Natural and nonnatural protein—protein interactions

Natural and nonnatural ligands
(yellow) for vascular endothelial
growth factor (VEGF, blue and

red) differ greatly in terms of size
and structure, yet share remarkable
similarity in the details of molecular
recognition. From top to bottom,
the binding interaction with VEGF
receptor Flt-1 is mimicked by a
phage-derived peptide, while the
interaction with a neutralizing anti-
body is mimicked by a completely
different phage-derived peptide.

e
H
e
.

.
f

e .

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  1439-4227/03/04/01 $ 20.00+.50/0 ChemBioChem 2003, 4, 14-25




Exploring Protein — Protein Interactions with

Phage Display

Sachdev S. Sidhu,* Wayne J. Fairbrother, and Kurt Deshayes'®

Protein - protein interactions mediate essentially all biological
processes. A detailed understanding of these interactions is thus
a major goal of modern biological chemistry. In recent years,
genome sequencing efforts have revealed tens of thousands of
novel genes, but the benefits of genome sequences will only be
realized if these data can be translated to the level of protein
function. While genome databases offer tremendous opportunities
to expand our knowledge of protein-protein interactions, they
also present formidable challenges to traditional protein chemistry
methods. Indeed, it has become apparent that efficient analysis of
proteins on a proteome-wide scale will require the use of rapid
combinatorial approaches. In this regard, phage display is an
established combinatorial technology that is likely to play an even
greater role in the future of biology. This article reviews recent
applications of phage display to the analysis of protein - protein
interactions. With combinatorial mutagenesis strategies, it is now

1. Introduction

Essentially all cellular processes depend on protein - protein
interactions, and much of modern life-science research is
concerned with first identifying natural interactions and second
mapping the energetics and specificities of these interactions in
fine detail. Such detailed knowledge can aid in determining the
biological functions of novel proteins and also in the develop-
ment of antagonists or agonists that can be used to further
explore biology or even for therapeutic intervention. In the past
few years, whole-genome sequencing projects have vastly
expanded the database of novel genes, and we are now faced
with tens of thousands of proteins with unknown functions.
The full benefit of genome sequences will only be realized if the
information can be translated to the level of protein function,
and to do this effectively and rapidly, researchers will need to
adopt combinatorial biology approaches that can deal with large
populations of proteins en masse.?

Phage display is one of the oldest and most powerful
combinatorial biology methods (Figure 1). The technology is
based on the fact that polypeptides fused to bacteriophage coat
proteins can be displayed on phage particles that also contain
the encoding gene.! In this way, a physical linkage between
genotype and phenotype is established, and extremely diverse
libraries (>10"") of DNA-encoded peptides or proteins can be
generated with simple molecular biology methods.” Further-
more, phage-displayed libraries can be amplified by passage
through a bacterial host, and even the largest repertoires can be
contained in less than one millilitre of solution. By using
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possible to rapidly map the binding energetics at protein — protein
interfaces through statistical analysis of phage-displayed protein
libraries. In addition, naive phage-displayed peptide libraries can
be used to obtain small peptide ligands to essentially any protein of
interest, and in many cases, these binding peptides act as
antagonists or even agonists of natural protein functions. These
methods are accelerating the pace of research by enabling the
study of complex protein - protein interactions with simple molec-
ular biology methods. With further optimization and automation, it
may soon be possible to study hundreds of different proteins in
parallel with efforts comparable to those currently expended on the
analysis of individual proteins.

KEYWORDS:

combinatorial chemistry - phage display - protein engineer-
ing - protein —protein interactions

selections with immobilized ligands, library pools can be
enriched for polypeptides with particular binding traits. Follow-
ing binding selection, individual clones from enriched pools can
be analyzed by using simple enzyme-linked immunosorbant
assays (ELISAs) to quantify binding in a high-throughput
fashion.™ Finally, and most importantly, the amino acid sequence
of any clone can be readily deciphered by sequencing the DNA
inside the phage particles.

Phage display has proven to be a robust technology that has
had major impacts on numerous areas of biological chemistry.”!
In this review, we focus on applications in which the technology
has been used to study protein-protein interactions, with
recent examples from our own research. In particular, we
highlight the application of combinatorial biology to three
major areas of biochemical research: the mapping of binding
energetics at protein—protein interfaces, the development of
small synthesizable ligands to biologically active sites on
proteins, and the characterization of natural protein - protein
interactions in signaling pathways.
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2. Mapping Functional Binding Epitopes within
Protein - Protein Interfaces

Protein - protein interactions often involve numerous side
chains from each protein; this results in the burial of large
(>1000 A% surface areas at the contact interface.” Three-
dimensional structures, obtained with either NMR spectroscopy
or X-ray crystallography methods, have provided considerable
insights into the mechanisms whereby proteins bind their
partners with high affinity and specificity. However, while these
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studies reveal structural epitopes, those residues that make
intermolecular contacts at interfaces, they cannot define func-
tional epitopes, the contact residues that also contribute
energetically to the binding interaction. Accurate elucidation
of functional epitopes requires mutagenesis strategies that can
selectively alter particular side chains and binding assays that
measure the effects of these mutations on protein function.”? By
combining structural and functional data, one can obtain three-
dimensional views of the functional epitopes that mediate the
binding energetics at protein-protein interfaces. These func-
tional maps enhance our fundamental understanding of molec-
ular recognition, and in practical terms, they provide valuable
insights for rational protein and drug design.

Alanine scanning has proven to be a particularly powerful
method for mapping functional binding epitopes.”? In this
method, individual protein residues are mutated to Ala, a
substitution that removes atoms beyond the 3-carbon atom and
thus can be used to infer the roles of individual side chains.®
Comparing the binding affinity of each Ala mutant to that of the
wild type (wt) allows the effect of each side-chain truncation on
the free energy of binding to be calculated from the equation
AAGp, i =RTNIN(K, /Ko pa). This method was exemplified in
pioneering studies of the high-affinity interaction between
human growth hormone (hGH) site-1 and the hGH receptor
(hGHbp).””% 1 The hGH-hGHbp binding interface involves
more than 30 contact side chains from each protein. Each of
these side chains was individually mutated to Ala, the mutant
proteins were purified, and the affinities were determined with
radioimmunoassays or surface plasmon resonance methods.
Only a small subset of the contact side chains within each
protein were found to contribute significantly to binding affinity,
and when mapped onto the hGH-hGHbp complex structure,
these side chains clustered into small and complementary
functional epitopes or “hotspots”.””! These studies demonstrated
that, even within large structural epitopes, much of the binding
energy responsible for molecular recognition may be supplied
by significantly smaller functional epitopes, a fact suggesting
that it may be possible to effectively mimic these interfaces with
small inhibitors (see below).

Alanine scanning and other site-directed mutagenesis strat-
egies have proven invaluable for the study of protein structure
and function. However, these methods are not well suited for
high-throughput protein analysis, because many individual
mutants must be constructed, purified, and analyzed separately
with protein chemistry methods that often require great skill and
expertise. Recently, a combinatorial mutagenesis strategy,
termed “shotgun scanning”, has been developed to expedite
the exploration of protein structure and function.!""! This method
uses phage-displayed protein libraries in which multiple sites are
simultaneously mutated by using degenerate codons with
restricted diversity. For example, in a shotgun alanine scan,
codons are chosen to preferentially allow only the wt or Ala at
each scanned position. Binding selections are then used to
enrich for library members that retain affinity for a binding
partner, and DNA sequencing of hundreds of binding clones is
used to accurately determine the ratio of wt/mutant at each
varied position within the selected pool. This ratio can be used to
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Figure 1. In vitro selection with phage display. Polypeptides are displayed on phage particles
that also contain the encoding DNA. Display is usually achieved by fusion to either the gene-3
minor coat protein which is located at one end of the particle (shown) or the gene-8 major
coat protein which covers the length of the particle. The library is incubated with an
immobilized target to select for binders, and nonbinding phage are removed by washing.
Bound phage are then eluted and amplified in E. coli. Amplified phage pools can be subjected
to additional rounds of selection, or alternatively, the sequences of individual binding

polypeptides can be determined by sequencing the encapsulated DNA.

quantitatively assess the effect of each mutation on the binding
interaction. The method is rapid and amenable to high-
throughput analysis because many side-chains are simultane-
ously scanned with a single library by using simple molecular-
biology techniques that circumvent the need for protein
purification and biophysical analysis.

Shotgun scanning was first used to reiterate the conventional
hGH site-1 alanine scan described above, but in a combinatorial
fashion."! Nineteen residues in the hGH site-1 structural epitope
for binding to hGHbp were mutated in a single library that was
cycled through two separate selections. The first selection was a
“structural selection” for variants retaining affinity for a mono-
clonal antibody that required native hGH structure but bound to
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hGH at a site distinct from the structural epitope for
hGHbp. The second selection was for binding to hGHbp
itself, and this “functional selection” required not only
native hGH structure but also selected for residues
within the structural epitope that made energetic
contributions to the interaction with hGHbp. Several
hundred binding clones from each selection were
sequenced, and the wt/Ala ratios (n,/n,.) were deter-
mined for each scanned position (Figure 2 A).

Since the wt/Ala ratio correlates with a side chain’s
contribution to the selected trait (that is, structure and/
or function), statistical “AAG*®” values were deter-
mined for the effect of each side-chain mutation on
each selection by using the equation AAG***=RTIn(n,,./
nuw), in analogy with the standard equation for point
mutations (AAGp,.: = RTIN(K, /K, a)- Finally, for each
mutation, the AAG*™" value for the structural selection
was subtracted from the AAG*®t value for the functional
selection; this process was to correct for structural
effects and left a corrected AAG,, .. Value that
presumably measured the contribution of each side
chain to the functional epitope. These statistical
AAGy,_.: values were found to be in good agreement
with AAG,,_,. values determined with conventional
alanine scanning, a fact demonstrating the validity of
the statistical approach (Figure 2B). Both conventional
and shotgun alanine scanning reveal that only a small
subset of contact side chains contribute significantly to
the binding interaction with hGHbp, and these form a
compact functional epitope in the hGH tertiary struc-
ture (Figure 2C).

Shotgun scanning mutagenesis is a general strategy
that can be applied to any protein that can be displayed
on phage. Recently, the method has been used to
investigate the antigen-binding site of Fab2C4, the
antigen-binding fragment of an antibody that binds to
the human oncogene product ErbB2.1'? In this study, an
alanine scan was performed with 4 libraries that to-
gether covered 61 out of 64side chains in the
complementarity determining regions (CDRs). This
comprehensive analysis investigated not only the
solvent-exposed residues that can potentially make
direct contact with the antigen, but also buried
scaffolding residues that hold these contact residues
in a binding-competent conformation. Furthermore, the rapidity
of shotgun scanning allowed for a separate homologue scan
that tested the effects of subtle, chemically similar substitutions
(Phe for Tyr, Glu for Asp, etc.). When mapped onto the Fab2C4
crystal structure, these data provided distinct, yet complemen-
tary, functional views of the antigen-binding site. Interestingly,
the alanine scan revealed a 610 A? functional epitope surface
that shrank to only 369 A2 when mapped with homologous
substitutions; this suggests that this smaller subset of side chains
common to both scans may be involved in precise contacts with
the antigen.

Since shotgun scanning relies on statistical analysis of
combinatorial libraries, there will be uncertainty associated with
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Figure 2. Shotgun alanine scan of hGH. A) Following either a “structural” or
“functional” selection (white or black bars, respectively), the wt/Ala ratios at

19 mutated positions were determined by sequencing several hundred binding
clones. Ratios greater than or less than one indicate mutations that are
deleterious or beneficial to the selected trait, respectively. The wt/Ala ratios can be
used to calculate the change in the free energy of binding for each Ala mutant
relative to wt (AAGpq,_). B) AAG,,_,. values determined by shotgun scanning
(y axis) are in good agreement with those determined by conventional alanine
scanning (x axis) that involved the analysis of purified point-mutated proteins
with surface plasmon resonance spectroscopy. The least squares linear fit of the
data is shown (y = — 0.01 + 1.0x; R = 0.88). C) When mapped onto the structure of
hGH (PDB accession code 3HHR),*® the shotgun-scan results reveal a compact
functional epitope composed of a small subset of contact side chains that
contribute most of the binding energy to the interaction with hGHbp. Residues are
colored according to their statistical AAG,,_,, values obtained from the shotgun
alanine scan: red, AAG,_,.> 2.0 kcalmol~'; orange, 1.3 < AAGy,_,<

2.0 kcalmol~'; yellow, 0.6 < AAGy,_,. < 1.3 kcalmol~'; cyan, AAG ... <

0.6 kcalmol~". The shotgun-scanning data were taken from ref. [11] by Weiss

et al., while the conventional alanine-scan data were from ref. [10] by Cunning-
ham and Wells. See the main text for further details.
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predictions relating to the effects of any individual mutation.
Thus, combinatorial methods of protein analysis are best viewed
as a complement to detailed biophysical analysis. Shotgun
scanning can be used to rapidly gather information across a
protein — protein interface, and the data obtained can be used to
generate hypotheses that can then be tested in detail by
quantitative analysis of point-mutated proteins. By combining
the different approaches, it should be possible to gain a better
understanding of protein - protein interactions than would be
possible with either method alone.

3. Peptidic Mimics of Extracellular Protein
Binding Surfaces

As discussed above, mutagenesis and structural studies have
revealed that, while extracellular protein - protein interactions
usually involve contacts over large surface areas, these interfaces
often contain smaller functional epitopes where a substantial
proportion of the binding energy is concentrated. In this section,
we discuss applications of “naive” (that is, completely random)
peptide libraries in exploring these surfaces.

Peptides can be displayed on M13 phage in either a high- or
low-valency format by fusing to either the gene-8 major coat
protein (protein-8, P8) or the gene-3 minor coat protein
(protein-3, P3), respectively.™ The avidity inherent in polyvalent
display magnifies intrinsic monovalent affinity so that even
moderate-affinity peptides with dissociation constants in the
high micromolar range are tightly bound to the target. In
contrast, avidity effects are eliminated or greatly reduced in a low-
valency format, thus allowing for discrimination and selection on
the basis of even slight differences in intrinsic affinity. The
complementary properties of high- and low-valency display
have been used to develop a general process for selecting
binding peptides from phage-displayed libraries, as outlined in
Figure 3.

Initially, naive peptide libraries are displayed in a polyvalent
format on P8, and the use of libraries with greater than 10"
individual members allows for rapid sampling of significant
sequence space. Polyvalent library pools are cycled through
rounds of binding selections to isolate peptides that bind
specifically to the target, and high-throughput phage ELISAs are
used to monitor the selection process and to identify individual
binding clones. If the selection process is continued for only a
minimal number of rounds, binders will be enriched without
stringently discriminating between individual binding clones.
Under these conditions, large naive libraries can yield multiple,
unique binders that can be grouped into families on the basis of
sequence similarity."® This process identifies dominant scaffolds
that may be well suited for binding to a particular target, and
these can be used to design focused second generation libraries
for affinity optimization.

Second generation libraries are usually displayed in a low-
valency format on P3 to enable stringent selection and evolution
of high-affinity binders through a combination of changes in
peptide structure and/or interacting side chains.* '3 Further-
more, the affinities of low-valency, phage-borne peptides are

ChemBioChem 2003, 4, 14-25
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Figure 3. The process for selection and affinity maturation of binding peptides from phage-displayed
libraries. Naive peptide libraries are usually displayed in a high-valency format by fusion to the gene-8 major

» 2nd Generation Monovalent

As extracellular protein - protein inter-
actions typically involve large surfaces
void of significant concavity, conventional
small-molecule screening efforts have
generally failed to identify antagonists
for these interactions.'"¥ In contrast,
phage-displayed peptide libraries have
proven remarkably successful in generat-
ing both antagonists and agonists for
numerous extracellular targets.!' '>-24
Since phage do not operate under the
same pressures that influenced the evo-
lution of natural binding partners, it is
reasonable to believe that epitopes dis-
tinct from those found on the natural
ligands will be discovered. A related
seductive notion is that phage display
will identify localized binding epitopes
that might be readily transferred to
potent small-molecule scaffolds.

The success of phage display in iden-
tifying ligands to protein surfaces allows
us to address important questions. For
example, what types of interactions are
found for phage-derived binding pepti-

PN des, and how do the peptide-binding
: surfaces compare to the naturally evolved
binding surfaces of large protein ligands?
Furthermore, are the peptide interactions
likely to be mimicked by small organic
molecules? Substantial insights into mo-
lecular recognition have been afforded by
structural studies of peptides that bind
protein surfaces, and several of these
structures are shown in Figure 4.

Peptides containing at least one inter-
nal disulfide bond have been selected

Selection

sapndad jusiayp ; 0l

coat protein, thus enabling polyvalent binding interactions that magnify the apparent dffinities of initial weak

binders. High-throughput phage ELISAs in a 96-well format can be used to screen hundreds or even thousands
of clones to identify genuine binders for sequence analysis, and the sequences of many unique binders can be
used to identify dominant motifs that share sequence homology. This information can be used to design

tailored second-generation libraries for affinity maturation in a low-valency format by fusion to the gene-3
minor coat protein. Stringent selections enable discrimination on the basis of intrinsic monovalent affinity, and
the affinities of phage-borne peptides can be accurately determined with modified phage ELISAs. In the end,
this ensures that synthetic peptides designed on the basis of phage data are likely to be potent binders.

usually in good agreement with the intrinsic affinities of free
peptides; this allows continuous monitoring of the selection
process with rapid phage ELISAs.™* '3 Once the selection process
has identified potent sequences, peptides are synthesized and
subjected to detailed analysis of structure and function. When
combined with high-throughput sequencing and assays, the
phage-displayed peptide libraries may be used to simultane-
ously evolve several distinct families of binding peptides that
could potentially lead to the discovery of multiple ligands for a
single target protein. A collection of unique phage-derived
peptides that bind to a single target can be expected to provide
useful probes of the binding surface.

ChemBioChem 2003, 4, 14-25

consistently against extracellular targets.
The constraints imposed by disulfide
bonds can stabilize peptide solution
structures and thus yield preorganized
binding surfaces. Although structure is
uncommon for peptides in general, the
observation that selection for binding to
extracellular proteins frequently yields
structured peptides is noteworthy!'> 7. 20. 23. 241 gnd suggests that
preorganized structure may be a prerequisite for high-affinity
binding to such surfaces. Peptides that bind to a variety of
targets have often been found to have 3 hairpin or turn - helix
structures, but other unusual folds have also been observed
(Figure 4).13 15-17.19-251 While a comprehensive review of the
peptide — phage literature is beyond the scope of this article, the
major points raised by these studies can be addressed by
examining the substantial structural database of complexes
between vascular endothelial growth factor (VEGF) and various
ligands. Specifically, we will compare the interactions between
VEGF and two different phage-derived peptides to those that
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Figure 4. Phage-derived peptide antagonists and agonists for which structures
have been determined free in solution and/or bound to their target proteins.
Elements of secondary structure are shown as ribbons and disulfide-bonded
cysteine side chains are shown in yellow. The target proteins are indicated above
the peptide structures in each case. The PDB accession codes for each peptide are
as follows: IgG-Fc, 1DN2,;2" FceRl (hairpin peptide), 1JBF;?*! EPOR, 1EBP,!
a-bungarotoxin, THAA;?? IGF-1, 1LB7;"3 FVlla, 1DVA;?% gp41, 1CZQ,"! IGFBP-1,
1GJE, 3% VEGF (v107), 1 KAT;?5! FceRl (“zeta” peptide), 1 KCO,¥ VEGF (v108),
1VPPB4 This figure was produced with the program MOLMOL.>

VEGF makes with one of its receptors or with neutralizing
antibodies.

VEGF is a primary modulator of physiological angiogenesis
that is also associated with pathological states such as cancer,
rheumatoid arthritis, and psoriasis.?®! VEGF exists in solution as a
homodimer and functions by binding to and inducing dimeriza-
tion of its tyrosine kinase receptors, Flt-1 (fms-like tyrosine
kinase-1; VEGFR-1) and KDR (kinase-insert domain containing
receptor; VEGFR-2). Activation of KDR alone is
sufficient to stimulate vascular endothelial cell
mitogenesis.?”! Flt-1, on the other hand, may act as
a “decoy” receptor that is able to negatively A
regulate angiogenesis by sequestering VEGF.?® A
high-resolution crystal structure of VEGF in com-
plex with the second Ig-like domain (D2) of Flt-1
(FIt-15,) revealed symmetrical receptor-binding
sites located at the poles of the dimeric VEGF
receptor-binding domain,”?? and alanine-scanning
mutagenesis revealed very similar KDR-binding
sites.’% 3! The binding sites for several antibodies ,.:‘7‘
that bind and neutralize VEGF have also been
shown to overlap with the KDR- and Flt-1-binding
sites.31-33

In order to discover novel antagonistic mole-
cules, a library of disulfide-constrained peptides
was sorted against VEGF. Three distinct peptide
classes were isolated and affinity matured, and it
was shown that each class not only binds to VEGF
but also blocks its interactions with KDR.'®

S.S. Sidhu et al.

v107 (class 3; GGNECDIARMWEWECFERL), have subsequently
had their structures determined in complex with the VEGF
receptor-binding domain (Figure 5A and B).?> 34

The structures reveal that the binding sites for both peptides
overlap significantly with the receptor and antibody binding
sites and with each other; this latter fact is consistent with the
observation that v108 competes with v107 for binding to
VEGF."® The contact between v108 and VEGF involves primarily
main-chain-mediated hydrogen bonds, while in contrast, v107
makes extensive hydrophobic side-chain-mediated contacts
with VEGF. Neither binding mode is unique, however, since
each peptide complex resembles another structurally charac-
terized VEGF complex. The v107 interaction with VEGF is most
similar to that observed for Flt-1p,,2% while the binding mode of
v108 most closely resembles that of an antigen-binding frag-
ment (Fab) from a neutralizing anti-VEGF antibody (Figure 5C
and D).B2331 A survey of the literature shows that these results
are not uncommon, in that most binding sites for phage-derived
peptides overlap with and block binding sites for natural ligands
(see Figure4). This suggests that protein-binding sites may
have physical properties that predispose them to ligand bind-
ing." 33

Although the modes of interaction are similar, the dissociation
constant (Ky) values of the phage-derived peptides (0.6 or 2.2 um
for v107 or v108, respectively)'® 2! are significantly weaker than
the 2-10 nm reported for Flt-1,, and 13 nm or 0.11 nm reported
for a humanized anti-VEGF Fab (Fab-12) or its affinity-optimized
version (Fab-Y0317), respectively.?> 233 Nevertheless, it is
impressive that phage display can identify a 19-residue peptide,
v107, that buries 1167 A% of hydrophobic binding surface. The
structure of the v107-VEGF complex further reveals that the
four N-terminal residues of the peptide are disordered and do
not contact the protein, which suggests that a 15-residue
peptide would be sufficient for binding. In contrast to the v107

Figure 5. Structures of the VEGF receptor-binding domain in complex with peptide and protein
ligands. A) Crystal structure of the VEGF -v108 complex (PDB accession code 1VPP). B) Solution
structure of the VEGF -v107 complex (PDB accession code 1 KAT). C) Crystal structure of VEGF in
complex with the Fab fragment of a neutralizing antibody (PDB accession code 1CZ8). Only the Fv

region of the Fab is shown. D) Crystal structure of the VEGF - Flt-1,, complex (PDB accession code

Representatives of two of these peptide classes,
v108 (class 2; RGWVEICAADDYGRCLTEAQ) and

20

1FLT). In each case the VEGF monomers are colored red and blue, respectively, and the bound
ligands are colored yellow. This figure was produced with the program MOLMOL.?*!

ChemBioChem 2003, 4, 14-25
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complex, Flt-1p, uses 101 residues to bury a total surface area of
1672 A2 Notably, all the VEGF residues that contact v107 in the
peptide complex also contact Flt-1 in the receptor complex.
Equally remarkable is the fact that a 20-residue peptide, v108,
buries a total surface area of 1350 A2 on binding VEGF, while the
receptor-blocking Fabs bury 1750-1800 A% In this case, the
seven C-terminal residues of the peptide have no contacts with
VEGF. Of these seven residues, Cys15 is clearly required to
maintain the bound structure of the peptide in the complex, but
truncation of the four C-terminal residues has only a minimal
effect on VEGF binding affinity.!"® 3¥ While only 5 of the 13 VEGF
residues in the interface with v108 make contacts with Flt-1p,, 12
of these 13 residues are also involved in contacts in the VEGF -
Fab complexes. As noted above, the v107 and receptor
interfaces are dominated by hydrophobic interactions. In con-
trast, up to 13 intermolecular hydrogen bonds are observed in
the interface of the v108 complex while 10-12 are found in the
Fab complexes. (Note that v108 does not bind in a unique
conformation and that two slightly different sets of peptide -
protein interactions are observed in the crystal structure of the
complex.) Most notably, all VEGF atoms involved in conserved
hydrogen bonds in the v108 complex also form hydrogen bonds
to the Fabs.

Functional characterization of the VEGF-v107 interface was
achieved by alanine scanning both the peptide and VEGF
contact surfaces.””? Comparison of the functional epitopes on
VEGF for binding to v107 or Flt-15, revealed some distinct
differences but also showed that peptide and receptor binding
require similar numbers of functionally important residues.
Interestingly, in each case, alanine substitution of six VEGF
residues resulted in >10-fold reductions in binding affinity;
important v107 binding determinants include Tyr21, Tyr25,
Lys48, Leu66, Met81, and Met83, while the most important Flt-
1p,-binding determinants are Phe17, Met18, Tyr21, GIn22, Tyr25,
and Leu66 (Figure 6B and C). Apparently, although the VEGF
structural epitope for v107 binding is ~30% reduced relative to
that for Flt-1p, binding, the VEGF functional epitope for peptide
binding is no more localized than that for receptor binding,
which suggests that transfer of this novel peptide epitope to a
potent small-molecule scaffold may be difficult.

Compounding this difficulty is the observation that the
energetic contributions of the hydrophobic side chains of v107
to VEGF binding are not additive.?™ A complete alanine scan of
the hydrophobic residues that constitute the structural binding
epitope of v107 revealed that the sum of the individual side-
chain contributions (AAG > 18 kcal mol~") is significantly greater
than the total binding energy (AG=~—8kcalmol~'), which
suggests that cooperativity exists between peptide structural
stabilization and binding. In particular, the side chains of Trp11
and Phe16 have significant intramolecular contacts with each
other and with the surrounding hydrophobic side chains (lle7,
Met10, Trp13, and Leu19; Figure 6 A). Substitution of either of
these side chains with the methyl group of alanine results in
> 2000-fold reductions in binding affinity for VEGF; a substantial
fraction of this loss probably results from destabilization of the
bound peptide conformation. Unfortunately, in this case, there is
no way to check the structural consequences of the alanine

ChemBioChem 2003, 4, 14-25

Figure 6. Comparison of alanine-scanning data for A) v107 binding to VEGF,

B) VEGF binding to v107, and C) VEGF binding to Flt-1p,. Residues are colored
according to the relative IC,, values of their respective alanine mutants as follows:
red, > 30-fold increase (AAGy,_,. > 2.0 kcalmol~"); orange, 10 - 30-fold increase
(1.3< A4Gp,_ < 2.0 kcalmol™'); yellow, 3 - 10-fold increase (0.6 < AAG,_ <
1.3 kcalmol™'); cyan, < 3-fold increase (AAG,_,. < 0.6 kcalmol~').

substitutions on the free peptide because v107 does not have a
well-definable structure in the absence of VEGF.

Results similar to those for the VEGF-v107 interface have
been observed in other systems. For instance, the functional
binding epitope for the phage-derived peptide E-76 on coag-
ulation factor Vlla (FVIIa) is also not well localized.?® In addition,
peptide alanine-scanning data show that the sum effect of
substituting interface residues (as identified from a crystal
structure of the FVlla - E-76 complex) with alanine is significantly
greater than the total binding energy.?? In this case, NMR
spectroscopy structural data confirmed that some of the peptide
mutants are structurally perturbed relative to E-76. Such non-
additivity in the effects of alanine substitutions seems to be
common amongst phage-derived peptides (at least in the
limited number of cases in which alanine-scanning data are
reported),?% 23 24361 and it is most likely the “price that must be
paid” for minimizing a protein scaffold to a peptide scaffold (that
is, important protein-binding determinants on the peptide are
frequently also important for maintaining peptide structure). In
particular, members of the turn-helix structural class of
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peptides,'> 1% 2025 361 which includes v107, each have a cluster of
hydrophobic residues on one face that has been shown to be
important for peptide structural stability?® 3¢ and for direct
contact with respective target proteins.!'® 20 2%

The fact that phage-derived peptides adopt VEGF-binding
interactions similar to those observed for natural protein ligands
is probably not due to random chance; rather, it suggests that
only limited regions of the VEGF surface can support high-
affinity binding interactions. The phage-derived peptides are
significantly smaller than either antibodies or proteins, but they
still bind to the same epitopes. An illuminating comparison can
be made between the interfaces described above and data
obtained from crystal structure analysis of protein - protein
complexes. Examination of 32 protein dimer structures revealed
that the size of the protein - protein interfaces ranged from 368
to 4761 A7 while a similar analysis of protease inhibitor
complexes and antibody - protein-antigen complexes showed a
range of 1600 + 350 A28 Thus, VEGF-binding peptides present
interaction surfaces on reduced scaffolds, but the buried surface
areas in these peptide - protein interfaces (= 1000A?) fall within
the observed norms for protein-protein interactions; this
suggests that it will be difficult to develop small molecules that
bind to VEGF with high affinity.

The inability of phage display to identify small-molecule-
binding sites on extracellular proteins is not due to a lack of
epitopes being presented to the target protein. Increases in
library diversity to greater than 10" individual members have
not changed the types of peptides being discovered, so it
appears that peptides that resemble “miniproteins” are probably
the only tight binders to many extracellular proteins. As always,
there are exceptions (for example, the integrins) in which
extracellular proteins have evolved binding sites for small
epitopes, but the majority of extracellular proteins studied to
date have given results similar to the VEGF example. Thus we
conclude that, if diverse peptide libraries only yield ligands
that present binding surfaces characteristic of a larger protein,
the protein is unlikely to be a good target for small-molecule
ligands.

4. Mapping Intracellular Protein - Protein
Interactions

While most extracellular protein-protein interactions involve
large epitopes formed by discontinuous regions of primary
sequence, there are numerous intracellular interactions that
depend on the specific recognition of small, continuous
epitopes within large proteins. Indeed, many distinct families
of intracellular protein domains have evolved to recognize linear
epitopes with particular characteristics.?¥ Proline-rich sequences
are recognized by at least two different families: Src homology 3
(SH3) domains“? and WW domains (named for two highly
conserved tryptophan residues within the family consensus).*"
Another common binding motif consists of phosphotyrosine-
containing sequences, which are recognized by Src homology 2
(SH2)¥? and phosphotyrosine-binding (PTB) domains.*3! PDZ
domains (so-called because they were first recognized in the
proteins postsynaptic density-95, discs large, and zonula occlu-
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dens-1) predominantly bind to specific C-terminal sequences.”!
These and other peptide-binding domains are small compact
modules that are usually found imbedded in larger proteins,
often with other modules of their own or different types. Acting
in concert, multiple modules can bind multiple partners and thus
assemble and localize intricate signaling complexes and intra-
cellular architecture.

Phage-displayed peptide libraries have proven to be ideal
tools in analyzing these intracellular peptide-binding domains. In
many cases, small unconstrained peptides (four to eight
residues) have proven to be remarkably specific, high-affinity
ligands. We discuss the use of phage display in exploring ligand
specificity in several domain families where peptides have been
used to understand the relationships between structure and
function, and also to predict and validate natural protein —pro-
tein interactions.

Several studies have focused on identifying peptide ligands
for SH3 domains.*> 4 These analyses have usually yielded
proline-rich sequences similar to those found in natural SH3
ligands, but notably, some phage-derived peptides were found
to bind with higher affinity than natural ligands.*® While early
studies confirmed the SH3-binding specificities defined by other
methods, more recent work has identified binding motifs that do
not match the “classical” consensus sequences for SH3 ligands,
thereby suggesting that SH3-binding specificities may be more
diverse than originally thought.*” Studies of WW domains have
also been successful in identifying binding sequences that
resemble natural proline-rich ligands.” In many of these studies,
phage-derived sequences have been used to predict natural
binding partners by database mining, and also to guide
mutagenesis and structural studies that shed further light on
the structural features that mediate affinity and specificity. In a
recent report, the specificities of approximately 20 yeast SH3
domains were studied with both peptide — phage and yeast-two-
hybrid methods, and the two data sets were used to generate
independent protein interaction networks by database mining
of the complete yeast genome.”! By comparing the two maps to
each other, it was possible to obtain a third interaction network
that represents the intersection of the two data sets and, thus, is
likely to contain a greater proportion of physiologically relevant
interactions.

Reversible tyrosine phosphorylation and dephosphorylation
regulates many intracellular signaling pathways by modulating
enzyme activities and creating or eliminating protein - protein
interactions. These effects are often mediated by protein
domains that bind to particular phosphotyrosine-containing
sequences.* * While it has been difficult to investigate these
interactions with phage display due to the lack of protein
phosphorylation in E. coli, it has been shown that phage-
displayed peptide libraries can be phosphorylated in vitro.
These phosphorylated libraries have been used to study the
binding specificities of both SH2 and PTB domains.”® In each
case, tyrosine-containing consensus sequences were identified
for the different domains. These results demonstrate that in vitro
posttranslational modifications may prove useful in further
extending the utility of phage display and other combinatorial
methods.
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PDZ domains occur in a large variety of eukaryotic proteins,
and in general, they are responsible for assembling other
proteins into functional complexes localized at specific subcel-
lular sites, such as epithelial tight junctions or neuronal synaptic
densities.®" In an early work, we developed libraries of novel
C-terminally phage-displayed peptides to investigate the bind-
ing specificities of two of the six PDZ domains from a membrane-
associated guanylate kinase (MAGI-3).52 Each domain bound
specifically to small peptides and the binding specificities were
very different from each other, which suggests that the two PDZ
domains bind different ligands. Like many PDZ-containing
proteins, MAGI-3 contains multiple PDZ domains, and thus, a
single MAGI-3 protein probably acts as a multiligand scaffold to
assemble multicomponent protein complexes.

More recently, we used C-terminal peptide — phage libraries to
study the binding specificity of the single PDZ domain of
Erbin,®¥ a protein that was originally identified as a putative
ligand for ErbB2 in a yeast-two-hybrid screen.> ErbB2 is a
tyrosine kinase related to the epidermal growth factor receptor
and is a causal factor in the development of some cancers,* and
our original intent was to discover high-affinity ligands for the
Erbin PDZ domain that could be used to disrupt its interaction
with ErbB2. Suprisingly, phage display revealed a binding
consensus for Erbin PDZ ([D/E][T/SIWV o) that differed signifi-
cantly from the C-terminal sequence of ErbB2 (DVPV qoy)-
Furthermore, searches of genomic databases revealed that the
phage-derived consensus closely matched the C termini of o-
catenin and two related homologues (ARVCF and p0071), which
all terminate in an identical sequence (DSWVqop). Since these
catenins are also mediators of intracellular signaling,*® it seemed
reasonable that they could interact with Erbin in a physiolog-
ically relevant manner. Subsequent in vitro and in vivo experi-
ments clearly demonstrated that Erbin binds to d-catenin and its
homologues with high affinity and specificity, while its affinity for
ErbB2 is significantly lower. Furthermore, the in vivo interaction
between Erbin and ARVCF was successfully disrupted by intra-
cellular delivery of phage-derived high-affinity peptides, a fact
suggesting possible utility for peptide ligands in intracellular
target validation.

In studying the relationships between PDZ domain structure
and function, we have made extensive use of in vitro affinity
assays with synthetic peptides to accurately map the determi-
nants of affinity and specificity. Our results suggest that PDZ
domains can use up to five side chains at the C termini of
proteins to bind with high affinity to their cognate ligands while
excluding other closely related sequences. This point was
illustrated by comparing the binding specificity of the Erbin
PDZ domain to that of MAGI-3 PDZ2. Peptide - phage libraries
revealed that these two domains recognize C-terminal consen-
sus sequences that differ at only one site in the last four positions
([D/EIT/SIWV gon Vversus [C/V/I[T/SIWV oy for Erbin PDZ or
MAGI-3 PDZ2, respectively). However, this single difference was
sufficient to alter affinity by at least two orders of magnitude; a
peptide bearing a Glu side chain (TGWETWVyo,) interacted
exclusively with the Erbin PDZ domain while a peptide in which
Glu was replaced with lle (TGWITWV o) interacted only with
MAGI-3 PDZ2.53! Recent three-dimensional structures and ho-
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mology models have also shown that, at least in some cases, PDZ
domains can make specific contacts with up to five C-terminal
side chains.”>>7 As shown for MAGI-3 PDZ2, the peptide main
chain makes antiparallel S-sheet interactions with the PDZ
domain main chain and the terminal carboxylate is inserted into
a “carboxylate-binding loop” (Figure 7), and these interactions

Figure 7. Molecular surface of a model of the MAGI-3 PDZ2 in complex with a
peptide (GYTWV).®? Protein residues conferring binding affinity and/or specificity
are colored: yellow, the carboxylate-binding loop that interacts with the
C-terminal residue Val5; orange, residues in 3 strands 2 and 3 that interact with
the peptide side chains Trp4 and Val2; cyan, a conserved His residue that forms a
hydrogen bond with Thr3.

are conserved amongst essentially all PDZ domains. The peptide
resides in a groove on the PDZ domain surface and the peptide
side chains can make contacts on either side; these contacts
confer specificity to the interaction, since the types of ligand side
chains accepted by a particular PDZ domain will depend on the
nature of the protein surface. The fact that PDZ domains bind
with high affinity and specificity to small linear peptides
suggests that they may be valid small-molecule targets, and it
is even possible that peptide ligands could be used as starting
points for small-molecule design.

5. Summary and Outlook

In this review, we have highlighted the utility of phage display
for investigating protein - protein interactions. Shotgun-scan-
ning technology makes it possible to scan an extensive interface
in detail in a matter of weeks, and peptide — phage libraries allow
for the selection of unique ligands in a comparable time frame.
These advances are accelerating the exploration of protein
binding surfaces at a time when genomics and proteomics are
revealing thousands of novel protein —protein interactions. We
believe that phage display not only enables the rapid analysis of
natural interactions, but also allows us to assess the potential of
a binding surface as a small-molecule target.

While recognizing that we should not overgeneralize on the
basis of experiences with a limited number of model systems, we
feel that some trends have emerged. One observation is that,
while protein mutagenesis studies have identified smaller
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functional binding epitopes within large protein - protein inter-
faces, phage-displayed peptide libraries nonetheless yield bind-
ers with large contact surfaces in the majority of cases. When
phage display yields only peptide ligands with extended binding
surfaces, the validity of a protein as a small-molecule target is
questionable. In contrast, proteins that bind to small, continuous
epitopes may be very attractive small-molecule targets. While
the results to date indicate that significant challenges still exist in
developing small-molecule inhibitors of many protein - protein
interactions, the good news is that phage display can be used to
rapidly screen potential targets to identify those proteins with
binding profiles that indicate the existence of potential binding
sites for small molecules, and these insights should be useful in
guiding medicinal chemistry efforts.
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