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Display technology refers to a collection of methods for creating libraries of modularly coded biomol-
ecules that can be screened for desired properties. It has become a routine tool for enriching molecular
diversity and producing novel types of proteins. The combination of an ever-increasing variety of libraries
of modularly coded protein complexes with the development of innovative approaches to select a wide
array of desired properties has facilitated large-scale analyses of protein-protein/protein—-substrate
interactions, rapid isolation of antibodies (or antibody mimetics) without immunization, and function-
based protein analysis. Several practical and theoretical challenges remain to be addressed before dis-
play technology can be readily applied to proteomic studies.
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Estimates of the total complement of human genes vary from as low
as 40,000 to 160,000. The human genome is thought to encode any-
where between 300,000 and 7.5 million protein and peptide formst.
But these numbers may be significantly underestimated because
even for the immunoglobulin gene—one single-gene locus contain-
ing hundreds of various V, D, and J segments—the immune system
is capable of producing more than 10 million different proteins sim-
ply through gene rearrangement.

Efforts to analyze cellular protein content and function on a
global scale thus require technologies that can cope with the tremen-
dous diversity of proteins (at least a majority of the protein forms) in
a high-throughput format. Biomolecular display technologies,
which allow the construction of a large pool of modularly coded bio-
molecules, their display for property selection, and rapid characteri-
zation (decoding) of their structures, are particularly useful for
accessing and analyzing protein diversity on a large scale.

To date, display technologies have comprised two major groups:
biological display systems that employ a biological host/biological
reactions, and nonbiological display systems that use chemical and
engineering techniques. Regardless of the format, a display library
consists of modularly coded molecules, each of which contains three
components: displayed entities, a common linker, and the corre-
sponding individualized codes (Fig. 1). Over the past decade, many
display formats have been developed and applied in biological and
pharmaceutical research. These technologies use different types of
displayed entities, linkage formats, and coding strategies.

Several excellent review articles cover various aspects of phage
display, including structural basis, uses, and evolution (e.g., see refs
2-4). In this review, | summarize several of the most common dis-
play formats used specifically for biomolecules, including, but not
limited to, phage display. By focusing on their unified conceptual
framework, emphasis is placed on present and possible future uses
of biological display technologies in protein and proteomics
research. Chemical display systems are not discussed.

Building blocks, linkers, and codes
Display libraries vary widely in size and complexity. On the basis of
theoretical calculation as well as experimental results, these parame-
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ters essentially determine the probability and quality of identified
biomolecules®. Although increasing both the size and the complexity
of a display library is an important objective (as in medicinal chem-
istry), the fundamental aim is to optimize the assembly of building
blocks that potentially lead to novel/more diverse properties.

Biological display exploits the cellular biosynthesis machinery to
assemble biopolymers, the sequence of which ultimately specifies
structure and distinct properties. Although nucleotide polymers,
such as RNA/DNA aptamers, have yielded interesting molecules?,
the most commonly exploited for biological display is the nucleic
acid-coded synthesis of L-amino acid polymers (proteins).

Most biological display systems use the 20 natural L-amino acids
as building blocks and take advantage of enzymatic protein synthe-
sis. It is now also possible to achieve template-based incorporation
of unnatural building blocks, such as synthetic amino acid deriva-
tives’. One of the key issues is whether the somewhat limited num-
ber of building blocks, such as b- or L-amino acids, is sufficient to
confer a large enough structural “space” for the desired properties.
In contrast, for nonbiological displays, there is virtually no specific
limit in terms of what building blocks may be chosen for the genera-
tion of diverse molecules. Many unique building blocks have been
chosen and tested, ranging from linear polymers of b-amino acids to
a variety of spatially modified organic moieties?. Despite significant
progress, the establishment of a robust system that can combine the
advantages of biological and nonbiological displays continues to be
a key challenge.

One of the most important characteristics of display technolo-
gies is the ability to determine the structure of a desired compound
rapidly after initial screening. Structural (or sequence) characteriza-
tion is often accomplished by a process commonly known as coding
and decoding, which can be achieved via a coupled amplification
and purification process. In a biological display, chemical entities
include polymers of amino acids or nucleotides. These are “linked”
to codes that have chemical and physical properties that can be read-
ily determined (e.g., the sequence of nucleic acids®, chromatograph-
ic propertiesl?, or spatially addressed locations!?). A “linker” is used
to establish the modularly coded biomolecular units, each of which
possesses a unique property for either detection or deconvolution
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tive pressures of biological hosts (e.g., see phage coat
assembly discussion below) and capacity for subse-
quent biochemical or chemical modifications of the
peptides.

L T | I I I | The second type of display format, viral (or phage)
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Figure 1. A schematic diagram of a typical display module and a list of four major

display systems.

because of the attached codes. In most cases, the linkage between the
displayed entity and the corresponding code is achieved by physical
connections via either covalent or noncovalent chemical binding.

There are two requirements for coding strategies: the availability
of adequate information space to cover the diverse entities to be dis-
played, and the presence of a highly sensitive and/or amplifiable
property that permits the required rapid deconvolution or decoding.
In a biological display, the distinctions between different linking
strategies are often the basis for classification of various display for-
mats.

Coding formats

Three types of coding formats are commonly used: peptide-on-
DNA/RNA display, viral (phage) display, and cell-based display. The
first of these formats uses protein—-DNA/RNA complexes as its foun-
dation. By expressing the peptide in a form that is capable of binding
to its coding DNA/RNA, one can screen a large pool of complexes
and identify bound peptides by the isolation and sequencing of
nucleotide sequences of either DNA or RNA. Two main strategies are
employed, which differ depending on whether DNA-coding'? or
RNA-coding®314 formats are used.

Peptide-on-plasmid (DNA coding) is a system in which a library
of plasmids expresses random peptides fused to individual identical
DNA-binding proteins. Because the peptide—DNA binding protein
fusion in a given bacterium is encoded by the corresponding plas-
mid, the formation of modularly coded peptide—plasmid complexes
allows the selection of individual peptides of interest through the
recovery of the bound plasmid (see Fig. 2A).

In contrast to the peptide-on-plasmid display, the polysome dis-
play (RNA coding) starts with a pool of RNA, typically synthesized
by transcription in vitro. After in vitro translation under appropriate
conditions, the synthesized peptides form a complex with the coding
RNA via either noncovalent!3 or covalent chemical bonding®. In the
noncovalent polysome complex, the interaction of ribosome with
tethered nascent peptides on mRNA can be stabilized at a high diva-
lent Mg?* concentration. Covalent chemical bonding is usually
achieved by performing in vitro translation using an RNA-DNA
fusion template where each peptide-coding RNA molecule in the
library is individually fused to a common single-stranded DNA frag-
ment to which puromycin is chemically attached. Under these con-
ditions, the in vitro translation stalls at the end of the RNA open
reading frame (ORF) and the RNA-DNA junction. This allows the
cis-tethered puromycin to enter the A-site of a ribosome and form a
covalent linkage with the C terminus of the corresponding nascent
peptide. The modular protein—-DNA (or RNA) complexes in these
systems have several advantages, including freedom from the selec-
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played entities and the code (see Fig. 2B). To achieve
certain desired display advantages, several different
viral systems have been used to display peptides,
including lysogenic filamentous phages!® and lytic
lambda phage!®, T7 bacteriophage?, and T4 bacteriophage? 2,

Lysogenic filamentous phage remains the most commonly used
phage display system. For cases in which displayed proteins may be
toxic to filamentous phage assembly or incompatible with the bacte-
rial secretion pathway, lytic phages can be used that allow displayed
sequences to minimize negative selection. In addition, some proteins
may be preferably displayed as a C-terminal fusion, a configuration
that is more amenable to lytic phage-based display systems.

The last type of display format is cell-based systems, which are
essentially identical to the expression cloning approach, in which a
complementary DNA (cDNA) library encoding various proteins is
recombinantly expressed in tissue culture cells and selected for bind-
ing to a specific ligand on the cell surface®. Cell-based display is
divided into two classes: extracellular display?*2 and intracellular
display?-%,

A cell-based display of large cDNA libraries in mammalian cells
requires efficient gene transfer, for example, via a viral vector to
introduce DNA. In yeast and other prokaryotic systems, this is less of
a problem because transformation is more efficient. For example,
Escherichia coli flagellin 26 has been used to display moieties (Fig.
2C). In both cases, the cellular host is used to establish the modular
link between the coding DNA and the displayed peptides/proteins.

The value of using cellular hosts may very well be underestimat-
ed, because it is becoming increasingly evident that post-translation-
al modifications of biomolecules could play an essential role in cod-
ing for both new and native properties. For functional studies of
unknown proteins, the native host provides unparalleled advantages
that would not be possible from the combinatorial assembly of 20
amino acid building blocks via a heterologous expression system
either in vitro or in vivo.

Applications exploiting linear sequence diversity

One of the earliest applications of display technology was to search
for new peptides that bind cell-surface receptors, primarily protein-
binding cytokine receptors (see review in ref. 3). Targets used in such
studies have been expanded to include enzymes, intracellular signal-
ing proteins, ion channels, cell surface architectures, and nonprotein
targets, such as special surface material. Many of these experiments
are geared to discover therapeutic peptides or understand the mech-
anisms behind receptor signaling mechanisms, protein folding, and
enzymatic catalysis.

One example in which the display approach was particularly
effective is the discovery of peptides agonistic to the erythropoietin
receptor (EPOR)%®. EPO mimetic peptides (EMPs) have several
interesting properties, including the ability to bind EPORs and the
formation of a peptide dimer, which induces dimerization of recep-
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tor and confers agonistic activity®!. Detailed studies of the affinity
and transduction efficacy of EMPs and EPO have revealed mecha-
nistic coupling among the different steps of ligand—receptor interac-
tions, including receptor dimerization, receptor contact geometry,
and signaling efficacy32.

Display technologies have been especially useful for elucidating
the complex network through which proteins interact with one
another. Many signaling and structural proteins contain protein
modules designed to mediate protein—protein interactions
(http://www.ebi.ac.uk/interpro/). Proteins that possess such interac-
tion modules provide the molecular scaffold on which to organize
macromolecular protein complexes. These modules include Src
homology (SH)3 domain (which interacts with proline-rich pep-
tides) and PDZ domains (which normally bind the C terminus of
target proteins). Because these domains bind to small linear peptide
sequences, peptide display has been a useful tool for identifying
optimal binders and orphan ligands, for revealing the binding pref-
erences of protein modules®, and in some cases for providing direct
proof of a biological model, such as the diversity of PDZ domain
binding3* and binding preference of enabled/vasodilator-stimulated
phosphoprotein (VASP) homology (EVH) domains®.

Identification of the optimal binding substrate of orphan protein
or protein interaction domains may also provide essential informa-
tion for identification of their physiologically interacting sub-
strates®37. Considering the large number of different protein inter-
action domains, a high-throughput screen using display technology
combined with bioinformatics tools could provide an important
data set of protein interactions.

Other applications of peptide display include screens for pep-
tides that direct binding of phage particles to specific cell or tissue
surfaces, where the specific target proteins are not preselected®,
Although the original objective is to use resultant peptides as target-
ing signals for specific tissue delivery of gene therapy vectors, it is
now conceivable that this approach can be broadened to profile cell
surface receptors for interactions with proteins or peptides. It is also
possible to array a library of proteins/peptides (e.g., immunoglobu-
lins) on a chip. By indexing cell attachment and/or morphological
changes, one may learn important information concerning cellular
surface landscape and provide indexing profiles for cells in different
physiological or pathological states.

Applications exploiting spatial diversity

With 20 amino acids as building blocks, it is possible to create
libraries that contain all possible sequences for relatively short pep-
tides. However, most biological reactions are carried out by large,
well-folded proteins. A folded protein usually has one or several pro-
tein modules (or domains). For example, peptide-binding PDZ
domains usually have an average length of 85-100 amino acids. To
create a library of 100 residues, one needs to generate a total of
(20)10 different sequences. If such a library consisting of one copy of
each sequence were possible, it would have a total mass exceeding
that of the earth. Thus, the sheer mass renders experimental
approaches impractical for exploiting conformational diversity
space. In silico approaches provide an alternative and have already
shown very promising results®.

The display of large, three-dimensionally folded proteins began
in 1990 when the antibody coding fragments were engineered and
presented as part of a bacteriophage coat protein“-43, The broad use
of antibodies for diagnostics, industrial enzymes, and more recently
as protein therapeutics has added impetus to the development of
antibody display technologies that enable: first, the development of
single-chain antibodies and antibody mimetics; second, heterolo-
gous expression and screening of the complete repertoire of human
antibody genes in both mammalian and prokaryotic expression sys-
tems; and third, the expansion of the natural antibody gene reper-
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Figure 2. Examples of four major display systems. The displayed
entities are shown in green and corresponding codes are in red. The
cell-based display system is not to scale. (A) Protein on RNA/DNA.
(B) Viral display. (C) Cell-based display. (D) Nonbiological display.

toire of existing organisms, allowing the improvement of library
qualities such as size, diversity, and functionality. Because of the
modular nature of display systems, clonal display of immunoglobu-
lin also permits unique selection schemes for biological effects or
readouts, including signal transmission and membrane internaliza-
tion and trafficking*.

With the development of humanized antibodies, various display
formats have been exploited to identify optimal binders*4’. The
development of single-chain antibodies (ScFv) has significantly sim-
plified the display of immunoglobulin binding on a phage surface.
Molecular manipulations of various phage display libraries allow the
combinatorial selection of scFvs produced through coexpression of
light-chain and heavy-chain segments, reminiscent of immunoglob-
ulin gene rearrangements during immune differentiation®s, It is
significant that the immune system uses a natural naive repertoire of
as few as 108 molecules to generate binders for essentially any anti-
gen. Perhaps future improvements could be made to display
immunoglobulin folds in ways that allow loop movement, induced
fit, and V4~V domain reorientation, the three key features that have
been learned from studying the antibody—antigen interaction.

The display of relatively large protein molecules, such as the vari-
able regions of immunoglobulins, has met with some success, but it
is important to recognize that the display of one family of identically
(or very similarly) folded proteins is a very different prospect from
the display of the entire complement of proteins encoded by the esti-
mated 40,000-160,000 genes in the human genome. Increasing
numbers of non-immunoglobulin proteins have been functionally
displayed on phage®. Similar approaches have now been applied to
genomic proteins derived from total CDNAs51,525455,

Many strategies have been taken to minimize the incompatibility
between the prokaryotic expression system and eukaryotic proteins.
For example, phage coat proteins have been mutated to make them
more amenable to displaying larger proteins and proteins that are
functional only if they are oligomerized properly%. In addition, lytic
phages such as lambda, T4, and T7 have been used to provide an
alternative that is independent of the Escherichia coli secretion
machinery. These lytic viral display systems have provided promis-
ing results as proteomic tools to study protein—protein interactions
in signaling pathways%,
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Table 1. Comparison of display systems applicable to mammalian cDNAs

Property Polysome Peptide-on- Filamentous Lytic phage Prokaryotic cell- Mammalian cell-
display plasmid phage display display based display based display
Theoretical >10 <1ou <104 <104 mo° mos
upper limit
of library
size
Host In vitro Prokaryote Prokaryote Prokaryote Prokaryote Mammalian cell
expression
systems
Linkers Non- Non- Viral capsid Viral capsid Cell Cell
covalent or covalent
covalent
cDNA size Yes No Yes Yes No No
restriction
Folding No Nonnative Nonnative Nonnative Nonnative Native
machinery
High- High High Low Low Low Low
throughput
readiness
Post- No No No No No Native

translational
modifications

As the demand for proteomic display systems increases, it is nec-
essary to validate these bacteriophage-based systems in different
experimental settings. In particular, one needs to consider the mode
of interaction and the effect of negative selection. If a target receptor
(molecule) is a large protein with a binding pocket, it is more likely
to identify its binding partners because this interaction makes less
demands on the overall folding quality of the displayed peptide/pro-
teins in a library. In contrast, if the target is a small molecule, such as
a peptide or organic compound, it is expected that the interaction
will require the displayed proteins to be well folded. Whereas the
phage systems exert significant negative selection pressure on the
functional expression of mammalian proteins, recent results suggest
that at least in some cases expressed mammalian proteins are func-
tional and can actually interact with small protein targets® and small
organic targets®%,

The ultimate goal of biological display is to ensure that the selec-
tion criteria optimize the likelihood of identifying binders with a
specific physiological function, such as protein—protein interaction,
catalytic activity, or activation of a signaling pathway. The genomic
yeast two-hybrid system takes advantage of spatial address coding by
seeding cells on an array combined with a mating step®. As a result,
cells with different combinations of bait and prey can be selected
genetically on a conditional medium.

The quality of molecular diversity

One of the key considerations for applying display technologies to
the global analysis of protein function (proteomics) will be to deter-
mine and define the criteria for a high-quality library. Can all the
possible protein sequences be included and covered in one library?
Should constraint or biased libraries be generated to provide rigidity
or preference for recognition?

A complete random display approach is not practical for protein
display. Thus, a balanced consideration of library size, source of coding
sequences, clonal representation, and property diversity and selection
should be used to maximize the quality and diversity of the roughly 1
billion (10°) library members, a level of complexity that can be generat-
ed and screened through conventional molecular biology techniques.
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The most common protein display libraries are made from
either total cDNAs of a given tissue or coding segments of
immunoglobulin genes. Despite the similarity, the two libraries
require rather distinctive considerations. An antibody library is sen-
sitive to disulfide bond formation, potential toxicity to the host
(resulting in negative selection), and possibly degenerate binding
specificity. In contrast, the display of cDNAs that encode diversely
folded cellular proteins requires a robust folding machinery, native
post-translational modifications, and compatibility with the prop-
erty selection scheme. Table 1 summarizes pros and cons of several
existing systems for displaying mammalian cDNA libraries for
property selection.

Limitations and opportunities

Despite the rapid progress in many areas of display technologies,
several limitations remain both in theory and in practice. These lim-
itations include system-specific negative selections, incompatibility
with the expression host, and restricted scope of selection parame-
ters (e.g., binding).

One important question in display technology concerns the
nature of screening experiments and the interpretation of screening
results. Because failure to identify an interacting ligand from a given
screen is essentially a negative result, it is unclear whether this is due
to the complexity of the library, the procedures used to retrieve bind-
ing sequences, or the format of the receptor target presentation. Even
in cases in which interacting candidates have been identified, it is
still questionable whether the clones with the most desirable proper-
ties or of physiological significance either are present in the library or
have been isolated from the screen.

One way of addressing such problems, for example, is to allow
the contact between the library of compounds with a target to reach
chemical equilibrium, and to reduce binding valency/include a bind-
ing competitor, thereby increasing the binding affinity threshold.
However, in many cases, there is no reliable experimental means or
theoretical basis to evaluate the practical complexity and specific
usefulness of a given library. Future development of a profiling index
for display libraries would have many benefits, including assess-
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ments of “diversity space” and suitability of a library, and evaluation
of effectiveness for a given a screen. Although development of such a
profiling index may be particularly difficult for a synthetic naive
library, the profiling of natural naive libraries appears possible.

In display systems, the current selection criteria are primarily
based on the “contacting” property. In almost all reported cases,
screening is accomplished using a specific contacting probe (i.e., the
target). Whereas the contacting properties are often the ultimately
desired features, it is increasingly recognized that folding diversity
can be essential for achieving desired contacting features. For exam-
ple, the intrinsic dimerization property of the EPO peptide is neces-
sary for its agonistic activity. In this case, the ability of peptides to
dimerize was not planned during library construction or specifically
selected for during screening®3.. The development of screening
strategies that no longer rely on the binding affinity alone, such as
conditional growth, may be particularly useful to retrieve molecular
entities with the desired, noncontacting physical, chemical, and
structural properties.

Display technologies may also be useful for studying other bio-
logical processes, for example, understanding peptide sequences
that mediate membrane uptake, endocytosis, and nuclear trans-
portation, processes that are both conceptually fundamental and of
enormous practical application. Some exciting progress has been
made in this area using genetic phenotypes to select peptides/pro-
teins that interfere with certain signaling pathways—a method
called transdominant genetic analysis that can be achieved using
short peptides?-2® or immunoglobulins®. Such a system does not
need to have a predetermined receptor, but still enables rapid decon-
volution of the peptide(s) that induces the phenotypic changes.

Several other challenges also face the application of phage display
in proteomics. Considering that display is a search for a matching
key/lock interaction, current technologies have particular strengths
in the area of finding keys for a lock (target). The converse applica-
tion of finding locks for a key (target) has met with only limited suc-
cess. It is also increasingly recognized that a system that could
accommodate two variables would allow the selection of a property
via coevolution of two variables. This notion has already been tested
by combining phage display with cell-based display®. Because both
interacting partners are in coded systems, one can readily change
either or both interaction partners to achieve a variety of goals,
including the cloning of receptors, identification of interaction
residues on one or both partners, and coevolution of the desired
properties. More recently, the library versus library screen strategy
has been developed further using the oligomerization-dependent
dihydrofolate reductase (MDHFR) activity, in which two interacting
partners reconstitute a functional enzyme thereby allowing growth
selection in a prokaryotic host system61.62,

Expression systems for display approaches also need to be opti-
mized. The most commonly used host systems, such as E. coli, lack
the native translational machinery, folding apparatus, and mam-
malian enzymes/proteins that carry out the (100 different post-
translational modifications. In addition, biological display is inher-
ently under certain selection pressure independent from that
imposed by in vitro systems. This negative selection pressure elimi-
nates or reduces proteins that are toxic to host, disruptive in folding,
sensitive to proteolytic degradation, poorly translated, and process-
ing/secretion-defective.

Because biological displays almost always involve repeated steps
for amplification, the only limited positive selections are sequences
that have expression advantages and/or host growth stimulation. In
some synthetic naive library screens, such as isolation of single-
chain antibody molecules, the expression advantages have been seen
as positive selection, because the subsequent steps often involve
large-scale protein production and purification. However, for most
proteomic applications, the lasting objectives are to functionally dis-
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play all proteins and to minimize any selection pressure or expres-
sion bias. Improvements in display technologies in these areas could
potentially provide an essential interface between genomic proteins
and physiologically significant biomolecules and therapeutic mole-
cules.

Conclusions

The combination of extremely high detection sensitivity of amplifi-
cation and the ability to screen whole genomic proteins suggests that
biological display will be useful for addressing biochemical and
pharmacological questions at the genomic level. If the discovery of
immunoglobulin gene rearrangement marks our understanding
that a collection of genes that a person inherits is not necessarily a
fixed endowment, the integration of directed evolution technologies
and biological display may offer unprecedented opportunity for
both understanding functional space and expanding diversity space.
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