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T
he process by which new pharmaceutical com-
pounds are being discovered and developed is
undergoing a dramatic transformation. The tradi-
tional process of drug discovery has depended

largely on an empirical approach to screening compounds
for novel pharmacological activity. To date, this approach
has generated pharmaceutical compounds that collectively
act on only a limited number of in vivo targets – 417 in
total1. With the combination of rising R&D costs, short
product life cycles, and the public’s ever increasing
demand for new, high-quality treatments, pharmaceutical
companies are facing increasing pressures to develop new
drugs faster, more cost-effectively and in greater numbers
than ever before. These pressures have motivated the
pharmaceutical companies to foster links with smaller
biotechnology companies that could provide technological
solutions to the need to enhance and accelerate the drug
discovery process.

To this end, biotechnological developments in the areas
of genomics and proteomics, bioinformatics and molecular
library systems have attracted great interest from pharma-
ceutical companies. Genomics and proteomics technologies
should satisfy the need to identify large numbers of novel
drug targets by identifying disease correlations among the
100,000 or so genes in the human genome, as well as the
considerably larger pool of potential targets that could arise
through post-transcriptional and post-translational process-
ing. The vast quantities of data that are generated by gen-
omics and proteomics studies need to be organized in an
accessible and meaningful way and this has led to an
explosion in the adoption of sophisticated bioinformatics
systems. Finally, the ability to generate and interrogate
large, complex libraries of potential drug compounds pro-
vides the means to act on genomics and bioinformatics data
to validate new drug targets and to produce the bioactive
compounds required for therapeutic intervention.

Library technologies can be broadly divided into two
categories: those that are based on entirely synthetic, low-
MW compounds that can be generated by, for example,
combinatorial chemistry techniques (reviewed in Ref. 2)
and those that are based on biological compounds such as
nucleic acids3,4, peptides5 or proteins6. They all consist of
large, diverse collections of molecules and associated
mechanisms for identifying individual compounds that
exhibit certain desired properties (most typically, the abil-
ity to bind with sufficient levels of affinity and specificity
to a given target molecule).

Among the various biological libraries that have
emerged, most interest has focussed on those that enable
the identification of bioactive proteins or peptides, princi-
pally because proteins are natural modulators of phenotype
and, thus, represent obvious drug candidates. This article
profiles some of the key protein and peptide library sys-
tems, focussing in particular on a new generation of in vitro
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display technologies that should enable the construction
and exploitation of exceptionally large and complex
libraries.

Display libraries

The earliest gene expression libraries were created using
non-display systems that were typically generated by ligat-
ing DNA fragments into l phage or plasmid expression
vectors for the subsequent transformation of Escherichia
coli (e.g. Refs 7,8). Potential genes of interest were identi-
fied by screening large numbers of individual colonies or
plaques for the production of bioactive proteins. This
screening approach limits the size of this type of expres-
sion library to <106 recombinants, simply because of the
prohibitive number of bacterial culture plates that would
be required to array a larger number of spatially distinct
clones.

The unifying feature of display systems that sets them
apart from non-display systems is that, in all instances, the
cloned gene and its encoded protein are in some way
physically connected. The value of this linkage is that dis-
play libraries can be interrogated by a process of selection
rather than screening. The library exists as a soluble pool
from which target-binding members are enriched by
affinity selection against an immobilized target molecule.
Because ligands and associated coding sequences are co-
selected, useful genes are separated from non-useful genes
and can be subsequently recovered for storage or further
manipulation. The physical constraint of arraying individual
members of the entire library on a solid support for screen-
ing is therefore removed with the consequence that much
larger libraries can be exploited, potentially enabling the
facile isolation of much higher affinity ligands.

Phage display

Phage display9 is the most widely adopted molecular dis-
play technique. It uses a bacterial virus (the M13-related
filamentous phage, fd) to provide the physical coupling of
gene and gene product. The diverse population of DNA
fragments that comprise the library are simultaneously li-
gated into many copies of the phage genome in juxtapos-
ition with the gene for one of the viral coat proteins. The
recombinant phage DNA is introduced into E. coli cells
resulting in large numbers of bacterial clones, each con-
taining the coding sequence for a unique library member.
When recombinant phage particles assemble during extru-
sion from the host cell, the cloned library DNA is pack-
aged within the virion and the encoded gene product is
incorporated into the viral coat. In many cases, the incor-
porated polypeptide is both properly folded and able to

interact with cognate ligands. Large, diverse pools of
recombinant phage particles can therefore be prepared
and incubated with an immobilized target molecule. Non-
binding particles are washed away and those rare library
members that bind specifically to the target are eluted and
amplified by infection into fresh E. coli cultures. In this
way, potential genes of interest are enriched from very
large libraries simply as a function of the affinity of the
encoded protein for a given target molecule.

Phage display has been successfully applied to the selec-
tion of ligands from linear peptide libraries10–12 and to the
display of functional protein domains such as antibody
fragments13, enzymes14, hormones15 and DNA-binding pro-
teins16. There are, however, limitations to the technique.
The reliance of the method on the relatively low efficiency
with which DNA can be introduced into E. coli cells (the
transformation efficiency) typically imposes a ceiling on
library sizes of <109 recombinants (although exceptional
libraries of .1010 members have been described17).
Although this greatly extends the complexity of gene
expression libraries compared with those possible without
a mechanism for display, the ability to generate even larger
libraries might be expected to greatly enhance the utility of
the molecular display concept. This expectation derives
from the proposed direct correlation that exists between
library size and the binding affinities of isolated ligands for
a given target18. Indeed, belief in this correlation has been
reinforced by the technological advances in phage anti-
body display that have occurred over the past decade: the
first non-immune phage antibody libraries contained <107

members and usually yielded antibodies with binding
affinities in the 100 nM range19, whereas those from a 1010

library often have affinities in the subnanomolar range17.

Alternatives to phage display

Several groups have considered alternative display 
methods such as display on bacterial surfaces20, yeast sur-
faces21, eukaryotic viruses22, or directly on the encoding
plasmid DNA (Ref. 23). These systems still require trans-
formation of a cellular host and have therefore not suc-
ceeded in increasing library sizes.

In vitro display technologies

In recent years, several in vitro display technologies have
emerged that, by circumventing the need to introduce
DNA into a cellular host, promise to provide access to
libraries that are limited only by the quantity of DNA that
can be physically added to cell-free protein synthesis sys-
tems (potentially up to 1014–1015 molecules). This should
enable the construction of libraries that are several orders
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of magnitude larger than those possible when using whole
cells or viruses for molecular display.

Covalent Display Technology
Covalent Display Technology (CDT; Actinova Ltd, Cam-
bridge, UK and David Andrews and Yun Li, McMaster Uni-
versity, Hamilton, Canada) is a proprietary in vitro library
platform that has the potential to avoid many of the prob-
lems that limit other display systems. CDT exploits the
extraordinary properties of a replication initiator protein
from the E. coli bacteriophage P2. The protein is the prod-
uct of the viral A-gene (P2A) and is an endonuclease that
initiates a rolling circle replication process by binding to
the viral origin (ori) and introducing a single strand dis-
continuity (nick) in the DNA. The 39-OH group that is
exposed by the action of P2A is used to prime progeny
DNA synthesis using the host replication machinery24–26.
The nicking event also exposes a 59-phosphate and, cruci-
ally for the development of CDT, this becomes covalently
attached to a tyrosine residue in the active site of P2A
(Refs 27,28). One further property of P2A that is exploited
in the CDT system is that P2A exclusively attaches to the
same molecule of DNA from which it
has been expressed27. The mechanism
of this cis-activity is not well under-
stood. However, the high fidelity of
the cis-activity and the fact that the
recognition sequence for the covalent
attachment, ori, occurs within P2A’s
own coding sequence24,29 enables
pools of polypeptides that are geneti-
cally fused to P2A to be synthesized
in vitro such that they also become
covalently attached to their own cod-
ing sequences (Fig. 1).

To operate CDT, a pool of DNA
molecules is prepared, each contain-
ing the coding sequence of P2A fused
to the coding sequence for one of a
diverse population of potential bind-
ing moieties (linear peptides or pro-
tein domains). The DNA pool is tran-
scribed and translated concurrently in
vitro using an E. coli S30 lysate and,
because of the cis-activity of P2A,
each DNA molecule becomes cova-
lently tagged with its own expressed
gene product. The protein–DNA com-
plexes are then subjected to affinity
selection strategies that are analogous

to those that are used for phage selections: binding com-
plexes are retained by an immobilized target, non-binders
washed away and specific complexes eluted and propa-
gated [e.g. by amplification using polymerase chain reac-
tion (PCR)] for subsequent rounds of selection or for
cloning into a bacterial host to generate a clonal archive of
retained genes (Fig. 2).

As previosuly discussed, because these libraries can be
created without cellular transformation, they should be
able to contain .1012 peptide sequences, thereby creating
a richer source of structural diversity from which to select
ligands than is currently possible with phage display.

To date, it has been possible to use this technique to
specifically enrich for covalent complexes displaying target-
binding protein domains or linear peptides from excess
backgrounds of non-binding complexes. Libraries consist-
ing of linear peptides of random sequence fused to either
the N- or C-terminus of P2A have also been generated.

Polysome display
Two companies, Cambridge Antibody Technology (Mel-
bourn, UK) and MorphoSys AG (Martinsried, Germany),
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Figure 1. Generation of covalent DNA –polypeptide complexes in CDT. P2A is a
DNA-binding protein that attaches covalently to its own coding sequence.
Concurrent in vitro transcription and translation of gene fusions comprising the
coding sequence for P2A and the coding sequences for potential target-binding
protein domains results in the formation of covalently joined DNA–protein
complexes. The cis-activity of P2A facilitates the simultaneous production of a pool
of DNA–protein complexes in which the faithful linkage of each gene and its own
expressed product is achieved. The DNA–protein complexes can then be subjected to
affinity selection against a target molecule to identify those rare library members
that can bind specifically to the target. 
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are developing an in vitro technology, polysome display
(reviewed in Ref. 30), for the discovery of novel thera-
peutic antibodies. The system works by transcribing and
translating DNA templates in vitro under conditions that
enable the isolation of stable mRNA–ribosome–nascent
polypeptide complexes (Fig. 3). This is achieved by con-
trolling the concentration of magnesium ions (to stabilize
the ribosome particle) and by either terminating polypep-
tide elongation by the addition of chloramphenicol31 or
cooling down the translation products of mRNA templates
that lack stop codons32. Target-specific polysome com-
plexes are retained on an appropriately derivatized solid
surface and the co-selected mRNAs released by dissocia-
tion of ribosomes using ethylene diamine tetraacetate
(EDTA). These are then recovered by reverse transcription
(RT) and PCR for further rounds of selection.

Ligands specific to an anti-dynorphin B monoclonal anti-
body have been successfully isolated using an E. coli S30
lysate to generate polysome complexes from an input
library consisting of 1012 DNA molecules encoding random

decapeptides31. Furthermore, by sepa-
rating the steps of transcription and
translation, the selection of polysomes
displaying complex protein domains
has been demonstrated. Single-chain
antibodies that were specific for a
monomeric variant of the yeast trans-
cription factor GCN4 were selected
from a library derived from mRNA that
was prepared from 106 spleen cells
taken from mice that had been immu-
nized with this antigen33.

The use of eukaryotic in vitro trans-
cription/translation systems to generate
functional polysome complexes has
also been described34. Here, polysomes
displaying an anti-progesterone anti-
body fragment were generated using a
rabbit reticulocyte lysate and were suc-
cessfully isolated from a mixture con-
taining an excess of non-binding
polysomes by selection against immo-
bilized progesterone. Enrichments of
104–105-fold per round of selection
were reported. However, a recent
report has suggested that while the
separation of the in vitro transcription
and translation reactions facilitates the
optimization of the redox conditions
necessary for correct protein folding,

neither eukaryotic nor prokaryotic translation systems
appeared to provide any intrinsic advantage to polysome
production35.

RNA–peptide fusions
Phylos (Boston, MA, USA) is developing an in vitro dis-
play system in which a puromycin molecule is used to
provide a covalent linkage between mRNA molecules and
their encoded polypeptides36. Puromycin is an antibiotic
that mimics the aminoacyl end of tRNA and functions by
entering the ribosomal A-site and forming an amide link-
age with nascent polypeptide through the peptidyl trans-
ferase activity of the ribosome37,38.

In the RNA-peptide fusion system, the puromycin is
attached to the 39 end of a single-stranded DNA linker that
is in turn ligated to the 39 end of the library-encoding
mRNA. When the mRNA is translated in vitro, a ribosome
reaches the junction between the mRNA and the DNA
linker and stalls. The puromycin can then enter the ribo-
somal A-site and form a stable amide linkage with the
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Figure 2. Selection of CDT complexes against a solid-phase receptor. Affinity
selection techniques involve the incubation of pools of covalent DNA–protein
complexes with an immobilized target molecule. Binding moieties are retained on
the solid surface while non-specific complexes are washed away. The physical link
between the gene and the gene product results in the coincident retention of both
target-specific polypeptide and its encoding DNA. The retained DNA is then
amplified by PCR for further rounds of selection or used to generate a clonal
archive of the binding domain’s gene.
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encoded peptide (Fig. 3). A library pool of mRNA-DNA-
puromycin molecules can therefore be translated in vitro
and purified RNA–peptide complexes incubated with a
solid-phase target molecule. As with the polysome display

system, retained complexes are recovered for further
manipulation by RT-PCR. The successful selection of 
complexes displaying the myc epitope when mixed with
an excess of complexes displaying random peptide
sequences has been achieved using immobilized anti-myc
antibody as the target. Enrichments of 20–40-fold per
round of selection were reported36.

Conclusion

Molecular display technologies have great potential in pro-
viding the target-specific ligands that are continually
required by companies engaged in the discovery of novel
therapeutics, diagnostics, medical imaging compounds and
research reagents. They also have the potential to provide
the crucial interface between modern therapeutic target
discovery (genomics, proteomics and bioinformatics) and
the development of new and potent drugs. For example,
the ability to generate molecular probes to the products of
genes that have been identified by genomics companies as
having a disease association should aid in the rapid vali-
dation of those gene products as viable therapeutic targets.

The in vitro technologies should be particularly well
suited to this type of endeavour: the lack of a transfor-
mation or infection step during cycles of selection should
make them more amenable to automation than is the case
with phage display, therefore enabling ligand discovery to
be conducted on a genomics scale. The non-dependence
on E. coli protein expression could also make the in vitro
display technologies more compatible with the evolution
of novel antibiotics, an area of drug discovery receiving
renewed interest as antibiotic resistance continues to
spread rapidly among human pathogenic bacteria.

It remains to be seen which of the new in vitro display
technologies achieves the widest adoption and yields the
best returns on R&D investment. It is possible that the dif-
ferent systems will find independent niches, each provid-
ing some advantage in the solution of distinct technologi-
cal problems. However, in both the polysome display and
the puromycin systems, the genetic information is carried
by mRNA molecules, which are notably difficult to
manipulate because of their susceptibility to ubiquitous
ribonucleases. Ribosome display also suffers from the
potential dissociation of the tripartite RNA–ribo-
some–polypeptide complexes and the puromycin technol-
ogy requires complex synthesis and attachment of the
puromycin–DNA linker moiety to mRNA. Because of its
user-friendliness, together with the highly stable nature of
the protein–DNA complexes that are formed, CDT might
therefore become the in vitro display technology of choice
for many applications.
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Figure 3. In vitro-produced selectable complexes. In 
covalent display technology, the link between the gene and
the gene product is provided by the covalent linkage that
forms between a cis-acting DNA-binding protein (P2A) and
its own gene sequence (a). In polysome display, the linkage
is achieved by producing stable complexes of mRNA, 
ribosomes and associated nascent polypeptide (b). The
RNA–peptides fusion system generates linkage between the
gene and the gene product through a puromycin molecule
that is attached via a single-stranded DNA linker to the 
39 end of the mRNA. The puromycin enters a ribosome that
stalls at the DNA linker–mRNA junction and becomes 
covalently attached to the nascent polypeptide (c).
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