) (REINEKEet al. 1996), the 
TNF-a binding site on the 55-kDa TNF receptor (REINEKE et al. 1996) and the 
epitope of the anti-lysozyme antibody D1.3 (REINEKE et al. 1998b). Comparing 
these results with the X-ray structures of the scanned proteins alone or in a complex 
with its binding partner has clearly demonstrated the usefulness this technique for 
the mapping of discontinuous epitopes. (2) Unspecific peptide/protein interactions 
can furthermore be ruled out by measuring the inhibitory constant of the corre­
sponding soluble pep tides on the protein-protein interaction. If the inhibitory 
constant is in the same range as the dissociation constant of the peptide/protein 
complex, binding to the paratope is confirmed. This strategy, which can only be 
applied if the affinity is measurable in ELISA or Biacore studies, helped to dis­
tinguish between hIL-IO and TNF-a derived peptides binding to the paratope 
(specific) or to the constant region (unspecific) of monoclonal antibody CB/RS/5 
(REINEKE et al. 1996). (3) Similarly, specific vs unspecific results may be distin­
guished by incubating of the peptide membrane with related proteins. For antibody 
epitope mapping the antigen-derived peptide scans should be incubated with other 
antibodies of the same subclass but different specificities (LAUNE et al. 1997; 
REINEKE et al. 1998a; GAO and ESNOUF 1996). (4) Unspecific interactions can also 
derive from sequence similarities within the protein. A sequence which is respon­
sible for the specific interaction with the binding partner may be partly homologous 
to another site within the same protein, where it is most likely not recognized in the 
complete protein, but may be in the peptide scan. Sequence or key residue pattern 
comparisons of the individual binding regions are therefore helpful in the mapping. 
(5) In many cases hydrophobic interactions with residues from the protein core, 
which only become accessible in the peptide scan, are the reason for unspecific 
peptide/protein binding. In contrast to other interactions such as hydrogen bonds, 
electrostatic and van der Waals interactions, these hydrophobic interactions can be 
reduced by decreasing the temperature during incubation. For instance, unspecific 
interactions described in the mapping of the lysozyme/mabD1.3 interaction 
(REINEKE et al. 1998b) at room temperature were completely eliminated after 
incubation at 4°C. 

5 Combinatorial Peptide Libraries for the Mapping 
of Linear Epitopes 

If the binding partner of an antibody or a receptor is unknown, one possibility of 
identifying a potential binding partner is the use of biologically or chemically 
generated peptide libraries. This facilitates the screening of huge repertoires (106_ 

108) of pep tides for potential binding partners. Synthetic combinatorial peptide 
libraries were described for the first time in 1986 by GEYSEN et al. Since then 
different methods have been developed for the preparation and screening of these 
libraries (for reviews see PAVIA et al. 1993; STROP 1994; CORTESE 1996; JUNG 1996; 
CABILLY 1998). Here we describe the synthesis of combinatorial libraries on con-
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tinuous cellulose membrane supports for the mapping of antibody epitopes 
(KRAMER and SCHNEIDER-MERGENER 1998). The general principle of combinatorial 
peptide libraries is the following: they are collections of peptide mixtures containing 
randomized positions (X) as well as defined positions (B). A combinatorial hexa­
peptide library XXB,B2XX, for example, consists of four randomized positions 
where all 20 amino acids are present, although cysteine is usually excluded, and two 
defined positions B, and B2 (all 400 (202) combinations of the 20 amino acids). 
These 400 mixtures are screened for biological activity. The best mixture is chosen 
for a subsequent synthesis of a new library, in which the identified amino acids are 
fixed and two other positions are defined. Screening this library, again selecting the 
best mixture and defining the remaining two positions in an analogous manner, 
leads to the identification of the most active peptide sequence (Fig. 5). 

Combinatorial peptide libraries have been developed for the de novo identi­
fication of ligand binding pep tides in cases where no binding partner is known. 
Nevertheless, for the evaluation of newly constructed peptide libraries, several 
reports describe the screening with antibodies recognizing previously known linear 
epitopes as model systems. Identification of the TGF-C( epitope VSHFND binding 
to the antibody Tab2 (HOEPRICH et al. 1989) was achieved using a cellulose-bound 
hexapeptide library described above (Fig. 5) (KRAMER et al. 1993, 1994). This 
epitope could also be mapped using an amino acid cluster library in which the 
defined positions B contain not only one amino acid, but are clusters of physico­
chemically related amino acids (KRAMER et al. 1995), thus reducing the synthesis 
effort, i.e. the number of peptide mixtures prepared. However, attempts to use the 
combinatorial hexapeptide library XXB,B2XX for the identification of other 
antibody epitopes mostly failed due to the length of the peptides, their relatively 
low complexity and bad signal to noise ratio. More complex libraries had to be 
constructed in order to increase the probability of detecting signals in the first 
screening step. For example, a combinatorial library XXXXB,B2B3XXXX con­
taining three defined positions B and consisting of 8,000 peptide mixtures (spots) 
was used to identify the epitope LQDPRVRGLY located in the preS2 region of the 
hepatitisB virus (KRAMER and SCHNEIDER-MERGENER 1995). 

From both library and substitutional analyses two major points became 
obvious: (I) Linear epitopes are functionally discontinuous since they contain only 
a few really important residues for antibody binding, whereas at other positions 
substitutions are allowed. These key binding residues are frequently not in adjacent 
positions (GEYSEN et al. 1988; PINILLA et al.,1993; DONG et al. 1999; Dong et al. 
unpublished results). (2) Consequently, taking these structural requirements of 
antibody-epitope interactions into account, appropriate distribution of the defined 
positions in combinatorial peptide libraries should improve the quality of the 
library. Combining the combinatorial with the positional scanning (PINILLA et al. 
1992) approach resulted in the construction of a highly complex positional scanning 
combinatorial library consisting of 68,590 peptide mixtures (SCHNEIDER-MERGENER 
et al. 1996, KRAMER et al. 1997). This library XXXX[B,B2B3X,X2X3]XXXX 
comprises ten sublibraries with the different hexapeptide cores [XXB,B2B3XJ, 
[XB,XB2B3X], [XB,B2XB3X], [XB,XXB2B3], [XB,XB2XB3], [XB,B2XXB3], 
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[B]XXXB2B3], [B]XXB2XB3], [B]XB2XXB3] and [B]B2XXXB3] corresponding to 
all possible distance patterns of three defined and undefined positions. Screening 
this library with the monoclonal anti-p24 (HIV -1) antibody CB4-1 resulted in the 
identification of the epitope GATPQDLNTML, which could not be detected with 
the libraries XXB]B2XX or XXXB]B2B3XXX described above. More important, 
however, was that three completely unrelated peptide sequences were also obtained 
from this library (Fig. 6A, KRAMER et al. 1997). Co-crystallization of the natural 
epitope as well as of one unrelated peptide (GL YEWGGARITNTD) demonstrated 
completely different binding conformations as well as interaction patterns for both 
peptides (Fig. 6, KEITEL et al. 1997) helping explain the molecular basis for the 
binding promiscuity of this antibody. Searching databases for proteins containing 
the key interaction residues (supertopes, KRAMER et al. 1997) of the identified 
peptides resulted in the identification of several CB4-1 binding proteins, including 
autoantigens. The immunological consequences of such polyspecific binding 
behavior by antibodies or T cells have been discussed as a possible mechanism for 
the onset of autoimmune diseases (WUCHERPFENNIG and STROMINGER 1995). 

6 Summary 

The knowledge (antigen-derived peptide scans)- and library (de novo)-based 
mapping of linear and discontinuous antibody epitopes as well as protein-protein 
contact sites in general by spot synthesis now is a well established technique. Due to 
its automation, this technique also promises great potential for applications in 
functional genomics. It should help to elucidate the complex network of interacting 
protein molecules involved in signal transduction events (ADAM-KLAGES et al. 1996; 
HOFFMOLLER et al. 1999). Although little chemistry is involved in the preparation 
of peptide scans or libraries and the synthesis procedure is relatively simple, the 
laboratories of immunologists or molecular biologists are often not equipped to 
perform spot synthesis. In this case scans or libraries can be purchased from 
commercial suppliers. 
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Protein-protein interactions are required for nearly every cellular function and are 
therefore universally studied in biology. Traditionally such interactions have been 
identified and characterized by the means of biochemistry, and the power of this 
approach is certainly undisputed. However, besides the fact that in the "old days" 
the composition of protein complexes was mostly studied in vitro, the arsenal of 
biochemical methods is very effective for tight interactions only, especially those 
with slow off-rate kinetics. Protein purification protocols have substantial time 
requirements, which means that interactions of interest might simply not survive 
the isolation procedure. Chemical cross-linking, i.e. covalent tethering of proteins, 
can sometimes overcome this limitation but this is not a widely used method. This is 
partly due to the fact that specific cross-linking of proteins may not be feasible 
under relevant conditions, e.g. inside a cell. 
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The two hybrid system was designed to detect and to study protein-protein 
interactions in vivo. The original report was published 9 years ago, and it is clear 
that the technology has made a strong impact on the study of protein-protein 
interactions, and on biology in general. The reasons are obvious: the method is 
relatively easy to establish and it directly yields isolated genes. It is particularly 
useful in the study of proteins from organisms that are not well suited to either 
classical genetic or biochemical analyses (e.g. humans, drosophila). These features 
are also important aspects for the application of the two hybrid system in the 
context of functional genomics, and have led to the development of various related 
genetic screens. Here I will give an account on the uses of the classical two hybrid 
system and will further review some of the new hybrid technologies. It is important 
to mention that several excellent reviews have been published in recent years which 
cover a number of the aspects presented here in greater detail (ALLEN et al. 1995; 
BARTEL and FIELDS 1995; BRACHMANN and BOEKE 1997; BRENT and FINLEY 1997; 
FIELDS and STERNGLANZ 1994; FREDERICKSON 1998; MENDELSOHN and BRENT 1994; 
W ARB RICK 1997; WHITE 1996). 

2 The Classical Two Hybrid System 

The essence of the two hybrid system is the modular architecture of a group of 
eukaryotic transcription factors, of which the yeast GAL4 transcription factor is 
the prototype (MA and PTASHNE 1987). These factors consist of a DNA binding 
domain (DB), which confers specificity for a given promoter sequence and a mostly 
acidic activation domain (AD) that interacts and activates the transcription 
machinery. Two important discoveries made the two hybrid system possible. First, 
the AD may be fused to a heterologous DB and still activate transcription of an 
appropriate promoter. Second, the two domains do not have to be covalently 
tethered to perform their function, i.e. it is possible to bridge them through a 
secondary interaction (MA and PTASHNE 1987). In the two hybrid system (Fig. 1), 
activation of reporter constructs occurs when the two domains are brought together 
through the interaction of two proteins expressed as AD- or DB-fusion proteins 
(CHIEN et al. 1991; FIELDS and SONG 1989). 

The implementation of the two hybrid system requires expression of two fusion 
proteins, usually encoded by independent vectors. One of them, the "bait," encodes 
an appropriate sequence specific DB, e.g. the one from GAL4 (CHIEN et al. 1991), 
or the bacterial repressor LexA (GYURIset al. 1993). Usually, the DB is fused to the 
NH2-terminal of the protein of interest. The second chimera, the "prey," encodes a 
transcription activation domain. The ADs which are in wide use are either derived 
from GAL4, or from the herpes simplex VP16 protein. As is the case for the DB 
fusion protein, the prospective interacting protein or the cDNA library is normally 
fused to the COOH-terminal of the AD. It should be noted that the AD may also 
be composed of artificial acidic sequences, which fortuitously activate transcription 
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Activation domain 

DNA binding protein Transcription 

bait sequence Reporter gene 

Fig. t. A The two hybrid system: transcription of a reporter gene is activated through the interaction of 
two fusion proteins (bait and prey) which reconstitute a eukaryotic transcription factor, composed of 
DNA-binding and -activation domains. B The one hybrid system: an activation domain is fused to 
cDNA library sequences. In this simple setup the DNA sequence is the bait, and potential target proteins 
for this sequence are being screened for 

when fused to a DB (GYURIS et al. 1993). The advantage of the artificial ADs is the 
fact that they are available in a wider range of biological activities, which means 
that the sensitivity of the two hybrid system can be fine-tuned with the help of these 
elements. It may for instance be that the enormous activation potential of, e.g. the 
VPI6-AD, may lead to the amplification of non-specific interactions, or, con­
versely, to the "squelching-effect", in which the strongly overexpressed soluble AD 
chimera can compete for limiting cellular factors with the DNA-bound AD sub­
population and may thereby abrogate or attenuate reporter gene transcription. 

The chimeric proteins are either expressed by strong constitutive promoters, 
such as ADHI, or from a conditional promoter (e.g. GALl). Conditional pro­
moters have the advantage of providing valuable criteria for the discrimination of 
false positives from bona fide interactors. Inducibility of one or of both fusion 
proteins may also aid in minimizing the potential toxic effects of a given interaction, 
because the time interval during which both proteins are expressed inside a given 
cell can be kept to a minimum. 

The available two hybrid systems are mostly designed to be used in yeast, and 
therefore the third essential component is a yeast strain which must fulfill certain 
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requirements, including auxotrophic mutations for the maintenance of the various 
plasmids involved, and, in the GAL4 based two hybrid system, deletion of genes 
encoding wild-type GAL4 as well as the GAL4 binding protein GALSO. The strain 
must further contain regulated reporter constructs which are either controlled by a 
lexA-operator or a GAL4-specific DNA element. These are integrated in the ge­
nome or present in the cell either as multicopy plasmids or as centromer-based 
single copy vectors. The precise layout of the reporter contributes to the sensitivity 
of the system, because number and affinity of the DNA elements as well as their 
distance to promoter core elements determines the relative strength of the cassette. 

Commonly used reporters are yeast genes, such as LEU2 or HIS3, which 
confer growth on minimal media to those cells in which an interaction occurred. 
Practically all systems further employ a second reporter, the LacZ gene, which 
encodes the enzyme p-galactosidase. The expression of p-galactosidase is visualized 
by a colorimetric assay, thus providing a strong second criterion for an occurring 
interaction. 

Growth selection bears the inherent danger of suppression of toxic interac­
tions, even when safeguarding steps like conditional expression of one of the two 
hybrids are employed (see above). If this is suspected, the possibility remains of 
doing color discrimination screening only. However, this is not done very fre­
quently anymore, simply because it is a much more tedious procedure. 

3 Performing a Two Hybrid Screen 

Among the important reasons for the success of the method is the lack of 
sophisticated techniques involved, but basic yeast manipulation procedures should 
be firmly established in the lab. Whether or not a protein is suitable for a screening 
is very hard to predict. Often the bait protein has an inherent tendency to activate 
the reporter gene directly. Fortunately, a broad arsenal of methods now exists to 
get past this problem. These include low-sensitivity reporter systems, or counter­
selection methods in which the reporter protein, e.g. HIS3, can be competitively 
inhibited by agents such as 3-aminotriazole. This allows a fine tuning of the re­
porter dose which hits the yeast cell, so the self activation potential of the bait can 
thus be greatly reduced. However, if a useful signal-to-noise ratio is not achieved by 
all these means, it is still possible to use truncated versions of the protein. 

The outcome of a two hybrid screening is unpredictable, so one should be 
prepared for an uninformative result. Use of the two hybrid system for the analysis 
of single protein-protein interactions usually gives more straightforward data, but 
these will have to be backed up by biochemical experiments to be acceptable for 
publication. To put things in a realistic perspective it should be noted that it has 
become very difficult to publish two hybrid results without in vivo co-immuno­
precipitation (co-IP) data for the interacting proteins. Although numerous weak 
interactions between cellular proteins are known which are nonetheless of physi-
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ological significance, it is understandable that co-IP data are required to validate a 
two hybrid result, simply to have a means of discriminating between important and 
more spurious interactions. Ironically, this partially leads to discarding one of the 
strong and unique aspects of the two hybrid system - the in vivo detection of high 
off-rate interactions, i.e. the ones you would normally not see by using immuno­
precipitation techniques! I think that solid in vitro data, e.g. pull-down experiments 
in which one is able to titrate the interaction partners through a range of con­
centrations, in conjunction with indirect in vivo data which address cellular func­
tion, provide excellent arguments for the importance of any given interaction, even 
in the absence of co-IPs. 

Negative two hybrid results may be due to a variety of reasons. These are, for 
example: protein instability, problems with nuclear import, and toxic effects to the 
cell. Some of these possibilities are relatively easily testable. The fusion proteins are 
usually very well expressed and their size and integrity can therefore by examined 
by western blotting. In the lexA system a repressor assay is available to assess 
whether a protein enters the nucleus. To this end, a reporter construct is used which 
expresses LacZ from the GALl promoter, but which contains a lex operator 
between the GALl upstream activation sequence and the core promoter. Binding 
of the LexA chimera results in a decrease in LacZ expression (FINLEY and BRENT 
1995). Another problem that has not really been explored in depth is steric inhi­
bition, because the fusion proteins have to interact in an environment of complex 
protein-protein interactions, and these are all required for the proper functioning 
of the transcription machinery. Unfortunately, they are also not very well under­
stood. It is therefore at any rate advisable to engineer peptide hinges (e.g., glycine 
or alanine spacers) into the chimeras which may provide the fusion partners with 
somewhat improved spatial flexibility. 

A related aspect, and one that finds surprisingly little attention, is the inherent 
limitation imposed on any screen by the quality and the composition of the cDNA 
library used. If, for example, the hypothetical interacting domain you are hunting 
for resides at the NHrterminal of a 250kDa protein (i.e., is encoded by a message 
of at least 7kb length), it is fairly obvious that this one will be much harder to find 
than the average protein. This is because, even if the library has been size-selected, 
it is clear that such a sequence will be severely underrepresented, and in case it is a 
non-abundant message the likelihood of not getting it almost equals" I". It is not 
surprising that many proteins yielded by two hybrid experiments are encoded by 
relatively abundant mRNAs, simply because their interactions with the bait pro­
teins have been statistically favored. To avoid all of this, and to give rare inter­
actions a chance to peek through, it would be advisable to use normalized libraries, 
i.e. ones in which all cDNAs have roughly equal distributions. Furthermore, to 
steer around the problem of having to isolate very large cDNAs, it is recommended 
to use randomly primed libraries, rather than oligo-dT primed libraries. Those 
would not have to be painstakingly size-selected; on the contrary one would create 
"domain" libraries. Of course this also means that the chance of pulling out a full­
length clone in one step is decreased. It should also be noted that it is more difficult 
to prepare a 'very good randomly primed library, primarily because the making of 
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one crucially depends on very high-quality mRNA. If the mRNA isolation and 
purification step is not performed in a rigorous fashion, the library will be heavily 
contaminated by ribosomal RNA. This is much less of a problem when mRNA­
specific primers are used, and this is why we mostly see oligo-dT primed libraries 
around. 

A very common problem associated with the two hybrid technique is the 
identification of false positives. These are fusion proteins which show a high level of 
nonspecific interactions. A table of commonly found false positives has been 
compiled (http://www .fccc.edu: 80 /research/labs/ golemis/lnteractionTrapln Work). 
The elimination of false positives requires control experiments with a wide variety 
of control baits. Sometimes interactions occur because the two hybrid system forces 
two proteins to the same environment of the yeast nucleus, whereas they would 
normally be sequestered. Strong nonspecific "stickiness" of a bait is not that 
common, but the two hybrid system does indeed pick up many interactions which 
unfortunately do not help immediately to address the physiological role of the bait 
(i.e. interactions with ribosomal proteins, with chaperones, or with proteins of the 
ubiquitination machinery). However, it is entirely possible that some of these 
interactions may actually take place in certain cellular situations, so one should be 
careful with the term "false positive". 

Essentially all methods for analyzing protein interactions can result in artifacts. 
On the other hand, hardly any other approach has yielded such a massive prolif­
eration of candidate interactors for so many different proteins in such a short 
period of time. So, weeding out the "bad" ones early remains a very important 
issue. 

4 Analysis of Protein Interaction Domains 

The two hybrid system has been widely and very successfully used to detect novel 
protein-protein interactions. It bears the advantage that the interactions may be 
detected inside a eukaryotic cell and many interactions can be rapidly and simul­
taneously screened. Although the yeast nucleus is an exotic environment to many of 
the interactions which are tested with this method, it seems likely that this may 
sometimes even be advantageous: homologous cellular factors which might com­
pete with the interactors or otherwise perturb the reaction are simply not expressed 
in this compartment! In this context it is noteworthy that the procedure has been 
particularly useful in the isolation of interactors for cytoplasmic domains of 
transmembrane proteins (ADAM et al. 1996; ANSIEAU et al. 1996; BRESSLER et al. 
1996; CAMPBELL et al. 1995; CAMPBELL and GIORDA 1997; CHEN et al. 1995; DARAM 
et al. 1997; EIGENTHALERet al. 1997; GUENETTEet al. 1996; Huet al. 1994; KOLANUS 
et al. 1996; LEE et al. 1996; MARGOTTIN et al. 1996; MCLOUGHLIN and MILLER 1996; 
MEYER et al. 1997; NAIKet al. 1997; ROTHEet al. 1994; SONG and DONNER 1995). 

The two hybrid method directly yields information about the primary structure 
of the interacting protein and isolation of truncated preys may even result in an 
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immediate rough mapping of the interaction domains. Since the level of reporter 
activation correlates well with the specific binding activities, measurement of 
reporter activity gives an indication of the strength of the interaction (ESTOJAK et al. 
1995). 

The binding of bait proteins to wild type and mutant versions of the prey can 
be compared. IWABUCHI et al. (1994) have used this method to identify proteins that 
bind to wild type, but not mutant forms of p53. By contrast, a functional point 
mutant of the bait may provide a powerful criterion to select for interactors which 
are located downstream of the bait protein in a specific cellular pathway. STANGER 
et al. (1995) have identified the RIP protein as a cytoplasmic ligand for the FAS 
receptor. The FAS system is involved in the regulation of programmed cell death. 
RIP was characterized by an important feature which separated it from the pool of 
primary interactors: it lacked the ability to bind to the lpr mutant of the intracel­
lular tail of F AS. This mutation had previously been implicated in a severe dys­
function of the immune system. 

Once an interaction between two proteins in the two hybrid system has been 
established, then specific interaction domains can be investigated. Subdomains of 
proteins may be expressed, or deleted, and the resulting constructs may be tested 
for interactions with known partners; it is thus possible to identify distinct in­
teraction domains. For example, this approach has been successful in defining the 
region of proliferating cell nuclear antigen (PCNA) essential for its interaction 
with the CDK inhibitor p21 CIP!, and these results have been confirmed by 
structural studies (W ARB RICK et al. 1995). Studies of homodimerization can very 
conveniently be carried out in the two hybrid system since labeling or tagging of 
proteins is not required. CHIEN et al. (1991) extensively studied homodimerization 
of the SIR4 protein and identified the small region required for this process. 
Another advantage of the system lies in the genetic nature of the two hybrid 
approach: mutant plasmids can be screened for changes that disrupt the protein­
protein interaction by looking for loss of reporter expression (also see below). 
Such an approach has been used to screen for p53 mutants which can no longer 
bind to SV40 large T antigen (LI and FIELDS 1993). REYMOND and BRENT (1995) 
have used the two hybrid system in a study of the cyclin-dependent kinase (CDK) 
binding capacity of pl6 allelic variants detected in melanoma-prone families. The 
same group has recently developed a two-bait two hybrid-system which enables 
them to detect a set of logical relationships among proteins. This directly leads to 
the possibility of performing model examinations of the functions of complex 
protein networks with the help of a relatively simple system, i.e. "bio-cybernetics" 
(Xu et al. 1997). 

INOUYE et al. (1997) have developed a variant of the two hybrid system which 
permits a mutational analysis of the interaction of a protein with one or another of 
two separate partners. They screened mutants of the Ste5 protein, expressed as AD 
fusion proteins, for effects on their interactions with Ste7 and Stell. The latter were 
fused to distinct DBs (Gal4 or LexA) which bound to separate reporter genes, 
URA3 and lacZ, respectively, allowing selection for mutants affecting either the 
Ste5-Ste7 or the Ste5-Ste11 interaction. 
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5 Variations of the Original: Reverse and Counterselection 
Two Hybrid Systems 

It is often desirable to screen for the disruption of a given interaction, e.g. in order 
to create loss-of-function mutants of the bait/prey proteins or to identify specific 
inhibitors of their interaction. This is strongly demanded for industrial scale high­
throughput screenings with the objective of targeting protein-protein interactions 
of clinical or commercial interest. There are numerous efforts to adapt the system to 
the purpose lead-substance identification, but to this end the use of the classical two 
hybrid system coupled to a negative read-out would probably be too artifact-prone. 

Positive selection schemes have therefore been devised to facilitate the identi­
fication of mutations, proteins, peptides or drugs that disrupt two hybrid interac­
tions. VIDAL et ai. (1996) (Fig. 2) replaced the standard two hybrid HIS3 reporter 
gene with the counterselectable URA3. The URA3-encoded enzyme is toxic to cells 
grown on 5-fiuoroorotic acid, and thus interaction of the activation domain and 
DNA-binding domain fusion proteins results in sensitivity to this compound. 
Conversely, dissociation of the two hybrid interaction results in loss of U RA3 
expression, 5-fiuoroorotic acid resistance and cell growth. A similar result was 
achieved with the ~o-called split-hybrid system (SHIH et ai. 1996), substituting the 
Escherichia coli transcriptional repressor TetR for the two hybrid HIS3 reporter 
(Fig. 3). A two hybrid interaction results in expression of TetR which binds and 
inhibits expression of a HIS3 reporter which had been engineered to contain a TetR 
binding site; disruption of the two hybrid pair restores HIS3 expression and pro­
vides a selective growth advantage. The inherent advantage of both these systems is 
that they greatly facilitate the selection for rare mutations or compounds that 
disrupt an interaction of interest by employing a positive selection process. DIXON 
et ai. (1997) have devised a similar selection screen to enable the screening for 
proteases of a defined sequence specificity in a modified mammalian two hybrid 
screen. 

6 Interactions Involving Three Elements 

Interactions which are dependent on post-translational modifications that do not 
commonly occur in yeast, such as protein tyrosine phosphorylation, cannot be 
studied with the two hybrid system. To overcome this limitation, OSBORNE et ai. 
(1995) coexpressed in yeast the T cell-specific tyrosine kinase Ick, capable of 
phosphorylating a bait hybrid, the high affinity FCE receptor, on specific target 
residues to facilitate its interaction with the SH2 domains of the Syk protein, which 
was expressed as an AD hybrid. As expected, the interaction of Syk with the FCE 
receptor was only detected in the presence of the Ick protein (OSBORNE et ai. 1995). 
This approach is not limited to the study of protein phosphorylation as it should in 
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Fig. 2_ The reverse two hybrid system, variant I: interaction of two fusion proteins leads to transcription 
of the URA3 gene. the product of which is toxic if the cells are grown on 5-FOA. Expression of an 
inhibitor leads to 5-FOA resistance and therefore to cell growth 

principle be possible to provide other modifying factors to facilitate analysis of 
post-translational or allosteric regulations (Fig. 4A). A possible future application 
may be to use substrate trapping mutants of an enzyme (e.g. protein phosphatase) 
as baits to screen for bona fide in vivo substrates (FLINT et al. 1997). Alternatively. 
expression of a third protein may be used to bridge, stabilize, or inhibit a two 
hybrid interaction, allowing further experimental variation (see the section on three 
hybrid systems below). The use of mammalian two hybrid systems is an alternative 
when post-translational modifications may be a concern . However, these systems 
are not yet amenable to large scale screening. 

Membrane-anchored proteins often contain signals that interfere with the 
nuclear localization necessary for two hybrid reporter expression. If this is known, 
such signal sequences may be removed from the bait protein (e.g. myristoylation or 
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Fig. 3. Reverse two hybrid system, variant 2: a protein·protein interaction triggers the expression of the 
Tet repressor which in turn blocks the activation of a reporter gene. Inhibition of the interaction therefore 
leads to reporter gene activation 

farnesylation signals) . On the other hand, some proteins require membrane local­
ization for optimal interaction with a partner. Post-translational modifications, 
which may take place in the secretory pathway or in the extracellular environment, 
cannot occur in the nucleus. These are, for example, glycosylation and/or disulfide 
bond formation. Although extracellular receptor-ligand combinations have been 
detected with the help of the two hybrid system (OZENBERGER and YOUNG 1995), 
these are the exception rather than the rule, and alternative systems to facilitate the 
study of such interactions are urgently needed. 

6.1 Peptide Ligand Three Hybrid System 

Studies with extracellular domains of transmembrane receptor tyrosine kinases 
gave rise to a peptide ligand-based three hybrid system (OZENBERGER and YOUNG 
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Fig. 4. A Three ligand two hybrid system. part I: the interaction between the hybrid proteins is de­
pendent on bait protein modification which must be provided in trans. B Three ligand two hybrid system, 
part 2: a bridging ligand is required to bring the two hybrid proteins together. This may be a protein 
ligand, a small organic ligand or an RNA molecule. The bridging ligand needs to have binding surfaces 
for both fusion proteins 

1995). The extracellular domain of a transmembrane receptor is fused to the DB 
and separately to the Gal4 AD. Expression of the native peptide ligand for the 
receptor leads to receptor dimerization via peptide ligand binding and a tran­
scriptional readout (Fig. 4B). This was shown for both the growth hormone 
receptor and the receptor for vascular endothelial growth factor, fikl /KDR 
(OZENBERGER and YOUNG 1995). 

6.2 Small Organic Ligand Three Hybrid System 

The small ligand three hybrid system (LICITRA and LIU 1996) makes use of so-called 
synthetic chemical inducers of dimerization (ClDs) (BELSHAwet al. 1996; Ho et al. 
1996; HOLSINGER et al. 1995; SPENCER et al. 1993, 1996) and has as its essential 
feature a heterodimer of covalently linked small organic ligands, for example, 
dexamethasone and FK506 (Fig. 4B). Dexamethasone interacts with a rat gluco­
corticoid receptor-LexA DB hybrid and FK506 interacts with its binding protein, 
FKBPI2, fused to an AD. The small organic hybrid ligand thus bridges the two 
chimeric proteins, thereby leading to reporter activation. A cDNA encoding 
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FKBPl2 was recovered in a library screen performed in the presence of the small 
hybrid ligand. The CID technology has been used in mammalian and in yeast 
experiments. Its combination with the two hybrid system will likely have a variety 
of practical applications. However, since the CID system depends on diffusion of 
the hybrid ligand into yeast cells, permeability problems may also limit its appli­
cability. 

6.3 RNA Three Hybrid System 

The third ligand may also be a nucleic acid: the RNA three hybrid system requires 
two hybrid proteins and one hybrid RNA (Fig. 4B). One part of the hybrid RNA is 
required for the constant, known interaction, whereas the other part (the "bait 
RNA") is used to screen for so-called orphan RNA-binding proteins. PUTZ et al. 
(1996) have fused the HIV-l Rev MIO mutant to the Gal4 DB. This Rev mutant 
binds tightly to its target RNA, the Rev responsive element (RRE). This three 
hybrid system will identify new RNAs recognized by an orphan RNA binding 
protein fused to the Gal4 AD, if a library of RRE hybrid RNAs is utilized. A 
variation of this principle also allows for the selection for novel RNA-binding 
proteins. 

SENGUPTA et al. (1996) fused an RNA-phage capsid protein as the bait RNA­
binding protein to the LexA DB. The capsid protein recognizes a 21-nucleotide 
RNA stem-loop in the phage genome with high affinity, and this feature was used 
to construct hybrid RNAs. Both this protein-RNA interaction, as well as that of 
HIV-l Tat protein and its RNA target, TAR, were shown to be valid in vivo 
partners in this RNA three hybrid system. This system has been successfully 
applied to identify a novel histone RNA 3' hairpin binding protein (MARTIN et al. 
1997; WANG et al. 1996). 

7 Extensions of the Two Hybrid Approach 

An important limitation to the original system is that bona fide or artificial Pol II 
transcriptional activators cannot generally be used as baits, due to their tendency to 
stimulate reporter expression in the absence of a two hybrid interaction. To get 
around this shortcoming, ARONHEIM et al. (1994, 1997) developed a system that 
operates in the yeast cytoplasm (Fig. 5) and relies on the capacity of the human 
guanyl nucleotide exchange factor (GEF) hSos to substitute for a temperature­
sensitive mutant of the yeast Ras GEF, Cdc25. HSos must be recruited to the cell 
membrane where it can stimulate guanyl nucleotide exchange on yeast Ras. In­
teraction of a cytoplasmic hSos-bait protein fusion with a protein partner targeted 
to the cell membrane through fusion to the Src myristoylation signal provides 
GEF activity and permits cell survival at the non-permissive temperature. 
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ARONHEIM et al. (1997) isolated two new binding proteins for c-Jun, JOPI and 
JOP2 and thereby demonstrated that this system can be used in library screens. 

One shortcoming of the system was the reported background of isolated 
suppressor mutants which activate the Ras pathway downstream of Sos 
(BALLESTER et al. 1989). However, recent advances have overcome this limitation: 
firstly, co-expression of mammalian GAP suppresses the isolation of ras encoding 
cONAs during a SOS two hybrid screen (ARONHEIM 1997), and secondly, an im­
proved system based on the direct recruitment of Ras to the plasma membrane 
circumvents this problem altogether (BRODER et al 1998). 

In a different approach, MARSOLIER et al. (1997) created a two hybrid system 
making use of an RNA polymerase III transcription unit (Fig. 6). The B-box ele­
ment within the promoter of a Pol III reporter gene SNR6 was substituted with a 
binding site for the bait protein fusion . Interaction of X with protein partner Y 
fused to the t38 subunit of the Pol III transcription factor TFIIIC reconstitutes 
TFIIIC activity and leads to reporter gene expression. In this system, the SNR6 
gene itself, an essential component of the spliceosome, is used as a reporter. This is 
normally done in conjunction with a 5-FOA based procedure, in which the 

cell membrane 

Cell growth 

Fig. 5. The Sos two hybrid system: the bait protein is targeted to the plasma membrane of a yeast cell , 
whereas the interacting protein is fused to the hSos protein, a guanyl nucleotide exchange factor for Ras. 
Interaction of the fusion proteins results in membrane recruitment of the exchange factor, and thus to cell 
activation and growth 

DNA 
Reporter gene 
(SNR6) 

Proleln Y 

Fig. 6. The Pol III two hybrid system: the B-box element which is essential for transcription from a Pol 
III promoter is replaced by a GAL4-UAS, to which the bai t protein can bind. The prey consists of an 
interactor for the bait fused to the r138 subunit of the Pol III transcription factor TFIIIC. Binding of the 
,138 in the vicinity of a Pol III promoter recruits the TFIIIC protein and thereby drives the reporter gene 
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expression of wild-type SNR6 from a U RA3 plasmid is counterselected (MARSO­
LlER et al. 1997). 

The ubiquitin-based split-protein sensor (USPS) system developed by 10hns­
son and Varshavsky (Fig. 7) is based on the fact that newly formed fusions between 
ubiquitin and proteins are rapidly cleaved by ubiquitin-specific proteases (UBPs) in 
eukaryotes (JOHNSSON and VARSHAVSKY 1994). This cleavage only occurs if 
ubiquitin is properly folded. 10hnsson and Varshavsky demonstrated that the 
NHr and COOH-terminal portions of ubiquitin, when coexpressed as separate 
sub-entities, could still fold correctly. The readout for the experiment was a western 
blot analysis of a reporter protein, the hemagglutinin-tagged dihydrofolate reduc­
tase, which was proteolytically released from the COOH-terminal ubiquitin frag­
ment by UBPs following assembly of both ubiquitin moieties. This co folding of 
fragments did not occur in the presence of a particular NHrterminal missense 
mutant, probably by decreasing the affinity of the separate portions. However, 
when the two moieties were fused to known interacting proteins, the effect of the 
NHrterminal mutation was overcome, leading to correct assembly and to cleavage 
of the reporter protein from the COOH-terminal ubiquitin fragment. A less labor­
intensive readout has recently been developed to make this highly original system 
amenable to large scale screening (STAGLJAR et al. 1998). It is based on the UBP­
mediated cleavage of a transcription factor which subsequently activates a reporter 
gene in the nucleus. 

Protein X 

Reporter 

Fig. 7. The ubiquitin split sensor system: NHz-terminal and COOH-terminal moieties of the ubiquitin 
protein are expressed as separate entities. The system is designed to allow the reconstitution of the 
ubiquitin protein from the separate portions only when a secondary interaction (in this case between 
proteins X and Y) assists in the assembly. Reconstitution of ubiquitin directs cleavage of a reporter 
moiety by a ubiquitin-dependent protease (UBP) 
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8 Two Hybrid Technology and Functional Proteomics: 
Protein Linkage Maps 

Finally, it is well worth mentioning that tremendous efforts are directed at the 
application of the two hybrid system to screen for all possible protein interactions 
in cells or tissues of interest. The start has been made with the analysis of all-protein 
encoding genes, or the proteome, of yeast Saccharomyces cervisae. It is thought that 
new connections for proteins of known function will arise and that this approach 
will furthermore reveal the roles of many genes which are poorly understood. 
Smaller scale protein linkage maps have been successfully completed for bacte­
riophage T7 and for subsets of eukaryotic cellular proteins (EVANGELISTA et al. 
1996). However, the scaling of the two hybrid screen to permit systematic screening 
of the thousands of yeast proteins, or even the 100,000 proteins of the human 
genome, requires strong improvements in all areas of data acquisition and man­
agement. Iterative approaches are being used to meet these objectives (CHO et al. 
1998; FROMONT et al. 1997), and it is likely that in the future they will be combined 
with systems which utilize pre-organized arrays of vast numbers of proteins 
(HUDSON et al. 1997). Important goals are automatic processing and miniaturizing 
of these arrays, while keeping a high discriminatory potential at the same time. 
High-density oligonucleotide array technology (the "DNA-chip") is now being 
widely applied to genome analyses. It is clear that an analogous device would 
likewise revolutionize the world of proteornics: it is unfortunately not available - at 
present. 
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1 Targets and Tasks for Protein Engineering 

The very term "protein engineering" remains something of an oxymoron, at least as 
far as engineering implies the rational application of well understood principles 
towards achieving a prespecified goal. Designed novel functions of proteins remain 
largely beyond our capabilities, despite intense efforts of numerous research groups 
in academia and industry. But we are trying, and the last few years have seen a 
rapid growth in the number of reports describing the successful application of a 
novel, and at the same time ancient, principle to the problem: evolutionary protein 
engineering. While this sophisticated trial-and-error approach may at first appear 
less rational than crystal structure gazing, it is undisputedly more successful - and 
there is nothing irrational about experimental success. This chapter will focus on 
the principles, concepts and methods of this field. 

The targets for protein engineering have shifted over the last several years, 
away from medical applications and towards protein biotechnology, partly from 
concerns about the potential immunogenicity of engineered proteins, partly 
anticipating superior pharmacokinetic properties of small-molecule pharmacoph­
ores. Thus enzymes like proteases for washing powder formulations, amylases for 
food processing, cellulases and xylanases for pulp and paper processing are today's 
paradigms for industrial protein engineering (RUBINGH 1997), while landmark 
applications in chemical synthesis (MOORE et al. 1997), biosensors (MIESENBOCK 
et al. 1998) or bioremediation (KUMAMARU et al. 1998) are appearing on the 
horizon. The situation may change, as protein engineering becomes an increasingly 
mature science and the first clinical trials of designed immunotoxins afford a view 
of the many things that are yet to come (PAl et al. 1996). 

But what are the goals of engineering in the first place? A protein's role can be 
loosely divided into two aspects: folding and function, i.e. the intrinsic, structural 
aspects of the protein and its extrinsic interactions with its surroundings and both 
are targets for engineering (Table I). 

1.1 Folding 

In general the prediction of the folded structure from sequence alone has been as 
elusive as the rational, targeted change of the sequence to produce novel structures 
or functions. It is only very recently that progress has been made. The protein 
folding problem results from the fact that proteins are context-sensitive complex 
systems, in which the precise effect of any sequence change is highly dependent on 
the interactions of the altered residue with its surroundings, including the solvent 
shell, and on the effects on the unfolded state. Predictions that would be based on a 
precise knowledge of these structures are accordingly difficult to make. Neverthe­
less, we can measure equilibrium and rate constants for the folding reaction and 
thus quantify the driving forces behind the phenomenon of self-organization of a 
polypeptide chain. Thus stability can be regarded as the metric of the protein 
folding problem. 
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Table 1. Examples of the diversity of properties that have been improved by evolutionary engineering 

Protein Altered function 

Barley ct-amylasc Thenllostability: ten-fold increase 
of half-life at 90°C 

Subtilisin Alkaline stability: doubling the 
autolytic half-time at pH 12 

Subtilisin Tolerates loss of stabilizing divalent cations 
Subtilisin E Active in 60% DMF 
StreptOinyces grisells Broadened substrate specificity 

protease B 
Green flnorescent protein 40-fold brighter fluorescing bacterial colonies 
Immunoglobulin constant Preferential formation of heterodimers 

domain 
Immunoglobulin variable Tolerates loss of structural disulfide bridge 

domain 

1.1.1 Thermodynamic Stability 

Reference 

JOYET et a!. 1992 

CUNNINGHAM and 
WELLS (1987) 

STRAUSBERG et a!. (1995) 
You and ARNOLD (1996) 
SIDHU and BORGFORD 

(1996) 
CRAMERI et a!. (1996) 
ATWELL et a!. (1997) 

MARTINEAU et a!. (1998) 

The concept of thermodynamic stability applies to an equilibrium between the 
native and the unfolded state. If, and only if, the folding reaction is completely 
reversible and satisfies the two-state approximation - no intermediate is more stable 
than either the folded or the unfolded state - we can simply count molecules in the 
folded state F and the unfolded state U and calculate the free energy difference L'1G 
between the two states (see, e.g. STEIPE et al. 1994 for an experimental protocol). 

F 
L'1G= -RT In­

U 
(I) 

This is the purist's definition of stability. But for purposes of engineering we may be 
more interested in properties such as expression levels or inactivation rates and 
these will not have to correlate with thermodynamic stability in all cases. 

1.1.2 Thermal and Environmental Stability 

Thermostability is a desirable property in biotechnological applications for a 
number of reasons. Substrate solubility may be increased, the risk of microbial 
contamination may be minimized and the reaction rates may not only be increased 
in general, but may favor some side-reactions over others (COWAN 1997). Bio­
technologically important processes may require extremes of pH, or the presence of 
chelators, proteases and detergents. Stability in aprotic environments would make 
protein catalysts interesting for a wide range of chemical transformations for which 
stereo- or regioselective catalysis is required. Unfortunately, most proteins denature 
only a few degrees above the physiological temperature and this is frequently an 
irreversible process that rapidly draws folded protein out of the equilibrium into the 
unfolded state. In general, the reason for irreversible inactivation at high temper­
atures or under other adverse environmental conditions is aggregation of the 
unfolded state. This process will be governed by the concentration and the 
unfolding rate kunfold which is itself related to equilibrium stability. 
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I1G = -RT In kfold 

kunfold 
(2) 

Thus in any comparison of thermostability, care must be taken to consider the 
exact experimental conditions under which the measurements were performed. As 
illustrated in Fig. I, mutations that lead to increased thermostability will affect the 
unfolding activation energy and need not necessarily increase the thermodynamic 
stability. 

Solid experimental evidence exists today that the effect of point mutations on 
folding stability can be well approximated as additive, distributed, largely inde­
pendent interactions. This situation is ideal for engineering, since the combination 
of stabilizing mutations can sum up to quite significant stabilization (ZHANG et al. 
1995). Various methods have been described that allow the design of stabilizing 
mutations, such as the stabilization of IX-helix macrodipoles (WALTER et al. 1995), 
the engineering of structural motifs like helix N-caps (AURORA and ROSE 1998) or 
~-turns (OHAGE et al. 1997), or the introduction of residues with higher intrinsic 
propensities for their respective conformational state (ZHANG et al. 1992), the in­
troduction of disulfide bridges (JOHNSON et al. 1997), the reduction of the unfolded 
state entropy with X ~ Pro mutations (NICHOLSON et al. 1992) or the analysis of 
aligned sequence distributions (STEIPE et al. 1994). Engineering of protein stability 
is the one area in which rational engineering is competitive with evolutionary 
protocols. 

*1 ~GfOlding 

1 

F 

Folding coordinate 

Fig. l. Energy levels of the folding reaction. While the folding equilibrium is governed by the free energy 
difference, !!.G, between the unfolded and the folded state, U and F, the unfolding rate is determined by 
the free energy difference between the folded and the transition state, !!'G~nrold;ng. Mutations can signif­
icantly affect either or all states, for instance a mutation that raises exclusively the transition state free 
energy will decrease the unfolding rate without changing the protein's thermodynamic stability 
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1.1.3 Other Folding Considerations 

Properties other than thermodynamic or kinetic stability may need to be optimized 
for technological applications. The formation of structural disulfide bonds may be 
yield limiting, especially during in vitro refolding when free thiols may oxidize 
statistically, since non-native disulfide bonds will be favored. Unfortunately, the 
engineered removal of disulfide bonds carries a heavy energetic penalty, but with 
attention to refolding protocols very good yields can be obtained for many proteins 
(RUDOLPH and LILIE 1996). For proteins that posess a cis-peptidyl-prolyl bond in 
the native structure, in general the trans-cis isomerization during folding will be the 
rate-limiting step (SCHMID et al. 1996). Some of these cis-peptide bonds may be 
dispensable and engineering may be possible (KIEFHABER et al. 1990). Aggregation 
of intermediates during folding is the third major source of folding problems 
(KIEFHABER et al. 1991). Cellular chaperones have evolved to prevent aggregation 
in vivo, but engineering may also significantly improve the efficiency of folding. For 
example, the comparison of sequences of well-expressed immunoglobulin V H 
domains identified two residues that independently reduce domain aggregation in 
the peri plasm and cell lysis during expression (KNAPPIK and PLUCKTHUN 1995). 

1.2 Function 

Engineering a protein's function is significantly more challenging than stabilizing its 
structure. While stability can be improved with a number of independent, distri­
buted point mutations - each of which may be a crude approximation to an optimal 
solution - the active site of a protein is typically localized to a unique discontinuous 
epitope, and function is exquisitely sensitive to the precise orientation and inter­
actions of the participating residues. In this setting, mutations are no longer 
independent and their combined effects will deviate strongly from simple additivity. 
As a consequence, an evolutionary trajectory to a novel function may require 
crossing significant barriers of reduced activity. This has been demonstrated in an 
analysis of the catalytic triad of the serine protease subtilisin (CARTER and WELLS 
1988). Both the substitution of the catalytic serine and histidine reduce the turnover 
number by a factor of approximately 106; the combined mutations, as well as 
the substitution of the aspartic acid to alanine, have no additional deleterious effect. 
As a consequence, three coordinated amino acid changes would be needed to 
generate the catalytic triad and intermediates confer no selective advantage on the 
protein. 

1.2.1 Binding 

The most elementary interaction of a protein with its surroundings is binding 
another molecule. Highly complementary molecular surfaces have evolved to 
perform any biologically required task of binding and discrimination. How many 
epitopes will be required to bind any molecular shape with high affinity? This 
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question bears directly on the design of evolutionary experiments. Experience with 
the immune system suggests that the number may be surprisingly small. While on 
the order of 107 different combining sites may be generated in a primary immune 
response, as little as 102-104 different B cells are sufficient to provide viral 
immunity (BACHMANN et ai. 1994). Indeed, from phage display libraries with 
diversities of > 108, domains with subnanomolar dissociation constants and off­
rates of 1O-3/s can apparently be isolated almost routinely (VAUGHAN et ai. 1996; 
PINI et ai. 1998). 

1.2.2 Catalysis 

To a significant degree, catalysis is just a different form of binding - binding the 
transition state of a chemical reaction and thus lowering its free energy (JENCKS 
1969). This concept is well borne out by the catalytic activity of antibodies that 
have been raised against transition state analogs (LERNER et ai. 1991). On the other 
hand, the catalytic function of antibodies has been consistently inferior to that of 
"true" enzymes that catalyze the same reaction. This is commonly believed to stem 
from the absence offunctional groups that might take an active part in the reaction, 
but which do not increase affinity to the transition state analogue (WENTWORTH and 
JANDA 1998). Indeed, it can be shown that increased binding to the transition state 
analogue need not lead to increased catalytic rates (BACA et ai. 1997). The lesson, 
not only for antibodies, is that successful evolutionary engineering of catalysts 
should involve direct selection for activity, and, in case this is difficult, more 
attention should be invested in the design of the selection process. Two strategies 
have been devised for catalytic antibodies that address this problem: reactive 
immunization (WIRSCHING et ai. 1995; BARBAS et ai. 1997) and mechanism-based 
panning of phage display libraries (Fig. 2) (JANDA et ai. 1997). 

In summary, function is governed by localized, highly cooperative interactions. 
Since even small differences in geometry may have dramatic effects on function, 
traditional structure-based engineering approaches have consistently failed to 
improve enzymes. For example, even something seemingly as straightforward as the 
reengineering of trypsin towards the substrate specificity of its close relative chy­
motrypsin has required major remodeling and transplantation of entire loops, 
comprising the substrate recognition subdomain (HEDSTROM 1996). 

2 Concepts for Rational and Evolutionary 
Engineering Approaches 

Protein engineering, whether rational or evolutionary, is the modification of an 
existing sequence for a new purpose. It is not trivial that protein engineering is 
possible at all. 
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2.1 Theoretical Considerations 

The basic assumption of protein engineering is that a natural sequence can be 
modified to improve a certain function. This implies: (I) that the protein is not 
already at an optimum for that function, otherwise it could not be improved; 
(2) that the required sequence changes can be accommodated without disrupting 
the structure, otherwise it would not fold; and (3) that the new sequence is not too 
different from the native sequence, otherwise it could not be found. None of these 
three observations is trivial. The first highlights the fact that evolution cannot 
generate proteins that are optimal for any given task, it can only generate proteins 
whose performance confers a selective advantage on the host organism. Thus 
optimization will cease when no more selective advantage can be gained from 
further improvement. In this view, proteins are not optimal but sufficient for their 
task and there is significant potential for improvement under guided selection. The 
second observation highlights the plasticity in protein structure and the redundancy 
inherent in a protein sequence. Most point mutations have only local, medium 
range effects and even though a large majority of mutations will be destabilizing, 
not all are completely disruptive. In fact there is a good reason that protein 
sequences should be optimized by evolution to be error-tolerant: the adaptability of 
a fold to random mutations is a factor determining the height of barriers on its 
evolutionary landscape. The third observation relates to the density of new optima 
in sequence space. 

2.1.1 Sequence, Structure, Function Spaces and Landscapes 

A sequence space is a very useful concept for the discussion of the evolution of 
proteins even though from a biochemist's perspective a sequence space has some 
very odd properties (see KAUFFMAN 1993). Every sequence is considered to be 
represented by a point in space. The dimensions of the space correspond to the 
positions in the sequence, they at least equal the sequence length, but there may be 
more when gaps are needed. The dimensions are ordered, with an index increasing 
from the NHT to the COOH-terminal, and every dimension - the positions in the 
sequence - can take at least 20 different discrete values that have no obvious 
inherent ordering. Sequence spaces are large: a protein of 230 amino acids (233 
amino acids is the median length of a protein chain in a library of 635 unrelated 
sequences in the structural database) spans a sequence space of 20230 or 10300 

points. The relationship between two sequences can be described as their distance in 
sequence space; the size of a molecular library can be related to a volume sur­
rounding its progenitor sequence. 

Based on this concept, an evolutionary landscape can be defined by associating a 
function value, commonly called a fitness function, with every point in a sequence 
space. This can be a Boolean value, like "survival", a discrete value, like "number of 
oligomers", or, most frequently, a continuous value, like "melting point", "kcat", or 
"racemic excess". Obviously, the function value and thus the shape of the landscape 
depends on the fitness function that is considered, or embodied in the experimental 
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design. For example, on a landscape representing the catalytic rate towards the 
natural substrate, all the wild-type sequence neighbors in space are expected to per­
form worse than the wild-type, which is accordingly in a (local) sequence optimum. 
But the activity towards a different substrate implies a different fitness function and 
some direct sequence neighbors may improve on the wild-type in this case. 

2.1.2 Evolutionary Trajectories 

A walk in sequence space is a series of sequences, each derived from its predecessor 
in single steps or jumps. Such a walk can be random or adaptive, guided by in­
creasing fitness function values. An evolutionary trajectory is the path between the 
initial and the final sequence. What elevation profile a trajectory will have will 
depend on the fitness function considered. The length of the trajectory is equal to 
the number of single point mutations in the evolutionary process. 

As is evident from Table 2, the distance in evolutionary space that has been 
traversed in real, successful experiments is generally less than half a dozen steps. 
This can be interpreted in two ways: on the one hand, sequences for improved 
properties apparently lie close to their progenitors; they are not sparsely scattered 
in sequence space. On the other hand, the capacity of our present methods to 
generate functional sequences, more than a few point mutations away from a 
starting point, appears rather limited. Additionally, mutations are generated in a 
highly biased fashion. 

Even if sequence space is to be sampled to a distance of only a few mutations, a 
strategy that relies on finding a successful variant by exhaustive search of a single, 
large sequence pool is likely to fail. The reason is a combinatorics problem: the 
codon dilemma. Amino acid sequence changes are encoded on a nucleotide level, 

Table 2. Representative experiments using successive cycles of variation and selection 

Protein Property Number 
of cycles 
for success 

~·Lactamase Increased activity 

GFP Improved folding 3 
and expression 

Subtilisin E Stability in 2 
aqueous DMF 

Arsenite Increased activity 3 
membrane pump 

FLp· Thermostability 8 
recom binase 

Number of 
nucleotide 
changes 
required 

4 

3 

3 

3 

3-4 

Number of Reference 
amino acid 
changes 
required 

4 STEMMER 

(1994b) 

3 CRAMER! 

et al. (1996) 

3 You and 
ARNOLD (1996) 

CRAMER! 

et al. (1997) 

3 4 BUCHHOLZ 

et al. (1998) 

In almost all cases a single nucleotide change leading to a single amino acid change was sufficient per 
cycle, the number of silent mutations was approximately the same. No amino acid change was reported 
that would have required more than one nucleotide change. Thus current protocols appear to sample 
sequence space in a biased fashion, in single mutation steps. 
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and a single amino acid change may require up to three coordinated changes of the 
coding sequence. The consequences can be dramatic: from the perspective of the 
amino acid sequence, the probability for a specific change in a sequence of length 
230 is: 

1 . 1 . = _1_ . ~ = 2.3 . 10-4 
P = sequence' ammo aCid 230 19 

(3) 

length alternatives 

But from the genetic perspective, the average probability for encoding a spe­
cific amino acid change through random nucleotide changes depends strongly on 
the number of required nucleotide changes: 

(nUmber Of) 

P r:::::, (ge~e . nUcl:ot~de) changes = (23~. 3 . ~ ) d 

length alternatives 

(4) 

d = 1 in 40% of mutations, e.g. Tyr(TAC) ~ Phe(TTC); 

p = (23~. 3' D = 4.8.10-4 . 

d = 2 in 53% of mutations, e.g. Tyr(TAC) ~ Trp(TGG); 

( 1 1)2 
P r:::::, 230. 3 . "3 = 2.3 . 10-7• 

d = 3 in 7% of mutations, e.g. Tyr(T AC) ~ Met(ATG); 

( 1 1) 3 -10 
P r:::::, 230. 3 . "3 = 1.1 . 10 . 

Surprisingly, even a large library by common laboratory standards, say 108 

sequences, will not exhaustively encode all single point mutations! The conse­
quences are: since one can only expect to densely sample sequence space to a 
distance of one, at best two, mutations, the successful application of evolutionary 
engineering requires that an evolutionary path exists that will yield a detectably 
improved function for every single evolutionary step. 

Indeed, natural evolution works fundamentally along the principle of achiev­
ing results against impossibly small odds by arriving at the target sequence in 
stepwise improvements. The true power of evolutionary engineering lies in devising 
methods to iterate variation and selection. 

If the improved function requires three or more cooperatively interacting 
sequence changes - every individual mutation being deleterious - then the chances 
of traversing such a barrier become vanishingly small. When this must be sus­
pected, efforts should be focused on reducing the volume of sequence space that is 
to be searched, e.g. by developing some hypothesis on which region of the protein 
should be targeted, or by employing some scheme of site-directed random muta­
genesis. 
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2.1.3 Search in Sequence Space 

A model well suited for a theoretical investigation of the structure of molecular 
fitness landscapes and search trajectories was introduced by S. Kauffman 
(KAUFFMAN 1993). His NK model considers sequence spaces for sequences of a 
length of N sites. Each site can take A states and makes a contribution to the overall 
fitness of the sequence that depends on its own state and that of K other sites. When 
K = 0, the sites contribute independently and additively to the global fitness, when 
K is maximal, i.e. K = N - I, each site is influenced by every site. While the value for 
K in natural proteins or even pep tides is different for every site and has not been 
well determined experimentally, computer models that vary K can shed some light 
on the ruggedness of the evolutionary landscape and suggest efficient ways to locate 
minima. In a comparison of pooling, recombination and mutation strategies for an 
NK model of a random hexapeptide library, the available experimental data 
apparently support a value of K around 0.5 x N - intermediate between being 
random and fully correlated (KAUFFMAN and MACREADY 1995). The landscape for 
K = 0 is smooth, possessing a single peak which can be readily found. For small K, 
sequences in a local optimum will be fitter than most one- or two-mutant neighbors. 
The larger K is, the more likely it is that an evolutionary trajectory will become 
trapped in a local optimum and the probability for finding improved sequences 
becomes independent of search distance - the landscape is then uncorrelated. 
Conversely, for small K, i.e. correlated landscapes, the probability of finding an 
improved sequence decreases with search distance. How does this translate into the 
vocabulary of molecular biology? Properties that require a significant number of 
cooperative interactions before an improvement in fitness is observed cannot be 
found by any strategy that is currently practical. Properties that can be improved 
with independent or quasi-independent point mutations have a good chance to be 
selectable in iterated evolutionary cycles. In this case, single or double mutations 
per cycle search sequence space more efficiently than more radical changes. 

The most important conclusion is the importance of investing more effort in 
the design of the experimental protocol: being able to detect even slight advantages 
in the desired function and running the evolutionary optimization through a large 
number of cycles, rather than constructing ever larger libraries. 

2.2 Complementing Evolutionary Approaches with Rational Concepts 

Rational engineering designs solutions top down: it is an attempt to divine the 
location of the desired optimum and to design experiments according to this 
insight. Rational engineering requires knowledge of the sequence and preferably the 
structure of the protein, delineation of the active site, understanding of the 
mechanism, identification of cofactors, etc. Most importantly, it requires a 
hypothesis about the limiting step for the desired function. In well characterized 
systems, the performance of rational engineering can be quite remarkable. As an 
example, the thermolysin-like protease (TLP) has been engineered with eight point 
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mutations for thermo stability to resist boiling temperatures (VAN DEN BURG et al. 
1998). Remarkably, the mutant enzyme is as active at room temperature as the 
wild-type. Individual mutations were contributed from an analysis of sequence 
differences to thermolysin, from an increase in the number of residues that lower 
the entropy of the unfolded state and from a designed disulfide bridge - tried and 
proven approaches to rational protein engineering. 

State of the art protein engineering and design applies some computational 
algorithm, an objective function, to a novel sequence and then attempts to find an 
improved sequence through methods of combinatorial optimization. That this pro­
cess is becoming practical is evident from the successful de novo design of a protein 
G-~l domain that is 18kJ/mol more stable than the wild-type (MALAKAUSKAS and 
MAYO 1998). Thus modern protein design in its application of combinatorial opti­
mization principles frequently is itself in silico evolutionary engineering. 

Two main benefits of rational design for evolutionary engineering can be 
identified: the first is the possibility to construct stable structural frameworks for 
the display of combinatorial libraries, the second is the generation of hypotheses 
that allow limiting the required size of the library, such as constraining diversity to 
spatially adjacent residues or conserving hydrophobicity profiles. 

3 Evolutionary Engineering Methods 

Evolution implies iteration, and the practical application of evolutionary principles 
to protein engineering involves repeating cycles that can be divided into three parts: 
the generation of genetic diversity, the coupling of genotype and phenotype and the 
identification of successful variants. 

3.1 Generating Diversity 

The exhaustive mutation of a limited number of sites is a fundamentally different 
experiment from the stepwise optimization of entire genes. The former case can 
avoid the codon dilemma: sequence space can well be sampled exhaustively to five 
or six positions. The disadvantage is that only a subset of the entire gene can be 
targeted. For this reason, degenerate oligonucleotides are commonly used in the 
construction of epitope libraries, while diversity in libraries of entire proteins is 
commonly generated with some PCR-based procedure. 

3.1.1 Oligonucleotide Directed Mutagenesis: 
Circumventing Genetic Code Degeneracy 

If only short regions of the protein are to be targeted, various methods of directed 
mutagenesis with degenerate oligonucleotides can be employed. The simplest and 
oldest approach is to use equimolar mixtures of all four nucleotides, (N)(N)(N), for 
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the codons that are to be changed (OLIPHANT et al. 1986), but this may not be the 
best strategy. In procedures that involve the synthesis of a complementary strand, a 
bias for incorporating the original nucleotide will arise from the preferential hy­
bridization of oligonucleotides that form larger numbers of Watson-Crick base 
pairs. This bias can be eliminated by reducing the concentration of the wild-type 
nucleotide during synthesis (AlRAKSINEN and HOVI 1998). But more importantly, an 
(N)(N)(N) codon mixture is biased in favor of those amino acids with more entries 
in the genetic code table; for instance, it will contain six times more leucine than 
methionine and it will contain 4.7% stop codons in every position. Thus, the chance 
of arriving at a randomized sequence of length N that can be translated without 
stop codons is: 

(5) 

e.g. p "" 0.6 for ten residues and p "" 0.4 for 20 residues. If the library is large enough 
to contain every variant sequence and the selection process can pick out individual 
sequences, these shortcomings will not be relevant. But if the library can sample 
sequence space only sparsely, more intelligent strategies are needed to improve its 
diversity and quality. A useful alternative is the codon mixture (N)(N)(C,G,T). This 
mixture not only encodes a more even distribution of amino acids, but also reduces 
stop codon frequency to 2% - improving the chances for a translatable sequence to 
p "" 0.8 for ten residues and p "" 0.67 for 20 residues. Alternate schemes have been 
published that exploit the error-tolerance features inherent in the genetic code. 
Mixtures can be biased towards residues with common physicochemical properties 
such as size, hydrophobicity or charge while at the same time the redundancy is 
reduced (BALINT and LARRICK 1993) (Table 3). Biasing amino acid distributions 
requires a hypothesis about which choices are advantageous. This may be based on 
sequence alignments of homologous genes, on conserving the physicochemical 
properties of the mutated residues (e.g., Table 4), or, as in a procedure termed 
"recursive ensemble mutagenesis" (DELAGRAVE et al. 1993), on compiling the dis­
tributions from the sequence pool of the preceding evolutionary cycle. 

Table 3. A codon mixture for charged amino acids (BALINT and LARRICK 1993) 

Charged (R)(R)(K) 

Position 2 3 
A 50% 50% 50% 
C 
G 50% 50% 
T 50% 

Resulting amino acid spectrum (probability): acidic. E(0.125) D(0.125): basic. R(0.125) K(0.125) H( ): 
hydrophilic. Q(-) N(0.125) T() S(0.125): hydrophobic. V(-) L(-) M(-) Ie) Y(-) W(-) F(-): small. A(-) 
G(0.250): problems. PH C(-) Stop(-). 
Note that all encoded amino acids except glycine are present in the mixture with equal probabilities. Stop 
codons are excluded. If a charged residue is required with certainty at the targeted position. this mixture is 
nearly optimal. as far as simplicity of synthesis and complexity is concerned. 
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Table 4. A codon mixture centered on glutamate for the construction of evolutionary libraries 

Glu (at d= 0.5 of average distance in BLOSUM 62 matrix) 

Position 2 3 
A 38% 41% 
C 27% 18% 30% 
G 31% 21% 53% 
T 4% 20% 17% 

Resulting amino acid spectrum (probability): acidic, E(0.291) 0(0.\37); basic. R(0.028) K(0.112) 
H(0.048); hydrophilic, 0(0.102) N(0.053) T(0.029) S(0.007); hydrophobic, V(0.023) L(0.008) M(0.006) 
1(0.003) Y(0.002) W(0.0005) F(O.OOOI); small, A(0.074) G(0.046); problems, P(0.026) qO.0003) 
Stop(0.005). 
Note the good correspondence of the amino acid frequencies with physicochemical measures of similarity 
- charge, hydrophobicity and volume. The frequency for nonsense mutations is reduced by a factor of ten 
relative to its occurrence in a random nucleotide mixture. No amino acid is completely excluded. The 
mixtures are adjusted to compensate for unequal reactivity of nucleotides during synthesis. Such mixtures 
can be optimized individually for every amino acid and synthesized on standard oligonucleotide 
synthesizers that allow independent control of reagent concentrations. 

Under specific circumstances it may be desirable not to approximate amino acid 
distributions with degenerate codons, but to specify them explicitly by synthesizing 
random libraries directly from building blocks of trinucleotides. That such an ap­
proach is indeed feasible, after careful optimization of the synthesis strategy, has 
now been reported by a number of groups (VIRNEKASet al. 1994; LYlTLEet al. 1995; 
ONO et al. 1995; KAYUSHIN et al. 1996; GAYTAN et al. 1998). The downsides of this 
method are that it is not commercially available and it does not solve the problem of 
deciding which mixture of amino acids may be desirable at any given position. 

In order to combine ease of synthesis with balanced mixtures of amino acids, 
redundancies and symmetries in the genetic code can be favorably exploited (Steipe 
and Bruhn, in preparation). A typical application would be the synthesis of con­
formationally constrained epitopes, such as antibody combining sites, for which 
some preference for each position can be defined, e.g. conserving the hydropho­
bicity profile, yet no amino acid should be rigorously excluded, since it might be 
just the one critical for the desired function. In effect, amino acid properties such as 
hydrophobicity or size should be statistically constrained to limit the destabilizing 
effect of the new sequence on the framework structure. Thus similar residues should 
be more frequent in the mixture than dissimilar residues. To achieve this, nucleotide 
mixtures can be simultaneously optimized in every codon position, to maximize the 
resulting codons' complexity - defined as the information-theoretical information 
content - and to limit their dissimilarity, measured empirically in terms of exchange 
probabilities from a mutation data matrix (Table 4). 

3.1.2 Chemical Mutagenesis, Mutator Strains and UV Irradiation 

While these methods were among the earliest used in evolutionary engineering 
(SINGER and KUSMIEREK 1982), they have been largely superseded by the more 
modern techniques described below. The main disadvantage of all three methods is 
their indiscriminate targeting of the entire genome (or at least an entire plasmid), 
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and this makes it rather likely that the screen for function will be influenced by non­
specific effects, like altered expression rates, or even the spontaneous modification 
of cellular enzymes to perform the task that is being screened or selected for. 

3.1.3 Error-Prone PCR 

For most purposes, the introduction of nucleotide changes via error-prone PCR 
will be the method of choice: it is simple, efficient, restricted to the region of interest 
and well characterized. The protocol devised by LEUNG et al. (1989) was subse­
quently improved (CADWELL and JOYCE 1994) to reduce the inherent bias of 
nucleotide transitions over transversions (SHAFIKHANI et al. 1997). Both methods 
allow tuning the mutation rate by varying the concentrations of Mn2 + and dNTPs, 
or the number of PCR cycles. Since beneficial mutations are rare and the combi­
nation with a disruptive mutation will produce an inactive protein, it is best to keep 
the mutation rate to a level of one or two sequence changes per gene. Since some 
amino acid changes will require three concerted nucleotide substitutions, in practice 
the ideal number of nucleotide changes is between two and six over the length of the 
gene. Very high mutation rates for the randomization of short epitopes can be 
achieved with the inclusion of synthetic nucleoside analogues, that can base-pair 
ambiguously (ZACCOLO and GHERARDI 1996). 

3.1.4 DNA Shuffling 

By far the most successful approach to molecular evolution appears to be the DNA 
shuffling method, pioneered by W.P. Stemmer to address the question of how an 
efficient walk on an evolutionary landscape can be generated experimentally 
(STEMMER 1994a) (Fig. 3). This protocol allows successful mutations to be passed 
among sequences by recombination. The power of this "sexual PCR" process stems 
from the possibility of preserving locally optimal solutions, which may improve the 
desired property synergistically when combined. 

In a first step, the gene of interest is cleaved into many short, random frag­
ments with DNAse I. These fragments of lO-50 base pairs are then purified and 
recombined in a PCR-like process without exogenous primers. Terminal primers 
are added to the last step of extension and full length sequences are amplified and 
cloned. Since the melting and annealing steps will cause fragments from different 
strands to hybridize, ail efficient recombination of strands takes place. In principle, 
this process would simply regenerate the native sequence, but variation can be 
introduced into the pool by various processes: 

I. By initially amplifying the wild-type gene before fragmentation under mutagenic 
PCR conditions 

2. By initially using a pool of genes, such as homologous genes from different 
organisms (CRAMERI et al. 1998) 

3. Intrinsically, by the process of extension and recombination itself, which has an 
intrinsic, tunable error-rate (ZHAO and ARNOLD 1997) 
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4. By the addition of mutagenic primers to the mixture, and 
5. By pooling the evolved genes from the most successful mutants of each evolu­

tionary cycle 

After the successful isolation of mutants, further cycles of recombination 
can be performed with an excess of the wild-type sequence under stringent 
selection conditions. This process of back-crossing will revert nonessential mu­
tations to the wild-type sequence and thus give some insight into the essential 
sequence changes. 

• 
• • • • 

wild-type sequence 

o advantageous mutation 

• deleterious mutation 

•• 0 

-<l • 0 • 
• 0-

• • • 
::g-c • 

• 

V Random fragmentation 

----------
-----------_ ... _---_ .... -------------------------------

V mutagenic PCR reassembly 

-0 o I. • -<l 

• • 

Random fragmentation 

Fig. 3. The DNA shuffling method for molecular evolution. After random fragmentation . a pool of 
genes is reassembled with a peR protocol that at the same time is mutagenic and generates multiple 
recombination events. From the recombined library. functional sequences arc selected and the new 
resulting pool is improved by further iterations of the protocol 



Evolutionary Approaches to Protein Engineering 71 

3.1.5 Recombination In Vivo and In Vitro 

DNA shuffling is modeled along natural recombination, but can natural recom­
bination itself be used for the generation of large molecular libraries? Three site­
specific recombination systems have been analyzed in some detail in E. coli: phage 
lambda Int, transposon Tn3 and the Cre recombinase of bacteriophage PI. Of 
these, the Cre-loxP system appears ideally suited for engineering purposes (HOESS 
et al. 1984). It is simple, requiring only 34 bp of DNA binding site and the 
recombinase, and it appears to work independently of local DNA conformation. 

In a particularly elegant application, FISCH et al. (1996) reported the generation 
of a large, combinatorial peptide library. Two artificial exons, each encoding ten 
randomized amino acids, were joined via a five residue spacer and fused to the pIlI 
phage coat protein for phage display. Exon shuffling was achieved via the lox 
recombination site cloned into a self-splicing group I intron (CECH 1990), which 
automatically excises itself after transcription. The authors report a library size in 
excess of lOll peptides and note the potential of the system for the de novo evo­
lution of small peptides and proteins. 

Recombining a set of highly homologous genes in vitro can also be achieved in 
a procedure called staggered extension process (StEP) recombination (ZHAO et al. 
1998). StEP involves a PCR procedure with a low concentration of terminal 
primers or random-sequence primers (SHAO et al. 1998) and very short extension 
cycles at reduced temperature, which will only extend primers over 5-20 base pairs 
per cycle. These abbreviated fragments will switch templates during the denatur­
ation/annealing cycles and the final, full-length sequence will have been synthesized 
from a number of different templates. 

Whether in vitro recombination is achieved by template switching or by 
DNA shuffling, its capacity to accelerate the search process makes it the core of 
modern, efficient evolutionary protocols. Initial point mutations sample local new 
optima of the evolutionary landscape. Successful variants can subsequently be 
combined, removing silent and deleterious mutations and further increasing 
activity (MOORE et al. 1997). The combined mutations put the protein into a more 
distant region of sequence space, one that would not previously have been 
accessible with a library of practical size. At this new optimum, the process can 
be repeated until the limiting factor is the sensitivity of the experimental setup to 
identify further improvement. 

3.2 Coupling Genotype and Phenotype 

In order to identify desired sequences, some strategy needs to be devised that will 
ensure that the desired function will be in some way physically associated with its 
gene. The alternative of direct sequencing of the improved protein is currently not 
technically feasible, even though it has been successfully applied to the analysis of 
peptide libraries on beads (LAMet al. 1991). Similarily, encoding schemes have been 
developed for non-genetic combinatorial libraries (CZARNIK 1997). Yet another 



72 B. Steipe 

similar concept is embodied in the synthesis of peptide libraries on beads, together 
with a synthetic oligonucleotide encoding the sequence (NEEDELS et al. 1993). The 
advantage, as in all procedures based on combinatorial chemistry, is the possibility 
to incorporate non-proteinogenic amino acids; but the chief disadvantage is the 
limited library size and the added difficulty of decoding as compared to genetically 
based methods. An array of methods to couple information and function are 
described below, ranging from the binding of expressed peptides to their genes to 
the association of gene and protein in living cells. 

3.2.1 RNA-Peptide Fusions 

Covalent fusions of an mRNA and its encoded peptide can be achieved when a 
pool of mRNAs is synthesized with the peptidyl-acceptor antibiotic puromycin 
attached to the 3' end. The mRNAs are in vitro translated, the 3' puromycin end­
an analog to a charged tRNA - will bind to the ribosomal A site at some time 
during the translation and its free amino group will be transferred to the carbox­
ylate end of the nascent peptide chain (N EMOTO et al. 1997). Once this has hap­
pened, the mRNA is covalently bound to the peptide and the adduct will dissociate 
from the ribosome. These adducts can then be screened for the desired function, the 
mRNA of successful sequences reverse-transcribed, amplified and cloned for 
analysis (ROBERTS and SZOSTAK 1997). This procedure has tremendous potential, 
since library sizes of 1012 have been achieved and 1015 should be attainable with 
some optimization and scale-up; they are thus far larger than those obtainable with 
other methods. We are certain to see reports of refinements soon, such as the use of 
longer sequences, or even obviating the need for in vitro mRNA-puromycin syn­
thesis, perhaps through the use of a ribozyme sequence. The only downside appears 
to be, in principle, the requirement for single molecule detection efficiency. 

3.2.2 Ribosome Display 

An alternative to the chemical coupling of mRNA and peptide is to preserve their 
association on the ribosome. This procedure has been developed for peptide libraries 
(MATTHEAKlset al. 1996) and for functional proteins (HANES and PLUCKTHUN 1997; 
HE and TAUSSIG 1997). While the procedure requires some biochemical sophisti­
cation, the large library sizes of > 1012 individual molecules and the possibility to use 
full-length proteins makes it very attractive. No additional transformation steps are 
required and PCR amplification between cycles of enrichment allows the intro­
duction of random mutations - evolutionary engineering, entirely in vitro. 

3.2.3 Peptide on Plasmid 

One of the simplest in vivo embodiments of the coupling of information and 
structure is the direct, physical association of the target molecule with its gene via a 
DNA-binding domain. For peptide libraries, this has been achieved with the fusion 
of a library to the C-terminus of the lac-repressor (CULL et al. 1992; SCHATZ et al. 
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1996). After isolation of the repressor-plasmid complex from the cell, ligand 
binding candidates can be retained on an affinity column. The plasmid can be 
eluted either by denaturation or by adding the inducer and the eluate used to 
transform cells. Note that even though the number of molecules participating in the 
experiment can be large, the actual diversity of the library will equal the number of 
cells into which the initial library has been transformed. 

While the procedure is conceptually extremely simple and powerful, requiring 
no additional decoding or cloning steps, it requires a gentle, yet quantitative pro­
cedure of lysing cells that will not interfere with tight physical association of the 
protein with the DNA, and it requires a slow off-rate of the DNA-binding domain 
to prevent exchange of the binders. The procedure is also sensitive to interference 
from intrinsic DNA-binding properties of the target or the matrix. 

Another potential problem arises from the fact that LacI dimerizes via its 300-
amino acid COOH-terminal domain. Dimerization is a disadvantage for screening. 
because avidity effects can result in the selection of intermediate- to low-affinity 
interactors which outnumber high-affinity binders. Thus a monomer domain would 
be desirable. Such a protein has been constructed by evolutionary engineering of a 
synthetic linker peptide that fuses two 60-amino acid DNA binding 'headpiece' 
domains of LacI. This monomeric protein binds DNA stably and can be used for 
panning and enrichment of high-affinity binding peptides (GATES et al. 1996). 

3.2.4 Phage Display 

The most widely used system for screening libraries today is phage display (BURTON 
1995). Pep tides or protein domains are fused (most commonly) to the gene III 
protein (gIIlp) of filamentous phage. After the host cell is infected by helper phage, 
the fusion protein is incorporated into newly made phages together with its coding 
gene. Functional sequences are subsequently enriched from the pool by binding a 
ligand matrix and eluted phages can be directly transformed into host cells for 
amplification and analysis. The system is very versatile: besides peptide libraries, 
successful fusions have been reported for the engineering of enzymes such as 
alkaline phosphatase (MCCAFFERTyet al. 1991), ~-lactamase (SOUMILLION et al. 
1994), staphylococcal nuclease (LIGHT and LERNER 1995) or even trypsin (WANG 
et al. 1996). Protease inhibitors have been engineered (MARKLAND et al. 1996) as 
successfully as cytokines (VISPO et al. 1997), growth hormone (CHIEN et al. 1991). 
and zinc-finger domains (REBAR and PABO 1994). A particularly interesting new 
development is the recruitment of a lipocalin framework for the display of a large 
epitope library (BESTE et al. 1999). These novel proteins have been aptly called 
anticalins by the authors. The largest area of application, however, has been im­
munoglobulin domains, particularly single-chain Fv fragments (scFvs) (see Ho­
OGENBOOM et al. 1998 and GRIFFITHS and DUNCAN 1998 for recent reviews). 

In general, stable cytoplasmic proteins appear to cause problems in this system. 
The assembly of filamentous phage takes place in specific assembly sites where 
inner and outer membranes come in close contact and the proteins involved are 
stored as integral proteins of the inner membrane until they are incorporated into 
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the growing phage. Both overexpression of the fusion protein as well as fusions 
with proteins that cannot unfold for secretion will lead to toxicity and ultimately to 
plasmid instability, degrading library diversity or leading to complete loss of the 
molecule to be displayed. Two factors have been identified that appear to alleviate 
the problem. First, it is important to repress the background expression as com­
pletely as possible, before induction of phage assembly. For example, this can be 
achieved through introduction of a transcriptional terminator upstream of the lac 
promoter (KREBBER et al. 1996); other tightly regulated promoters (SKERRA 1994) 
may serve the same purpose. Second, efficient secretion of the fused protein appears 
to be crucial for efficient display and this includes translocation across the inner 
membrane as well as folding in the periplasmic space. By panning a library of 
E. coli proteins, coexpressed with a poorly folding scFv-gIIIp fusion, for high 
expression levels, BOTHMAN and PLOCKTHUN (1998) were able to identify a protein 
that improves the expression of a wide range of scFv fragments by increasing the 
amount of displayed protein. Significantly, the protein indeed is a periplasmic 
chaperone, the skp or ompH gene product (CHEN and HENNING 1996), reminiscent 
of earlier reports that coexpression of the cytoplasmic chaperone GroE would 
increase phage titers by two orders of magnitude (SODERLIND et al. 1993). 

Fusions to gIIIp have the advantage of monovalency, since gIIIp is present in 
only five copies and the native gIIIp is supplied in excess by the helper phage, but 
this may not be desirable in all cases. Alternatives for multivalent display have been 
described, such as fusions to gene VIII protein, the major coat protein of fila­
mentous phage (MAKOWSKI 1994), or fusions to the D protein of the phage lambda 
capsid (STERNBERG and HOESS 1995). 

Selectively infectious phages (SIP) have been constructed, which obviate the 
panning step (SPADA et al. 1997). The NHrterminal domain of gIlIp is replaced by 
the protein library, e.g. an scFv, while the ligand is chemically coupled or geneti­
cally fused to NHrterminal domains (Fig. 4). While the phage itself is non-infec­
tious, the interaction of a protein from the library with the ligand restores 
infectivity. Based on a similar concept, ligand epitopes have been expressed as 
fusions to the tip of the bacterial F pilus. While this abolishes infectivity of wild­
type phage, phages displaying an scFv against the peptide epitope became selec­
tively infectious (MALMBORG et al. 1997). 

3.2.5 Cell-Surface Display 

Many thousands of copies of protein or peptide libraries can be displayed on the 
surface of cells. Thus such libraries can be targeted with a fluorescent labeled 
ligand, the cells sorted by FACS, and grown, obviating amplification or transfor­
mation steps (FUCHS et al. 1996). In contrast to phage display, which may only 
recover less than 10-3 of library elements, cell-based systems can almost guarantee 
quantitative recovery of library elements. With the variety of proteins now avail­
able that can accept extensions or insertions, cell-based screens can be predicted to 
rapidly grow in importance (GEORGIOU et al. 1997). 
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Fig. 4. Selectively infectious phage display 

3.2.6 Micro-compartmentalization 
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Noninfective phage display library. 
lacking N1 domain 

It may be attractive to abstract the principle of micro-compartmentalization from 
cells to artificial systems. Beyond coupling information and function, entire path­
ways may be spatially isolated. For instance, using a simple spray-gun, droplets of 
50- 200nl volume can be generated that may contain substrates, cells and even 
synthesis beads (BORCHARDT et al. 1997). Stable preparations can be achieved by 
encapsulating the desired molecules and reactions in liposomes or in oil- water 
emulsions. Liposomes are the closest artificial models of cells and may even with­
stand the elevated temperatures required for peR (OBERHOLZER et al. 1995), thus 
they may have potential for allowing multiple evolutionary cycles to be performed 
in situ. But water-in-oil emulsions may be even simpler to prepare and their use for 
molecular evolution has already been demonstrated by an in vitro enrichment of 
DNA methyltransferase genes from a !07-fold excess ofDHFR genes (TAWFIK and 
GRIFFITHS 1998). Under the conditions reported by the authors, the mean droplet 
diameter was 2.6Jlm - on the order of a bacterial cell - and there were approxi­
mately 1010 compartments formed per milliliter. 

3.3 Screening and Selection 

Screening is the identification of active variants by comparing them with all other 
elements in a molecular library. Selection is the enrichment of active variants in a 
molecular library. Since screening, in principle, requires assaying every single 
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individual, the size of screenable libraries will be limited in practice to 105_107 

sequences. Selection procedures may be used on much larger libraries and they may 
be more sensitive than screens, frequently requiring less than I % of background 
activity for success. However, they require that the desired activity can be linked 
somehow to a significant growth advantage. Finally, selective pressure on living 
cells will induce a variety of responses, and the appearance of random phenotypic 
variants displaying the desired property must not be significantly more probable 
then its emergence as the result of library evolution. 

3.3.1 Screening 

Since the size of screenable libraries is limited (i.e. one can grow on the order of 105 
isolated colonies on a large petri dish), to screen large libraries either the evolu­
tionary process has to be broken down into more cycles, successful variants have to 
be enriched by a preselection step or individuals have to be pooled and singled out 
in successive steps. 

Screening commonly relies on visual detection and much ingenuity has gone 
into the design of protocols that couple some function to a visual signal, commonly 
via activation of a reporter gene. The three most commonly used reporter enzymes 
are f3-galactosidase, chloramphenicol acetyl transferase and luciferase (GROSKREUTZ 
and SCHENBORN 1997). Various substrates are available for chromogenic enzymatic 
reactions; they are most frequently based on color changes of a nitrophenolleaving 
group which is released by hydrolysis of a substrate, or the precipitation of an 
insoluble, blue indigo dye (e.g. X-gal or BCIP/NBT). Protease activity can frequently 
be directly visualized by the formation of halos around colonies grown on casein- or 
skim milk-agar. This principle has been used successfully to screen variants of sub­
tilisin E with increased activity (You and ARNOLD 1996). 

Fluorescence-based screening methods are rapidly gaining importance, since 
they provide very high sensitivity, down to single-molecule detection, together with 
low background (EIGEN and RIGLER 1994). Fluorophore binding proteins are a 
common model system for molecular evolution since affinities can be well deter­
mined (HENNEcKE et al. 1998; BESTE et al. 1999). Fluorogenic enzyme substrates 
have been in use for a while, with 4-methylumbelliferone being a common fluo­
rophore. An interesting new development is the use of intramolecular fluorescent 
resonant energy transfer (FRET) for the detection of catalysis (ZLOKARNIK et al. 
1998). In this work, a f3-lactam-based fluorogenic substrate with a large emission 
wavelength shift after hydrolysis was synthesized. The expression of as few as 100 
f3-lactamase molecules per single cell can be detected, making this an extremely 
sensitive and versatile system to monitor gene expression. 

Undoubtedly the most important contribution to fluorescence based screening 
has come from green fluorescent protein (GFP) (TsIEN 1998). In only 4 years, this 
protein has become a standard component of the tool kits of cell biologists and 
protein engineers alike, and the ready visual identification of variants has made it 
one of the important models of evolutionary engineering. For example, an error­
prone PCR amplification will produce the mutation Tyr66His wilh a frequency of 
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>:::10-4, a blue fluorescent mutant (BFP), which can be well distinguished from the 
wild-type with a hand-held UV-Iamp. Wavelength shifted mutants of GFP can be 
used as the basis for genetically expressible intracellular sensors. For example 
Roger Tsien's group has fused GFP and BFP to calmodulin, constructing a sen­
sitive FRET-based calcium sensor (MIYAWAKI et al. 1997), while MIESENBOcKet al. 
(1998) have used evolutionary methods and microtiter plate screens to evolve 
intracellular pH sensors. 

Bioluminescence assays complement fluorescence as reporter systems for gene 
expression. Their substrates can be synthesized by the host after supplying the 
necessary genes in trans on a separate plasmid (MANEN et al. 1997), and a wide 
variety of commercially available cloning vectors exist (GROSKREUTZ and SCHEN­
BORN 1997). 

Screening has traditionally been an analysis of single bacterial colonies. The 
colonies can either be directly visualized, or lysed, blotted and a variety of 
immunochemical methods applied. A particularly elegant example utilizing colony 
blots, is the optimization of streptavidin to bind a peptide tag, by randomization of 
a surface loop and subsequent screens (Voss and SKERRA 1997). For reactions that 
need to be quantitated, 96-well microtiter formats can be used. There is currently a 
vigorous effort underway to increase the number of wells and reduce the required 
volumes, for pharmaceutical high-throughput screens. Whether this investment in 
dedicated hardware will be productive, or whether ultimately modular cellular 
selection systems will supersede screening efforts remains to be seen. 

3.3.2 Panning 

Panning is most frequently employed in the selection of ligand binding molecules, 
by their enrichment in a pool after binding to a matrix. Thus it can be considered an 
in vitro selection protocol. 

The question of what exactly is being selected for, e.g. by panning a phage 
display library, deserves some consideration. Depending on the experimental pro­
tocol, either equilibrium or dissociation rate constant govern the amount of phage 
retained on the binding matrix which can subsequently be eluted (MANDECKI et al. 
1995). Dissociation constants between nanomolar and micromolar can be deter­
mined for interactions that have been enriched (DYSON et al. 1995). Obviously, at 
the upper level, this is far larger than the concentration of phage in the medium. 
Either multivalence or rebinding affects must be invoked to explain the observed 
binding of intermediate affinity proteins to the matrix, over the 10-20 washing steps 
suggested in current protocols (MCCAFFERTY and JOHNSON 1996), or the selection is 
in fact for slow dissociation rates. The latter interpretation is corroborated by the 
finding that the affinity of eluted phages correlates with the time points of collecting 
them, which can be monitored directly on a surface plasmon resonance chip 
(MALMBORG et al. 1996). 

As an alternative to matrix-based panning, fluorescently labeled cells can be 
sorted directly in a FACS. Again, GFP provides an elegant and modular access to 
read out a large spectrum of signals that modulate its expression. This was dem-
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onstrated with the optimization of GFP itself for F ACS sorting. A library of 20 
randomized residues flanking the GFP fluorophore yielded variants with 100-fold 
increased brightness in the cell (CORMACK et a!. 1996). 

Yet another interesting alternative involves exploiting bacterial chemotaxis to 
select desired functions. This has already been used in a mutational analysis of the E. 
coli chemotaxis receptor Trg (BAUMGARTNER and HAZELBAUER 1996). An improved 
understanding of the molecular mechanisms of bacterial responses to physical and 
chemical stimuli (GREBE and STOCK 1998) can be expected to significantly contribute 
to the tool kit of available selection systems that can be functionalized. 

3.3.3 Selecting for Growth 

Classically, a system for selection confers a growth advantage on the cell carrying a 
library molecule with the desired properties. Such systems are conceptually simple 
and have been widely used; unfortunately they have the highest chance of false 
positives since a cell generally will have a number of options to cope with selective 
pressure. This is a rather general phenomenon, for example, an experiment with a 
T4-lysozyme mutant library under selective pressure to complement a p-galacto­
sidase deficiency was not successful in altering the enzyme's substrate specificity but 
uncovered a novel E. coli locus that weakly complements the defect (PATTEN et a!. 
1996). 

3.3.3.1 Functional Complementation 
Obviously, functional complementation of a genetic defect will confer a selective 
advantage in a suitable host strain. This principle has been frequently applied: 
a recent example is the construction of an active dihydrofolate reductase that is 
formed from two fragments of the polypeptide when they are brought into prox­
imity by two interacting proteins (PELLETIER et a!. 1998). A powerful extension of 
this principle selects proteins in host cells living in extreme environments. This 
strategy was first used to isolate thermostable variants of kanamycin nucleotidyl­
transferase, generated in an E. coli mutator strain, by transforming a shuttle vector 
into Bacillus stearotlzermophifus and selecting for growth at elevated temperatures 
up to 70°C (LIAO et a!. 1986). Subsequently, further variants were identified and 
combined and it could be shown that these evolved, thermostable enzymes were at 
the same time more resistant to protease, urea, detergents and organic solvents 
(LIAO 1993). The same procedure has been applied to chloramphenicol acetyl­
transferase at 58°C (TURNER et a!. 1992). An obvious further improvement of this 
concept would be to use hyperthermophile Archaebacteria- or eubacteria. 
Unfortunately, molecular biology is a lot more difficult in these cells - the absence 
of transformable genetic elements requires chromosomal integration for recombi­
nant expression. Nevertheless, the group of T. Oshima has recently developed a 
shuttle integration vector system for this purpose (TAMAKOSHI et a!. 1997) and 
successfully used it to stabilize B. subtilis isopropylmalate dehydrogenase in 
Thermus thermophifus by gradual adaptation of the integrated gene to growth at up 
to 70°C in a leuB-deficient strain (AKANUMA et a!. 1998). Transformation of 
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hyperthermophiles is an active area of research, and progress is under way (NOLL 
and VARGAS 1997), 

3.3.3.2 Modular Systems Based on Reporter Genes 
The most universal strategy for selecting novel functions is to couple the function to 
the expression of some selectable reporter gene, such as antibiotic resistance. 
A variety of systems has been used in evolutionary engineering projects for this 
purpose. In eukaryotic cells, the two-hybrid system has made a profound impact 
with a large number of variations to screen and select for protein-protein inter­
actions (BRACHMANN and BOEKE 1997; COLAS and BRENT 1998). Prokaryotes have 
received less attention in this respect - partly because the motivation behind 
developing the two-hybrid system came from questions in cell biology, partly be­
cause eukaryotic transcriptional activation is a particularly intensely studied area. 
Nonetheless, there are still significant advantages to work with prokaryotes in 
engineering: transformation numbers are much higher, molecular biology is simpler 
and growth is faster. A widespread family of bacterial transcriptional regulators is 
the AraCjXylS protein family of "winged-helix-turn-helix" transcription factors 
(GALLEGOS et al. 1997; MARTINEZ and STOCK 1997). One member of this family, 
ToxR of Vibrio cholerae, is activated by periplasmic dimerization. Chimeras of the 
cytoplasmic and transmembrane segment with a periplasmic immunoglobulin do­
main are functional after dimerization and activate transcription of a reporter gene 
from the ctx promoter (KOLMAR et al. 1994, 1995b). This system was successfully 
used for the screening of stabilized immunoglobulin domains (KOLMAR et al. 
1995a) and mutational analysis of a dimerizing transmembrane segment (LAN­
GOSCH et al. 1996; BROSIG and LANGOSCH 1998) and has recently been further 
optimized (JAPPELLI and BRENNER 1998). 

A different approach to a genetic screen has been developed, based on the 
phage lambda N protein which induces the modification of E. coli RNA poly­
merase to a termination-resistant form. This anti-termination screen was originally 
used for the identification and optimization of RNA binding peptides (HARADA 
et al. 1996, 1997), but a generalization appears straightforward. 

3.3.4 Screening and Selecting Second Site Suppressors 

A powerful alternative to searching for mutations that improve a protein may be 
the search for second site suppressors of a previously introduced deleterious mu­
tation. Whenever a desired property arises from additive effects, a mutation in one 
site may be compensated for by a sequence change in a different site. The combi­
nation of wild-type sequence and second-site suppressor can be expected to im­
prove the protein over and above the wild-type. The advantage of this approach is 
that baseline activity in the screening experiment can be reduced. This greatly 
simplifies the detection of successful variants. While the method is general, e.g. it 
may allow further improvement of enzymes that already function at a level in which 
a further increase of activity or stability may not be readily detectable, the downside 
is that not all second site mutations must also improve the wild-type. An early 
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success with this approach was reported for ribonuclease HI, which had been 
previously destabilized through COOH-terminal deletions (HARUKI et al. 1994). Of 
II second-site suppressor mutations that were identified, eight were also found to 
improve the wild-type protein. Even thermostable enzymes may be further im­
proved with this strategy, as demonstrated for isopropylmalate dehydrogenase with 
a chimeric, destabilized enzyme that was subjected to random mutagenesis and 
selected in an auxotrophic variant of Thermus thermophilus at high temperature 
(KOTSUKA et al. 1996). 

In another example, a monomeric variant of chorismate mutase has been 
engineered by introducing point mutations at the dimer interface. The resulting 
monomer has almost no detectable enzymatic activity and is significantly destabi­
lized relative to the wild-type. A library of sequences of an interhelical turn was 
screened for activity, resulting in a variant with almost native catalytic rates 
(MACBEATH et al. 1998). 

3.3.5 You Get (Exactly!) What You Ask For 

One last caveat may be in order. Evolutionary procedures optimize a fitness function 
which is not completely under control of the experimenter. For instance, a careful 
investigation of binding determinants in antibody CDRs of a phage-displayed scFv 
against fluorescein, using the SIP method, demonstrated that the selection is influ­
enced by a composite fitness function, including affinity, stability and efficient 
folding (PEDRAZZI et al. 1997). Examples of surprising results exist, like high affinity 
binders to the column matrix, or enzymes with reduced activities but higher ex­
pression levels. The importance of careful experimental design must be emphasized. 

4 Outlook 

The speed and quality of evolutionary solutions to protein engineering problems is 
truly impressive, ever less knowledge is required about the system that is being 
optimized. One of the most pointed applications of this principle is the simulta­
neous engineering of a multigene operon, the arsenate resistance operon of 
Staphylococcus aureus (CRAMERI et al. 1997). While the wild-type plasmid con­
ferred resistance to E. coli at a level of 4-10 mM arsenate, after three rounds of 
DNA shuffling and selection, operons were recovered that conferred resistance up 
to 400 mM arsenate to the host cells. In addition to ten silent mutations, only three 
missense mutations in the arsenite membrane pump gene, arsB, were sufficient for 
the increased resistance. Besides improving expression levels and specific activity, 
apparently an improved functional coupling of the proteins to each other had 
occurred. This impressive improvement in function, in the absence of a structural 
model or even a precise understanding of the molecular details of the protein's 
interactions or the rate-limiting step, is a good indication that evolutionary protein 
engineering is rapidly moving biotechnology into a new phase. 
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The enormous potential of combinatorial approaches for studying problems in 
biology and chemistry has been clearly demonstrated over the last several years. In 
particular, phage display has become one of the major techniques for the use of 
combinatorial peptide and protein libraries. The reasons for the success of phage 
display are, at least, threefold: (1) phage display of combinatorial libraries creates a 
direct link between phenotype (the selectable properties of interest from the dis­
played library) and genotype (their sequences); (2) it offers the possibility to select 
and amplify single clones out of large libraries; (3) it allows in vitro as well as in 
vivo selections in order to evolve peptides and proteins with novel activities. 
Reported applications include selections of pep tides as lead compounds in phar-

I Lehrstuhl fUr Organische Chemie I, Bioorganische Chemie, Ruhr-Universitiit Bochum, 
D-44780 Bochum, Germany 
2XERION PHARMACEUTICALS GmbH, Fraunhoferstr. 9, D-82152 Martinsried, Germany 
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maceutical research, redesign of protein structures and protein-protein interac­
tions, screening of cDNA libraries and enzyme design. This diversity in applications 
has been made possible by the development of a variety of display formats and 
selection schemes and an increasing understanding of the biology of filamentous 
bacteriophages. 

This review aims to provide the reader with a general overview of the tre­
mendous possibilities of the technology as well as its limitations. Selected examples 
will be used to highlight the current state of the art, although these examples 
represent only a fraction of all the interesting experiments and techniques that have 
been developed over the last few years. 

2 Filamentous Bacteriophage 

The most commonly used bacteriophages for phage display of proteins or peptides 
are derivatives ofF-specific filamentous bacteriophages, fd, fl or M13. They infect 
male (F +) strains of Escherichia coli and belong to the best studied group of 
bacteriophages in terms of their physiology and genetics. For an extensive overview 
of the biology of filamentous bacteriophages, readers are referred to the excellent 
review by MODEL and RUSSEL (1988). Only a brief review of the properties of 
filamentous bacteriophages and their relevance to phage display will be presented 
here. Clearly, a detailed understanding of host (bacteria) and phage biology is 
important for an appreciation of the possibilities and limitations of phage display. 

The most distinguishing characteristics of filamentous phages include the 
variable length of the phage capsid, which is determined by the size of single­
stranded DNA encapsidated inside, and the continuous production/extrusion from 
the bacteria without lysis of their hosts. Five phage proteins (gene III, VI, VII, VIII 
and IX proteins) are involved in virion capsid formation. Gene VIII protein 
(gVIIlp) is the major coat protein, present in approximately 2700 copies and 
comprising the sides of the thin, rod-like virus. However, the precise number of 
gVIIlp is determined by the size of encapsidated single-stranded DNA. There are 
approximately five copies of each gene III and gene VI proteins (gIIlp and gVlp, 
see GOLDSMITH and KONIGSBERG 1977; LIN et al. 1980) located at one end of the 
virion. Mature gIIlp consists of three domains, a COOH-terminal domain, 
responsible for anchoring gUlp in the phage particle, and two NHrterminal 
domains, responsible for infecting E. coli. At the opposite end of the phage, five 
copies of gene VII (gVUp) and gene IX (gIXp) proteins are required for stabili­
zation and termination of the virion (GRANT et al. 1981). 

Of the five capsid proteins, only gIIlp and gVUlp are synthesized as precursors 
containing signal sequences. After synthesis, gVIIlp is rapidly incorporated in the 
cytoplasmic membrane, with the NHrterminus exposed in the periplasm and the 
COOH-terminus on the cytoplasmic side (WICKNER 1975; OHKAWA and WEBSTER 
1981). Much less is known about the gUlp membrane insertion. However, it has 
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been shown that the mature protein is held in the cytoplasmic membrane by a 
membrane-spanning region near its COOH-temunal (the same region responsible 
for the anchoring of gIIlp through gVlp in the virion capsid) and the rest of the 
protein is exposed in the periplasm (DAVIS et al. 1985). Recently, it has been 
demonstrated that other viral structural proteins are also associated with the inner 
membrane of E. coli (ENDEMANN and MODEL 1995). 

Assembly of phages occurs when single-stranded (ss) phage genomic DNA or 
plasmid DNA containing the phage origin of replication and packaging signal 
(phagemid), together with the capsid proteins, extrudes through the cytoplasmic 
membrane directly to the cell exterior. The end of the virion terminated by gVIIp 
and glXp, together with the packaging signal part of the ssDNA, emerges first 
(LOPEZ and WEBSTER 1983). This is followed by the continuous replacement of the 
gene V protein, which binds to the nascent ssDNA in the cytoplasm, by the 
membrane associated gVIIlp. The assembly process is terminated by the emergence 
of the gIIIp and gVlp end of the phage (LOPEZ and WEBSTER 1983). Since phage 
display systems are based on fusion to gIIlp, gVIIIp or gVIp, it is advisable to 
consider if the protein to be displayed is compatible with the production and 
secretion of the virion capsid proteins. 

Infection of host bacteria by phage particles is initiated by docking of the 
second NHrterminal domain of gIIlp to the tip of the F pilus of male bacteria 
(GRAYet al. 1981), followed by the retraction of the pilus to bring the phage 
particles close to the host cell surface (JACOBSON 1972). Penetration of the phage 
particles occurs upon binding of the first NHz-terminal domain of gIIIp to the 
COOH-terminal domain of its host receptor, the TolA protein (RIECHMANN and 
HOLLIGER 1997), and proceeds through decoating of capsid proteins, which become 
associated with the inner membrane (SMILOWITZ 1974). Recently, the structure of the 
two NHz-terminal domains of gUlp has been solved (HOLLIGER and RIECHMANN 
1997; LUBKOWSKI et al. 1998). As these domains are responsible for the docking of 
the phage particle to the F pilus and the binding to TolA, the structure provides a 
basis for an understanding of the protein-protein interactions that take place 
during the infection process. 

3 Display of Proteins and Peptides on Phage 

3.1 Filamentous Bacteriophage Display Systems 

Foreign proteins or peptides are displayed on filamentous phages through their 
fusion to minor coat proteins gUlp (SMITH 1985), gVlp (JESPERS et al. 1995) and 
major coat protein gVUlp (MARKLANDet al. 1991; KANGet al. 1991). 

The fusion of foreign peptides or proteins to the major coat protein gVIIlp offers 
the opportunity for multivalent display (Fig. 1). For instance, peptide libraries can 
be inserted into the NHz-ternlinal region of gVIIlp and displayed in approximately 
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Fig. IA-E. Most commonly used phage display formats. For clarity, only gIIIp and gYIIIp are shown; 
displayed foreign proteins are shown in black. A Wild-type filamentous bacteriophage. B Multivalent 
gYIIIp phage display. C Multivalent gIIIp display . D Monovalent gIIIp phage display; the foreign 
protein is fused to the COOH-terminal domain of gIIIp. E "Selectively infective phage," the interaction 
between the displayed protein and its target (both shown in black) mediates infectivity 

2700 copies per phage particle. However, it was shown (IANNoLOet al. 1995) that the 
fraction of viable phages from a peptide library dropped as the length of the pep tides 
increased. So whereas most peptides of six residues were tolerated by the displaying 
phages, only I % of the phages containing inserted peptides of 16 residues could be 
recovered. Using phagemids, in which the necessary phage proteins are supplied in 
trans by helper phages, proteins as large as antibody Fab fragments can be displayed 
and selected as gVIIIp fusion (KANG et al. 1991). Depending on the peptide or 
protein displayed, the copy number of gVIIIp fusion proteins in these hybrid virions 
ranges from 1000 to less than one per phage. The exact reasons for these differences 
are not well understood. However, a correlation between processing of pro-coat 
gVIIIp fusion protein (insertion into the membrane and processing by leader pep­
tidase) and the number of mature gVIIIp fusion proteins in the hybrid virion has 
recently been demonstrated (MALIK et al. 1996). 

There are few reported experiments available on gVlp based phage display, 
although in one report it has already been shown that fusion of foreign proteins to 
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the COOH-terminus of gVlp can have negative effects on phage viability (JESPERS 
et al. 1995). 

So far the most commonly used phage display format relies on the fusion of 
foreign pep tides or proteins to gIIlp (Fig. 1). Considering the pivotal role played by 
gIIlp in the phage assembly and infection process, it is quite remarkable that 
phages displaying a protein or a peptide fused to the NHrterminus of complete 
gUlp retain their ability to assemble and to infect their E. coli hosts. Using 
phagemids, proteins or peptides can also be fused to truncated gIIlp, where the first 
two domains of gIIlp (necessary for infection, but not for assembly) are deleted 
(GARRARD et al. 1991; BARBAS et al. 1991). In this case, wild-type gIIlp has to be 
provided in trans by helper phages to render the displaying phage infectious. 
Usually, only a small portion of the phage population (less than one in ten) actually 
displays the fusion protein or peptide (BASS et al. 1991). As correct folding of the 
gUlp fusion proteins or peptides in the peri plasm is a prerequisite for the functional 
display of foreign proteins, folding may also play an important role in the copy 
number of gUlp fusion proteins. However, this has not been systematically in­
vestigated. Very little is known about the factors which influence the folding of 
proteins transported to the periplasm. Over-expression of some known folding 
catalysts in the periplasm generated little improvement in periplasmic protein 
folding (KNAPPIK et al. 1993). An ingenious approach to this problem has been 
taken by Bothmann and Pliickthun, who used an E. coli genomic DNA library to 
select for factor(s) that improved the folding of proteins displayed on phage 
(BOTHMANN and PLOCKTHUN 1998). A factor selected by this process turned out to 
be Skp, which has previously been suggested to playa role in the transport or 
folding of outer-membrane proteins (CHEN and HENNING 1996). Clearly, protein 
export and folding plays a critical role in all phage display formats. 

Although an incorrectly folded protein or peptide is unlikely to be selected, it 
cannot be assumed that all correctly folded clones can be selected. Notwithstanding 
the affinity, the selected fusion phages can still be lost during the elution or phage 
recovery process. It has been observed that fusion phages displaying an antibody 
scFv fragment lost their viability dramatically during the normal elution step of a 
selection (lOmin in 10mM triethylamine), whereas the viability of wild-type helper 
phages was not affected at all (L. Ge, unpublished results). Other alternative phage 
recovery processes, for instance acid elution or DTT treatment (which has no effect 
on wild-type phages, see RAKONJAC and MODEL 1994), may have adverse effects on 
some of the displayed proteins or peptides, a fact that cannot be predicted in 
advance. 

Regardless of which display format is employed, phage selections often suffer 
from the amplification of nonspecific binding molecules. A system that directly 
couples the binding of a displayed peptide or protein (i.e. ligand) to its target with 
the amplification of the displaying phage could alleviate this problem. Indeed, such 
a system has independently been developed by three groups (DUENAS and BORRE­
BAECK 1994; GRAMATIKOFF et al. 1994; KREBBER et al. 1995). Here, the NHr and 
COOH-terminal domains of gIIIp (gIIIpN and gIIIpC) are expressed separately, 
fused to either the ligand (gIll pC) or its target (gIIIpN) (Fig. 1). Phages displaying 
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only the gIlIpC fusion protein can form stable virions but are noninfectious due to 
the absence of the gIIIp NH2-terminal domains. However, interaction between 
target and ligand links the gIIIpN and gIIIpC domains and infectivity is restored, 
resulting in "selectively infective phage". Consequently, phage propagation strictly 
depends on target-ligand interaction. This selection process can be accomplished in 
vivo or in vitro. In vivo, both the gIlIpN and gIIIpC fusion proteins are encoded on 
the same vector and functional gIlIp forms in the periplasm. gIIIpN can also be 
expressed separately and fused either genetically or chemically to the corresponding 
target (KREBBER et al. 1997). The gIIIpN fusion protein is subsequently mixed in 
vitro with the corresponding phage displaying the gIIIpC fusion protein. Excellent 
specificities and enrichment factors have been reported for this "selectively infective 
phage" technology. 

An alternative system, which also links the binding event between a ligand and 
its cognate target to the amplification of the phage, has been developed by Bor­
rebaeck and co-workers (MALMBORG et al. 1997). In this system an antigenic 
peptide is expressed as a fusion to F pilin, the building block of the F pilus. Bacteria 
displaying these modified F pili are resistant to infection by wild-type M13 phage. 
However, phages displaying a specific antibody to the peptide can infect bacteria 
displaying the modified F pili, demonstrating that the specific antibody-antigen 
interaction mediates infection. Enrichment factors in model selections have been 
around 2500. 

3.2 Phage Display Systems Other Than Filamentous Phage 

The display of peptides and proteins is not limited to filamentous phages. Foreign 
polypeptides have been displayed on bacteriophage A (DUNN 1996 and references 
therein), T4 (JIANG et al. 1997; REN et al. 1996; EFIMOV et al. 1995), P4 (LINDQVIST 
and NADERI 1995), bacteria (STAHL and UHLEN 1997 and references therein) as well 
as eukaryotic cells (BODER and WITTRUP 1997) and viruses (BOUBLIK et al. 1995). 
Depending on the protein to be displayed, alternative systems can offer certain 
advantages over the filamentous phage display system. For example, eukaryotic 
cells should in general be better suited for the expression of eukaryotic proteins, as 
they possess the machinery required for proper folding and post-translational 
modifications. In particular, as a complementary system to filamentous phage 
display, the display of peptides and proteins on bacteriophage A seems especially 
attractive. Phage A is assembled inside the cytosol of E. coli and released upon lysis 
of the cell. Thus, proteins displayed on its surface need not be transported across 
the cell membrane and folded in the periplasm of E. coli. As already mentioned, the 
secretion into the periplasm can be especially problematic for cytosolic proteins and 
is one of the major constraints of filamentous phage display. 

So far display of foreign peptides and proteins on phage A has been accom­
plished by fusion to the major tail tube protein gpV (DUNN 1995; MARUYAMAet al. 
1994) as well as to the major head protein gpD (MIKAWA et al. 1996; STERNBERG 
and HOESS 1995). Examples of proteins displayed include ~-lactamase (MIKAWA 
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et al. 1996), IgG-binding domains (MlKAWA et al. 1996; STERNBERG and HOESS 
1995) ~-galactosidase (DUNN 1995; MARUYAMAet al. 1994; MIKAwAet al. 1996), as 
well as peptides, peptide libraries and epitope libraries (KUWABARA et al. 1997). 
Based on comparison of the published data, fusion to gpD system seems to be 
superior to fusion to gpV for a number of reasons: (1) gpD appears as prominent 
protrusions on the capsid surface, making fusion pep tides easily accessible (DOK­
LAND and MURlALDO 1993); (2) peptides can be fused to the NHr and COOH­
terminals of gpD, whereas peptides can only be fused to the COOH-terminal of 
gpV (MIKAwAet al. 1996); (3) phage with a genome smaller than 82% of wild-type 
can form stable phage in the absence of gpD, indicating that gpD fusion proteins 
should not interfere with infectivity and phage assembly. 

There are 405 copies of gpD per phage head. Using a elegant conditional chain 
termination scheme, which produces the foreign protein, gpD and the corre­
sponding fusion protein, it has been shown that homo-multimeric proteins such as 
~-galactosidase can be displayed (MIKAWA et al. 1996). The number of fusion 
proteins displayed per phage can be varied by using E. coli strains with different 
suppressor activities. 

Although the Ie display systems seems to be complementary to filamentous 
phage display and an attractive alternative for certain applications, it has to be kept 
in mind that, up to now, few examples of its application have been documented. As 
with filamentous phage display, opportunities and limitations will be come 
apparent as the system is used for broader and more demanding applications. 

4 Phage Display of Combinatorial Libraries 

4.1 Peptide Libraries 

Peptide libraries can be displayed either multivalently, as fusion to glIlp or gVlIlp, 
or monovalently, as fusion to glIlp. Due to the chelate or avidity effect, multivalent 
display allows the recovery of pep tides binding to target molecules with low or 
modest affinity. Due to their low affinity, those peptides may fail to be isolated 
when displayed monovalently (WRIGHTON et al. 1996). However, it is possible to 
combine the two approaches to first isolate low affinity peptides using multivalent 
display, and then to improve these peptides using monovalent glIlp display 
(WRIGHTON et al. 1996). 

Peptides can be displayed linearly, i.e. non-constrained, or cyclically, i.e. 
constrained. Constrained peptide libraries are constructed by introducing two 
cysteine residues flanking the random peptide sequences; following the transport of 
a peptide-glIlp fusion protein into the periplasm, the two cysteine residues are 
oxidized to form a disulfide bond. Constraining the displayed peptides reduces the 
conformational flexibility substantially and thus is expected to lead to better 
binding affinity than in non-constrained peptides. There are very few comprehen-
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sive comparisons of linear vs cyclic peptide libraries, but even from those limited 
studies, constrained pep tides seem to perform better (DEVLIN et al. 1990; GIEBEL 
et al. 1995; KATZ 1995). Alternative methods for presenting constrained peptide 
libraries are discussed in Sect. 4.2, Protein Libraries. 

4.2 Protein Libraries 

Proteins, including antibodies, are displayed either as gVIIIp or, most frequently, as 
gIIIp fusion proteins. Fusion to gVIIIp is restricted to complementation by wild­
type gVIIJp from helper phage (KANG et al. 1991). 

Intuitively, only secreted or extracellular proteins such as antibodies or ex­
tracellular domains of surface receptors are expected to be functionally displayed. 
Indeed, most of the displayed proteins belong to these classes of protein families, 
including antibodies, cytokines such as human growth hormone (BASS et al. 1990; 
LOWMAN and WELLS 1993) and interleukins (GRAM et al. 1993; CLACKSON and 
WELLS 1994), receptors such as PDGF receptor (CHIswELLand MCCAFFERTY 1992), 
and enzymes that are naturally located in the periplasm such as p-Iactamase 
(SOUMILLION et al. 1994) and alkaline phosphatase (MCCAFFERTY et al. 1992). 
However, experience has shown that it is difficult to predict whether a protein can 
be exported and folded in the periplasm of E. coli and even a few cytosolic proteins 
have been functionally displayed on phage. For instance, a class of transcription 
factors, zinc fingers, which are located in the cell nucleus (see Sect. 5.1, Ligand 
Selection) as well as cytoplasmic proteins such as ciliary neurotrophic factor can be 
displayed and functionally selected (SAGGIO et al. 1995). 

The most important applications of phage display of protein libraries have 
been in the field of antibody selections and engineering. This can be explained by the 
importance of antibodies in medical and diagnostic applications as well as the fact 
that functional expression of antibodies is possible in the periplasm of E. coli. For a 
comprehensive review on phage display of antibody libraries, the reader is referred 
to two recent reviews (GRIFFITH and DUNCAN 1998; RADER and BARBAS 1997). 

Proteins displayed on phage arc also used as scaffolds for constrained peptide 
libraries or as alternatives to antibodies (NoRDet al. 1997; MARTINet al. 1996; Kuand 
SCHULTZ 1995; MCCONNELL and HOESS 1995; SMITH et al. 1998). For example, Ku 
and SCHULTZ (1995) have constructed a protein library from the four-helix bundle 
protein cytochrome P562 by randomizing the two loops at one end of the four-helix 
bundle and selected for binders against a small organic hapten. Mutants which fold 
into native-like conformations and bind the BSA conjugated hapten with micro­
molar dissociation constants were isolated. Binding affinities of the mutants are 
comparable to that of a monoclonal antibody which has been raised against this 
hapten. 

The use of "knottins" as a small binding protein in phage selections has 
recently been published by Griffiths and coworkers (SMITH et al. 1998). Knottins are 
small, disulfide-containing proteins that bind to a variety of targets ranging from 
lipids to proteins. Starting with a known knottin, seven residues, located in the 



Phage Display of Combinatorial Peptide and Protein Libraries 95 

native binding site of the protein, were randomized. The corresponding knottin 
library was selected for binding to cellulose (the natural target of wild-type) and 
three different proteins, including alkaline phosphatase. Indeed, specific binders for 
cellulose and alkaline phosphatase were isolated. Although binders to the two other 
proteins were not present in the initial library, knottins appear to be attractive 
candidates for the generation of small, easily folded proteins with binding activities. 
In addition, their small size makes their structure determination by NMR as well as 
their chemical synthesis possible. 

4.3 eDNA Libraries 

Phage gIIlp and gVIIlp display are restricted to the fusion of foreign peptides and 
proteins to the NHrterminus of gIIIp and gVIIIp, as the COOH-terminal domains 
of both proteins are embedded in the phage particle. The presence of stop codons at 
the 3'-end of non-translated regions of eukaryotic mRNA imposes a challenge for 
displaying cDNA libraries NHz-terminal to gUlp. Three methods have been 
reported that have been or can be used for the display of cDNA libraries on 
filamentous bacteriophage. 

CRAMERI and SUTER (1993) have made use of the strong association of the two 
leucine zipper polypeptides lun and Fos to display cDNA products on phage. lun 
was fused to the NHz-terminus of gUlp, the cDNA library was fused to the COOH­
terminus ofFos. Co-expression of both fusion proteins from the same phagemid gave 
rise to association of lun-glUp with Fos-cDNA in the periplasm. In order to prevent 
dissociation of the lun-Fos complex, a disulfide bond was engineered into the leucine 
zipper. After infection with helper phages, phage particles displaying cDNA libraries 
could be produced and selected. Using this method, Aspergillus fumigatus cDNA 
clones binding to human serum IgE were isolated (CRAMERI et al. 1994). 

Alternatively, cDNA can be fused to the COOH-terminal of the two NHz­
terminal domains of gIIIp, thus physically separating the NHz-terminal of gIIIp 
from its COOH-terminus domain (see Sect. 3.1, Filamentous Bacteriophage 
Display). GRAMATIKOFF et al. (1994) have fused a human B-cell cDNA library 
COOH-terminal to glIIpN and selected for proteins interacting with lun, fused to 
the NH2-terminus of gIIlpC. Two clones predicted to interact with lun were iso­
lated, demonstrating the feasibility of the approach (GRAMATIKOFF et al. 1995). In 
another application of this method, the interaction of HIV-l reverse transcriptase 
with p-actin was shown (HOTTIGER et al. 1995). 

The third approach made use of the finding that gVlp possesses a solvent­
exposed COOH-terminal and that proteins fused to the COOH-terminal of gVlp 
can be functionally displayed on phage. Using this approach, lESPERS et al. (1995) 
have selected from a Ancylostoma caninum cDNA library two serine protease 
inhibitors of trypsin and factor Xa, respectively. This system was further optimized 
by creating a vector that combines the high cloning efficiency of lambda vectors 
(lESPERS et al. 1996) with gVlp phage display. 
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However, it has to be kept in mind that, due to the general constraints of phage 
display, not all proteins encoded in a cDNA library will be displayed in their native 
or functional form. Furthermore, proteins which require a free NHrterminus for 
folding or function cannot be selected using the methods mentioned here. 

5 Applications 

5.1 Ligand Selection 

The selection of ligands from combinatorial libraries to specific targets has been the 
main application of phage display (Scott and SMITH 1990; DEVLIN et al. 1990; 
CWIRLA et al. 1990). Of particular interest has been the identification of small 
pep tides as mimics of proteins in protein-protein interactions (CORTESE et al. 1995). 
Experiments that demonstrate the enormous potential of phage peptide libraries in 
this area have included the selection of peptides that bind to the erythropoietin 
(EPO) receptor (WRIGHTON et al. 1996). To allow for the isolation of low-affinity 
binders to the receptor, initial selections were performed with multivalent peptide 
libraries fused to gVIIIp. Selected peptides were further optimized using the 
monovalent glIlp display systems, yielding a cyclic peptide of 20 amino acids which 
binds the EPO receptor with nanomolar affinity. Remarkably, the peptide acts as 
an agonist of EPO and can stimulate erythropoiesis in mice, a result supported by 
the crystal structure of the peptide-receptor complex (LIVNAH et al. 1996). The 
structure revealed that the selected peptide forms a homodimer which induces 
dimerization of the EPO receptor, an event that is essential for its physiological 
activity. As the stabilization of the dimer should enhance its biological activity, the 
peptide was chemically cross-linked (WRlGHTON et al. 1997), resulting in an EPO 
mimetic of 20 amino acids with an affinity of 2nM, only two orders of magnitude 
below the affinity of the 165-amino acid cytokine EPO itself. Furthermore, the 
dimer also showed increased potency in cell-based assays and in mice. These and 
other experiments (YANOFSKY et al. 1996) clearly demonstrate the potential of 
combinatorial peptide libraries for the functional mimicry of large proteins by 
small, unrelated peptides. Furthermore, the capability to rapidly identify peptide 
leads for the manipulation of protein-protein interactions has applications for drug 
discovery and other pharmaceutical applications. 

Phage display has also been successfully used to study and redesign protein­
DNA interactions (REBAR and PABO 1994; JAMIESON et al. 1994; CHOO and KLUG 
1994, Wu et al. 1995). Zinc fingers have been selected based on their ability to bind 
oligonuleotides; randomization of the residues in the zinc fingers that mediate DNA 
binding and selection against various oligonucleotides led to zinc fingers with 
altered specificities. A general method that allows the in vitro selection of zinc 
finger proteins for diverse DNA target sites has recently been published (GREISMAN 
and PABO 1997). The method relies on a stepwise approach, gradually extending a 
zinc finger protein across the desired target sequence, adding and optimizing one 
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finger at a time. As a guarantee that the starting zinc finger protein binds with 
sufficient affinity to the chosen target site, the first randomized finger is fused to two 
wild-type zinc fingers. Accordingly, the DNA used in the selections has a wild-type 
binding site next to the target site. After the selection of the first finger, one of the 
wild-type fingers is discarded and the second randomized finger is added and 
optimized. After the selection of the second finger, the last wild-type finger is 
removed and the third zinc finger is optimized against the target site. Using this 
stepwise procedure, zinc fingers for a TAT A box, a p53 site and a nuclear receptor 
element were obtained. Binding constants and specificities of these artificial DNA­
binders were comparable to wild-type zinc fingers, opening the door for possible 
therapeutic applications. 

An intriguing application of phage display with pharmaceutical and medical 
implications has been highlighted by the in vivo selection of peptides for organ­
selective targeting (PASQUALINI and RUOSLAHTI 1996). Here, cyclic peptide libraries 
displayed on phage have been injected intravenously into mice and subsequently 
recovered from the brain and the kidney. After three rounds of in vivo selections, 
different peptide motifs were identified which were capable of selectively targeting 
the corresponding phage to brain or kidney blood vessels. One of the identified 
pep tides was synthesized and was shown to be capable of inhibiting the targeting of 
the corresponding phage to the brain. Another advantage of this procedure is that 
it not only selects for peptides with specific binding to markers on endothelial 
surfaces, but also for stability under the selection conditions (the peptide has to 
reach its target inside the bloodstream before being degraded). 

5.2 Protein Folding and Design 

Combinatorial approaches offer tremendous possibilities in the area of protein 
folding and design. Since the first publications in 1995 (Gu et al. 1995, O'NEILet al. 
1995), there have been also an increasing number of exciting examples in which 
phage display has been used to study problems in this area. Generally, in these 
experiments one of the properties of the folded state of the displayed protein, such 
as binding to an immobilized target, is subject to the selection process. For 
example, phage display was used to study the role of turns in the folding of the Bl 
IgG binding domain of peptostreptococcal protein L (referred to as protein L; Gu 
et al. 1997). The structure of protein L (62 amino acids) consists of a four-stranded 
~-sheet packed against an Ol-helix, the order of secondary structure elements is 
~~Ol~~. To obtain insight into the role of the two ~-turns in the folding of the 
protein, both turns were independently randomized and folded mutants selected 
from phage libraries based on their ability to bind IgG. Characterization of selected 
mutants revealed a significantly higher sequence variability in one of the two turns. 
Based on the sequence data and biophysical properties of selected mutants, the 
authors concluded that the role of ~-turns in proteins in general is strongly context­
dependent, and that in protein L only one of the two turns is formed in the 
transitions state of the folding process. 
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The design of miniaturized proteins might prove to be valuable for under­
standing pivotal determinants of protein folding, as illustrated by an approach 
taken by BRAISTED and WELLS (1996), who systematically minimized the Z-domain 
of protein A. The Z-domain is a three-helix bundle of 59 amino acids which binds 
tightly to IgG I. The binding contacts are mediated through the first two helices, 
whereas the third helix is only necessary for stabilizing the overall fold. In order to 
reduce the three helix motive of the Z-domain to a two helix motive which retains 
binding to IgG I, BRAISTED and WELLS (1996) used a stepwise, combinat0l1al 
strategy. First, the third helix was deleted, residues in the truncated version of the 
Z-domain that previously contacted the third helix were randomized and the re­
sulting protein selected against the immobilized receptor. The selected consensus 
peptide was then randomized at the hydrophobic core between the remaining two 
helices. Affinity selections again yielded a consensus peptide, which was mutagen­
ized at the positions that mediate contact to IgG. After the final affinity selections, 
the researchers isolated a size-minimized protein Z domain that bound to IgG with 
an affinity comparable to wild-type, despite deleting 26 of the 59 amino acids of the 
wild-type protein. In a subsequent report (STAROVASNIK et al. 1997), the solution 
structure of the minimized domain was determined. Based on this structural in­
formation, a disulfide bridge was introduced, resulting in a much more stable 
variant with a nine-fold improvement in affinity. 

A study of protein-protein interfaces was recently conducted by researchers at 
Genentech and at the University of California, San Francisco (ATWELL et al. 
1997a). The starting point was the high-affinity interface between human growth 
hormone (hGH) and the extracellular domain of its receptor (hGHbp). To study 
how a functionally disruptive mutation in one binding partner can be comple­
mented by mutations in the other binding partner, a critical tryptophan residue was 
mutated to an alanine (W104A), creating a large cavity in the hGHbp. The binding 
partner hGH was functionally displayed on phage and five residues that contact the 
deleted tryptophan residue were randomized and the corresponding library was 
selected for binding to the mutated hGHbp. The most frequently selected clone 
contained four mutations in the randomized positions and, remarkably, one mu­
tation that was not introduced by random mutagenesis. To understand how the 
W104A mutation is complemented by the selected mutations, a crystal structure of 
the mutant complex was obtained. The large cavity formed by the W104A mutation 
is largely filled by a combination of the mutations in hGH and conformational 
changes in both binding partners. Remarkably, the local structural changes near 
the site of the WI04A mutation result in substantial global changes that affect the 
entire interface: Groups as far as 15;\ away from the W104A mutation move up to 
3;\ relative to their position in the wild-type complex. The authors suggest that this 
observed structural plasticity might be a means for protein-protein interfaces to 
adapt to mutations as they co-evolve. 

A similar "knobs-into-holes" approach was used to select for combinations of 
interface residues of antibody CH 3 domains that preferentially form heterodimers 
instead of homodimers (ATWELL et al. 1997b). A knob mutant of one CH 3 domain 
was created by changing a threonine at the domain interface to a tryptophan and 
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this mutant was fused to a peptide flag. A library of hole mutants of a CH3 domain 
was then created by randomizing residues in proximity to the knob of the partner 
domain and fused to gIIIp. Using an anti-flag antibody, coexpression of the two 
constructs from a common phagemid allows selection of phage displaying stable 
heterodimers. Demonstrating the power of combinatorial methods, the selected 
heterodimers were more stable than heterodimers previously generated by rational 
design. 

Disulfide bonds in naturally occurring antibodies are crucial for their correct 
folding and stability. However, phage display can also be used to select scFv 
antibodies without the conserved disulfide bonds (PROBA et al. 1998). By using 
DNA shuffling and phage display, disulfide-free scFvs were isolated with thermo­
dynamic stabilities comparable to wild-type. The functional expression of antibody 
fragments under the reducing conditions of the cytoplasm opens the door for many 
possible therapeutic and diagnostic applications (BIOCA and CATTANEO 1995). 

Clearly, regardless of how ingenious the employed selection scheme is, it has to 
be kept in mind that phage selections using protein libraries always pick out a 
combination of properties of the fusion protein, including expression, stability, 
folding and activity. This fact has been highlighted recently by a number of model 
selections by Pliickthun and coworkers (PEDRAZZI et al. 1997). A model library was 
created by mutating 11 residues of a fluorescein binding scFv antibody to alanine. 
This model library was used in three subsequent rounds of selections for binding to 
fluorescein. Sequencing of 44 selected clones revealed that a mutant no longer 
carrying an exposed tryptophan residue was preferentially selected, although it 
binds the antigen with affinities comparable to a number of other mutants present 
in the model library at the beginning of the selection. This finding stresses the 
important fact that not only affinity, but also parameters such as folding and 
stability, playa significant role in phage selections. 

5.3 Enzyme Design 

Phage display of proteins and enzymes (see also Sect. 4.3, Display of Protein 
Libraries) has also opened the door for novel approaches in the area of enzyme 
design. In particular, the selection of novel catalytic antibodies using phage display 
is becoming increasingly important as an alternative or complement to traditional 
methods. In general, generation of catalytic antibodies relies on the diversity of the 
immune system to generate binders to almost any foreign molecule as well as on 
mechanistic insights in catalysis (SCHULTZ and LERNER 1995). Although impressive 
rate enhancements have been achieved in a number of cases, catalytic antibodies 
usually do not rival the performance of natural enzymes. A main reason for this can 
be attributed to the fact that these antibodies are selected for binding to a transition 
state analog and not for catalysis directly. Recently, it has been demonstrated that 
phage display offers the opportunity to create a link between antibody catalysis of a 
particular reaction and the replication of the corresponding phages displaying the 
catalytic antibody. In general, these selection schemes lead to a physical change of 
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the displayed antibody, which allows its isolation and subsequent amplification out 
of a pool of unreactive molecules. The first example of this approach has been the 
selection of antibodies possessing reactive cysteines using immobilized, activated 
disulfides. Incubation of semisynthetic Fab antibody phage libraries with the 
activated disulfide leads to selective immobilization of reactive antibodies due to a 
disulfide exchange reaction between the immobilized disulfide and a reactive cys­
teine of the displayed antibody. These experiments resulted in the selection of 
antibodies that were mechanistically analogous to known thiol proteases, which 
catalyze the hydrolysis of thioesters (JANDA et al. 1994). A much more general 
scheme, which directly couples catalysis and phage replication, has recently been 
reported (JANDA et al. 1997). This approach relies on the careful design of an 
immobilized, modified substrate, which, upon turnover by the catalytic antibody, 
creates a reactive species that covalently attaches to the antibody, leading to 
immobilization of catalytic clones. The remarkably high catalytic activity of 
selected antibodies (approximately 105-fold rate enhancement) demonstrates the 
potential of this approach. Furthermore, using a slightly different strategy, the in 
vitro selection of antibodies from phage libraries that catalyze the hydrolysis of 
unactivated amide bonds, a reaction that is extremely difficult to catalyze, has also 
been reported recently (GAO et al. 1998). 

An approach which uses the technique of selectively infective phage (see 
Sect. 3.1, "Filamentous Bacteriophage Display Systems") to create a link between 
catalysis and replication has also been introduced (GAO et al. 1997). In a model 
selection, a catalytic antibody operating by covalent catalysis and, under appro­
priate conditions, capable of forming a stable covalent intermediate with its sub­
strate, was fused to gIIIpC. Accordingly, its substrate was chemically fused to 
gIIIpN. As a result, addition of the reactive antibody to the substrate fused to 
gIlIpN restores infectivity, making the formation of the covalent intermediate a 
selectable process. 

Phage display of a randomized catalytic antibody can also be used to perform 
in vitro affinity maturation of catalytic antibodies to optimize the binding to 
transition state analogs (BACA et al. 1997; FUJII et al. 1998). 

Obviously, the use of phage display is not limited to the selection of catalytic 
antibodies, it can also be used for the selection of novel enzymatic activities starting 
from known enzymes or for the improvement of existing enzyme activity. Fur­
thermore, phage display can be a valuable tool for studying enzyme mechanisms 
(HANSSON et al. 1997). 

6 Conclusions 

Since the emergence of the first examples of its use in 1990, phage display of 
combinatorial peptide and protein libraries has become an indispensable technique 
in various laboratories. Major applications will continue to be the selection of 
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pep tides as lead compounds for phamlaceutical applications and of antibodies for 
medical and diagnostic applications. Furthermore, the screening of cDNA libraries 
as well as approaches such as protein-protein interaction mapping (library against 
library screening) will become increasingly important. Here, the recent development 
of techniques such as selectively infective phage hold great promise for further 
applications. However, the screening of cDNA libraries also highlights limitations 
of phage display: functional display of proteins on filamentous phage requires 
compatibility with transport to and folding in the periplasm of E. coli, resulting in 
inevitable preselections. In these areas phage A display or other techniques are 
expected to complement traditional filamentous phage display. Another severe 
limitation of using phage display for applications such as protein-protein inter­
action mapping is the size of the library that can be used, which is limited to 
approximately 109 . Since comprehensive protein-protein interaction mapping in­
volves at least two libraries, the size of each library cannot exceed 105, too small to 
cover most of the available cDNA or genomic libraries. Clearly, progress in this 
area will depend on the developments of new techniques and methodologies for 
phage display of combinatorial protein libraries. 

Generally, the successful use of phage display for a particular application 
requires a careful choice of the display format and the selection scheme as well as an 
appreciation of the biology of filamentous phage and of the properties of the 
displayed protein. 
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Protein ligand interactions form the basis of almost all cellular functions. The 
identification and improvement of the relevant ligand or receptor is therefore a 
focus of much of current biochemical research and the prerequisite for most 
pharmaceutical applications. Despite great progress, computational methods have 
generally not produced the accuracy required for "designing" mutations which 
improve a function such as binding or stability. Over the last few years, however, 
enormous progress in molecular biology has made it possible to imitate nature's 
strategy to solve the problem, the strategy of evolution. Evolution is a continuous 
alternation between mutation and selection. In order to apply this strategy in the 
laboratory over many generations both components, mutation and selection, have 
to be easy to perform, robust to execute and powerful in order to succeed. In this 
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chapter we will summarize the state of the art in carrying out both diversification 
and selection entirely in vitro, making use of cell-free translation. 

All evolutionary methods must couple phenotype and genotype. Normally the 
carrier of the phenotype, proteins or peptides are undoubtedly the most versatile 
class of compounds and nature's choice in performing almost all tasks, except 
information storage, because of their modularity and chemical versatility. Almost 
all of the selection methods developed so far for peptides and proteins have either 
used living cells either directly, or indirectly by production of bacteriophages 
(PHIZICKY and FIELDS 1995). Two popular technologies illustrate the cell-based 
approach: the two-hybrid system (FIELDS and STERNGLANZ 1994) and phage display 
(RADER and BARBAS 1997). 

These in vivo approaches are all limited by transformation efficiency (DOWER 
and CWIRLA 1992). It is quite laborious to produce libraries of 1010 members 
(VAUGHAN et al. 1996), but enough of sequence space must be sampled to find 
reasonable "hits" or starting points for evolution, and such library sizes are 
required for undertaking difficult evolutionary tasks. Moreover, in an evolutionary 
approach, sequence diversification would normally take place in vitro, and thus 
ligation and transformation have to be repeated for every generation. Conse­
quently, with a few exceptions (YANG et al. 1995; Low et al. 1996; CRAMERI et al. 
1996; MOORE and ARNOLD 1996), real evolutionary approaches with several gen­
erations have rarely been reported using in vivo methods. 

In this chapter, we will summarize the state of the art for carrying out selection 
and diversification entirely in vitro, not using cells at any step and thereby cir­
cumventing the limitations of the in vivo methods summarized above. Libraries 
with more than 1012 members can now rapidly be prepared and evolved with these 
methods. 

2 History of In Vitro Based Selection Methods 

Already in the 1970s a series of studies showed that specific mRNA could be 
enriched by immunoprecipitation of polysomes with antibodies directed against the 
protein product (SCHECHTER 1973; PAYVAR and SCHIMKE 1979; KRAUS and 
ROSENBERG 1982). Before the general advent of molecular cloning, this was an 
important means of enriching the mRNA for a particular protein. KAWASAKI 
(1991) suggested exploiting this observation as a method to enrich peptides and 
proteins from libraries, yet without publishing any experimental data. The idea was 
put into practice for the first time 3 years later by MATTHEAKIS et al. (1994), who 
reported an affinity selection of short peptides from a library by using polysomes 
from an E. coli system (1994), and later by GERSUK et al. (1997) by using a wheat 
germ system. Significant modifications and optimizations were necessary, however, 
to make this concept applicable to the selection of whole, folded proteins, such as 
single-chain Fv (scFv) fragments of antibodies (HANES and PLUCKTHUN 1997). 
Subsequently, ribosome display also was used in a eukaryotic cell-free system 
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(HE and TAUSSIG 1997). In a variation on this concept, it was reported that peptides 
could be attached to their encoding mRNAs after in vitro translation through a 
puromycin derivative synthetically coupled to mRNA (NEMOTO et al. 1997; ROB­
ERTS and SZOSTAK 1997). 

3 Two In Vitro Selection Schemes 

The in vitro selection schemes can be divided into two groups: in the first, the 
polypeptide remains linked to the mRNA on the ribosome (Fig. 1). In this review, 
this method is referred to as "ribosome display", although other names such as 
polysome display (MATIHEAKIS et al. 1994), polysome selection (GERSUK et al. 
1997) or ARM selection (HE and TAUSSIG 1997) have been used. In the second 
strategy, after in vitro translation of the mRNA, which has to be modified to carry 
a puromycin derivative at the end, a covalent RNA-peptide fusion is generated by 
the reaction of this puromycin derivative (Fig. 2). In this review, this technique is 
referred to as "RNA-peptide fusion" (ROBERTS and SZOSTAK 1997), although the 
name 'in vitro virus" has been also used (NEMoToet al. 1997). For both strategies 
ribosomes and all other necessary components, especially initiation and elongation 
factors and a specially designed mRNA, are used for in vitro translation. In 
ribosome display, this is performed in such a way that neither the mRNA nor its 
encoded peptide leave the ribosome during the ligand binding reaction; similarly, in 
the RNA-peptide fusion, the mRNA and the encoded peptide have to stay on the 
ribosome long enough for the chemical reaction to occur. 

4 Ribosome Display 

Ribosome display has been successfully performed using: (1) an E. coli S-30 system 
for display and selection of a peptides library (MATIHEAKIS et al. 1994) or of a 
library of folded proteins (HANES and PLUCKTHUN 1997; HANES et al. 1998), (2) a 
wheat germ system for display and selection of a peptide library (GERSUK et al. 
1997) and (3) a rabbit reticulocyte system for display and selection of folded pro­
teins (HE and TAUSSIG 1997). 

4.1 How Ribosome Display Works 

The principle of ribosome display is shown in Fig. lA. A DNA library, encoding 
a polypeptide in a special ribosome display cassette (discussed below), is either 
directly used for coupled in vitro transcription-translation, or first transcribed 
in vitro to mRNA, which is purified and used for the in vitro translation. This 
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results In formation of ribosomal complexes (mRNA-ribosome-polypeptide), 
which are used for affinity selection. After removal of non-specifically bound 
complexes by intensive washing, RNA is isolated and used for reverse tran­
scription and peR. RNA can be isolated from bound ribosomal complexes either 
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directly, by removing Mg2+ with an exccss of EDTA and thus causing dissoci­
ation of all bound complexes, or first by competitive elution of ribosomal com­
plexes with free ligand followed by RNA isolation only from eluted complexes 
(Fig. IB). On the one hand, the latter approach can be advantageous, because the 
RNA is isolated only from those ribosomal complexes which contain a functional 
ligand binding protein. But on the other hand, this approach might be difficult to 
apply for very tight binders. 

4.2 Construction of a DNA Library 

The ribosome display construct (Fig. 3) contains, at the DNA level, a T7 promoter 
for efficient transcription to mRNA. On the RNA level, the construct contains a 
prokaryotic ribosome binding site or a Kozak sequence, depending on the trans­
lation system used, followed by the protein coding sequence without a stop codon. 
In a prokarytic cell-free translation system the presence of a stop codon would 
result in the binding of the release factors (GRENTZMANN et al. 1995; TUITE and 
STANSFIELD 1994; TATEand BROWN 1992) and the ribosome recycling factor (JANOSI 
et al. 1994) to the mRNA-ribosome-protein complexes. This in turn would lead to 
the hydrolysis of peptidyl-tRNA between the 3'-ribose and the last amino acid of 
the polypeptide by the peptidyltransferase center of the ribosome (TATE and BROWN 
1992) (Fig. 4A). A similar mechanism is also operative in eukaryotic systems 
(FRoLOvAet al. 1994; ZHOURAVLEVA et al. 1995). No equivalent to the prokaryotic 
ribosome recycling factor has been identified in eukaryotes so far. Obviously, no 
stop codon must be present in order to keep mRNA and the encoded protein in the 
ribosomal complexes. However, there is a backup-system in E. coli, involving the 
10Sa-RNA (RAY and APIRION 1979), a stable bacterial RNA with tRNA-like 
structure (KOMINE et al. 1994). A polypeptide translated in vivo from mRNA 
without stop codon is modified by COOH-terminal addition of a peptide tag, 
encoded by the lOSa-RNA (Tu et al. 1995) and subsequently released from the 
ribosome (Fig. 4B). The released protein tagged with this sequence is finally 
degraded by a tail-specific protease (KElLER et al. 1996). 

In ribosome display constructs, the open reading frame coding for the protein 
comprises two portions: the NHrterminal part, which codes for the polypeptide to 

Fig. 1. A Principle of ribosome display for screening protein libraries for ligand binding. A DNA 
library containing all important featnres necessary for ribosome display (for details see text) is first 
transcribed to mRNA and after its pnrification, mRNA is translated in vitro. Translation is stopped by 
cooling on ice, and the ribosome complexes are stabilized by increasing the magnesium concentration. 
Ribosomal complexes are affinity selected from the translation mixtnre by the native, newly synthesized 
protein binding to immobilized ligand. Nonspecific ribosome complexes are removed by intensive 
washing, and mRNA is isolated from the bound ribosome complexes, reverse transcribed to eDNA, and 
cDNA is then amplified by peR. This DNA is then used for the next cycle of enrichment, and a portion 
can be analyzed by cloning and sequencing and/or by ELISA or RIA. B Two methods for mRNA 
isolation from bound ribosomal complexes. The bound ribosomal complexes can either be dissociated by 
an excess of EDT A and then RNA is isolated, or they can first be eluted specifically with free ligand 
followed by RNA isolation 
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Fig. 2. Principle of RNA-peptide-fusion strategy for screening peptide libraries. A DNA peptide library 
is first transcribed to mRNA, and after its purification mRNA is coupled to a DNA-puromycin deriv­
ative. The mRNA-DNA-puromycin derivative is purified and used for in vitro translation. The ribosome 
stalls at the first DNA residue and puromycin from the translated mRNA enters the ribosomal A-site, 
where it is covalently linked to the translated peptide with the help of the pep tidy I-transferase center. Such 
an RNA-peptide-fusion no longer needs a ribosome. The desired RNA-pep tides are afllnity selected from 
the mixture by binding of the peptide to immobilized ligand. After intensive washing the bound RNA­
pep tides are isolated, reverse transcribed to cDNA, and cDNA is then amplified by peR. This DNA is 
then used for the next cycle of enrichment, and a portion can be analyzed by cloning and sequencing and/ 
or by ELISA or RIA 
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Fig. 3. The scFv construct used for prokaryotic ribosome display. T7 denotes the T7 promoter, SD the 
ribosome binding site, spacer the part of the protein construct connecting the folded scFv to the ribosome, 
5'sl and 3'sl the stem loops on the 5'- and 3'-ends of the mRNA. The alTOl! ' indicates the transcriptional 
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Fig.4A,B. Role of stop codon and IOSa-RNA in E. coli. A Role of stop codon. A complex of two release 
factors (proteins), RF-I and RF·3 or RF-2 and RF-3, binds in place of tRNA, when a stop codon is 
encountered. The release factor RF-I recognizes the stop codons VAA or VAG while factor RF-2 
recognizes the stop codons UAA or UGA. The binding of the release factor complex results in hydrolysis 
of peptidyl tRNA in the ribosome and the protein is released. B Role of IOSa-RNA. Translation of 
mRNA without a stop codon results in the binding of IOSa-RNA to the A-site of the ribosome. First 
alanine, which is the acyl group carried by this RNA, is added to the truncated protein. Then, this RNA is 
taken to be a messenger RNA, resulting in coupling of a peptide tag encoded by the IOSa-RNA with the 
sequence indicated. Because this tag ends with a stop codon, the protein is released normally and then 
degraded by a protease specific for this COOH-terminal tag 

be selected (the library), and the COOH-terminal part, which is constant and serves 
as a spacer. The spacer has several functions: (I) it tethers the synthesized protein to 
the ribosomes by maintaining the covalent bond to the tRNA which is bound at the 
P-site of the ribosome, (2) it keeps the synthesized polypeptide outside the ribosome 
and allows it to fold and to interact with ligands, despite the fact that the ribosome 
itself is thought to cover about 20-30 amino acid residues of the emerging poly­
peptide, and (3) it may slow down protein synthesis, since the spacer can contain 
rare codons, mRNA secondary structures or other stalling sequences (MATIHEAKIS 

et al. 1996). However, no beneficial effect of these translation retarding features for 
display efficiency has been experimentally demonstrated. 
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A number of different spacers of various lengths have been used. For peptide 
libraries, spacers of 85 (MATIHEAKIset a1. 1994), 121 (MATIHEAKIset al. 1996) and 
72 amino acid residues (GERSUK et a1. 1997) were reported. For protein display, 
spacers of 88-116 amino acid residues in length were used and found to increase the 
efficiency of E. coli ribosome display with the length of the spacer (HANES and 
PLOCKTHUN 1997), and in a rabbit reticulocyte system a kappa domain of an an­
tibody served as a spacer of 103 amino acids (HE and TAUSSIG 1997). 

At the RNA level, additional important features which should be present in the 
ribosome display construct are 5'- and 3'-stem loops. They are known to stabilize 
mRNA against RNases and therefore increase the half life of mRNAin vivo as well 
as in vitro (BELASCO and BRAWERMAN 1993). The E. coli S-30 extract, which is used 
for in vitro translation during ribosome display, contains high RNase activity. The 
introduction of the 5'-stem-loop, derived from the T7 gene 10 upstream region 
directly at the beginning of the mRNA, and the introduction of the 3'-stem-loop, 
derived from the terminator of the E. coli lipoprotein, into the ribosome display 
construct were found to improve mRNA stability and therefore increased the ef­
ficiency of ribosome display approximately IS-fold (HANES and PLOCKTHUN 1997). 
A similar improvement was observed when using the analogous 5'-stem-loop and 
the 3'-stem-loop derived from the early terminator of phage T3 (HANES and 
PLOCKTHUN 1997). 

A ribosome display library template can be conveniently prepared by ligation 
of a DNA library to the spacer and subsequent amplification of the ligation mixture 
in two PCRs with two pairs of oligonucleotides, which introduce all above-men­
tioned features important for ribosome display (e.g. HANES and PLOCKTHUN 1997). 

4.3 In Vitro Translation 

The DNA library can either be directly converted to a ribosome-bound polypeptide 
library by coupled in vitro transcription-translation (MATTHEAKIS et al. 1994; HE 
and TAUSSIG 1997), or mRNA can be first prepared by in vitro transcription and 
subsequently used for in vitro translation (HANES and PLOCKTHUN 1997; GERSUK 
et al. 1997). The coupled system is simpler than the uncoupled one, but it was 
observed that the efficiency of the coupled E. coli system is much lower than the 
uncoupled system (Hanes et aI., unpublished experiments). Another disadvantage 
of the coupled system is an incompatibility of the redox requirements of tran­
scription and translation when displaying proteins containing disulfide bridges. 
T7 RNA polymerase, which is necessary for transcription in this system, is usually 
stabilized by ~-mercaptoethanol, which competes with disulfide bond formation. 
This problem may in principle be overcome by preparing T7 RNA polymerase 
without reducing agent, but the enzyme's activity must then be carefully monitored. 

Translation is usually performed at 37°C when using the E. coli in vitro system 
(MATIHEAKIS et al. 1994; HANES and PLOCKTHUN 1997). Despite the general ten­
dency of proteins to fold with higher efficiency at lower temperature in vitro, the 
yield of functional molecules from in vitro translation was indeed found to be 
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higher at 3rc. This may be due to the action of chaperones in the extract, and it is 
a complicated function of the temperature-dependence of translation, folding, 
RNases and perhaps proteases. For in vitro translation in eukaryotic systems, 
lower temperatures are usually used, for example 300 e in the rabbit reticulocyte 
system (HE and TAUSSIG 1997) or even 27°e in the wheat germ system (GERSUK 
et al. 1997). 

The time of translation is also an important variable and is more critical for 
uncoupled systems. At physiological temperatures, the absence of a stop codon is 
not sufficient to keep the mRNA and its encoded protein complexed to the ribo­
some forever. An in vitro translation of truncated lysozyme mRNA in a wheat 
germ system resulted only in free protein, and no protein present in the ribosomal 
fraction, after 80 min of translation (HAEUPTLE et al. 1986). The translated protein 
was only observed to be present in the ribosomal fraction after shortening of the 
translation time to 60 min, and its concentration increased when the translation was 
performed for only 30 min (HAEUPTLE et al. 1986). The translation necessary for 
ribosome display with an uncoupled wheat germ system was performed for 15 min 
at 27°e (GERsuKet al. 1997), and the optimal time for the uncoupled E. coli system 
is usually not longer than 10 min at 37°e (HANES and PLOCKTHUN 1997). However, 
the complexes are very stable, as soon as they are cooled to 4°e (HANES et aI., 
unpublished experiments). In a coupled transcription-translation system mRNA 
is continuously produced and therefore the reaction time can be extended to 
30-60 min (MATTHEAKlset al. 1996; HE and TAUSSIG 1997). Too long a translation, 
on the other hand, may lead to the depletion of some crucial component necessary 
for translation or transcription or the accumulation of low molecular weight 
compounds inhibiting translation (JERMUTUS et al. 1998), resulting in a subsequent 
decrease of the amount of ribosomal complexes. 

Several additional components can be used during in vitro translation which 
can improve the efficiency of ribosome display. RNasin, an inhibitor of RNases, 
was added during in vitro translation in the wheat germ system (GERsuK et al. 
1997), but it was not reported whether it had any effect. RNasin was found to have 
no influence during in vitro translation in an E. coli system (HANES and PLOCKTHUN 
1997). However, vanadyl ribonucleoside complexes (BERGER and BIRKENMEIER 
1979; PUSKAS et al. 1982), general RNase inhibitors which should act as transition 
state analogs, were found to increase the efficiency of E. coli ribosome display when 
used during in vitro translation (HANES and PLOCKTHUN 1997). 

For displaying folded disulfide containing proteins such as scFv fragments of 
antibodies, eukaryotic protein disulfide isomerase (PDI), which catalyzes disulfide 
bond formation and rearrangement, was found to increase the efficiency of E. coli 
ribosome display three-fold when used during translation (HANES and PLOCKTHUN 
1997) (Table 1). The elimination of the IOSa-RNA (the product of the ssrA gene) 
by an antisense oligonucleotide, which is responsible for tagging (see Sect. 4.2) and 
releasing truncated peptides from E. coli ribosomes (RAy and APIRION 1979; Ko­
MINE et al. 1994; KElLER et al. 1996), yielded a four-fold improvement of ribosome 
display when using an antisense DNA oligonucleotide directed against this RNA 
(HANES and PLOCKTHUN 1997) (Table 1). 
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Table 1. Summary of improvements for increasing the efficiency of ribosome display 

mRNA structure Additivesa Yield of mRNA after one round of affinity selection 
(5' and 3'-loops) 

Percent of input Number of Relative 
mRNA moleculesb amount 

No 0.001 1.3 x 10' I 
+ No O.oJS 2.Ox 10 10 15 
+ POI 0.045 5.9 x 1010 45 
+ Anti 10Sa-RNAc 0.060 7.9 x 1010 60 
+ POI, anti IOSa-RNA 0.200 2.6 x 1011 200 

POI, protein disulfide isomerase. 
a 0.1 % VRC during translation and 50 mM Mg2 + during affinity selection were used in all experiments. 
b Number of molecules isolated from I ml reaction. 
C Antisense oligonucleotide 

4.4 Affinity Selection of Ribosomal Complexes 

After in vitro translation, the reaction is stopped by rapid cooling on ice. In the 
eukaryotic system, cycloheximide can also be added (GERsuK et al. 1997), but the 
effect of this compound on the efficiency of the ribosome display has not been 
reported. The mixture is also diluted with a buffer containing magnesium acetate, 
which is present during the whole affinity selection. Concentrations of 5 mM 
magnesium acetate in a wheat germ system (GERsuK et al. 1997) or 10 mM mag­
nesium acetate in an E. coli system (MATIHEAKIS et al. 1994) were used. Much 
higher concentrations (50 mM magnesium acetate) were found to be optimal and 
improved the efficiency of the E. coli ribosome display several-fold (HANES and 
PLUCKTHUN 1997). A possible explanation for the need for high magnesium con­
centrations is that Mg2+ binds to the phosphates of the ribosomal RNA, the 
mRNA, and the peptidyl tRNA, thus stabilizing ribosome complexes. In the 
absence of magnesium, ribosome complexes may dissociate. No magnesium was 
used during the reported affinity selection in a rabbit reticulocyte system (HE and 
TAUSSIG 1997). It would be interesting to see if any improvement resulted from 
addition of Mg2 + to this system. 

Chloramphenicol, an antibiotic which inhibits bacterial protein synthesis 
by binding to the 23S ribosomal RNA in the peptidy1 transferase center, has 
been used throughout the entire affinity selection processes in an E. coli system 
(MATIHEAKIS et al. 1994). However, in a direct comparison, chloramphenicol was 
found to have no influence on the efficiency of E. coli ribosome display (HANES and 
PLUCKTHUN 1997). 

While MATIHEAKIS et al. (1994) preparatively separated the ribosomal com­
plexes by centrifugation through a sucrose cushion prior to affinity selection, all 
other reports used the translation mixture directly for panning (HANES and 
PLUCKTHUN 1997; HE and TAUSSIG 1997; GERSUK et al. 1997). In a direct com­
parison, no improvement by the isolation of ribosomal complexes through a 
sucrose cushion was found (HANES and PLUCKTHUN 1997). 
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Affinity selection can be perfomled by using either ligands immobilized on a 
surface (such as panning tubes or micro titer wells) or biotinylated ligands bound to 
the ribosome-bound proteins which are subsequently captured by streptaridin­
coated magnetic beads. After extensive washing with a magnesium-containing 
buffer, mRNA can be isolated either from ribosome complexes dissociated with 
EDT A, or from complexes specifically eluted with an excess of a free ligand 
(Fig. IB). The isolated mRNA is then used for RT-PCR, and the DNA thus ob­
tained can be used for the next cycle of ribosome display. A portion of the DNA 
can be analyzed by cloning and sequencing and/or by ELISA or RIA after each 
round of ribosome display. When magnetic beads are used for selection, RT-PCR 
can also be directly performed with a portion of the beads (HE and TAUSSIG 1997). 

The efficiency of ribosome display can also be improved by decreasing the 
nonspecific binding. Supplementing the diluted translation mixture before affinity 
selection with 2% sterilized milk and/or 0.2% heparin eliminates much of the 
nonspecific binding, perhaps by preventing binding of ribosome complexes to the 
panning tube surface or to magnetic beads, and heparin probably acts also as an 
RNase inhibitor (HANES et al. 1998). 

5 Applications of Ribosome Display 

5.1 Display of Peptides on Ribosomes 

An E. coli ribosome display system was used for displaying pep tides from a 
decamer random library. This library was selected for binding to the monoclonal 
antibody D32.39, which has been raised to bind dynorphin B, a 13-residue opioid 
peptide, with 0.29 nM affinity (MATTHEAKIS et al. 1994). A library of 1012 DNA 
molecules was used for ribosome display using coupled in vitro transcription­
translation. After five rounds of ribosome display, several different peptides ranging 
from 7.2 to 140 nM affinity to the antibody were found. However, a peptide similar 
to dynorphin B, or any peptides possessing a similar affinity, were not obtained. 

A wheat germ ribosome display system was used for displaying a 20-mer 
random library, which was selected for binding to a prostate-specific antigen (PSA) 
(GERSUK et al. 1997). After four rounds of selection, several peptides showing 
higher affinity to PSA than to bovine serum albumin or gelatin were isolated, but 
no quantitative data were reported. 

5.2 Display of Folded Proteins on Ribosomes 

Two scFv fragments of an antibody were used as a model system: scFv-hag, derived 
from the antibody 17/9 (specific for hemagglutinin peptide) (SCHULZE-GAHMEN et al. 
1993), and scFv-AL2 (specific for ampicillin) (KREBBER et al. 1996). mRNAs of 
these two scFvs were mixed in a ratio of 1:108 (scFv-hag:scFv-amp) and applied for 
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affinity selection by using ribosome display on a hag-surface (HANES and 
PLOCKTHUN 1997). After five rounds of selection, a pool of enriched sequences was 
cloned and single clones were analyzed. Of 20 scFvs. 18 were scFv-hag and two 
were scFv-amp, demonstrating that the 109-fold enrichment was successful. The 
average enrichment per cycle of ribosome display was thus about 100-fold, and this 
number is now known to depend both on the antibody, antigen and type of surface 
(Hanes et aI., unpublished experiments). All 18 scFvs with the anti-hag sequence 
were analyzed by RIA, and it was shown that all but one of them bind hag peptide 
and can be inhibited by it. Sequence analysis showed that all of them had mutated 
during the five cycles of ribosome display and possessed between zero and four 
amino acid substitutions with respect to the original scFv-hag. All changes were 
independent of each other. It was also shown that from a binary mixture of scFv­
hag and scFv-amp mRNAs, mixed in a ratio of 1: I, either scFv could be enriched. 
depending on which antigen was used for affinity selection (HANES and PLOCKTHUN 
1997). 

E. coli ribosome display was applied to affinity selection of scFv antibody 
fragments from a diverse library generated from mice immunized with a variant 
peptide of the transcription factor GCN4 dimerization domain (HANES et al. 1998). 
The E. coli ribosome display system using uncoupled in vitro translation and all the 
improvements reported by HANES and PLOCKTHUN (1997) were used. After three 
rounds of ribosome display, an enriched pool of scFv genes were cloned and single 
clones were analyzed by RIA. Twenty-six different scFvs binding to a GCN4-
variant peptide were isolated. Several different scFvs were selected, but the largest 
group of 22 scFvs was closely related to each other and differed in zero to five 
amino acid residues with respect to their consensus sequence, the likely common 
progenitor. The other four scFvs were different from each other and also from the 
group of closely related 22 scFvs, and showed lower affinity to the GCN4-variant 
peptide than the 22 related scFvs, based on RIA analysis. The best scFv was found 
among the related ones and had a dissociation constant of (4 ± I) x 10-11 M, 
measured in solution. The scFv identical to the consensus sequence, a likely com­
mon progenitor of the 22 related scFvs, was identified and had a dissociation 
constant of only (2.6 ± 0.1) x 10-9M. Detailed analysis showed that for the 
65-fold higher affinity of the best scFv to the antigen only one amino acid change in 
the "progenitor" scFv was responsible. It was also shown that this high-affinity 
scFv was selected from mutations occurring in vitro during ribosome display 
rounds and that it was not present in the original library. Thus, this selected scFv 
had evolved throughout the rounds of ribosome display (HANES and PLOCKTHUN 
1997). The in vitro selected scFvs could be functionally expressed in the E. coli 
periplasm with good yields, or prepared by in vitro refolding in equally good yields. 

Rabbit reticulocyte ribosome display was also used to select a scFv derivative 
of an antibody, of the type Vwlinker-VL-CL, binding to progesterone. A mini­
library was prepared by mixing the DNA coding for this construct derived from the 
progesterone specific antibody DB3R (carrying the mutation TrplOOArg in VH 
which does not influence antigen binding), and a DNA of several mutant scFvs in 
position H35 which do not bind this antigen (HE and TAUSSIG 1997). The enrich-
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ment was analyzed by DNA sequencing of the pool. No antigen binding data (RIA 
or ELISA) of the translated protein have been reported to date. DB3R DNA 
diluted 102- to 106-fold with mutant DB3H35 DNA was applied for ribosome dis­
play using progesterone-BSA, covalently immobilized on magnetic beads. After one 
round of ribosome display DB3R was reported to be the dominant species, re­
covered from 102_ to 104-fold dilution, and comprising about 50% when enriched 
from a lOS-fold diluted mixture. The reported nominal enrichment for one cycle of 
ribosome display was therefore about 104_105, even though the translation mixture 
contained 2 mM OTT, and the ribosomes were not stabilized by Mg2+. Yet, in a 
direct comparison of the eukaryotic and the E. coli ribosome display system with 
the same scFv fragment, lower enrichments were found for the eukaryotic system 
(Hanes et aI., submitted). 

6 RNA-Peptide Fusion 

The selection principle of the RNA-peptide fusion approach is directly related to the 
ribosome display technology, but uses a puromycin-tagged mRNA and several 
additional steps to achieve covalent coupling of mRNA to its encoding polypeptide 
(Fig. 2). The method has so far been applied using the rabbit reticulocyte in vitro 
translation system (ROBERTS and SZOSTAK 1997; NEMOTO et al. 1997). The RNA­
peptide fusion construct consists of the mRNA coding for the peptide sequence, fused 
either to a DNA spacer of the sequence dA27dCdC coupled to puromycin (ROBERTS 
and SZOSTAK 1997) or to a DNA-RNA hybrid spacer of 125 deoxynucletides and four 
ribonucleotides coupled to puromycin (NEMOTO et al. 1997). The principle of this 
system is similar to ribosome display: an mRNA-DNA-puromycin hybrid is used for 
in vitro translation in a rabbit reticulocyte system. When the ribosome reaches the 
DNA portion of the template, translation stalls. At this point the ribosome complex 
can either dissociate, or puromycin, which is part of the template, can enter the 
ribosome and attach itself to the synthesized peptide. In this way the genotype, 
mRNA, can be directly attached to the phenotype, its encoded peptide. 

For testing the system, the template encoding a myc-epitope was used. It was 
shown that the RNA-myc-peptide fusion can be isolated from an in vitro trans­
lation mixture by immunoprecipitation with a monoclonal antibody recognizing a 
myc-epitope (ROBERTS and SZOSTAK 1997). The myc-peptide-mRNA fusion was 
also enriched by immunoprecipitation from a mixture prepared by translation of 
myc-encoding template, diluted with template encoding a random peptide pool. 
The reported enrichment factor was 20- to 40-fold. Nonspecific RNA-peptide 
fusions (pep tides coupled not to their encoding RNA) were not observed, and thus 
the enrichment is probably limited by nonspecific binding of pep tides and unpro­
tected RNA or DNA to the target. About 1 % of RNA was converted to the RNA­
peptide fusion (ROBERTS and SZOSTAK 1997). 
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7 Conclusions and Perspectives 

Two closely related in vitro selection methods for screening of peptide and protein 
libraries, ribosome display and RNA-peptide fusion, have been reported so far. 
Both are based on a cell-free translation system, and all steps are performed in vitro 
without using cells in any step. The phenotype, the synthesized protein or peptide, is 
attached to its genotype, encoded by mRNA, either by complexing it with the ri­
bosome in the ribosome display system or, in the RNA-peptide fusion method, by 
subsequent covalent attachment of the synthesized peptide to its puromycin-deri­
vatized mRNA. The ribosome display system was shown be effective in the selection 
of pep tides and also of functional, folded proteins from complex libraries, while 
selection experiments with the RNA-peptide fusion system have so far been reported 
for peptides. 

The main advantage of in vitro selection methods is, as already mentioned, that 
no cloning is necessary and therefore very large libraries can be used for screening 
and selection. The ribosome display system can be performed very rapidly; one cycle 
of selection can be achieved within one day, which compares well with in vivo 
selection methods, when a library has to be prepared. In the RNA-peptide fusion 
approach the mRNA-puromycin derivative must be synthesized after each cycle, and 
therefore this method is somewhat slower than ribosome display. Another advantage 
of in vitro selection methods is the automatic introduction of mutations during the 
procedure, when non-proofreading polymerases are used, and thus proteins can also 
affinity-mature during selection. It appears that in vitro selection methods have a 
great utility in compound identification and optimization, and they can thus help to 
answer fundamental questions of protein structure and evolution. 
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In 1990 TUERK and GOLD introduced the first RNA aptamer for bacteriophage T4 
DNA polymerase, obtained by a new combinatorial technique which they desig­
nated as SELEX (systematic evolution of ligands by exponential enrichment). In 
parallel, ELLINGTON and SZOSTAK (1990) showed that it is also possible to select 
RNA aptamers which are able to specifically complex organic molecules of low 
molecular weight, thus serving as receptor molecules based on nucleic acids rather 
than proteins. Since then, considerable progress has been achieved in the field of in 
vitro selection of combinatorial nucleic acid libraries, which demonstrates its 
impressive potential as a tool in molecular biology, diagnostics, molecular medi­
cine, drug discovery, and bio-organic chemistry. Today, the SELEX process 
has been applied to more than a hundred different target molecules, and aptamers 
are known for almost every kind of targets such as organic dyes, amino acids, 
biological cofactors, antibiotics, peptides and proteins or even whole viruses (BELL 
et al. 1998; GAL et al. 1998; ELLINGTON and OSBORNE 1997; KRAUS et al. 1998; 
YANG et al. 1998; EATON 1997; PAN et al. 1995), showing that aptamers can be 
obtained for almost any desired target whether complex or small. 
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The isolation of specific antagonists for proteins which are involved in disease 
processes is one of the major goals in pharmacological research. Drug discovery has 
been greatly facilitated by computer-assisted drug design and various screening 
strategies of diverse combinatorial libraries of small molecules, peptides, Fab frag­
ments, and antibodies. The SELEX technology provides a powerful method for the 
screening oflarge libraries of oligonucleotides, with diversities of up to 1015 different 
molecules, for specific ligand-binding nucleic acids which in many cases have been 
shown to not only bind a certain target protein, but also to inhibit its biological 
function. Many isolated aptamers are aimed at possible therapeutic and/or diag­
nostic applications. Insufficient stability, often cited as the major potential drawback 
of nucleic acids as therapeutic agents, can easily be overcome by using libraries of 
chemically modified nucleic acids, such as 2'-fluoro- or 2'-amino-2'-deoxypyrimidine 
containing nucleic acids. Modifications of that kind have been shown to be com­
patible with the enzymatic steps of the SELEX process. Other strategies which 
circumvent the stability problem of RNA or DNA include the so-called mirror­
image, or Spiege1mer, approach by exploiting nuclease resistance of the enantiomer 
of naturally occurring nucleic acids (KWBMANN et al. 1996; NULTE et al. 1996). 

Various recent examples illustrate the potential of aptamers in affecting cellular 
processes. In this review we will give an overview on recent progress in oligonu­
cleotide selections and applications of aptamers as potential tools in drug discov­
ery, diagnostics, molecular medicine, and for the dissection of cellular processes of 
immunological relevance (Table I). 

Table 1. Summary of the targeted molecules/viruses used for SELEX experiments 

Target molecule Dissociation Possible therapeutic and/or Reference 
constant (nM) diagnostic application 

IgE 10.0 Allergic disease WIEGAND et al. (1996) 
Anti-acetylcholine 60.0 Myasthenia gravis LEE and SULLENGER (1997) 

autoantibodies 
IFN-y 6.8 Inflammation and immune KUBIK et al. (1997) 

response 
L-selectin 3.0 Inflammation O'CONNELL et al. (1996) 
CD4 N/A Immune response KRAUS et al. (1998) 
bFGF 0.350 Angiogenesis JELLINEK et al. (1993) 
KGF 0.0003 Epithelial hyperproliferative PAGRA TIS et al. (1997) 

disease 
PDGF 0.1 Tumor development GREEN et al. (1996) 
VEGF 0.14 Neovascularization GREEN et al. (1995) 
RSV 40.0 Viral infection PAN et al. (1995) 
HIV-l RT 1.0 Viral replication TUERK et al. (1992) 

SCHNEIDER et al. (1995) 
HIV -1 integrase 10.0 Viral replication ALLEN et al. (1995) 
HIV-l rev N/A Viral replication GIVER et al. (1993) 
a-thrombin 25.0 Thrombosis BOCK et al. (1992), KUBIK et al. 

(1994), LATHAM et al. (1994) 
Activated protein C 110.0 Thrombosis GAL et al. (1998) 
hNE N/A Inflammation CHARLTON et al. (1997) 
PTPase 18.0 Oncogenesis, viral and BELL et al. (1998) 

cellular regulation 
PLA2 118.0 ARDS, Septic shock BRIDONNEAU et al. (1998) 
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2 Aptamers for Antibodies 

IgE antibodies playa key role in allergic responses. Aptamer antagonists, single­
stranded DNA and 2'-amino-modified RNA molecules which bind human IgE 
have been isolated by in vitro selection (WIEGAND et al. 1996). Truncated aptamers 
(designated as IGELl.2 -2'-amino RNA- and D17.4 -ssDNA-) were shown to 
competitively inhibit the interaction of human IgE with its Fc€RI receptor in rat 
basophilic leukemia cells transfected with the human IgE receptor. The oligonu­
cleotides block the IgE-mediated release of biogenic amines, such as serotonin, 
which are important mediators in allergic responses. Because of these properties the 
selected aptamers may have the potential to serve as a class of new therapeutics for 
the therapy of allergic diseases. 

An aptamer directed against the antibody which plays a decisive role during 
the development of the autoimmune disease myasthenia gravis was shown to serve 
as a decoy RNA molecule (LEE and SULLENGER 1997). Myasthenia gravis is a 
muscular disease which results in progressive muscle weakness. This effect is based 
on the binding of anti-receptor autoantibodies to acetylcholine receptors in the 
motor end plate of neuromuscular junctions, affecting failure of muscle response to 
neuronal impulses (LINDSTROM et al. 1988). The selected aptamer, modified by 
substitution of the 2'-OH for a 2'-NHr group at the riboses of pyrimidine residues 
to improve its resistance against degradation by nucleases, recognizes anti-acetyl­
choline receptor autoantibodies present in the serum of patients that suffer from 
myasthenia gravis. Additionally they inhibit the binding of acetylcholine receptors 
to the autoantibodies. In this way, the undesired antibody-mediated immune 
response could be inhibited. 

DOUDNA et al. (1995) isolated RNA sequences that mimicked a major auto­
antigenic epitope of the human insulin receptor. The goal of this approach was to 
obtain an aptamer which could be used in the treatment of patients with extreme 
insulin resistance type B. The selection was performed with an anti-human insulin 
receptor mouse monoclonal antibody (designated as MA20) which recognizes the 
same epitope of the insulin receptor-like autoantibodies present in the sera of these 
patients. The selected aptamers showed cross-reactivity with the autoantibodies 
and were shown to serve as RNA decoys, with the effect that they protected the 
insulin receptor from antibody binding. 

3 The Interruption of Lymphocyte Signal Transduction 
Pathways by Aptamers 

Aptamers targeted against proteins which are involved in inflammatory processes 
are of considerable medical interest. Interferon y (IFN-y) is an immunoregulatory 
cytokine which is synthesized and secreted by Thl and NK cells (TRINCHIERI and 
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PERUSSIA 1985). It is thought to participate in nearly all phases of immune and 
inflammatory responses (FARRAR and SCHREIBER 1993). IFN-y plays crucial roles in 
promoting inflammatory responses by stimulating macrophage cytotoxicity, 
enhancing adhesion of vascular endothelial cells, and facilitating lymphocyte 
extravasation. KUBIK et al. (1997) isolated RNA aptamers which bind to IFN-y 
with high affinity and specificity. Furthermore, the aptamer inhibits IFN-y-induced 
expression of MHC class I and ICAM-l, important proteins in the genesis of 
inflammatory disease, by human myeloid leukemia cells. The regulation of IFN-y 
activity by specific ligands which inhibit the binding of IFN-y to its receptors may 
have an important potential for therapeutic applications. This aptamer might be of 
interest for diagnostic purposes as well. 

LEE et al. (1996) reported that several synthetic oligonucleotides can block 
IFN-y mediated effects in human cell cultures. Originally these oligonucleotides were 
designed as antisense-molecules to form a triple helix with the X-X2 box region of the 
HLA-DRa. gene promoter. Because the oligonucleotide is able to inhibit IFN-y 
induced up-regulation of MHC class I and II and ICAM-l expression, LEE et al. 
(1996) suggested a mechanism similar to that of aptamers for the inhibitory function 
of the synthetic oligonucleotide, by dissecting the signal transduction pathway 
through IFN-y binding. This is an impressive example for a possible application of 
an oligonucleotide as an inhibitory drug in medicinal chemistry, in this case for 
inhibition of undesired immune responses after transplantation. 

Many cell-cell interactions in the vascular system are regulated by selectins, 
a family of cell adhesion molecules subdivided into L-selectin, P-selectin, and 
E-selectin. Selectins are involved in early steps of tissue injury following hypoxemia, 
reperfusion, or inflammation (BEVILACQUA and NELSON 1993; BEVILACQUA et al. 
1994). Various ligands are known, the most prominent one being silalyl LewisX, that 
block the interaction of L-selectin with other cell surface receptors, such as 
glycosylation-dependent cell adhesion molecule-I (GlyCAM-I), but none of these 
ligands is able to discriminate between the three selectin isoforms. The SELEX 
technology was used to isolate oligonucleotide ligands for L-selectin (O'CONNELL 
et al. 1996). Nuclease stabilization was achieved by using a 2'-amino-2'-deoxypy­
rimidine containing oligonucleotide library. The isolated aptamer was shown to 
bind L-selectin with high affinity and specificity in a calcium-dependent manner and 
to selectively discriminate between the three selectin isoforms. Furthermore, the 
aptamer was able to recognize the native protein on cell surfaces. 

Another example of aptamers directed against an immunologically relevant 
target are RNA molecules selected to bind to the CD4 protein. The CD4 antigen 
interacts with MHC class II on antigen presenting cells (APCs) and plays an 
essential part in HIV-l infection (DAGLEISH et al. 1984). In previous studies it was 
shown that antibodies directed against CD4 can block both MHC II and HIV-l 
complex formation. Using a library of2'-fluoro modified RNAs, randomized at 36 
positions KRAUS et al. (1998), isolated aptamers which bind CD4. These aptamers 
were able to inhibit mixed lymphocyte reactions nearly as well as Fab fragments or 
IgG antibodies, which may lead to a possible application targeted to manipulations 
of the immune system. 
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4 Growth Factors as Target Proteins for In Vitro Selection 

Growth factors play an important role in cell proliferation, cell migration, tissue 
remodeling, and wound healing (FOLKMAN and KLAGSBRUN 1987; GOSPODAROWITZ 
1991). Angiogenesis, the development of new blood vessels, is often associated with 
pathological processes such as cancer development and metastasis. For that reason, 
there is great interest in obtaining antagonists that inhibit growth factor functions. 
In the following, we give an overview of nuclease-resistant aptamers that have been 
isolated by in vitro selection for binding to a variety of growth factors, such as basic 
fibroblast growth factor (bFGF), human keratinocyte growth factor (hKGF), 
platelet derived growth factor (PDGF), and vascular endothelial growth factor 
(VEGF). 

JELLINEK et al. (1995) reported the isolation of 2'-amino-modified RNA 
inhibitors of bFGF. This growth factor initiates angiogenesis by binding to either 
heparin proteoglycans (low-affinity site) or tyrosine kinase receptors (high-affinity 
site) on the surfaces of endothelial cells (MOSCATELLI 1987). Overexpression of 
bFGF is correlated with many malignant disorders. The selected aptamer was 
extensively characterized, and it could be shown that a minimal aptamer, desig­
nated as M21A, is sufficient for binding to bFGF, with a dissociation constant of 
350pM. M21A inhibits the binding ofbFGF to low-affinity sites on CRO cells with 
an ED so of 1nM and the binding to high-affinity sites with an ED so of 3nM. The 
bFGF-dependent migration of bovine aortic endothelial cells (BAEs) is inhibited by 
the aptamer M21A in a dose-dependent manner. 

PAGRATIset al. (1997) selected 2'-amino- and 2'-fluoro-2'-deoxyribonucleotide­
modified RNA inhibitors for hKGF. KGF, a member of the FGF family (FINCH 
et al. 1989), is a basic heparin binding growth factor for epithelial cells (RUBIN 
et al. 1989). By overexpression of hKGF it was shown that this growth factor 
participates in diseases like psoriasis and dermatoses with psoriasiform hyper­
plasia (STAIANO-COiCO et al. 1993), inflammatory bowel disease (BRAUCHLE et al. 
1996; FINCH et al. 1996), and neoplasia (ISHIL et al. 1994). The isolated hKGF 
aptamer antagonists bind hKGF with a dissociation constant of up to O.3pM, 
which is the tightest binding aptamer reported so far. Compared with the 2'­
amino-modified oligonucleotide ligands, the obtained 2'-fluoro-modified RNA 
ligands showed higher affinities and bioactivities. The aptamers can competitively 
inhibit hKGF binding to its receptor and inhibits mitogenic activity with ki values 
of 92pM. Thus, these nuclease-resistant molecules may be useful for the devel­
opment of novel pharmaceutical lead compounds for epithelial hyperproliferative 
disease. 

Tumor cell lines produce and secrete PDGF. Therefore, autocrine as well 
as paracrine effects on tumor stroma and tumor growth can be imagined. 
Besides the impact of PDGF on tumor development, this growth factor also 
participates in other proliferative disorders such as glomerulonephritis (IIDA et al. 
1991) and arteriosclerosis (LINDNER et al. 1995; LINDNER and REIDY 1995). 
SELEX-derived ssDNA selected for specific comp1exing with PDGF showed an 
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inhibition of PDGF function (GREEN et al. 1996). The minimal PDGF binding 
motifs of the selected aptamers inhibit PDGF interaction with its a- and 
b-receptors and even specifically inhibit mitogenic effects of PDGF. All isolated 
aptamers interfered with the PDGF-BB and PDGF-AB isoforms but not with 
the PDGF-AA isoform, indicating that the interaction is site-specific for the 
PDGF B-chain. 

The aptamer for vascular permeability factor/vascular endothelial growth 
factor (VPF/VEGF) provides an excellent and very intriguing example for post­
SELEX modifications of 2'-aminopyrimidine-modified RNA aptamers (GREEN 
et al. 1995) (Fig. 1). The isolated high affinity RNA aptamers, which contained 
the 2'-amino-2'-deoxy modifications only at the pyrimidine nucleotides, could be 
reduced to a 24 nucleotide minimal motif that is sufficient for VPF/VEGF 
binding. The minimal aptamer contains 14 ribopurines, and the substitution of 
ten of them by 2'-O-methyl purine derivatives improved the binding affinity 
17-fold and increased the half life up to tl /2= l31h. The 2'-ribose-positions that 
would tolerate a substitution by the 2'-methoxy group were defined by synthe­
sizing the minimal oligonucleotide from 2: 1 mixtures of phosphoramidite deriv­
atives of natural purines (RNA-purines) and unnatural 2'-methoxy-2'-deoxy 
purines. Re-selection of the resulting library of variants of the originally selected 
aptamer allowed the separation of aptamer variants that showed decreased 
affinity to VPF/VEGF, as a result of the substitution of some 2'-OH-purine 
residues for 2'-OCHr purines from those in which this substitution improved the 
aptamer binding affinity. These positions were then identified by digestion of 
radiolabeled modified aptamers at high pH. Under these conditions, selective 
hydrolysis of the RNA is observed only at the remaining 2'-OH, but not at the 
2'-methoxy residues. 

The minimal modified aptamer is currently in clinical trials to prove its ability 
to inhibit angiogenesis and neovascularization, which contributes to the pathology 
of many angiogenesis-associated diseases. 

2'·ribose 
substitutions: 

IRI = 2'·OCH3 

Y =2'·NH2 

®=2'-OH 

Fig. 1. The minimal VEGF aptamer. The post-SE­
LEX modifications of purine bases are highlighted in 
green. (From GREEN et al. 1995) 
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5 Anti-viral Aptamers 

Aptamers deliver potential tools for dissecting the life cycle of viruses by interacting 
with proteins essential for viral replication. For human immunodeficiency virus-l 
(HIV-1) and Rous sarcoma virus (RSV), oligonucleotides have been isolated that 
can efficiently interrupt essential steps in the viral life cycle, opening up the 
potential of treating viral diseases with aptamers. 

PAN et al. (1995) selected RNA molecules that neutralize RSV in a concen­
tration-dependent manner. These RNAs were selected by incubation of the random 
RNA library with whole RSV particles and subsequent separation of the non-virus 
bound aptamers from those that remained immobilized on the surface of the 
virus particles. Consequently, the isolated aptamers were shown to interact with the 
virus surface, unable to enter the virus itself. In a virus-neutralizing activity assay 
the yield of viral protein could be reduced to 85%-92 % at RNA concentrations of 
20.0nM. Virus replication was completely blocked at an aptamer concentration of 
160.0nM. It was assumed that the presence of the virus-specific aptamers resulted in 
conformational changes of the glycoprotein structures of viral coat proteins, 
thereby interfering with the attachment of viruses to the targeted cell and with cell­
membrane fusion. Substitution of the pyrimidines with 2'-fiuoro-2'-deoxypyrimi­
dine derivatives increased the stability against nucleases but led to a significant 
decrease in virus neutralization properties. 

Various proteins of HIV-1 which are essential for virus replication have been 
chosen as targets for isolating specific oligonucleotide antagonists. ALLEN et al. 
(1995) selected RNA aptamers directed against HIV-1 integrase. TUERKet al. (1992) 
and SCHNEIDER et al. (1995) isolated RNA and ssDNA aptamers which recognize 
HIV-1 reverse transcriptase (HIV-1 RT). The isolated aptamers were able to inhibit 
the DNA polymerase activity of HIV-1 RT, with values of K j as low as 0.3nM 
(ssDNA aptamer). In addition, the aptamers selectively discriminated between 
various RTs, showing high affinity and specificity for HIV-1 RT whereas they did 
not bind to AMV RT or MMLV RT. GIvERet al. (1993) used the HIV-1 rev protein 
as a target for aptamer selections. SYMENSMA et al. (1996) showed that RNA apta­
mers, derived against the HIV -1 Rev protein, can mediate Rev function in vivo. This 
is an impressive example that describes the in vivo functionality of a RNA aptamer. 

6 Specific Aptamers with High Affinity Inhibit Enzyme Function 

One of the first ssDNA aptamers was directed against human ct-thrombin, and 
ssDNA (BOCK et al. 1992), RNA (KUBIK et al. 1994) as well as 2' modified RNA 
aptamers (LATHAMet al. 1994) are known for human ct-thrombin. BOcKet al. (1992) 
isolated ssDNA molecules that bind human thrombin and inhibited blood clotting 
in vitro. They showed that the thrombin-dependent blood clotting activity was 
blocked up to 50% at an aptamer concentration of 25nM. KUBIK et al. (1994) 
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selected RNA- and modified RNA aptamers for the same target. For all of these 
oligonucleotides, mapping of the binding site suggested that they bound to the 
heparin-binding exo site. The biological role that a-thrombin plays in mechanisms 
of blood clotting indicates a potential medical application. Indeed, the selected 
aptamers show inhibitory function of this process in vitro and potential applica­
tions as anticoagulants in an ex vivo, whole artery angioplasty model and in pre­
clinical studies with dogs (LI et al. 1994; DEAuDA et al. 1994). 

GAL et al. (1998) selected RNA ligands that inhibit activated protein C (APC) 
function, an essential protein in thrombosis and hemostasis regulation. The acti­
vation of protein C is induced by thrombin complexed to thrombomodulin (ESMON 
and OWEN 1981). GALet al. showed that the selected aptamer, designated as APC-
99, inhibits APC function with a k i of 137 nM and do not interact with related 
serine-proteases like thrombin, human neutrophil elastase, or hepatitis C virus NS3 
protease. 

Human neutrophil elastase (hNE) plays a crucial role in several inflammatory 
diseases, such as septic shock, myocardial ischemia-reperfusion injury, emphysema, 
and especially in acute respiratory distress syndrome (ARDS) (DORING 1994; 
REPINE 1992). Inhibitors for proteases are well known but they generally react 
unspecifically with the active site (EDWARDS and BERNSTEIN 1994). Valyl phos­
phonate is an unspecific and irreversible inhibitor for serine proteases (OLEKSYSZYN 
and POWERS 1991). To aim towards a specific interaction with one particular pro­
tease, this small molecule was covalently attached to every pool member of a 
randomized ssDNA library. This selection method, designated as blended-SELEX 
(GOLD et al. 1995), was used to isolate specific RNA (SMITH et al. 1995) as well as 
ssDNA (CHARLTON et al. 1997) inhibitors of hNE. The aptamers that best pro­
moted the covalent reaction of the reactive moiety inactivated elastase with a kobs 
around 2 x I08M- 1 per min, almost two orders of magnitude faster than peptide­
based inhibitors. In a parallel study, the aptamer inhibitor was also shown to 
reduce lung injury in a rat alveolitis model (BLESS et al. 1997). By using the 99mTe_ 
labeled anti elastase aptamer and, as a control, a 99mTc_Iabeled rat anti-elastase 
JgG, which is clinically used during in vivo imaging of inflammatory sites, it was 
shown that the aptamer achieved a significantly higher target-to-background (T/B) 
ratio in less time than the IgG (Fig. 2). 

This example indicates that in some cases specific ligand binding nucleic acids 
might be advantageous over antibodies; in the present case the superior TIB ratios 
were attributed to the more rapid clearance of the aptamer from the peripheral 
circulation compared to the IgG. 

High concentrations of human nonpancreatic secretory phospholipase A2 
(hnsp-PLA2) are associated with various diseases such as acute pancreatitis, ARDS, 
bacterial peritonitis, and septic shock (RINTALA and NEVALAINEN 1993). Antago­
nists with high affinity and specificity are proposed to block the biological role of 
phospholipase A2 (PLA2). One such antagonist is L Y311727, a small molecule 
indol-based inhibitor of PLA2 (SCHEVITZ et al. 1995). BRIDONNEAU et al. (1998) 
have chosen a SELEX approach for new drug design and isolated 2'-amino-mod­
ified RNA aptamers as PLA2 antagonists. One of these ligands, designated as 
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Fig. 2a,b. In vivo imaging with an aptamer. a DNA aptamer that binds to neutrophil elastase and acts as 
an irreversible inhibitor via the attached valine derivative. b Inflammation imaging by aptamer NX21909 
(right) and IgG (I~fi) afterlO min: cpm. counts per minute. (From CHARLTON et al. 1997) 

aptamer 5, showed a k j of 0.14nM and 93% inhibition in the chromogenic hnps­
PLA2 enzymatic activity assay (REYNOLDS et a1. 1992). In tissue-based contraction 
assays, the truncated version of aptamer 5 showed higher apparent dissociation 
constants (kB = 118 ± 26nM) than the non-oligonucleotide based antagonist 
L Y311 727 (270 ± 50nM) (SNYDER et a1. 1993). 
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Protein tyrosine phosphatases (PTPases) play important roles in oncogenesis, 
pathogenesis and the regulation of cellular and viral replication. Common antag­
onists show little specificity and cannot discriminate between various PTPases. Two 
different random pools, varying in length, have been exploited to isolate more 
specific ligands that bind and inhibit the PTPase active site (BELL et al. 1998). The 
selected aptamers shared a 21-residue conserved sequence independent of the pool 
they were isolated from and were shown to inhibit the Yersinia PTPase used in the 
selection protocol by IC50 values of 10.0 and 35.0nM. 

7 Aptamers Against Various Target Molecules 

An impressive example for the application of combinatorial RNA libraries to 
identify natural RNA binding sites for a given target protein was provided by 
BUCKANOVICH and DARNELL 1997. They selected RNA aptamers which bind to the 
neuron-specific RNA binding protein Nova-I, an autoantigen in a neurologic dis­
order associated with breast cancer and dysfunction of brainstem or spinal motor 
systems (BUCKANOVICH et al. 1996). Although it was known that Nova-I contained 
three RNA binding domains, a particular RNA motif recognized by Nova-I was 
unknown. To identify such motifs, an in vitro selection for Nova-I binders was 
performed using a library of 1015 different 52-mer RNAs. Isolated aptamers con­
tained a conserved 15-mer consensus motif [UCAU(N)o-2h which was found to be 
absolutely necessary for Nova-I binding. Remarkably, a GenBank search for this 
consensus sequence identified natural Nova-I binding sites in two neuronal pre­
mRNAs. One sequence lies within an intron of the glycine receptor ot:2 (GlyR ot(2) 
pre-mRNA. The other sequence was the pre-mRNA which encodes for Nova-I 
itself. Both natural pre-mRNAs specifically interact with authentic Nova-l protein. 
These studies established that Nova-l functions as a sequence-specific nuclear RNA 
binding protein in vivo. It was one of the first SELEX experiments that identified 
previously unknown, naturally occurring, nucleic acid binding sites of a RNA 
binding protein. The authors suggested that the mechanism of the neurologic disease 
involves disruption of Nova-l binding to GlyR ot:2 pre-mRNA by the autoantibody. 

Vasopressin is known as an important peptide hormone which regulates water 
balance in the body (NIELSEN et al. 1995). This peptide plays a key role in various 
states of disease including diabetes insipidus as well as hyponatremia and polydi­
psia in schizophrenic patients (GOLDMAN et al. 1997). WILLIAMS et al. (1997) used 
the SELEX method to isolate L-ssDNA ligands to vasopressin. In their approach 
D-DNA ligands have been selected using D-vasopressin as a target molecule. The 
enantiomer of the winning D-ssDNA aptamer, designated as L-ssDNA aptamer, 
has been synthesized and its ability to bind L-vasopressin was demonstrated. 
Importantly, this approach led to enhanced nuclease stability by mirror-image 
ssDNA (KLUSSMANN et al. 1996; NOLTE et al. 1996). The L-ssDNA-aptamer in­
hibited cAMP release mediated by vasopressin, but the cAMP release induced by 
oxytocin was not affected. 
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Human thyroid stimulating hormone (hTSH) belongs to a family of glyco­
hormone proteins such as leutinizing hormone (hLH), follicle stimulating hormone 
(hFSH), and chorionic-gonadotropin (hCG) (PIERCE and PARSONS 1981). The 
measurement of serum hTSH levels, secreted by the pituitary gland, is important 
for diagnosis of pituitary and thyroid disorders such as hyperthyroidism and 
hypothyroidism (LABRIE 1990). LIN et al. (1996) isolated specific ligands for hTSH 
that do not interact with the other members of the same protein family. They 
showed that selected oligonucleotides could be used in diagnostic assays. 

HALLER and SARNOW (1997) isolated RNA molecules that show a 1000-fold 
higher affinity for N-7 methylguanosine than for nonmethylated guanosines. 
A remarkable feature of the selected RNA is that binding to the 5' terminal cap 
structure leads to the inhibition of cap-dependent processes such as mRNA trans­
lation initiation. The cap structure plays an important role in many different bio­
logical processes, e.g., pre-mRNA splicing, nuclear transport, and mRNA 
stabilization. Haller and Sarnow showed that the isolated aptamer R8-35 not only 
displaces human cytoplasmic cap-binding complex, but also inhibits the formation 
of human nuclear cap-binding protein complexes like CBP20 and CBP80. This ap­
tamer is an impressive example for selective discrimination between two highly re­
lated molecules with only small structural differences. In the reported case, aptamers 
provide useful tools to investigate and understand biological processes in living cells. 

Another example indicating that remarkably specific aptamers can be isolated 
by SELEX was reported by YANGet al. (1998), who selected DNA ligands that bind 
to cellobiose, the disaccharide of cellulose. The selected motifs are able to dis­
criminate sugar epimers, anomers, and other disaccharides. Oligo saccharides play 
an important role in cellular adhesion, inflammation and molecular recognition. 
Commonly, antibodies are used for diagnostic purposes but they often cannot 
discriminate between various sugar tags of cell surface receptors. 

8 Summary 

We have listed and described recent promising developments in the field ofaptamer 
research. The properties and the application potential of aptamers propose an 
exciting future for aptamers either in the clinic or as research tools for various 
purposes. We have reviewed exciting examples in which the SELEX technology was 
applied to obtain promising tools that may help to facilitate our understanding of 
biological processes and to interfere at distinct points in signal transduction cas­
cades. High affinities and specificities of aptamer/target-interactions can now 
routinely be achieved. Furthermore, a wide spectrum of chemical modifications of 
nucleotides is known which greatly increase the stability of RNA molecules in 
biological materials, considerably enhancing their application potential. The 
aptamer technology shows that the combination of organic synthesis and molecular 
biology can contribute to interesting and promising new drug leads, which may 
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very soon find their way into daily clinical practice or onto the laboratory benches 
of many researchers in the life sciences. 
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1 Introduction 

Among the enormous quantity and diversity of enzymes found in nature, 
researchers have confirmed the existence of only seven distinct classes of biological 
catalysts that are made of RNA rather than protein. As currently understood, the 
natural functions of these ribozymes are limited to phosphoester transfer and 
phosphoester hydrolysis reactions that occur with RNA or DNA substrates 
(KRUGERet al. 1982; GUERRIER-TAKADAet al. 1983; PEEBLEset al. 1986; PRODyet al. 
1986; BUZAYAN et al. 1986; SHARMEEN et al. 1988; SAVILLE and COLLINS 1990; 
ZIMMERLY et al. 1995). Although ribozymes are exceedingly rare and their bio­
chemical functions are limited, they serve as essential components of the metabolic 
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machinery of all living systems. It has been proposed that nucleic acids preceded 
proteins in the evolutionary history of biocatalysis, and that these primitive rib­
ozymes catalyzed many of the reactions performed by modern protein enzymes 
(GILBERT 1986; BENNER et al. 1989; HlRAO and ELLINGTON 1995). Over the course 
of 4 billion years of evolution, it appears that nature has determined that proteins 
are a superior format for constructing enzymes; however, the true capacity of 
nucleic acids for catalytic function remains to be fully defined. 

Like all other organic chemists, nature must abide by the same set of immu­
table chemical principles as the process of evolution runs its course. Considering the 
expanded chemical composition of proteins vs nucleic acids, it would be difficult to 
contest the results of billions of years of evolution by arguing that the enzymatic 
potential of these two very different polymers are equivalent. However, it might be 
possible to harness the catalytic potential of nucleic acids in the form of artificial 
engineered enzymes that display useful catalytic functions. In recent years, the 
narrow repertoire of chemical reactions that are catalyzed by existing ribozymes 
has undergone dramatic expansion through the use of 'in vitro selection', a process 
that allows enzyme engineers to rapidly 'evolve' new ribozymes outside the confines 
of living cells (WILLIAMS and BARTEL 1996; BREAKER 1997a). This breakthrough in 
enzyme engineering technology has made it possible for researchers to access the 
true catalytic potential of nucleic acids and to contemplate practical applications 
for novel 'designer' ribozymes. 

Many of the ribozymes created to date using in vitro selection methods display 
catalytic functions that are similar to those seen with natural protein enzymes. For 
example, a variety of new ribozymes has been created that catalyze reactions at the 
phosphorus centers within nucleic acid substrates, as is typically seen with natural 
ribozymes. Among this expanding collection of novel ribozymes are RNAs that 
catalyze RNA cleavage (PAN and UHLENBECK 1992; WILLIAMS et al. 1995), DNA 
cleavage (BEAUDRY and JOYCE 1992), RNA ligation (BARTEL and SZOSTAK 1993; 
HAGER and SZOSTAK 1997), RNA polymerization (EKLAND and BARTEL 1996), 
phosphoryl coupling (CHAPMAN and SZOSTAK 1995; HUANG and YARUS 1997a,b) 
and phosphoryl transfer (LORSCH and SZOSTAK 1994). Ribozymes also have been 
made to promote carboxylate ester bond formation (ILLANGASEKARE et al. 1995; 
LOHSE and SZOSTAK 1996; JENNE and FAMULOK 1998), cleave (DAlet al. 1995, 1996) 
and form amide bonds (LOHSE and SZOSTAK 1996; ZHANG and CECH 1997; WIEGAND 
et al. 1997), and metalate porphyrin rings (CONN et al. 1996). These examples show 
that many of the reactions of modern biochemistry are accessible to ribozymes. 

Even chemical transformations that one would more likely find in a chemist's 
flask rather than the cytoplasm of a cell can be performed by artificial ribozymes 
(FRAUENDORF and JASCHKE 1998). These reactions include alkylation by halide 
displacement (WILSON and SZOSTAK 1995; WECKER et al. 1996), isomerization of 
a bridged biphenyl compound (PRUDENT et al. 1994), and Diels-Alder reactions 
(TARAsowet al. 1997). Without question, the catalytic functions of nucleic acids will 
continue to be diversified through the use of in vitro selection and other enzyme 
engineering strategies. This review will highlight the recent progress made in the area 
ofribozyme design, and report on the current state of technical capability in the field. 
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2 New Unmodified Ribozymes 

2.1 Amide and Peptide Bond Synthesis 

It is speculated that RNA played a central role in early biochemical development, 
and this predecessor metabolic state that was maintained by early ribozymes 
eventually gave rise to encoded protein synthesis and soon thereafter to modern 
protein enzymes. If this view is correct, then a ribozyme that could catalyze amide 
bond formation, must have emerged to make this transition possible. This 'amide 
synthase' activity is a significant departure from the catalytic activities of the 
seven natural classes of ribozymes. However, it is intriguing that ribosomal RNA 
which has been stripped of nearly all proteins retains significant peptidyl trans­
ferase activity (NOLLER et al. 1992), suggesting that the modern cellular machinery 
that is responsible for all protein synthesis indeed may be an amide synthase 
ribozyme. 

Following the initial discovery of ribozymes and the expansion of the RNA 
world hypothesis, many endeavors have been undertaken to understand the overall 
scope of RNA catalysis and to bridge the gap from 'primitive' RNA catalysis to the 
advanced enzyme function that we find in the modern protein world (HAGER et al. 
1996). To test whether RNA is capable of forming amide and peptide bonds, 
several groups have employed in vitro selection to seek artificial enzymes with these 
activities. LOHSE and SZOSTAK (1996) provided the first evidence that amide bond 
formation is part of the catalytic repertoire of RNA (Fig. la; SUGA et al. 1998). 
Two more recent discoveries provide further evidence that RNA has the ability to 
participate in protein synthesis. In the first example (WIEGAND et al. 1997; see also 
Sect. 4), used selection to isolate chemically modified RNA enzymes that promote 
the attack of a primary amine on an AMP-carboxylic acid mixed anhydride, which 
results in the formation of an amide linkage (Fig. 1 b). Using a similar strategy, 
ZHANG and CECH (1997) obtained ribozymes that could couple a modified 
methionine-AMP-ester to a tethered phenylalanine residue in a reaction that closely 
resembles the chemical process of the natural peptidyl transferase reaction 
(Fig. lc). The modified methionine-AMP-ester, which serves as a model for an 
aminoacylated tRNA substrate, is bound to an artificial 'P site'. Here it is subject to 
the nucleophilic attack of the phenylalanine amino group bound to an artificial 
'A site', leading to the formation of a true peptide bond. Some ribozyme variants 
with this activity achieve observed rate constants near O.ljmin, corresponding to a 
rate enhancement of at least 105-fold over the uncatalyzed rate. Substrate recog­
nition is mainly governed by the adenosine moiety of the activated amino acid, 
allowing amino acids other than methionine to be transferred. This characteristic is 
a prerequisite for a generalized protein synthesizing ribozyme, similar to the 
ribosome's ability to make use of the many different tRNAs that are individually 
charged with natural amino acids. 
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Fig. la---e. Mechanisms for amide-bond formation by ribozymes reported by a LOHSE and SZOSTAK 

(1996), b WIEGAND et al. (1997), and C ZHANG and CECH (1997). The mechanism in a also operates with a 
5' hydroxyl nucleophile in place of the 5' -amine group as depicted, thereby resulting in acylation of the 
ribozyme. In b, the ribozyme carries imidazole-modified uridine residues that are required for function. In 
c, the A site and P site are adapted from the nomenclature of the ribosome to relate the similar functions 
of the natural peptidyl transferase enzyme to this novel ribozyme 
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2.2 Carbon Ester Bond Formation 

Using a closely related approach to that described above, JENNE and FAMULOK 
(1998) did not find ribozymes with the desired peptidyl transferase activity, but 
instead isolated ribozymes that catalyzed acyl transfer of the amino acid to an 
internal ribose-2'-hydroxyl. This reaction is inhibited by AMP not only by com­
petitive binding to the active site, but also by transferring the 2'-acyl group back to 
AMP in the reverse reaction, with an equilibrium constant which lies strongly on 
the side of the aminoacyl-AMP starting material (Fig. 2) . The isolation of acyl­
transferase ribozymes as opposed to peptidyl transferase ribozymes in this selection 
is not surprising, considering the fact that individual RNAs comprising the selec-
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Fig. 2. Ester bond formation by a ribozyme. Coupling of the biotinylated phenylalanine compound with 
the RNA construct could have proceeded by nucleophilic attack of the 5'-amino group, or similarly via 
attack by one of the many ribose hydroxyl groups. One class of RNAs that populate the pool after 13 
rounds of selection displays acyl transferase activity, and generates a covalent ribozyme product wherein 
the biotinylated amino acid is coupled to a specific internal 2' hydroxyl. Cit and Cys represent citrulline 
and cysteine, respectively 

tion pool each carry 1592' -hydroxyl groups, whereas the desired amine nucleophile 
is represented only once per molecule. In addition, efficient ribozymes with acyl 
transferase activity have been isolated previously (LOHSE and SZOSTAK 1996; 
Fig. la). This is just one example of many in vitro selection experiments in which 
the final outcome was different from the expected outcome (JOYCE 1992; BREAKER 
1997a; see Sect. 6). 

2.3 Phospho anhydride Exchange and Hydrolysis Reactions 

Another example of the inherent independence and inventiveness of the in vitro 
selection process is evident in a series of publications by HUANG and Y ARUS 
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(I 997a--c). The authors devised a selection protocol that was intended to yield 
RNAs that catalyze the nucleophilic attack of an amino acid oxyanion on an RNA 
triphosphate, thereby forming the corresponding mixed anhydride with concomi­
tant release of inorganic pyrophosphate. Amino acids are similarly activated by 
aminoacyl tRNA synthetases as part of the natural process of charging tRNAs. 
Demonstrating this ribozyme activity therefore would provide more complete ev­
idence that RNA is capable of catalyzing the entire series of reactions that are 
necessary to emulate modern encoded protein synthesis. The ribozymes that re­
sulted from the selection indeed could release pyrophosphate; however this activity 
proceeds even in the absence of amino acids (HUANG and Y ARUS 1997:1). Further 
investigation revealed that these RNAs catalyze a phosphate-phosphate anhydride 
exchange reaction (Fig. 3) with a variety of substrate molecules that possess a 
phosphate moiety, or they catalyze the competing phospho anhydride hydrolysis 
reaction via attack by water (HUANG and YARUS 1997b,c). Other possible reactants 
include nucleotides, nucleotide-like cofactors such as CoA, NADP, thiamine 
phosphate, FMN, phosphorylated RNAs, and even phosphorylated non-nucleotide 
molecules. 

The ribozymes isolated by Huang and Yarus (see also CHAPMAN and SZOSTAK 
1995) produce nucleoside-5' ,5'-pyrophosphate 'caps' that are identical to the 
chemical structures that are important for cellular RNA processing or that serve as 
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Fig. 3. Ribozyme self·capping with guanosine-5' monophosphate. This phosphoanydride exchange 
reaction also can proceed with a variety of phosphorylated substrates, or the attacking nucleophile can be 
replaced by water which results in hydrolysis of the ribozyme 5' -triphospha te moiety. PP; represents 
inorganic pyrophosphate 
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intermediates of enzymatic ligation. In the latter case, protein enzymes such as 
DNA ligase and RNA ligase activate the 5' phosphate of the 'donor' oligonucle­
otide by similarly coupling AMP (using ATP) to generate a 5',5' -pyrophosphate 
cap. This intermediate is then attacked by the 3' oxygen of the corresponding 
'acceptor' oligonucleotide to foml a new 3',5' -phosphodiester bond between the 
two oligonucleotides. HAGER and SZOSTAK (1997) successfully used in vitro selection 
to isolate ribozymes that could complete the last step of this ligation process 
(Fig. 4). Presumably, the ribozyme facilitates the attack of the 3'-oxygen of a 
templated RNA on the 5',5'-pyrosphosphate linkage of the ribozyme, leading to the 
formation of a new 3',5'-phosphodiester bond with concomitant release of AMP. 
The use of such capped structures as substrates for both modern protein enzymes 
and ribozymes represent another plausible link between a hypothetical RNA world 
and the contemporary biochemistry of extant life forms. 

3 DNA Enzymes 

The many examples of natural and artificial ribozymes provide a glimpse at the 
structural and functional characteristics of RNA and hint at the true catalytic 
potential for nucleic acids. It is now well accepted that RNA can perform many 
catalytic functions, but can DNA similarly serve as a catalytic polynucleotide 
despite the absence of the important 2'-hydroxyl group? For many years after the 
original discovery of ribozymes, some believed that the 2' -hydroxyl group was key 
to the formation of RNA catalysts and that DNA is rendered functionally inert 
by the loss of this group. Clearly, the presence of the 2' -hydroxyl group of every 
sugar moiety in most instances must be considered advantageous, due to the 
chemical reactivity of this group and its role in RNA tertiary-structure formation. 
Despite the inherent limitations that the loss of the 2' -hydroxyl brings about, the 
catalytic potential for DNA in its single-stranded form may be substantial 
(BREAKER 1997c). 
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Fig. 4. A ribozyme with RNA ligase activity. The 5',5'-pyrophosphate linkage was incorporated at the 5' 
terminus of the ribozyme by in vitro transcription in the presence of excess 5',5'-AppG. RNAs that 
promoted RNA ligation via nucleophilic attack by the substrate 3'-OH and release of 5' -AMP are isolated 
by affinity chromatography and selectively amplified 
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Although no deoxyribozymes are known to exist in nature, a variety of DNAs 
that perform enzyme-like functions in vitro have been isolated using selection 
methods (BREAKER and JOYCE I 994b, 1995; COUENOUD and SZOSTAK 1995; 
BREAKER 1997b,c). More recently, many new catalytic DNAs have been reported, 
including deoxyribozymes that cleave phosphoramidate bonds (BURMEISTER et al. 
1997), that use amino acid cofactors (ROTH and BREAKER 1998; see Sect. 4) and that 
metalate porphyrin rings (LI and SEN 1996). In the latter case, the deoxyribozyme 
adopts a 'G-quartet' structure and binds the porphyrin substrate in a pocket that 
favors insertion of a metal ion into the ring. The comparison of spectroscopic 
properties of porphyrin derivatives in their enzyme-bound and free states has al­
lowed the assignment of the substrate's transition state conformation (LI and SEN 
1998). The porphyrin is placed in an environment that distorts the ring out of its 
more favorable planar geometry, thereby increasing the basicity of the porphyrin 
by 3-4 pKa units, which favors metal ion insertion. A similar transition-state sta­
bilization mechanism may be used for an artificial ribozyme (CoNNet al. 1996) and 
a catalytic antibody (COCHRAN and SCHULTZ 1990), both of which display similar 
enzymatic activities. 

An important question to address is whether DNA can achieve rate 
enhancements that are similar to those of natural ribozymes. SANTORO and JOYCE 
(1997) reported the isolation of a surprisingly small deoxyribozyme (Fig. 5) that 
efficiently cleaves RNA substrates under simulated physiological conditions and 
with multiple turnover. This molecule can be tailored to cleave a variety of 
RNA substrates and can function with target molecules that mimic HIV -I mRNAs. 
The deoxyribozyme displays maximum catalytic activity when cleaving at a purine­
pyrimidine junction. However, both the catalytic rates and generality of the 
substrate specificities of this deoxyribozyme compare favorably with those of 
natural self-cleaving ribozymes (SYMONS 1992), indicating that catalytic DNAs can 
achieve levels of function that are similar to those of biologically relevant rib­
ozymes. The continued development of RNA-cleaving deoxyribozymes with cata­
lytic speeds that match those of ribozymes could open a broad range of potential 
applications for artificial DNA enzymes in therapeutics and in biotechnology. 

Recent studies also have made clear the fact that DNA can form structures 
that are remarkably intricate (BREAKER 1997b). An example of a nucleic acid 
structure that previously had not been found in any catalytic RNA or DNA was 
recently found to playa key role in the function of a Cu2 + -dependent self-cleaving 
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Fig. 5. Sequence and secondary structure of an RNA-cleaving 
deoxyribozyme that functions under simulated physiological 
conditions. Bases designated comprise the putative catalytic core 
of the deoxyribozyme. Yand R represent pyrimidine and purine 
bases, respectively. The arrowhead identifies the site of cleavage by 
the Mg2+ -dependent phosphoester transfer reaction 
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deoxyribozyme isolated by CARMI et al. (1996). This deoxyribozyme catalyzes the 
region-specific cleavage of DNA substrates via a Cu2 + -dependent oxidative 
mechanism. As with the RNA-cleaving DNA described above, this deoxyribozyme 
can be engineered to cleave separate DNA substrate molecules in a sequence­
directed fashion (CARMI et al. 1998). Recognition of separate substrate DNAs by a 
truncated form of the deoxyribozyme involves duplex and triplex recognition ele­
ments, wherein both elements contribute towards defining substrate specificity 
(Fig. 6). One of the substrate recognition domains of this enzyme binds substrate 
by Watson/Crick base pairing, while the other arm folds into a short hairpin which 
binds the target sequence in the context of a DNA triplex through Hoogsteen base 
pairing. It is likely that the use of triplexes and other higher-ordered structures may 
provide sufficient structural sophistication for DNA to allow robust catalytic 
function. If true, then there will be many opportunities in the future to examine new 
examples of this unlikely catalytic polymer. 

4 New Cofactors and Reaction Conditions 
for Nucleic Acid Enzymes 

4.1 Ribozyme and Deoxyribozyme Catalysis Without Cofactors 

Although the scope of catalytic function by RNA and DNA is proving to be 
extensive, can nucleic acid catalysts compare favorably with the efficiency of pro­
tein-based enzymes? Polymers of RNA and DNA are likely to be at a significant 
disadvantage when competing against polypeptides. Oligonucleotides made from 
the four standard nucleotides have far less chemical and structural diversity than 
proteins, which are comprised of 20 different amino acids. In particular, the lack of 
functional groups that can act as nucleophiles, general acids or general bases is 
expected to significantly restrict the catalytic potential of nucleic acid enzymes in 
comparison to protein enzymes. One strategy that could be exploited to improve 
the chemical and functional diversity of RNA and DNA is the use of external 
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Fig. 6. Sequence and secondary structure of a DNA-cleaving deoxyribozyme. Target specificity for this 
eu" 1- -dependent DNA enzyme is defined by two substrate-binding domains composed of stems I and II. 
Stem II forms a DNA triplex interaction wherein the polypyrimidine region of the substrate serves as the 
'third strand' of the complex. N represents any nucleotide. Y and R represent pyrimidine and purine 
nucleotides. respectively. The arrOll'i1ead identifies the primary site of DNA cleavage 
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cofactors. Most natural ribozymes discovered to date make use of divalent metal 
ion cofactors to maximize rate enhancements (PYLE 1993; YARUS 1993). Metal ion 
cofactors can contribute to ribozyme function by facilitating RNA folding, or they 
can perform a more important role by serving as necessary components of catalytic 
sites. Although divalent metal ions can and do play key supportive roles for the 
action of most natural and artificial nucleic acid catalysts, it is becoming increas­
ingly clear that metal ions are not indispensable for the function of certain rib­
ozymes and deoxyribozymes. For example, several 'Mg2+ -dependent' self-cleaving 
ribozymes have been known to operate with considerable rate enhancements even 
when assayed in the complete absence of divalent metals (DAHM and UHLENBECK 
1991; CHOWRIRA et al. 1993; KUIMELIS and MCLAUGHLIN 1995). More recently, a 
series of reports confirm that the 'hairpin' self-cleaving ribozyme can achieve full 
activity without Mg2+ if care is taken to stabilize the active tertiary structure of the 
RNA (HAMPEL and COWAN 1997; NESBITI et al. 1997). 

Can it be true that nucleic acids, long considered to be entirely reliant on metal 
ion cofactors for catalytic function, also can form effective active sites using only 
the functional groups inherent to the polymer or that can be borrowed from other 
organic compounds? The results of several recent in vitro selection experiments 
have been used to directly challenge the notion that divalent metal ions are 
absolutely necessary for the catalytic function of ribozymes and deoxyribozymes. 
Independently, several research groups (FAULHAMMERand FAMULOK 1997; GEYER 
and SEN 1997; ROTH and BREAKER 1998) have reported the isolation of 
deoxyribozymes that cleave RNA phosphoester linkages in the absence of divalent 
metal ions or any other cofactors. The rate constants achieved by the earliest 
versions of these artificial deoxyribozymes are only about IOO-fold less than those 
observed for the natural self-cleaving ribozymes, corresponding to a rate 
enhancement of nearly 1 million-fold over the uncatalyzed rate. It has yet to be 
determined precisely how the DNA achieves this magnitude of rate enhancement 
without the use of cofactors. Presumably, DNA can easily position the target RNA 
linkage for precise 'in-line attack' by the appropriate 2'-hydroxyl group. In addi­
tion, it is conceivable that the DNA also might shift the pKa value of a well-placed 
nucleoside moiety which then can serve as a general acid/base or that can stabilize 
the transition state of the reaction. 

An example of a cofactor-independent ribozyme was isolated under acidic 
reaction conditions (JAYASENA and GOLD 1997). An individual self-cleaving rib­
ozyme isolated from a random-sequence pool by in vitro selection displays a 
maximum rate of catalysis at pH 4.2 in the absence of divalent metals, a finding 
that adds a new dimension to the potential for ribozyme catalysis. This pH opti­
mum lies close to the pKa values ofNI of the adenosine and N3 of cytidine. In their 
protonated forms, these bases might be able to serve as general acid catalysts and 
relieve the need for metal ion cofactors, although the precise catalytic mechanism 
has yet to be determined. Conventional wisdom would hold that extremes of pH, 
temperature, or other reaction parameters would prevent the catalytic function of 
nucleic acid enzymes. However, this report highlights the fact that in vitro selection 
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can be used to produce new RNA and DNA enzymes that operate under reaction 
conditions that are far from those typically encountered inside cells. 

4.2 Small Organic Co factors for Catalytic Polynucleotides 

Metal ions are not the only cofactors that can be used by nucleic acids. A unique 
class of cofactor-dependent deoxyribozymes that use an amino acid to support 
catalytic activity was isolated recently (ROTH and BREAKER 1998). This DNA 
promotes the cleavage of a target RNA linkage only in the presence of L-histidine 
or closely related analogues. The DNA enzyme presumably binds the histidine 
cofactor and positions its imidazole moiety for use as a general base, thereby 
activating the ribose 2'-OH nucleophile by deprotonation (Fig. 7). This mode of 
operation shows a remarkable similarity to the classical mechanism proposed for 
ribonuclease A (WALSH 1979). The natural RNA-cleaving protein enzyme also uses 
a histidine residue at its active site to provide general base catalysis for the first step 
of the RNA cleavage reaction. This finding suggests that perhaps all of the natural 
amino acids and many other small organic cofactors may be used by nucleic acid 
enzymes to increase their limited chemical diversity. Assuming that the structural 
diversity of nucleic acids is sufficient to bind and precisely position a variety of 
organic cofactors, then any chemical reaction that can be promoted by protein­
based enzymes is a candidate for catalysis by an undiscovered ribozyme or 
deoxyribozyme. 

From the studies described above, we can conclude that both RNA and DNA 
can actively contribute to the catalytic process rather than simply serving as passive 
scaffolds for cofactor binding. Nucleic acid enzymes do not need divalent metal 
ions or any other cofactor to produce catalytic rate enhancements that are relevant 
at least to biological systems. However, when given the option most in vitro 
selection experiments yield ribozymes or deoxyribozymes that make use of external 
cofactors (e.g. BREAKER and JOYCE 1994b, 1995), indicating that nucleic acid 
enzymes that are assisted by cofactors are more prevalent than cofactor-indepen­
dent motifs among the vast number of structural variations that are possible. 
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5 Nucleic Acid Enzymes with Chemical Modifications 

5.1 Ribozymes Constructed with Modified Bases 

Another approach to overcoming the meager functional diversity of the nucleotide 
building blocks involves the use of chemically modified RNAs and DNAs. One 
strategy introduces additional functional groups at defined positions within pre­
existing ribozymes or aptamers (USMAN et al. 1996; EATON 1997; OSBORNE et al. 
1997). Here, the primary aims are to increase polymer stability by enhancing 
nuclease resistance (LIN et al. 1994) or to stabilize secondary structures through 
connecting oligonucleotide domains with artificial linkers (OSBORNE et al. 1996; 
LETSINGER and Wu 1995; MACAYAet al. 1995; NELSON et al. 1996). An alternative 
strategy makes use of pre-modified nucleotides to construct random-sequence 
pools, thereby creating new structural and chemical possibilities that can be 
screened for functional molecules. In order for this procedure to be successful, non­
natural nucleotide triphosphates must be suitable substrates for the reverse trans­
criptase and RNA polymerase enzymes needed for amplification of the selected 
RNA or DNA molecules. The list of suitable nucleotide building blocks already is 
substantial, and includes a large number of structurally diverse 5-substituted 
pyrimidine and 8-substituted purine bases, as well as nucleotide analogs that carry 
2' -sugar modifications. This allows the introduction of virtually any chemical 
moiety into nucleic acids, such as hydrophobic or hydrophilic groups, acids, bases, 
nucleophiles and various cross-linkers (EATON 1997). 

WIEGAND et al. (1997) provide the first example for the isolation of a modified 
RNA catalyst isolated from a random pool of modified RNA. In this case, 
5-imidazolyl-modified uridine residues were used in place of uridine. This modifi­
cation is expected to enhance the catalytic power of RNA by conferring added 
potential for general acid/base catalysis and metal coordination sites in a manner 
that will not disrupt Watson/Crick base pairing. A collection of amide synthase 
ribozymes (Fig. la), each carrying a short (13 nucleotide) conserved sequence 
domain, was isolated from the chemically modified RNA pool. The most efficient 
amide synthase variant displays a kobs of ~0.04/min, corresponding to a rate 
enhancement of ~ I 05 -fold over the uncatalyzed reaction. This activity is entirely 
dependent on the presence of the 5-imidazolyl-uridines, confirming that the mod­
ifications either play an active role in catalysis or that their removal disrupts the 
active conformation of the RNA. This and similar chemical modifications are 
expected to enhance the catalytic ability of RNA. This view receives support from 
an observation by WIEGANDet al. (1997) that a related in vitro selection experiment 
designed to isolate ester synthases produced significantly slower ribozymes when 
using unmodified RNA as opposed to beginning with an RNA pool made with 
5-imidazolyl-modified uridine. 

Another ribozyme carrying 5-pyridyl-uridine residues was isolated using 
in vitro selection for its ability to form carbon-carbon bonds (T ARASOW et al. 
1997). The ribozyme promotes a Diels-Alder reaction between an acyclic diene 
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and a maleimide dienophile tethered to the ribozyme and a biotin moiety, re­
spectively (Fig. 8). The reactants were kept apart from the nucleic acid portion of 
the ribozymes by long-chain polyethyleneglycol linkers. Therefore, a simple 
template alignment of the reactive groups by Watson-Crick base pairing is not 
possible. Instead, the selected molecules must form a distinct substrate-binding 
pocket analogous to those found in the active site of protein enzymes. As with 
the amide synthases, this enzyme also requires Cu2 + to display full catalytic 
activity. The primary role for divalent metal ions in the action of these ribozymes 
could be RNA structure stabilization, perhaps through direct coordination with 
the base modifications. However, the selective dependence on Cu2+ also may be 
due to its Lewis acid properties, which are known to play an important role in 
catalysis of Diels-Alder reactions in aqueous media (OlTO and ENGBERTS 1995; 
OlTO et al. 1996). 

5.2 Modified Oligonucleotides as Components of Reactive Complexes 

Some of the most unique RNA and DNA 'enzymes' have been reported by SMITH 
et al. (1995) and by CHARLTON et al. (l997a) . These ' reactive aptamers' accelerate 
the coupling of a chemically modified oligonucleotide to the active site of neutro-

Fig. 8. Ribozyme-catalyzed carbon-carbon bond formation via a Diels-Alder reaction mechanism. A 
random-sequence RNA pool carrying 5-pyridyl-uridine residues (inset) is modified with an acyclic diene 
that is appended to a 5'-terminal polyethyleneglycol linker (PEG). The RNA pool is incubated with a 
maleimide dienophile conjugated to a biotin moiety. RNAs that promote the coupling reaction are 
isolated by streptavidin affinity chromatography 
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phil elastase, thereby serving as extremely potent inhibitors of this protease. In the 
latter case, a short DNA oligonucleotide modified with a valine phosphonate group 
was included with a random-sequence DNA pool during in vitro selection for 
aptamers to neutrophil elastase. Each random-sequence DNA also carried a 
sequence domain that was complementary to the modified oligonucleotide that 
allowed complex formation to occur. This 'blended SELEX' protocol yielded an 
aptamer domain which guided the reactive phosphonate into the active site of 
human neutrophil elastase, thereby irreversibly blocking the catalytic serine site 
(Fig. 9). In a subsequent study (CHARLTON et ai. 1997b), the additional modifica­
tion of the splint DNA with fluorescent and radioactive markers allowed diagnostic 
imaging of inflammation in animal models, thereby providing a practical alterna­
tive to antibody-based diagnostic strategies. 
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Fig. 9. Irreversible inhibition of neutrophil elastase using a reactive DNA aptamer. The hairpin-like 
DNA aptamer domain guides a separate phosphonate-modified oligonucleotide into the active site of the 
serine protease, thereby accelerating the transesterifica tion reaction that irreversibly blocks the function 
of the protein enzyme 
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6 New Strategies for Design and Selection 
of Nucleic Acid Catalysts 

A critical aspect to the continued and accelerated progress with ribozyme and 
deoxyribozyme engineering is the development of new design strategies. The dif­
ferent selection strategies used to isolate the artificial enzymes discussed in the 
preceding text all have three features in common. First, these selection schemes 
demand that each successful enzyme undergo a self-modification event that sub­
sequently is exploited by the system to identify functional molecules. Second, each 
of the selection protocols is punctuated by the requirement for periodic manipu­
lations such as gel electrophoresis, chromatography, or the preparation of enzy­
matic modification reactions. More complex selection protocols that include 
numerous manipulations can become exceedingly time consuming. Third, the 
process of evolution, either when proceeding naturally or when contained within a 
test tube, can yield almost any practical mechanism for the molecular 'survival-of­
the-fittest' challenges that are presented. Great care must be taken when designing 
in vitro selection protocols that yield the result of interest while preventing 
unwanted mechanisms from emerging. 

These essentially universal characteristics of existing in vitro selection proto­
cols restrict both the catalytic and kinetic diversity of engineered ribozymes and 
limit the speed at which the entire selection process can be carried out. For 
example, the fact that no high-speed multiple-turnover ribozyme has been created 
to operate on small organic substrates is most likely due to the lack of an effective 
selection protocol needed to achieve this goal and is not necessarily due to any 
inherent deficiency of ribozyme function. New design strategies that overcome the 
limitations of existing protocols would facilitate the continued functional diversi­
fication of nucleic acid enzymes. Creating improved in vitro selection protocols that 
allow total and unlimited control over the design process will not be trivial. 
However, described below are two recent developments that offer novel or im­
proved methods for ribozyme and deoxyribozyme engineering. 

6.1 Continuous Evolution 

As mentioned above, most in vitro selection protocols follow an iterative stepwise 
approach, including repeated rounds of selection and amplification requiring 
periodic manipulations (WILLIAMS and BARTEL 1996; BREAKER 1997a). This process 
is usually labor intensive and slow, thereby limiting the amount of selection cycles 
that can be easily achieved to a fairly small number. At least for one class of 
reactions, this obstacle has been overcome with a 'continuous evolution' strategy 
(BREAKER and JOYCE 1994a; WRIGHT and JOYCE 1997) that makes use of the self­
sustained sequence replication (3SR) reaction (GUATELLI et al. 1990; COMPTON 
1991). An RNA ligase ribozyme previously isolated by a more conventional 
selection protocol (BARTEL and SZOSTAK 1993; EKLANDet al. 1995) is incubated with 
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a short oligonucleotide that contains a T7 promoter sequence. Only those se­
quences that successfully acquired this promoter through ligation led to their own 
reproduction by transcription with T7 RNA polymerase (Fig. 10). 

Over the course of an estimated 300 molecular 'generations' of continuous 
evolution, mutants with improved ligation rates gained a selective advantage in 
replication and dominated the final population of amplifying RNAs (WRIGHT and 
JOYCE 1997). The results of this experiment are quite impressive: the isolated rib­
ozyme variants showed an improvement in catalytic rate up to a factor of 
approximately 14,000. The success of this in vitro evolution experiment, however, 
greatly depends on the starting pool that is used. A ligase ribozyme that already 
had robust catalytic activity was required to attain continuous ribozyme-dependent 
amplification of RNA. A previous attempt starting with a less active group II 
ribozyme were found to produce selfish RNAs that replicate by a mechanism that 
bypasses the desired ligation reaction (BREAKER and JOYCE 1994a). In addition, this 
specific selection strategy will be valuable only with ribozyme reactions that gen­
erate an RNA or DNA template that can be used by the polymerases needed for 
amplification. 

6.2 Modular Rational Design of Ribozymes 

Another improvement in ribozyme engineering strategy has been achieved by fusing 
preexisting RNA domains to form a chimeric arrangement that makes concerted 
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Fig. 10. Amplification cycle for the continuous evolution of RNA ligase ribozymes. RNAs that catalyze 
self·ligation to an oligonucleotide containing the T7 promoter serve as templates for the formation of a 
cDNA that can be transcribed by T7 RNA polymerase. The newly formed RNA transcripts immediately 
re·enter this cycle, thereby continuing the selective amplification process without the need for interven· 
tion. Ribozymes that acquire mutations that improve ligase function or that gain an advantage at other 
potential rate limiting steps of the amplification process will dominate the population of RNAs. RNA and 
DNA is represented by solid and shaded bars, respectively. (Adapted from BREAKER and JOYCE 1994; 
WRIGHT and JOYCE 1997) 
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use of their independent functions. Initial success using this approach was reported 
by LORSCH and SZOSTAK (1994), who created a unique RNA pool by joining a 
mutagenized A TP-binding aptamer RNA (SASSANFAR and SZOSTAK 1993) to ran­
dom-sequence domains. This pool was used to isolate a number of novel 'RNA 
kinase' ribozymes, some that apparently make use of the preformed ATP-binding 
domain to recognize and position the ATP substrate. This biased-pool approach 
should be widely applicable to generate increasingly complex ribozymes from more 
simple RNA domains. 

This same ATP-binding RNA domain was used to construct a modified 
hammerhead ribozyme that acts as a true allosteric ribozyme (TANG and BREAKER 
1997a). This conjoined aptamer/ribozyme complex (Fig. Ila) is arranged such that 
when ATP is present, the resulting conformational change induced by ligand 
binding causes a steric clash between aptamer and ribozyme domains (TANG and 
BREAKER 1998). Specifically, in the ATP-bound state the aptamer domain adopts a 
rigid conformation in which stem IV residing within the aptamer sterically inter­
feres with stem I of the ribozyme, thereby preventing the hammerhead domain 
from adopting its active structure (Fig. II b). 

This and other related strategies for the modular rational design or the com­
bined modular/combinatorial design of ribozymes have produced a number of 
allosteric ribozymes that display activation or inhibition ratios of more than 1,000-
fold (Soukup and Breaker, in preparation). This magnitude of rate control, coupled 
with precise ligand-mediated specificity for ribozyme regulation, conceivably could 
be exploited for a variety of applications. For example, during preparative in vitro 
transcription of the A TP-sensitive ribozyme depicted in Fig. Ila, its catalytic 
function remains suppressed due to the presence of ATP in the transcription buffer. 
Upon gel purification and removal of ATP, ribozyme activity is restored and self 
cleavage occurs. This new kinetic feature was exploited in a successful effort to 
conduct in vitro selection on the parental hammerhead ribozyme domain (TANG 
and BREAKER 1997b). The core of the hammerhead ribozyme was randomized and 
subjected to several rounds of selection for self cleavage without the loss of the most 
active ribozymes during preparation by in vitro transcription. The sequences of the 
predominant ribozymes that were selected in this experiment precisely matched the 
consensus sequence of the hammerhead ribozyme, thereby suggesting that nature 
has already evolved this motif for optimal catalytic performance. Besides the ad­
vantages of such ribozyme constructs for in vitro selection experiments, they might 
possess a significant application potential in medicine or biotechnology as rate­
controlled enzymes. 

7 Outlook 

As revealed in this review, the last several years has provided us with a vast 
number of stimulating new developments in the field of nucleic acid enzymes. For 
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Fig. tta,b. The introduction of allosteric control by modular rational design with aptamers and rib­
ozymes. The conjoined aptamerjribozyme construct (a) and related structures act as ATP-dependent 
allosteric ribozymes. The mechanism (b) involves the mutually exclusive formation of aptamer and 
ribozyme domains. The relative 3-D orientations of stems I-IV are depicted as cylinders. ATP binding to 
the aptamer domain (spanning stems " and IV) induces a conformational change that results in a clash 
between IV and stem I of the ribozyme domain, thereby disrupting catalytic function. (Adapted from 
TANG and BREAKER 1997b. 1998) 

the near future, we predict the discovery of a seemingly endless stream of new 
RNA and DNA enzymes that will further expand the repertoire of exciting cat­
alytic capacities. Towards this end, new and more sophisticated selection protocols 
need to be developed to keep pace with the increasing demands for faster catalytic 
rates, non-standard reaction conditions and improved or diversified catalytic 
functions. Already, ribozyme engineers are no longer limited to the catalytic 
repertoire of standard nucleic acids. The introduction of chemical modifications or 
the recruitment of small organic molecules as cofactors will lead to dramatic en­
hancements in the catalytic performance of their parent RNA and DNA mole­
cules. The new generations of nucleic acid enzymes will also show activities that 
can be tightly regulated by the proper choice of reaction conditions or by small 
effector molecules, thus opening new dimensions for possible application of these 
molecules in diagnostics, medicine, biotechnology, or as fundamental tools for 
organic synthesis. 
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The recent rapid development of new approaches to in vitro artificial evolution of 
biopolymers has occurred simultaneously with the explosive growth of combina­
torial chemistry of small synthetic molecules. This trend can hardly be a mere 
coincidence; rather, it reflects a growing interest of the chemical and biochemical 
communities in exploring various aspects of molecular diversity generation and 
screemng. 

Since the early consideration of peptide libraries (FURKA et al. 1988), organic 
combinatorial chemistry has been forcefully developed in the pharmaceutical 
industry, aimed at the rapid synthesis and screening of arrays of low-molecular 
weight compounds in the search for new drug candidates (BALKENHOHL et al. 1996). 
Most often, these arrays are created as libraries of individual compounds rather 
than their mixtures (pools). While the mixture formation is much more straight­
forward and considerably less time-consuming than library synthesis, the difficulty 
of screening and identifying the mixture components impedes practical applications 
of the pool-based techniques. In contrast, nature commonly manipulates highly 
populated pools of compounds, such as proteins and antibodies, using evolutionary 
refined pathways for their selection and amplification. 
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This review highlights several recent efforts that explore novel types of non­
biological combinatorial pools capable of changing their composition by recom­
bination of a set of basic components into a diversity of constituents, as directed by 
the presence of a molecular target. Such targeted organization is achieved by 
mimicking some principles (but not necessarily mechanisms) of natural evolution in 
the synthetic, small molecule libraries. The emergence of this approach is also 
linked to the development of supramolecular chemistry, involving the implemen­
tation of noncovalent interactions for effecting molecular recognition, self-assembly 
and self-organization processes (LEHN 1995). 

2 The Concept 

The basic idea of the self-selecting combinatorial pools is depicted in Fig. 1. In 
contrast to the "traditional" static combinatorial approach, the key design feature 
is that the library constituents exist in a thermodynamic equilibrium that dynam­
ically maintains chemical diversity of the mixture. If the target compound (tem­
plate) is then added to the equilibrating pool, the equilibrium in the system will be 
shifted toward a higher fraction of the constituent(s) (Ai) that form(s) stronger 
complex(es) with the target (AiT). The subsequent quenching of the equilibration 
process and dissociation of the target-constituent complexes results in the isolation 
of the enriched library in which the amount of effective binders is amplified at the 
expense of the noneffective ones. The above transformation of the equilibrated 
mixture bears resemblance to a Darwinian evolution process in that the fittest 
library members, i.e. the best binders, are produced in greater amounts while the 
population of weaker binders decreases in the targeted self-selection process. As 
will be shown below, this evolutionary approach can be implemented in a variety of 
chemical libraries and targets. Such equilibrating mixtures may be referred to as 
"dynamic libraries" and, in effect, as "virtual libraries" (Hue and LEHN 1997) to 
indicate that the dynamic process makes all combinations potentially accessible 
even if they may well not be present in significant amounts in absence of the target. 
The "virtuality" notion thus extends the simply "dynamic" character beyond the 
mixture of equilibrating constituents of the library. 

The remarkable simplicity and generality of the above concept did not go 
unnoticed over the years since the underlying Le Chatelier principle has been 
known. Indeed, the concept of the selective equilibrium shift has been applied, for 
instance, to isomeric mixtures of steroids (WOODWARD et al. 1952), porphyrins 
(ELLIOTI 1980; LINDSEY 1980) and natural ionophores (STILL 1987) to shift an 
equilibrium to preferential formation of the desired isomers. The thermodynamic 
template effect has also been used in numerous examples of self-assembling systems 
(LEHN 1995; FUJITA 1995; HAMILTON 1997) to drive noncovalent association of 
molecular recognition elements to well-defined supramolecular architectures. 
A reversible thermodynamically controlled pre-assembly of complementary 
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nucleotides has been shown to promote selective chemical coupling of DNA 
fragments (GOODWIN and LYNN 1992; ZHAN and LYNN 1997). Molecular im­
printing of small molecules into three-dimensional polymeric structures leading to 
the formation of new media for molecular recognition and catalysis (MosBAcH and 
RAMSTROM 1996) has also been based on certain degree of selective preassociation 
of components. 

It was not until very recently, however, that the concept of the target-driven 
organization of molecular diversity has crystallized with respect to its implemen­
tation in diversity generation and its combinatorial utility. The recent contributions 
discussed below present additional key features with respect to the earlier studies on 
template-directed equilibration: 

1. The dynamic combinatorial mixtures represent diverse populations of com­
pounds, in terms of both structural characteristics and the numbers of compo­
nents. While most of the initial experiments have been performed with relatively 
small pools, ranging from just a few to several dozens of compounds, the 
method is potentially applicable to much larger libraries that cover a significant 
amount of diversity space. 

2. The constituents of the dynamic libraries can either be isolated and characterized 
as individual compounds already in absence of the target, or only be expressed 
on binding to the target. In either case, they can be subsequently synthesized on 
a larger scale. 

3. The dynamic libraries are designed with a specific molecular target in mind. 
Because the ultimate goal of the dynamic approach is to discover lead com­
pounds that recognize the target in solution, particular attention is also paid to 
the selection conditions that should be similar to those where the effective 
binders will be used. 

3 Specific Examples 

The strategies used so far to exploit the concept of dynamic diversity, can be 
divided into two categories. In one set of approaches, the library components are 
stable under the selection conditions, and the equilibration reaction (Fig. 1) occurs 
separately from the selection process. 

The viability of this strategy was first demonstrated by using a monoclonal 
antibody (3E7) as a molecular sink capable of directing reversible synthesis/ 
hydrolysis of a peptide mixture towards the formation of the specific antibody 
binder (VENTON et al. 1994; SWANN et al. 1996). The dynamic mixture was gener­
ated from two initial peptides, YGG and FL, that had been previously shown to 
form a combination of both coupling and cleavage products in the presence of a 
proteolytic enzyme, thermolysin. Among the mixture components, identified by 
HPLC and sequencing, was the pentapeptide YGGFL, known to bind 3E7 with an 
affinity constant of7.1nM. The antibody solution used for selection was placed in a 
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dialysis bag and immersed in the dynamic mixture (Fig. 2). The equilibrating 
pep tides could freely diffuse through the dialysis membrane and bind to the anti­
body that would thus remove the effective components from the equilibrium. Direct 
measurement of the antibody effect upon the equilibrium was hampered, because 
the antibody amount used for selection was low enough to be saturated by YGGFL 
formed even in the unbiased equilibrium. For this reason, the authors estimated the 
relative amount of the effective binder that migrated into the dialysis bag from 
competitive displacement of radioactively labeled p-endorphin (specific antigen of 
3E7) from its antibody complex. A set of five independent experiments showed that 
equilibration of the peptide mixture coupled with the antibody had led to an 
average 12% increase in the displaced endorphin amount as compared to the 
uncoupled reaction. Thus the authors were able to demonstrate that the presence of 
a macromolecular sink in the form of the 3E7 antibody was able to amplify the 
formation of YGGFL or YGGFL-like binding affinity from the protease-based 
synthetic reaction. 

A different, stepwise implementation of the selection/equilibration processes in 
an automated setup was applied to the evolutionary formation of arginine binders 
(ELISEEV and NELEN 1997). A mixture of three cis,trans isomeric dicarboxylates 
(Fig. 3a) contained one component (cis ,cis isomer) with a higher affinity to 
guanidinium derivatives than the other two isomers. All three components, were 
stable under ambient conditions, but could be interconverted upon irradiation with 
UV light. The mixture, which initially contained only a minor amount of the cis,cis 
component, was subjected to circulation in the apparatus shown in Fig. 3b. Argi­
nine, used as the target compound, was immobilized in the affinity column (selec­
tion chamber). Every pass of the mixture through the immobilized target depleted 
the solution phase of the cis,cis isomer. The cis,cis isomer was regenerated upon 
passing the " mutation" chamber due to photochemical isomerization of the 
remaining trans,trans and cis, trans components. Repetition of these cycles led to 
transformation of the majority of original solution mixture to one highly enriched 
with the cis,cis isomer which accumulated on the immobilized arginine. The total 
amount of cis,cis isomer obtained after the experimental cycles was 75% higher 

Dialysis 
mcmbranc 

Target ant ibody (3E7) 

quilibratcd mixture or peptides 

(YGG , FL. YGGFL. ctc .) 

Fig. 2. Equilibrium shift in peptide synthesis/hydrolysis in the presence of the target antibody 
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than that obtained upon photoequilibration of the original mixture in solution. 
Irradiation of the mixture in the presence of the target in solution led to noticeably 
smaller degree of amplification than the "evolutionary" cycles (EUSEEV and NELEN 

1998). 
As already mentioned, the diversity generation in the above approaches was 

performed separately from the selection process. It has been demonstrated that the 
eventual population of the pools in those cases is determined by the set of ther­
modynamic constants that characterize equilibria shown in Fig. 1 (EUSEEV and 
NELEN 1998). An essential feature of these methods is that the pool components 
exist and can be selected as stable compounds unless equilibrating conditions, such 
as catalysis, irradiation, and heating, are applied. 

An alternative strategy makes use of dynamic combinatorial chemistry (DCC) 
to gain access to virtual combinatorial libraries (VCL) (Hue and LEHN 1997). It 
invokes a reversible process of self-assembly of the library components either 
through noncovalent forces or via a reversible chemical reaction. If given members 
of a virtual library possess preferential affinity to a specific target, addition of the 
latter will shift the equilibrium towards expression of the stronger binders. Two 

° 

,0 
,I - , 
° 1 (cis,cis) 0 

b 

Fig. 3a,b. Chemical evolution of arginine receptors from a photoequilibrated mixture. a Target-driven 
chemical equilibrium; b experimental setup for continuous " evolution" of effective binders 
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modes of such target-driven self-assembly, "casting" and "molding" have been 
proposed, which correspond to assembling substrates and receptors, respectively 
(Fig. 4). 

The DCC/VCL concept was first introduced in the context of the generation of 
circular he1icates, circular double helical metal complexes capable of binding an 
anionic substrate (HASENKNOPF et al. 1996, 1997). It was shown that the presence of 
chloride led the equilibrating mixture to converge to the exclusive generation of a 
pentanuclear chloride complex which was not formed in presence of anions such as 
sulfate or tetrafiuoro borate. 

The first bioorganic demonstration of the concept made use of a library of 
Schiff bases from a set of three aldehydes and four amines (Scheme 1): 

+ 

Scheme l. Dynamic library of potential carbonic anhydrase inhibitors 

The amine and aldehyde units were designed to present structural features 
close to those of known efficient inhibitors of carbonic anhydrase II (CA). 
Although the Schiff bases possess low stability in aqueous solutions, they can be 

a Building Blocks 

b 

/"\. \ \ 

--'I ,...:-. , 
I ' 0.'-"/ 

~ .. / --

Virtual Diversity 

--
CASTING 

of a substrate 

MOLD ING 
of a receptor 

Fig. 4a,b. Virtual combinatorial libraries. a The casting process: receptor-induced self-assembly of the 
complementary substrate from a collection of components/fragments. This process amounts to the 
selection of the optimal substrate from a virtual substrate library. b The molding process: substrate­
induced self-assembly of the complementary receptor from a collection of structural components/frag­
ments. This process amounts to the selection of an optimal receptor from a virtual receptor library. The 
diverse potential constituents of the libraries (ccl1Icr) are either covalently linked or noncovalently bound 
reversibly generated species that mayor may not exist in significant amount(s) in the free state, in absence 
of the partner 
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readily reduced to the corresponding amines thereby preserving most of their 
structural features and allowing one to analyze the library composition. Two sets of 
experiments, wherein the virtual library was formed in the presence and in the 
absence of the target enzyme followed by reduction of the components, showed that 
addition the target markedly changed the abundance of certain compounds in the 
library. Compound I was shown to be amplified by 150% (or up to a factor of 
about 20 relative to other constituents) in the presence of the enzyme, consistent 
with the known inhibitory activity of structural analogs of compound I toward CA. 
Importantly, the enzyme ability to bias the equilibrium was diminished in the 
presence of a known competitive inhibitor of CA, which indicated that it was the 
enzyme active site that served as a "casting" moiety for the library components. 

The method of biasing the composition of a virtual library by casting on a 
biopolymer structure was further tested on an equilibrated mixture of potential 
DNA binders composed of zinc complexes of Schiff bases (KLEKOTA et al. 1997). 
A set of monomeric Schiff base- ligands of general structure 2 was used to form a 
pool of up to 36 different bidentate Zn(II) complexes (Fig. 5) with potential affinity 
to the DNA double helix. The target poly(dAT) double helix was immobilized on 
resin beads and used to select a fraction* of the zinc complexes from the equili­
brating pool. A direct analysis of the DNA-bound complexes was not possible, 
since the conditions used for their dissociation from the target also led to hydrolysis 
of the complexes. However, the authors designed a set of control experiments, such 
as determination of the monomer composition in the support-bound fraction in the 
presence and in the absence of zinc as well as comparison with adsorption on the 
unmodified support. The results of the control runs allowed them to identify a 
complex that indeed had a higher affinity to the target duplex as was confirmed by 
subsequent binding studies in solution. 

The approach defined above as "molding" (Fig. 4a) was also used to bias the 
composition of virtual receptor libraries due to assembly of selected receptor 
structures around low-molecular targets. In a series of background studies, the 
Sanders group discovered that mixtures of macrocyclic oligomers, such as 
oligocholates (Fig. 6), could be formed under thermodynamic control by reversible 

* The 8 5: I c omplex to base pair ratio used in the experiment seemed to be insufficient to drive the 
equilibration to completion. 
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Fig. 6. An equilibrating mixture of cyclic steroid oligomers 

transesterification reactions (BRADY and SANDERS 1997b). It was proposed that the 
equilibrium in libraries of macrocydes modified with ionophore polyether side 
chains could be shifted by the presence of an alkaline metal ion that preferentially 
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binds to one of the macrocycles. The macrocyclization experiments performed in the 
presence of various ions showed that Na + favored the formation of cyclic tetra- and 
pen tamers of the ionophore at the expense of its trimers content, whereas other ions 
(Li, K, Cs) did not significantly affect the mixture composition (BRADY and SANDERS 
1997a). For comparison, the authors studied the ion effect on the equilibrium of 
macrocycles that did not bear obvious metal ion recognition functionality. A much 
lower equilibrium shift was observed in these control experiments. 

HIOKI and STILL (1998) used synthetic receptors for peptides, isolated previ­
ously from combinatorial libraries, to explore evolutionary formation of the 
effective peptide binders in equilibrated mixtures of three receptors (Fig. 7). The 
starting receptor ASSB was formed by linking the ASH and BSH units via a 
disulfide bond. Applying the thiol-disulfide exchange conditions to ASSB led to its 
disproportionation to give an equilibrium mixture of 35mol% of ASSB and 
65mol% of two products, ASSA, and BSSB. Similar transformation was then 
performed in the presence of the immobilized peptide Ac(D)Pro(L)Val(D)Val-PS, 
known to possess particularly high affinity to ASSA. Addition of the peptide 
increased the yield of ASSA and BSSB to 95mol%, the majority of the ASSA being 
bound to the peptide-containing resin. A similar amplification of the effective 
receptor was obtained on disproportionation of ASSC. 

4 The Niche 

Although the early experiments described above represent only initial steps in 
exploring dynamic diversity, they identify dynamic combinatorial chemistry as a 
general and promising approach to self-selecting molecular populations of various 
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Fig. 7. Building blocks for macrocyclic peptide receptors 
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types and functions. The self-selection, or evolution, of the dynamic libraries 
mimics some of the essential features that are used in manipulations with the 
biodiversity systems described elsewhere in this volume. It is therefore tempting to 
compare the dynamic combinatorial approach with existing methods that operate 
with pools of nucleic acids and peptides. Such a comparison, which also includes 
attributes of "traditional" combinatorial chemistry, is given in Table l. 

Perhaps one of the most intriguing features of dynamic combinatorial chem­
istry, although utilized so far only to a limited extent, is its ability to amplify 
selected components in the libraries. The degree of amplification has certain limits 
that have been roughly estimated by ELISEEV and NELEN (l998). It is obvious that 
the extent of equilibrium shift in the dynamic libraries by the target is highly 
dependent on the selectivity of target binding among the components. The estimate 
showed that if a hypothetical dynamic library of n equally distributed components 
contained a single member that possesses n-fold higher target affinity than all other 
members, then the target-induced amplification could lead to the transformation of 
approximately 50% of the overall library material to the form of effective com­
ponent. This corresponds to an nl2-fold amplification of the best binder. While 
such an amplification degree is incomparable, for example, with that achieved by 
PCR, it is applicable to a much larger functional diversity of compounds. More 
importantly, the amplification in dynamic libraries is selective and increases only 
the amounts of strong binders, while PCR, unless coupled with an additional 
selection step (FAMULOK and SZOSTAK 1992), proportionally amplifies all pool 

Table 1. Comparison of approaches to molecular diversity generation and screening 

Approach Reference Library Time frame of Functional Relationship 
(pool) lead diversity between 
population identification (number of diversity 

groups involved) generation 
and screening 

Static BALKENHOHL 10-105 Months to years Unlimited Separate 
combinatorial et al. 1996 
chemistry 
(libraries of 
individual 
compounds) 

Nucleic acid FAMULOK 1013 Hours to days ~4 Partly 
evolution and combined 
(SELEX) SZOSTAK 

1992 

M utagenesis- KAST and 10-10 13 Weeks to months ~20 Separate 
in vivo HILVERT 
selection of 1996 
proteins 

Dynamic 10-105 Days Unlimited Combined 
combinatorial 
chemistry 
(projected) 
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components. In this context, it may be relevant to coin the word "non-linear 
amplification" to describe the selective production of effective binders within the 
dynamic libraries. * 

On the other hand, the amplification may be much larger when the dynamic 
library consists of a variety of oligomeric constituents derived from a single com­
ponent. This is the case in the quantitative conversion of a helicate VeL into the 
pentameric chloride binding constituent (HAsENKNoPF et al. 1996, 1997). 

The dynamic approach shows promise for a practical combinatorial chemist, 
because it essentially combines diversity generation and screening in a single pro­
cess. The screening is additionally facilitated because not only the amount of strong 
binders increases, but also the abundance of the binding background decreases in 
the dynamic library. The whole process can therefore be considered as a selective 
informational signal-to-noise increase in a molecular population. 

5 Quo Vadis? 

Dynamic combinatorial chemistry is currently in its early stage of development. 
Notably, all of the above experiments used different dynamic library chemistry as 
well as different targets. This suggests that only scattered islands of application for 
this method have been pinpointed on a potentially rich map. Significant momentum 
has been gained over the last 2 years in background studies, and considerable 
interest in further development of the dynamic approach has been generated. A 
variety of developments may be envisaged, be they organic or inorganic, of 
chemical, biological or medicinal character. A few possible directions for future 
growth of this new area can be envisioned, based on the fundamental attributes of 
the method. 

The dynamic approach to molecular diversity represents a potential shift of the 
synthetic chemistry paradigm. The basis of the dynamic libraries, reversible 
chemical reactions, have often been looked at as a nuisance by a synthetic chemist 
because of the poor product yields they can generate. On the contrary, dynamic 
combinatorial chemistry calls for a nontrivial search for smooth and un selective 
reversible reactions that can provide equal representation and facile interconversion 
of all of the library components. Of particular interest here would be new or 
re-invented bond making and breaking transformations, such as various types of 
condensations, that can be performed in water, the medium of choice for selection 
with biological targets (POLY AKOV et al. 1999). Promising equilibrating libraries 
may be also formed from inorganic coordination compounds (HAsENKNoPF et al. 
1996, 1997; HAMILTON 1997). 

It should be pointed out that, in addition to the various examples of equili­
brating molecular libraries described above, the target-induced self-assembly of 

* The tenn non-linear reflects the selectivity of amplification among different library components rather 
than increase of the amount of material with the number of cycles. 
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specific supramolecular entities represents another powerful approach. Such 
supramolecular VCLs may express either inorganic constituents resulting from the 
reversible combination of ligand components around metal ions (HASEN KNOPF et aI. 
1996, 1997) or organic supramolecular constituents whose components link to­
gether through noncovalent interactions such as hydrogen bonds (CALAMA et aI. 
1998), van der Waals contacts, electrostatic or donor-acceptor effects, etc. 

Given the critical role of target-binding selectivity among the dynamic library 
components, further effort wilI likely be directed towards designing the libraries 
with unique binding properties of each component. This may be achieved by 
covering a broad functional diversity of the component building blocks as welI as 
careful planning of regio- and stereo-chemistry of the library members. Selectivity 
may be also controlled by well-defined target structures. Biopolymer targets, such 
as proteins and nucleic acids, are likely to display a high selectivity for minor 
structural variations among similar library components and should thus lead to 
higher pressure on the evolution of the dynamic library. In the long run, selection 
and evolution processes in the dynamic libraries may also be targeted toward 
catalysis of chemical reactions, rather than binding events, similar to the selection 
of catalytic nucleic acids (LORSCH and SZOSTAK 1996) or the self-assembly of 
inorganic catalysts (HILL 1995). Catalysis may be expected to achieve high degrees 
of selective amplification in the evolving combinatorial pools of catalysts. 

The analogy with natural evolution can be extended by further application of 
the features of genetic algorithms to the modification of dynamic libraries (WEBER 
et aI. 1995; SINGH et aI. 1996). While the primary evolutionary process in the 
equilibrating pools occurs in an automatic fashion, human intervention may 
advantageously be performed for combining stepwise improvement of the next­
generation libraries with self-selection processes under thermodynamic pressure. 
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With the designing of biomolecules, a new era in biotechnology has been initiated. 
One of the most promising strategies for successfully designing complex biomo­
lecular functions is to exploit nature's principles of Darwinian evolution, i.e. 
variation and selection. The application of these principles to directed evolution of 
molecules is the underlying concept of evolutionary biotechnology. Important 
prerequisites are a comprehensive understanding of the mode of molecular evolu­
tion as well as the ability to apply its principles to experimental systems in order to 
create and optimize molecular functions with scientific or economic value. 

The invention of techniques for in vitro recombination of genetic information 
by Stanley Cohen, Herbert Boyer and coworkers, in the early 1970s, are milestones 
of modern biosciences (COHEN et al. 1973). These developments broke the ground 
for genetic engineering, thus revolutionizing modern biotechnology. Biomolecules 
such as enzymes and other proteins, which until then had to be extracted in small 
amounts from their natural sources, could now be produced by expressing their 
genes in heterologous hosts. During the following two decades, intense efforts have 
led to the discovery of new gene products, to the development of efficient cloning 
strategies and optimal expression cell lines, and to the design of effective fermen­
tation and down-stream processes for large-scale biotechnological production. 

Max Planck Institute for Biophysical Chemistry, Dept. Biochemical Kinetics, Am Fassberg, D-37077 
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Today, this process of cloning and expression of genes coding for natural proteins 
with economic value has developed to a high level. A large variety of natural 
peptides and proteins of pharmaceutical relevance has already been produced in 
recombinant form with a quality sufficient to be applied as therapeutics. Likewise, 
recombinant enzymes that are important for diagnostic purposes or as catalysts for 
industrial processes are available in large quantities and at low cost. In the context 
of this chapter, we call this biotechnology conservative, because, in the sense of 
biology, it is conservative as far as products and methods of production are con­
cerned. 

During the last several years, however, an increasing number of researchers 
have recognized that nature provides a large but finite source of potentially useful 
molecules. Correspondingly, the desire to design molecules for specific purposes 
emerged. Such designed molecules should be improvements on their natural 
counterparts rather than just mimic them. The recent development may thus be 
referred to as "biotech's second generation" (GIBBONS 1992). Biomolecular design 
has indeed redefined the meaning of modern biotechnology. And it has motivated a 
whole range of new disciplines in the biosciences giving rise to different design 
strategies: bioinformatics aiming at a rational design using structural information 
and theoretical calculations, combinatorial chemistry and biochemistry for design 
on a trial-and-error basis, and evolutionary biotechnology aiming at design as 
nature does it, i.e. by evolutionary means. 

2 Designing Biomolecules 

Basically, three important questions arise when intending to design biomolecules: 
(1) Which particular molecular features are of interest? (2) Which class of bio­
molecule is appropriate to match these features? (3) Which is the most efficient way 
to generate them? The last question is the most important and crucial one; we shall 
approach it first from a rather conceptual point of view, outlining the more generic 
aspects. Practical aspects will be discussed afterwards. 

Design of functional molecules is actually generation of information that 
enables us to construct this function. In terms of biomolecules, information is 
usually referred to as the genotype, whereas the function (or a combination of 
several functions and properties) is called the phenotype. All possible genotypes 
represent the sequence space (EIGEN and SCHUSTER 1977), whereas all phenotypical 
variants together build the functional space (SCHUSTER 1995). Here, we will focus 
on nucleic acids and proteins, which are the two most important classes of func­
tional biomolecules. A crucial difference between these two classes in the context of 
biomolecular design is that only nucleic acids are able to act as both genotype 
carriers and phenotype carriers. In contrast, the genotype of proteins has to be 
encoded by nucleic acids to be re-amplifiable. In practice, this implies the 
employment of expression systems and the necessity for a genotype-phenotype 
linkage. 
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Basically, a de novo design has the largest potential to create optimal func­
tions. De novo means that the starting point for a molecular design is a random 
genotype without any known function. Due to the highest degree of freedom, it 
provides the maximal chance to find the best variant for a certain function. For 
small molecules such as ligands or inhibitors, de novo design has already been 
achieved. However, for larger molecules and more complex functions, we struggle 
with the complexity problem (see below). Therefore, molecular design is more like 
molecular engineering; it starts from structures with known functions, which then 
may be modified successively to come up with one or more new functions. 

An ultimate goal would be to generate functional information by a computer, 
followed by chemical synthesis of the molecule using an automated synthesizer. 
However, the computer program has to solve two rather difficult problems: (1) It 
has to calculate which three-dimensional structure is responsible for a certain 
molecular function; and (2) which ensemble of atoms and bonds between them 
folds into this particular three-dimensional structure under given conditions. The 
latter problem concerns the connection between sequence space and structure 
space, whereas the first deals with the connection of structure space and functional 
space. Unfortunately, we are still far away from such an entirely computer-aided 
molecular design, despite the fast development in computer technology and an 
increasing knowledge of structure-to-function relationships. Moreover, confronted, 
e.g. with the tremendous complexity of dynamic interactions between the atoms of 
a single protein molecule, we may doubt whether we will be able at all to solve this 
problem in the near future. 

One of the most promising alternatives to computer-aided design is to follow 
nature's way of adaptively designing molecules, i.e. by molecular evolution. We call 
the application of molecular evolution for designing molecules "evolutionary bio­
technology" (EIGEN and RIGLER 1994; SCHUSTER 1995; KOLTERMANN and KETTLING 
1997). Evolutionary biotechnology mimics the basic steps of natural evolution in a 
way that the outcome is a molecular variant with the intended phenotype. While 
biotechnology's first phase was characterized by the exploration and the use of 
nature's molecules for human purposes, the second phase is now going to be 
characterized by the use of nature's means of creating new molecules. 

3 How Does Nature Create Functional Molecules? 

"Nothing in biology makes sense except in the light of evolution" (DOBZHANSKY 
1973). This 25-year-old phrase by Dobzhansky underlined a new era in under­
standing the principles of living matter at that time. Every biological phenomenon 
has to be interpreted as a result of Darwinian selection over many generations. To 
elucidate the fundamental principles of why and how Darwinian selection is 
appropriate for creating molecules with particular functions, we have to analyze the 
elementary steps of evolution on the molecular level. This task - namely to base 



176 U. Kettting et al. 

Darwinian evolution on solid physical principles - was initiated in the early 1970s 
with a quantitative description of nucleic acid replication kinetics under competi­
tive conditions (EIGEN 1971), and since then it has been successively refined (EIGEN 
and SCHUSTER 1977; EIGEN et al. 1988; SCHUSTER 1995; for a recent detailed review 
see SCHUSTER 1997). Here, we will emphasize those aspects of the theory that are 
relevant for evolutionary biotechnology. 

First we shall ask: What kind of variable is required for a quantitative 
description of evolutionary processes? The answer has already been given above, 
i.e. the fundamental variable of evolution is information. In biology, information 
means the fixation of a certain structure or sequence that leads reproducibly to a 
defined three-dimensional structure. The basic elements of biological information 
are genes, and the universal biological information carriers are nucleic acids, as 
already mentioned. Since Watson and Crick discovered the double-helix structure 
of DNA in the 1950s (WATSON and CRICK 1953), we have learned much about the 
molecular basis of the remarkable properties that make nucleic acids ideal infor­
mation carriers. It is quite instructive to recall some of them. 

Nucleic acids are linear copolymers with an enormous capacity for storing 
information. With their four different monomers, the storage capacity increases 
exponentially with chain length - and even at modest lengths an enormous com­
plexity is reached. The large storage capacity is accompanied by only a minor 
interaction between the macromolecular structure and the information content. In 
particular for the double-stranded DNA molecule, the composition and the order 
of monomers has an almost negligible impact on the ability to process and 
reproduce it. This independence seems to be one of the main prerequisites for any 
evolutionary creation of complex functions. Furthermore, nucleic acids are able to 
reproduce via replication in an autocatalytic process. In vivo as well as in vitro, an 
enzyme (a polymerase) is required to catalyze the template-directed polymerization 
of nucleic acids. However, the actual task, i.e. making a copy of a nucleic acid, is 
always carried out by this nucleic acid itself. It is widely accepted that in the early 
days of molecular evolution on earth this process worked entirely independently 
(ORGEL 1986). Finally, this replication process is highly accurate, but only to a 
certain degree. Mutations happen spontaneously during amplification, and once 
occurred they are inherited infinitely. 

We have learned a lot about the basics of molecular evolution from in vitro 
studies with nucleic acids. These experiments were initiated in the late 1960s by 
Spiegelman and coworkers, who for the first time studied in vitro evolution by 
using the Q~ replicase system (MILLS et al. 1967). Subsequent related studies 
(OEHLENSCHLAGER and EIGEN 1997; STRUNK and EOERHOF 1997; BIEBRICHER and 
GARDINER 1997), in combination with theoretical calculations and model devel­
opments, revealed some peculiar features of molecular evolution. First, we had to 
re-define our understanding of the target of evolution. According to the quasi­
species concept, the target of selection is not a single mutant but rather a distri­
bution of related mutants occupying a distinct region in sequence space (EIGEN 
et al. 1988). The expansion of this so-called quasi species is given by the error rate of 
the amplification process; and the population density at each point is determined by 
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a combination of the corresponding fitness value and the density at those positions 
that are connected through mutation events. In contrast to earlier conceptions, 
which implied completely spontaneous emergence of mutants, a dynamic quasi­
species already includes a large spectrum of individual genotypes with different 
fitness values. Whenever selection pressure changes, it is likely that better adapted 
variants are already present. Thus, selection is by no means a random drift but a 
directed shift of the quasi species distribution towards regions of higher fitness, 
guided by the underlying fitness landscape. Another important point regards the 
relationship between sequence space and function. Using RNA as a model, 
SCHUSTER (1995) showed that: (I) a particular function is coded by several 
sequences equally distributed over the sequence space, and (2) all common func­
tions are coded within a relatively small radius around a particular sequence. Both 
characteristics are important aspects for the application of evolutionary biotech­
nology. 

Finally we want to ask how the different basic features of molecular evolution 
interact to obtain molecules that are obviously optimally adapted to their particular 
task in the biological context. Molecular evolution is a rather complex interaction 
of the two simple processes variation and selection. Additional processes are 
amplification and expression of function (Fig. 1). Under natural circumstances, 
however, amplification is intrinsically connected to selection and variation; and 
expression is only required when genotype and phenotype are different molecules. 
In nature, variation usually derives from spontaneous mutation events, the rate of 
which is a characteristic constant of each amplification system. It primarily 
determines adaptation velocity by expanding the quasispecies distribution. How­
ever, mathematical analysis demonstrates that beyond a certain threshold of 
mutation frequency the information content of the quasispecies is lost (SCHUSTER 

1986). This error threshold is usually inversely related to the sequence length. 
Consequently, the highest rate of evolutionary adaptation is found at an error rate 
slightly below the error threshold. A variety of techniques has been described for 
artificially introducing mutations and recombination events, e.g. cassette muta-

(~~SION\ 

VARIATION SELECTION 

\ 
AMPLIFICATION 

Fig. 1. Evolution on the molecular level can be described as the cyclic interaction of variation and 
selection. In nature, these two processes are inherently connected to amplification; for evolutionary 
biotechnology, all steps may be separated by technical means. Expression of function is only required 
when phenotype and genotype carriers are separate molecules 
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genesis (DUBE and LOEB 1989), error-prone PCR (CADWELL and JOYCE 1992), or 
DNA shuffling (STEMMER 1994). Selection, on the other hand, detennines the 
direction of evolution. In natural evolving systems, selection is usually connected 
to the amplification rate, as described in more detail below. Evolutionary bio­
technology, in contrast, enables us to apply alternative selection strategies. How­
ever, the mode of selection remains the crucial variable. 

4 Directing Molecular Evolution by Technical Means: 
Selection Strategies 

Evolutionary biotechnology aims at the creation of genetic infonnation coding for 
a biomolecule that bears a certain phenotype. Here, we shall define the tenn 
molecular phenotype more precisely. Phenotype usually refers to one primary 
function, possibly accompanied by a set of secondary functions and properties. 
Common primary molecular functions can be classified as follows: (1) recognition 
and binding (e.g. nucleic acid aptamers, peptide binders, antibodies), (2) recogni­
tion and effecting (e.g. small molecules acting as enzyme inhibitors, peptide hor­
mones), or (3) recognition and catalysis (e.g. enzymes, ribozymes, catalytic 
antibodies), all of which may be modulated with respect to activity, affinity, and 
specificity. In addition, there is a variety of more or less complex secondary 
properties, such as stability under various environmental conditions (temperature, 
solvent, etc.), size and composition, regulatabiIity, cofactor requirements, or 
immunogeneity. 

Of all the steps of molecular evolution it is the selection step that controls the 
molecular phenotype (Fig. 1). Selection quantitatively judges the fitness of the 
molecular phenotype and enriches variants with fitness values above the average of 
the applied ensemble. Under conditions of natural molecular evolution, selection is 
intrinsically coupled to the amplification step; due to a direct correlation between 
the fitness value and the net amplification rate, variants with fitness values above 
the average amplify exponentially at the expense of all others. This, theoretically, 
results in a population of neutral mutants, i.e. variants with equally high fitness 
values (EIGEN 1971). The amplification-coupled strategy was successfully realized in 
directed evolution experiments, e.g. for improving the catalytic activity of enzymes 
necessary for utilizing the offered carbon source (HALL and ZUZEL 1980), for 
selection of ribozymes with DNA-cleaving activity (BEAUDRY and JOYCE 1992, 
Kurz and Breaker, this volume), or for designing phage-displayed binders by 
coupling an antibody-antigen interaction to the infection process (DUENAS and 
BORREBAECK 1994; KREBBER et al. 1995). A similar approach has recently been 
demonstrated by coupling enzyme activity to phage infectivity (GAO et al. 1997). 
Furthennore, instead of promoting directly the amplification of the system, a net 
amplification may alternatively be achieved by hindering its destruction in con­
nection with the intended function. Examples for applying this strategy are the 
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selection of enzymes that render bacteria resistant against antibiotics (DUBE and 
LOEB 1989), or of RNA molecules that are resistant to ribonuclease treatment 
(STRUNK and EDERHOF 1997). The reverse two-hybrid system may serve as an 
interesting example of an indirect coupling of function and survival. In contrast to 
conventional two-hybrid reporter systems, here, the inhibition of a certain protein­
protein interaction prevents the induction of a toxic gene promoter (LEANNA and 
HANNINK 1996; VIDAL et al. 1996; Kolanus, this volume). However, the applica­
bility of systems with amplification-coupled selection is rather limited. Most mo­
lecular phenotypes are not suited to be linked directly to the growth rate of the 
expression host. The complexity of other phenotypes only allows a very indirect 
linkage and therefore indirect selection. The expression host may find alternative 
ways to amplify without having realized the originally intended function. 

The more generic alternative implies uncoupling of amplification and selection 
steps. It makes use of selection techniques that are based on direct jUdging of the 
molecular phenotype. Enrichment is achieved by artificially isolating all variants 
with fitness values above an arbitrary threshold, followed by their re-amplification. 
Ideally, this amplification step is nonselective and treats all variants equally without 
any influence of their phenotype. In practice, however, amplification-biased effects 
are common. There are usually some protein variants that are preferred by an 
expression host and some that cannot be expressed at all (IANNOLO et al. 1997). 
Even with in vitro selection of RNA molecules, bias effects due to preferences and 
aversions of the polymerase enzyme have been observed (ELLINGTON and SZOSTAK 
1990). Furthermore, there is often a tendency of removing dispensable genetic 
information. Due to an inverse relation between replication rate and sequence 
length, exponential amplification favors strongly variants with a shorter genome, as 
analyzed in detail for RNA in vitro amplification (OEHLENSCHLAGER and EIGEN 
1997). 

Amplification-uncoupled selection may be classified as selection by physical 
separation and selection by screening. Physical separation usually means the 
extraction of all molecules that bear the intended phenotype in a single step. Such 
a strategy is the method of choice for selecting binders. Upon binding to a solid 
support, unspecific binders are separated from specific binders by repeated washing 
steps. This has been successfully applied to nucleic acids (ELLINGTON and SZOSTAK 
1990; TUERK and GOLD 1990; Famulok and Mayer, this volume), peptide libraries 
(Uebel et aI., this volume; Reineke et aI., this volume), and small molecules (Eliseev 
and Lehn, this volume). In the latter case, the necessary physical connection 
between genotype and phenotype is usually met by any display technique, e.g. 
phage display (SMITH 1985; Ge and 10hnsson, this volume), bacterial display 
(FUCHS et al. 1991), or polysome display and related RNA-peptide fusions (MAT­
THEAKIS et al. 1994; HANES and PLUCKTHUN 1997; ROBERTS and SZOSTAK 1997; 
Hanes and Pliickthun, this volume). Separation by specific binding to a solid 
support has also been adapted to the selection of catalysts. Catalytic antibodies 
have been selected through binding to a transition state analog (TRAMONTANO et al. 
1986). More recently, phage-displayed enzymes were selected which modify them­
selves or their fusion proteins, leading to a modification that can be selected by 
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affinity to an immobilized target (SOUMILLION et al. 1994; PEDERSEN et al. 1998). 
Furthermore, such a selection strategy is not limited to separation on solid sup­
ports. For example, the selection of ribozyme molecules of a certain size can be 
achieved by gel separation (HEIDENREICH and ECKSTEIN 1997). However, the limits 
of physical separation processes are reached when we intend to create more 
complex biochemical functions, such as specific activation of cellular receptors 
(in contrast to simple binding) or catalysts with tightly controlled specificity and 
selectivity. The logical alternatives are procedures in which each molecular variant 
is examined individually (i.e. screened) and - depending on the result - sorted out 
and selected for re-amplification. Selection by screening implies important char­
acteristics which shall be discussed in more detail. 

Selection by screening deals with single variants. Usually, pure clones of iso­
lated variants or defined mixtures of them are subjected to a screening process. A 
physical linkage between phenotype and genotype is not necessary here. However, 
clones or mixtures of them have to be spatially separated to guarantee the right 
assignment of fitness values and information carriers. This can be achieved by 
simply spreading clones on an agar plate (ZHANG et al. 1997) or by any compart­
mentalization, e.g. in the wells of a sample carrier (MOORE and ARNOLD 1996; 
SCHOBER et al. 1997), in a capillary (BAUER et al. 1989), or in cells or vesicles 
(TAWFIK and GRIFFITHS 1998). The most important prerequisite for screening is the 
access to an assay that allows precise characterization of the phenotype. Such an 
assay, in combination with a suitable detection device, represents the crucial aspect 
of screening approaches. Its sensitivity determines the minimum of individuals 
needed in a single sample, which in turn defines the overall consumption of 
material. Its ability or inability to imitate the actually intended function determines 
the discrepancy between the resulting and the intended phenotype; lower similarity 
possibly requires one or more correction steps, as demonstrated in detail for 
selection by screening of an esterase (MOORE and ARNOLD 1996). Finally, the 
measurement time per sample as well as the number of manipulations involved in 
the assay define the throughput rate and therefore limit the size of the population to 
be screened. However, the number of possible variants of a given average-sized 
sequence by far exceeds the number that can be handled in reasonable time in the 
laboratory, i.e. the complexity problem. Therefore, in order to avoid that a selec­
tion-by-screening approach gets stuck in a local optimum, the throughput rate has 
to be kept sufficiently high; depending on the information complexity it should 
range at least between 104 and 106 screened variants per cycle. Of course, the 
complexity can generally be extended by combining several means, such as: (I) mix­
and-split techniques, (2) continuous adaptation in fitness space through the ap­
plication of many successive selection rounds (EIGEN et al. 1988), and (3) by al­
lowing recombination events in order to recombine individually selected genotypes 
and to remove accumulated mutations with negative effects (STEMMER 1994; Steipe, 
this volume). The advantages of selection by screening are obvious. Basically, any 
function can be selected provided that a suitable assay is accessible. Environmental 
conditions are not restricted to those required for the survival of cells since it is 
usually sufficient to isolate and re-amplify the genetic information, e.g. by peR. 
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And selection pressure can be designed and modulated at will. Therefore, the final 
result of screening-based selection is better to control, particularly with respect to 
the fine tuning of secondary features such as environmental influences or cofactor 
req uiremen ts. 

The limited number of variants to be judged per evolutionary cycle and the 
requirement to clone and amplify these variants are the major obstacles of con­
ventional screening-based selection. As a consequence, fluorescence-based single­
molecule detection and manipulation techniques have been developed and will 
be further optimized to overcome these obstacles (EIGEN and RIGLER 1994; 
KOLTERMANN et al. 1998). A discussion of current ideas and perspectives in this 
field shall conclude this article. 

5 Confocal Fluorescence Spectroscopy for Evolutionary 
Biotechnology 

Among the physical properties that are sufficiently specific and sensitive for char­
acterizing individual molecules, fluorescence has an outstanding importance. By 
using highly efficient fluorophore labels and a small illuminated laser focus as the 
detection volume, a variety of molecular characteristics has been successfully 
analyzed at the single-molecule level, e.g. translational diffusion constants 
(EHRENBERG and RIGLER 1976), velocity and direction of hydrodynamic flow 
(BRINKMEIER and RIGLER 1995), binding kinetics and dissociation constants 
(RAUER et al. 1996; SCHWILLE et al. 1996), catalytic rate constants (XUE and YEUNG 
1995; KETTLING et al. 1998), or kinetics of conformational changes (HA et al. 1996; 
EGGELING et al. 1998). 

Conventional fluorescence detection averages fluorescence emission signals 
over space and time. Resolution of single events is prevented by the fact that many 
fluorescence photons originating from a large ensemble of molecules are superim­
posed. Noise from background fluorescence and other interfering radiation further 
deteriorate the resolution. In order to detect and characterize single molecules it is 
necessary to optimize spatial and temporal resolution. A high spatial resolution can 
be reached using confocal optics. Here, the probe volume is restricted to a focal 
spot of less than one femtoliter (i.e. the size of a typical bacterial cell) by epi­
illumination of a microscope objective with appropriate laser beams and by 
imaging the collected photons onto sensitive single-photon detectors. A sufficiently 
high temporal resolution (down to the range of nanoseconds) is achieved by using 
avalanche photo diodes in combination with suitable data collection systems 
(Fig. 2). With fluorophore concentrations of one nanomole per liter and below, less 
than one molecule resides on average in the femtoliter focal volume. Therefore, 
fluorescence bursts can be assigned to those single molecules that enter and leave 
the probe volume. Detection of single fluorescent molecules is then simply achieved 
by looking for intensity peaks while scanning the focus through the sample. 
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Fig. 2. Rapid assay processing by integration of dual-color fluorescence cross-correlation spectroscopy 
(RAPID FCS)-based evolutionary biotechnology. A library of genotypes is dispensed into compartments 
of a sample carrier. After expressing the molecular phenotype, individual variants are screened by RAPID 
FCS, and corresponding genotypes with increased levels of intended functions are selected for the next 
cycle of variation and selection 

However, characterization of molecules in order to distinguish different species 
within a population requires additional data evaluation. Signals have to be traced 
with high temporal resolution and evaluated by powerful data processing. For 
example, differences in molecular mass and hydrodynamic radius can easily be 
characterized by evaluating rotational or translational diffusion constants by means 
of fluorescence correlation spectroscopy (FCS) (EIGEN and RIGLER 1994). Shifts of 
fluorescence intensity per particle can be analyzed by fluorescence intensity distri­
bution analysis. Likewise, changes in conformation or of the chemical environment 
of a molecule may be detected by fluorescence life-time spectroscopy or by wave­
length-selective spectroscopy in order to detect possible shifts of the decay time or 
of the emission spectrum. 

Recently, conventional single-color fluorescence spectroscopy has efficiently 
been extended to dual-color fluorescence spectroscopy (SCHWILLE et al. 1997). 
Dual-color analysis has several advantageous characteristics. For dual-color 
spectroscopy two pairs of excitation and detection wavelengths are combined. This 
allows the tracing of two spectrally separated fluorophores at the same time and a 
combined evaluation of their signals. For example, cross-correlation analysis 
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between both signals gives access to the number of correlated fluorescence fluctu­
ations in different colors and their time constants. Compared with single-color 
auto-correlation, the employment of two distinct labels provides drastically in­
creased signal specificity and accuracy. Therefore it allows characterization of 
molecular properties at higher background levels with shorter analysis times per 
sample. This makes dual-color fluorescence cross-correlation spectroscopy an ideal 
tool for screening applications in biochemistry and cellular biology (KOLTERMANN 

et al. 1998). Even at large excess of background fluorescence in each channel, dual­
color cross-correlation enables specific detection of double fluorescent molecules. 
Consequently, the typical assay format is based on distinguishing single-labeled 
from double-labeled molecules. Any reaction that can be linked to the formation or 
destruction of a linkage between two fluorophores can easily be examined. Using an 
endonuclease assay, dual-color cross-correlation spectroscopy has successfully been 
applied to large number screening, a combination that was termed RAPID FCS 
(rapid assay processing by integration of dual-color fluorescence cross-correlation 
spectroscopy) (KOLTERMANN et al. 1998). Data collection times for precise deter­
mination of endonucleolytic activity by RAPID FCS lay in the range of ::;ls, which 
is clearly faster than single-color FCS and corresponds to a screening throughput 
up to 105 samples per day. 

Besides cross-correlation FCS, alternative algorithms for data processing of 
multi-color fluorescence signals originating from single molecules are currently 
being examined. Special attention has been given to the extraction of accurate 
signals at the shortest analysis times possible. Preliminary results of recent efforts 
revealed sampling times in the range of lOOms, which would allow sampling of 
approximately 106 variants per day (WINKLER et al. 1999). By combining RAPID 
FCS and additional detection principles with automated sample processing devices, 
a universally applicable, automated selection tool is being developed (Fig. 2). The 
emphasis of these efforts is on the evolutionary optimization of catalysts for 
cleavage and ligation reactions. Possible applications are changing and improving 
the activity and substrate specificity of endonucleases, proteases, and related 
enzymes. The main advantages of the system are the possibility to choose any 
selection criteria for catalysts and to precisely control velocity and direction of the 
evolutionary process. 

Although based on single-molecule fluctuations, RAPID FCS requires a rea­
sonable number of these events to give accurate values. Therefore, it is still an 
ensemble of each molecular species to be traced. With respect to selection within an 
evolutionary optimization, this means that the individual variants to be screened 
have to be separated spatially, e.g. in compartments of a nanocarrier or on a flat 
surface. If the molecules to be optimized are catalysts such as enzymes, it is suffi­
cient to isolate individual cells which each express a particular enzyme variant and 
to detect an ensemble of occasionally converted substrate molecules. However, in 
contrast to such an indirect characterization, the remaining challenge is the direct 
selection and sorting of individual variants of a protein according to their molec­
ular properties. Such single-molecule sorting will undoubtedly be the ultimate goal 
of screening-based approaches for evolutionary design. It may be achieved by a 
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combination of a scanner and a picker device, or by using capillaries or micro­
structures with integrated sorting modules (EIGEN and RIGLER 1994). Currently, we 
are studying the application of FCS and other confocal fluorescence techniques in 
microstructures with different architectures including detection channels, mixing 
chambers and selection crosses (BRINKMEIER et al. 1997). In this context, our 
experiences well match our expectations of several years ago. Confocal fluorescence 
spectroscopy is not only preferably suited for miniaturization due to its high per­
fonnance and small detection volume, a comprehensive integration into nano­
technology will even increase the benefit from its exceptional features. Their 
successful combination with mutagenesis techniques makes confocal fluorescence 
spectroscopy one of the most powerful tools for selection by screening strategies in 
evolutionary biotechnology. 
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