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Abstract

We developed a process to produce novel interactions between two previously unrelated proteins. This process selects
protein scaffolds and designs protein interfaces that bind to a surface patch of interest on a target protein. Scaffolds with
shapes complementary to the target surface patch were screened using an exhaustive computational search of the human
proteome and optimized by directed evolution using phage display. This method was applied to successfully design
scaffolds that bind to epidermal growth factor receptor (EGFR) domain I, the interface of EGFR dimerization, with high
reactivity toward the target surface patch of EGFR domain Il. One potential application of these tailor-made protein
interactions is the development of therapeutic agents against specific protein targets.
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Introduction

Protein interaction networks evolve over time to create new
protein interactions, which results in the dynamic rewiring of links
among pre-existing nodes [1-3]. The current approaches to
develop novel protein interactions are based on gene duplication
and gene modification [1]. Gene duplication results in the addition
of both a network node (i.e., protein) and links (i.e., interactions) to
the protein interaction network [2,4,5]. Gene modification, which
usually involves point mutations, results in the addition of links to
the network [1,6].

Recent attempts to develop artificial binding proteins, which are
based on a single protein framework, have been successful [7-9].
In these studies, a large number of random mutations have been
introduced into predefined structural regions of protein frame-
works, such as fibronectins [10-13], lipocalins [14-16], and the
ankyrin repeat protein motif [17-19]. However, although the
scaffolds constructed in these studies have shown affinity to various
targets, the selection of different protein frameworks specific to a
predetermined target surface patch has not been successful except
in a recent study that developed protein binders for influenza
hemagglutinin [20].
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To mimic the evolutionary process by which protein networks
evolve, we adopted the basic mechanism by which antibodies are
produced against antigens. When animals are exposed to an
antigen, B cells that express a low-affinity surface immunoglobulin
are selected. During rapid B-cell proliferation, random mutations
are introduced into the immunoglobulin sequences, and clones
that express antibodies with high affinities are preferentially
selected. To bind a specific antigen with high specificity and
affinity, antibodies form a complementary shape to the target
surface patch of the antigen using complementarity determining
regions (CDRs). The amino acids in CDRs can produce extremely
diverse structures, each of which forms the complement shape that
recognizes a specific epitope (Figure 1A).

We have developed a strategy using protein docking simulation
that imitates this process of antibody generation to select human
protein scaffolds with complementary shapes (Figure 1B). This
procedure designs novel protein interactions by selecting human
protein scaffolds with shapes that complement a predetermined
surface patch on a target protein (Figure 1C). In this procedure,
key residues are optimized by using an amino acid residue
randomization and phage display. The successful implementation
of this strategy enables the reproduction of novel protein—protein
interactions in the laboratory setting.
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Figure 1. Design scheme of target-specific scaffolds. (A) Synthetic antibodies can achieve extremely diverse structures through sequence
randomization of the complementarity determining region (CDR). Among diverse structures, only antibodies with complementary shapes are able to
recognize and bind to a particular epitope. (B) By imitating synthetic antibody generation, we devised a strategy to select target-specific scaffolds
from the human proteome with shapes that are complementary to the target surface patch. (C) The flow chart shows a two-step strategy to obtain
target-specific scaffolds (middle). In the first step, a virtual screening of a human protein scaffold library is conducted to determine a framework
specific to the surface patch of interest. Target specific-scaffolds with shapes complementary to the surface patch of interest are selected from the
scaffold library through protein docking simulations (upper right). The scaffold-target docking structures with the most favorable complex formation
energies are further evaluated (left). In the second step, the scaffold interface in the selected scaffold-target model is optimized by sequence

randomization and phage display using directed evolution (lower right).
doi:10.1371/journal.pone.0092513.g001

We have applied this method to the development of proteins
that bind epidermal growth factor receptor (EGFR) domain II.
EGFR, which is also known as ErbB1 and HERI, is one of the
most extensively studied proteins, and plays key roles in many
cancers, including colorectal and lung cancer [21-24]. EGFR
undergoes a dramatic conformational change when activated to
form homodimers or heterodimers with other receptors in the
EGFR family [25,26]. In the absence of the EGF ligand,
monomeric EGFR exists in a conformational equilibrium of
tethered and untethered states (Figure 2A) [27]. The binding of
EGF stabilizes EGFR in the untethered conformation and exposes
domain II, which is otherwise occluded by intramolecular
interactions, to form the homodimeric interface (Figure 2A) [25].
Binding EGFR domain II when EGFR is in the transition state
inhibits EGFR activation. For example, monoclonal antibody 806
primarily binds domain II of an EGFR mutant [28-30].

Here, we generated six different protein binders from two
different frameworks that have been computationally screened
from the human proteome. We show that these binders have a
high affinity for EGFR and EGFR fragments that harbor domain
II. Moreover, we show that treatment with exogenous EGF further
increases the reactivity of these binders to EGFR, which might
suggest that these protein binders react with EGFR 1n its transition
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state. This ability to develop artificial protein binding pairs
provides us with an experimental tool to create new protein
interactions in a laboratory setting. Our results suggest that the
non-interface surface of a protein can be changed into a de novo
protein interface.

Results

Computational design scheme

We hypothesized that new protein interactions can be created in
nature when two proteins share surface patches with complemen-
tary structures, and critical hotspot residues on these complemen-
tary surfaces are changed to more energetically favorable residues.
We therefore devised a two-step strategy to create novel protein-
protein interactions in a laboratory setting (Figure 1C). The first
step involved virtual screening of protein scaffolds to find those
with structural complementarity to the target surface patch and
with favorable complex formation energy. In the second step, we
improved the reactivity between the scaffold and target proteins
using a directed evolution approach (second part of flowchart in
Figure 1C). In this two-step strategy, we used the computational
components to assist the directed evolution by selecting protein
frameworks and narrowing down the potential interfacial residues
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Figure 2. Scaffolds 10ZJ and 1RK9 have shapes complementary to EGFR domain Il. (A) The inactivated EGFR monomer exists in
equilibrium between the tethered and untethered conformations. The binding of EGF (pink) stabilizes the untethered monomers, which exposes the
dimerization arm of domain Il (green) and activates EGFR to form homodimers at the domain Il dimeric interface (domain I, blue; domain Il, green;
domain I, yellow; domain 1V, gray). For clarity, domain Il on the right-hand EGFR in the homodimer is shown in orange. (B) EGFR activation can be
blocked by binding domain II, which is exposed in the untethered conformation, with the designed scaffold (magenta), which sterically interferes
with EGFR dimerization. (C) The docking conformation of 10ZJ-EGFR, which was selected from the virtual screening procedure (left), and the
enlarged 10ZJ structure (magenta). (D) The docking conformation of TRK9-EGFR, which was selected from the virtual screening procedure (left), and
the enlarged 1RK9 structure (magenta). Energetically unfavorable residues that were selected for optimization are depicted in blue. (E-F) Amino acid
sequences for 10ZJ and 1RK9, respectively. The blue residues represent amino acid residues that were energetically unfavorable for EGFR complex
formation. (G-H) The complex formation energy of the scaffold interface residues upon the formation of the 10ZJ-EGFR and 1RK9-EGFR docking
complexes, respectively. The blue bars depict the energetically unfavorable residues that were selected for optimization. The horizontal axis shows
each amino acid in the scaffold interface, and the vertical axis represents the energy contribution (delta G) to the complex formation.
doi:10.1371/journal.pone.0092513.g002

based on the protein structure and the calculation of the binding
energy.

Virtual screening of scaffolds complementary to EGFR
domain I

We first constructed a massive i silico library of human protein
scaffolds covering virtually all known human protein folds (see the
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Materials and Methods). The resulting library consisted of 716
semi-redundant human protein structures (Dataset S1 in File S1),
which we used to screen for scaffolds that bind the target surface
patch.

Subsequently, we conducted a protein docking simulation using
the untethered monomer structure of EGFR, specifically chain A
of the crystal structure of EGFR (Protein Data Bank [PDB] ID:
1IVO), to select scaffolds from the scaffold library with a surface
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shape complementary to EGFR domain II. All 716 scaffolds were
evaluated using PatchDock [31,32]. For this rigid-body docking
simulation, we assumed that the proteins are not undergoing large
conformational changes upon binding.

Each docking attempt generated multiple binding modes, which
were scored and ranked by PatchDock based on the complemen-
tarity of the protein—protein interface of the docking structures.
We found that 708 out of 716 scaffolds (98.9%) generated more
than 10 docking models. PatchDock determines the number of
binding modes based on the number of complementary protein
surface patches between the two input proteins. To select docking
conformations with good shape complementarity, we chose the top
10 models for each scaffold for a total of 7,080 docking
conformations. We examined the interface residues of each
complex to select models in which EGFR domain II was involved
in the complex formation. For this step, we chose docking
structures in which at least 10 of the 28 residues of EGFR domain
IT were buried in the interface, which resulted in a total of 1,680
docking complexes selected from 340 scaffolds.

Selection of scaffolds with favorable binding energy and
identification of unfavorable key interface residues

From the 1,680 selected docking complexes, the two scaffolds
with the most favorable binding energies (Figure 1C, left) were
selected: the B chain of 10ZJ (Smad3 MHI1 domain) [33]
(Figure 2C) and the A chain of 1RK9 (human alpha-parvalbumin)
[34] (Figure 2D). The binding energies were evaluated with the
EGAD program, which was developed to calculate the residue
interaction energies [35]. The amino acid sequences of 10Z]J and
1RK9 are shown in Figure 2E and 2F, respectively. The energy
contributions of each interface residue of 10Z]J (Figure 2G) and
IRK9 (Figure 2H) were assessed by EGAD to select residues
unfavorable to complex formation. Five unfavorable interface
residues from 10ZJ and six unfavorable interface residues from
1RK9 were selected for randomization (shown in dark blue on the
scaffold structures in Figure 2C and 2D, respectively, and in the
amino acid sequences in Figure 2E and 2F, respectively).

Interface refinement through directed evolution using

sequence randomization and phage display

We optimized unfavorable interaction residues on the surface of
scaffolds 10ZJ and 1RK9 through residue-specific sequence
randomization (Figure 1C). High-complexity phage display
libraries for 10Z] and 1RK9 were constructed, and the five
critical residues of 10Z] and six residues of 1RK9 were fully
randomized to cover all possible nucleotide combinations. The
final size of the 10Z]J library (4.0 x 10° combinations) was sufficient
to cover all possible codon combinations. The 1RK9 library,
which theoretically needed 1.1x10° combinations to cover all
possible combinations, contained 8.7 x10® combinations.

The libraries were subjected to five rounds of biopanning
against EGFR-crosslinked magnetic beads to enrich for binders.
Clones from the output titer plate of the final round of biopanning
were subjected to phage-ELISA (Figure 3A). Five clones of 10Z]
and one clone of 1RK9 were selected for further analysis because
their reactivity was significantly higher than that of wild-type
10Z]J and 1RK9 phages. Altered amino acid sequences of the
selected 107Z] and 1RK9 mutant clones are shown in Figure 3B
and 3C, respectively. No consensus sequences were found among
the high-reactivity binders of 10Z]J. However, we found that bulky
amino acids (e.g., Glu, Lys, Asp) were replaced by smaller amino
acids (e.g., Ala, Val, Ser).
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Binders showed reactivity against EGFR fragments
containing domain Il

We confirmed that the binders obtained from our directed
evolution approach were spectfic to the EGFR domain II by using
fragments of the protein. As shown in Figure 4, all six binders
showed reactivity to an EGFR fragment containing domains I-1V
(i.e., extracellular region of EGFR, dark blue) and an EGIFR
fragment containing domains I-II (light blue). Human IgG,; Fc
fragments and bovine serum albumin (BSA) were used as controls
because the EGFR fragments were expressed and purified as Fc
fusion proteins. We were unable to express a sufficient amount of
an EGFR fragment containing domain II only.

To further test the specificity of selected binders, we generated
chimeric EGFR fragments with the EGFR domain II replaced
with domain II of ErbB2 or ErbB4 (Figure 5A). While all six
binders showed reactivity to the fragments containing EGFR
domain II (green bars), they did not show reactivity to the chimeric
fragments containing ErbB2 domain II (orange bars) or ErbB4
domain II (dark blue bars, Figure 5B). Cetuximab, which binds to
EGFR domain III [36], retained its reactivity to the chimeric
EGFR fragments. Thus, the reactivity of the binders to EGFR
depended on the presence of EGFR domain II.

We evaluated whether the scaffold binders showed higher
reactivity to EGFR in the presence of the ligand EGF, which
stabilizes EGFR in the tethered form to expose domain II
(Figure 6A), using phage-ELISA with or without the addition of
EGF. All six clones showed higher reactivity in the presence of
EGF (pink bars) than in its absence (black bars; Figure 6B). This
increased reactivity was not observed for wild-type 10Z]J, wild-
type 1RKO, or the irrelevant control phage. To confirm these
results, we performed phage-ELISA with eight-fold replication
(ie., eight samples for each phage clone) and found that the
increased reactivity of the clones with the EGF treatment was
significant (P value=1.5x10"* by a Wilcoxon rank-sum test;
Table S1 in File S1).

We also evaluated whether the 10Z]J and 1RK9 clones showed
a similar increase In reactivity to the extracellular domain of
EGFR in the presence of EGF (Figure 6C). These results were
similar to those obtained with whole EGFR: clones showed a
higher affinity to EGFR domain I-IV in the presence of EGF
(orange bars) than in its absence (black bars; Table S1 in File S1).

Interestingly, EGF treatment decreased the reactivity of
cetuximab (i.e., a monoclonal antibody that targets EGFR) against
both the whole EGFR protein (P value =1.5x10"* Figure 6B)
and the EGFR extracellular domain (P value =0.01; Figure 6C;
Table S1 in File S1). This result is consistent with a previous
observation that cetuximab binds to EGFR domain III, which is
occluded by the binding of EGF [27].

Discussion

In this study, we demonstrated a process to create protein
mteractions between EGIFR domain II and computationally
designed protein scaffolds. The two scaffolds, 10Z]J and 1RK9,
previously had no common features except shape complementarity
and favorable interaction energies with the target structure, EGFR
domain II. By mutating several i silico-selected residues that had
contributed to the unfavorable binding energies, we were able to
produce novel protein—protein interactions for both 10Z] and
IRK9 with EGFR domain II. We showed that the selected
scaffolds specifically bound to EGFR domain II by showing that
they did not bind to chimeric EGFR in which domain II was
replaced by domain II of ErbB2 or ErbB4. We also confirmed that
the designed scaffolds had a higher affinity to whole EGFR protein
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and to the extracellular domain of EGFR in the presence of the
ligand EGF, which stabilizes EGFR in the untethered conforma-
tion to expose domain II [25,27]. Our results demonstrate how
non-interface protein surfaces can be changed to protein interfaces
in a process that is independent from gene duplication.

Interestingly, the replaced residues of the high-reactivity binding
scaffolds did not share properties of charge or hydrophobicity
(Figure 3B). However, in both scaffolds, large amino acids in the
binding interface were replaced with smaller amino acids. This
result indicates that, in a protein pair with overall shape
complementarity and favorable residue—residue interactions, the
creation of a de novo interface may involve the elimination of steric
hindrance on the surface patch. In nature, this change 1s likely to
occur through accumulated point mutations.

This study has implications for the production of docking
decoys. Protein docking simulation between two arbitrary proteins
can generate hundreds or thousands of docking models. Non-
native docking structures are usually considered artifacts. Howev-
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Figure 4. Binders generated from the 10ZJ and 1RK9 scaffolds
bind to EGFR fragments I-1V and I-Il. The reactivity of the protein
binders (wild-type and mutant clones) against EGFR domain I-IV (dark
blue) and EGFR domain I-Il (light blue) as assessed by phage-ELISA.
Error bars represent the standard deviation of triplicate phage-ELISA
experiments.

doi:10.1371/journal.pone.0092513.9g004
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er, these structures may be considered candidates for de novo
protein—protein interactions if these structures can be optimized to
improve binding affinity.

We believe that computationally designed scaffolds have
advantages over antibodies and conventional scaffolds. For
example, our strategy enables a predetermined surface patch to
be targeted at the start of the screening process. In contrast, the
binding patch of conventional antibodies and single framework-
dependent scaffolds is randomly determined. In addition, the
process introduced in this paper selects epitope-specific frame-
works. The structures that can be generated from this method are
therefore more diverse than antibodies and single-framework-
dependent scaffolds, because diversity in antibodies and single-
framework-dependent scaffolds is inherently limited to their
original template.

One limitation of our system is the need to produce a high-
resolution structure of the target protein during the screening of
the scaffold structure. Our method therefore cannot be used for
targets with unknown structures. However, the scaffolds that can
be generated using our computational method would make useful
probes to screen for antibodies that bind to an epitope of interest,
particularly because current epitope mapping methods are limited,
and the identification of an epitope is not always easy. Current
techniques, such as western-blot analysis, site-directed mutagen-
esis, and tandem mass spectroscopy, all have significant limita-
tions. The antibody—antigen binding mode can be directly
visualized at the atomic level by X-ray crystallography, which is
probably the most definitive approach for epitope mapping
[27,36,37]. X-ray crystallography is costly and time-consuming
[38], however, and it is not always possible to crystallize the
protein complex. Our computationally designed scaffolds can be
used to screen for epitope-specific antibodies for use in competitive
binding assays.

In summary, we used computational design and directed
evolution to induce protein interactions between two previously
unrelated proteins. Our results suggest that this method could be
successfully applied to develop epitope-specific binder proteins for
experimental or therapeutic use.
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Materials and Methods

Construction of the human protein scaffold library

To construct a library that covers virtually all known human
protein folds, we selected at most three representative protein folds
from each structural class in the Structural Classification of
Proteins database [39]. In structural classes consisting of fewer
than three protein folds, we selected every available protein fold.
However, only soluble and non-antibody proteins (molecular
weight 1040 kDa) were selected because low-molecular-weight
proteins are likely to be overexpressed [7]. We eliminated
membrane protein structures using annotations from the Protein
Data Bank of Transmembrane Proteins [40,41]. We eliminated
antibodies using a keyword search in the Protein Data Bank [42].
To avoid promiscuous binding, we excluded proteins with >10
known interactions in the annotated Human Protein Reference
Database [43]. We also excluded proteins that form homomulti-
mers (other than homodimers and homotrimers) based on the
SUBUNIT section of the Swiss-Prot database [44]. All the
databases used in this study were downloaded in March of 2007.

Screening scaffolds with shapes complementary to EGFR
domain I

To screen the scaffolds for shapes complementary to EGFR
domain II, docking simulations between each scaffold in the
library and the A chain of the human EGIR extracellular domain
(RCSB PDB ID: 1IVO) [26] were conducted using PatchDock
(version 1.3) [31,32]. For all other parameters in PatchDock,
default values were used. The top 10 docking models were selected
from each scaffold-EGFR docking result, and their binding modes
were analyzed to find docking structures in which EGFR domain
II was involved in the complex formation. A scaffold was
considered to contact EGFR domain II in the docking complex
if more than 10 of the following 28 residues of domain II were
involved in the complex formation: 229, 230, 239, 242, 244, 245,
246, 248, 249, 250, 251, 252, 253, 262, 263, 264, 265, 275, 278,
279, 280, 282, 283, 284, 285, 286, 303, and 304. This residue
numbering is consistent with the RCSB PDB structure of EGFR
(1IVO). A residue was considered to be involved in binding if the
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residue underwent a change in solvent-accessible surface area
>1 A? upon the formation of the docking complex between the
two chains [45,46]. The solvent-accessible surface area of each
residue was calculated using NACCESS [47].

Energy calculations for complex formation

The complex-formation energy and the energy contribution of
each contact residue of the scaffolds were calculated using the
EGAD program (April 2005 version) [35]. Using a docking
structure generated by PatchDock as the template, JOBTYPE
complex_formation_energy was used to calculate the binding
energy; for all other options, default values were used. From the
calculation result, the pseudo_DELTA_G_complex_formation
value was used to evaluate complex formation energy, and dG
values of level 1 interface residues were collected to determine
unfavorable residues. Level 2 residues indirectly involved in the
complex formation were excluded.

Random library construction

The genes encoding the EGFR-binding scaffolds 10Z] and
1RK9 were chemically synthesized (Genscript, Piscataway, NJ).
Using these DNA molecules as templates, the target residues were
randomized using NNK primers (Genotech Corporation, Dae-
jeon, Korea). The following sequences of primers were used to
randomize the five specific residues of the 10Z]J scaffold: primer 1:
5" GG GCC CAG GCG GCC ATG TCG TCC 3'; primer 2: 5’
CTT GAG TTT CTT GAC CAG GCT CTT GAC CGC CTT
CTC GCA 3’'; primer 3: 5" AGC CTG GTC AAG AAA CTC
AAG NNK ACG GGG CAG CTG GAC GAG 3'; primer 4: 5’
GGG ATT CAC GCA GAC CTC MNN CTT CTT CAT MNN
GAA GGC GAA MNN ACA CAG MNN CAT GGC CCG TAG
CTC GTG 3'; and primer 5: 5* GGC CGG CCT GGC CTG
TGT GGC GTG GCA CCAACA CAG GAG GTA GAA CTG
GTG TCT CTA CTC TCT GGT AGG GAT TCA CGC AGA
CCT 3'. The following sequences of primers were used to
randomize the six specific residues of 1RK9: primer 1: 5 G GCC
CAG GCG GCC ATG CGA ATG ACA GAC TTG CTG NNK
GCT NNK GAC 3'; primer 2: 5" CAG GCC GAC CAT TTG
GAA GAA MNN MNN GTG GTC GAA GG 3'; primer 3: 5’
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Figure 6. Binders have a higher reactivity to EGFR in the
presence of ligand EGF. (A) Ligand EGF stabilizes the untethered
form of EGFR to expose domain Il and increase scaffold binding
(domain |, blue; domain Il, green; domain llI, yellow; domain IV, gray;
EGF ligand, pink; scaffold, red). (B) The reactivity to EGFR in the
presence of EGF (pink) or the absence of EGF (black). (C) The reactivity
to EGFR fragment containing domains I-IV in the presence of EGF
(orange) or the absence of EGF (black) as assessed by phage-ELISA. Error
bars represent the standard deviation of phage-ELISA experiments
performed with eight-fold replication.

doi:10.1371/journal.pone.0092513.9g006
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CC TTC GAC CAC NNK NNK TTC TTC CAA ATG GTC
GGC CTG 3'; and primer 4: 5' GGCC GGC CTG GCC TTA
MNN TTC AGC CAC CAG MNN GG 3'.

The first polymerase chain reaction (PCR) amplification was
performed in a 50-pl reaction volume containing 10 pmol of
primers 1 and 2 or primers 3 and 4, 100 ng of the template DNA,
4 ul of 2.5 nM dNTP mix (Promega, Madison, WI), 10X reaction
buffer, and 0.5 pl high-fidelity Taq polymerase (Roche, Indianap-
olis, IN). The PCR protocol consisted of 25 cycles of denaturation
at 94°C for 15 s, annealing at 56°C for 30 s, and extension at
72°C for 90 s. Following 2% agarose gel electrophoresis, the
specific DNA band was excised and purified using the QIAEX II
Gel Extraction Kit (Qiagen).

To link the DNA fragment that was amplified with primers 1
and 2 with the DNA fragment that was amplified with primers 3
and 4, a second PCR amplification was performed in a 50-ul
reaction volume containing 100 ng each of the two PCR products,
10 pmol of primers 1 and 4, 4 ul of 2.5 nM dNTP mix (Promega),
10x reaction buffer, and 0.5 pl high-fidelity Taq polymerase
(Roche) using the same PCR protocol as described above. Linked
DNA was confirmed and purified as described above. For the
10Z]J scaffold, one more step of PCR was performed with
10 pmol of primers 1 and 5 and the second PCR product as the
template, using the same PCR protocol.

The PCR resulted in genes encoding the 10Z] and 1RK9
scaffolds randomized at the selected residues and containing Sfi 1
restriction sites at the 5" and 3’ ends. The scaffold DNA and
phagemid vector pComb3X (Barbas III, 2001) were digested with
Sfil (Roche) and purified using the QIAEX II Gel Extraction Kit
(Qiagen). The scaffold DNA and vector were ligated at 16°C
overnight using T4 DNA ligase (Roche). The phage display library
was constructed as previously described (Barbas III, 2001) the next
day.

Biopanning

Dynabeads (M-270 Epoxy, Invitrogen, Carlsbad, CA) were
washed twice with 100 pl of sodium phosphate (0.1 M), and
5%10” beads were conjugated to 15 ug of EGFR (Sigma, St.
Louis, MO) according to the manufacturer’s instructions. On the
following day, the beads were washed four times with phosphate
buffered saline (PBS; 137 mM sodium chloride, 10 mM phos-
phate, 2.7 mM potassium chloride, pH 7.4), incubated with 3%
BSA in PBS for 1 h, and washed with 0.5% Tween-20 in PBS
(PBST).

To enrich for specific EGFR binders, five rounds of biopanning
were performed as described previously (Barbas III, 2001) with
some modifications. Briefly, 107 beads were used for the first round
of biopanning, and 5x10° beads were used for consecutive rounds
of biopanning. EGFR-coated beads were incubated with 500 ul of
randomized phage library for 2 h at room temperature in the
rotator. A total of 10'% to 10" phages were subjected to the first
round of biopanning. Following an incubation period, the beads
were washed with 0.05% TBST (v/v) to remove unbound phage
one time during the first round of biopanning, three times during
the second and third rounds of biopanning, and five times during
the final two rounds of biopanning. Phages bound to the beads
were eluted by adding 30 ul of glycine-HCI (0.1 M, pH 2.2) twice
with 5-min incubations and neutralized with 2 M Tris-HCI
(pH 9.1). Freshly grown Escherichia coli ER 2738 cells were infected
with the eluted phages, and the phages were rescued by adding
10'? VCSM13 helper phage. Following an overnight culture, the
rescued phages were precipitated from the culture supernatant for
use in the next round of biopanning using polyethyleneglycol.
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During each round of biopanning, the numbers of input and
output phages were titrated.

Expression and purification of EGFR fragments

EGFR cDNA was obtained from the Korea Human Gene Bank
(Daejeon, Korea). Primers were synthesized (Genotech) to produce
DNA fragments of EGFR domains I-II and I-IV with $fi I
restriction enzyme sites at the 5" and 3’ ends. The following
primer sequences were used for EGFR domain I-1I: (forward) 5’
GGC CCA GGC GGC CCT GGA GGA AAA GAA AGT
TTGC 3" and (reverse) 5 GGC CGG CCT GGC C GCG GCA
AGG CCC TTC GC 3'. The following primer sequences were
used for EGFR domain I-1V: (forward) 5" GGC CCA GGC GGC
CCT GGA GGA AAA GAA AGT TTGC 3’ and (reverse) 5’
GGC CGG CCT GGC C GCG GCA AGG CCC TTC GC 3.

The EGFR fragments were amplified by PCR in a 50-ul
reaction volume containing 100 ng of EGFR ¢DNA, 10 pmol of
sense and reverse primers (specific to either domain I-II or I-1V),
4 ul of 2.5 nM dNTP mix (Promega), 10x reaction buffer, and
0.5 pl high-fidelity Taq polymerase (Roche). The PCR protocol
consisted of 20 cycles of denaturation at 94°C for 15 s, annealing
at 56°C for 30 s, and extension at 72°C for 90 s. Following 1%
agarose gel electrophoresis, the specific DNA band was excised
and purified using the QIAEX II Gel Extraction Kit (Qiagen). A
modified pCEP4 vector containing the human IgG1 Fc fragment
(Park et al, 2010) and the purified PCR products of EGFR domain
I-II and EGFR domain I-IV were simultaneously digested with
Hindlll and BamHI (New England Biolabs, Ipswich, MA) at 37°C
overnight. The inserts were ligated into the pCEP4 vector and
transformed into the E. coli strain DH5a (Invitrogen). The plasmid
DNA was prepared using the MG™ Plasmid SV kit (Macrogen,
Daejeon, Korea) for transfection into human embryonal kidney
(HEK) 293F cells (Invitrogen).

Gene constructs encoding the chimeric EGFR domain -1V
fragments in which the EGFR domain II was replaced with
domain II of ErbB2 and ErbB4, respectively, were synthesized
(Genscript) with $fi T restriction sites at the 5" and 3’ ends. The
constructs were digested and ligated with pCEP4 vector.

The HEK 293F cells were cultured in GIBCO FreeStyle 293
Expression medium (Invitrogen) in Erlenmeyer tissue culture flasks
(Corning Inc., Corning, NY) at 135 rpm at 37°C with 8% COg on
an orbital shaking incubator (Minitron, INFORS HT, Switzer-
land). Fresh medium was added the day before transfection to
achieve a density of 1.0x10° cells/ml, which resulted in a density
of 2.0x10° cells/ml on the day of transfection. HEK293F cells
were transfected with the expression vectors using Lipofectami-
ne™ 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. The transfected cells were cultured for 3 more days, and
then the culture supernatants were harvested. Following filtration
through a membrane (Advantec, Toyo Roshi Kaisha, Ltd., Japan),
the culture supernatant was subjected to gel affinity chromatog-
raphy (IPA 300 Protein A Affinity Resin, RepliGen, Waltham,
MA). The purified EGFR fragments were analyzed by SDS-PAGE
using NuPAGE 4%—12% Bis-Tris gel (Invitrogen).

Phage-ELISA
Phage-ELISA was performed as described previously (Barbas
III, 2001) with some modifications. Individual colonies were

References

1. Yamada T, Bork P (2009) Evolution of biomolecular networks: lessons from
metabolic and protein interactions. Nat Rev Mol Cell Biol 10: 791-803.

PLOS ONE | www.plosone.org

Computational Design of Binding Proteins

randomly selected from the output titration plate on the last round
of biopanning and inoculated into 1 mL of super broth (3%
tryptone, 2% yeast extract, 1% 3-[N-Morpholino] propanesulfonic
acid, pH 7.0). The phages were rescued by adding 10'2 VCSM13
helper phage. Following overnight growth at 37°C, the culture
supernatant was analyzed by ELISA. A 96-well microtiter plate
was coated overnight in 20 pl of PBS at 4°C with 4 pg/mL of
EGFR (Sigma), the EGFR domain I-II fragment, the EGFR
domain I-IV fragment, or the chimeric EGFR domain -1V
fragment with EGFR domain II replaced by ErbB2 domain II and
ErbB4 domain II, respectively. The plate was washed twice with
PBST and incubated with 150 ul of BSA (3%) in PBS for 1 h at
37°C. The phage-containing culture supernatant (25 ul) was
mixed with 25 pl of BSA (6%) in PBS and added to each well.
Following a 1-h incubation at 37°C, the plate was washed three
times with PBST. Horseradish peroxidase-conjugated anti-M13
antibody (50 ul; Sigma) diluted with 3% BSA in PBS (1:5,000) was
added to the plate, which was then incubated for 1 h at 37°C and
washed with 0.05% PBST. For cetuximab, horseradish peroxi-
dase-conjugated anti-Human Fc antibody (Sigma) was used. A
substrate solution (3,3',5,5'-tetramethylbenzidine; 50 ul; Pierce,
Rockford, IL) was added to each well, and the optical density (OD)
was measured at 650 nm. Phage titers in the culture supernatant
were determined as described previously (Barbas III, 2001) to
compare the reactivity of positive phage clones, and the same
number of phages was used. All phage-ELISA experiments were
performed in triplicate.

ELISA with the addition of EGF

Selected phage clones expressing EGFR binders were amplified
as described above. A 96-well microtiter plate was coated with
4 pg/ml of EGFR (Sigma) or EGFR domain I-IV in 20 pl of PBS
at 4°C overnight. Following a 1-hr incubation with 150 pl of BSA
(3%) in PBS at 37°C, a mixture of 25 pl of phage supernatant and
25 ul of EGF (160 ng/ml) in 6% BSA in PBS was added, and the
assay was conducted as described above. Eight wells were used for
each phage clone for maximum clarity. P-values for each template
were calculated using the Wilcoxon rank-sum test.

Supporting Information

File S1 Supporting Dataset and Table. Dataset SI1.
Human scaffold library. Research Collaboratory for Structural
Bioinformatics Protein Data Bank (PDB) accession numbers of 717
proteins in human scaffold library. The first four characters
indicate the PDB accession number. For proteins with more than
one chain, the chain we used was specified after the colon. Table
S1. Statistical significance of the difference in binding affinity in
the presence of exogenous EGF, as determined by the Wilcoxon
rank-sum test.

(DOC)

Author Contributions

Conceived and designed the experiments: YSC HC SK JC SHR.
Performed the experiments: YSC SY KK JY PS MK YS WJY JN.
Analyzed the data: YSC SY HC SK JC SHR. Contributed reagents/
materials/analysis tools: YSC SY KK JY PS MK YS WJY JN. Wrote the
paper: YSC SY HC SK JC SHR.

2. Berg J, Lassig M, Wagner A (2004) Structure and evolution of protein
interaction networks: a statistical model for link dynamics and gene duplications.
BMC Evol Biol 4: 51.

April 2014 | Volume 9 | Issue 4 | 92513



20.

21.

22.

26.

27.

. Levy ED, Pereira-Leal JB (2008) Evolution and dynamics of protein interactions

and networks. Curr Opin Struct Biol 18: 349-357.

. Wagner A (2003) How the global structure of protein interaction networks

evolves. Proc Biol Sci 270: 457—466.

. Kim PM, Lu LJ, Xia Y, Gerstein MB (2006) Relating three-dimensional

structures to protein networks provides evolutionary insights. Science 314: 1938—

1941.

. van Noort V, Snel B, Huynen MA (2004) The yeast coexpression network has a

small-world, scale-free architecture and can be explained by a simple model.
EMBO Rep 5: 280-284.

. Binz HK, Amstutz P, Pluckthun A (2005) Engineering novel binding proteins

from nonimmunoglobulin domains. Nat Biotechnol 23: 1257-1268.
Skerra A (2007) Alternative non-antibody scaffolds for molecular recognition.
Curr Opin Biotechnol 18: 295-304.

. Gebauer M, Skerra A (2009) Engineered protein scaffolds as next-generation

antibody therapeutics. Curr Opin Chem Biol 13: 245-255.

. Koide A, Bailey CW, Huang X, Koide S (1998) The fibronectin type III domain

as a scaffold for novel binding proteins. J Mol Biol 284: 1141-1151.

. Xu L, Aha P, Gu K, Kuimelis RG, Kurz M, et al. (2002) Directed evolution of

high-affinity antibody mimics using mRNA display. Chem Biol 9: 933-942.

. Getmanova EV, Chen Y, Bloom L, Gokemeijer J, Shamah S, et al. (2006)

Antagonists to human and mouse vascular endothelial growth factor receptor 2
generated by directed protein evolution in vitro. Chem Biol 13: 549-556.

. Tolcher AW, Sweeney CJ, Papadopoulos K, Patnaik A, Chiorean EG, et al.

(2011) Phase I and pharmacokinetic study of C'T-322 (BMS-844203), a targeted
Adnectin inhibitor of VEGFR-2 based on a domain of human fibronectin. Clin
Cancer Res 17: 363-371.

Schlehuber S, Skerra A (2005) Lipocalins in drug discovery: from natural ligand-
binding proteins to “anticalins”. Drug Discov Today 10: 23-33.

Schlehuber S, Skerra A (2005) Anticalins as an alternative to antibody
technology. Expert Opin Biol Ther 5: 1453-1462.

Skerra A (2007) Anticalins as alternative binding proteins for therapeutic use.
Curr Opin Mol Ther 9: 336-344.

Stumpp MT, Binz HK, Amstutz P (2008) DARPins: a new generation of protein
therapeutics. Drug Discov Today 13: 695-701.

Stumpp MT, Amstutz P (2007) DARPIns: a true alternative to antibodies. Curr
Opin Drug Discov Devel 10: 153-159.

. Binz HK, Amstutz P, Kohl A, Stumpp MT, Briand C, et al. (2004) High-affinity

binders selected from designed ankyrin repeat protein libraries. Nat Biotechnol
22: 575-582.

Fleishman SJ, Whitehead TA, Ekiert DC, Dreyfus C, Corn JE, et al. (2011)
Computational design of proteins targeting the conserved stem region of
influenza hemagglutinin. Science 332: 816-821.

Bianco R, Gelardi T, Damiano V, Ciardiello F, Tortora G (2007) Rational bases
for the development of EGFR inhibitors for cancer treatment. Int J Biochem
Cell Biol 39: 1416-1431.

Lockhart AC (2005) The epidermal growth factor receptor as a target for
colorectal cancer therapy (vol 32, pg 52, 2005). Seminars in Oncology 32: 432~
432.

. Mendelsohn J, Baselga J (2000) The EGF receptor family as targets for cancer

therapy. Oncogene 19: 6550-6565.

. Woodburn JR (1999) The epidermal growth factor receptor and its inhibition in

cancer therapy. Pharmacol Ther 82: 241-250.

. Ferguson KM, Berger MB, Mendrola JM, Cho HS, Leahy DJ, et al. (2003) EGF

activates its receptor by removing interactions that autoinhibit ectodomain
dimerization. Mol Cell 11: 507-517.

Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka M, et al. (2002) Crystal
structure of the complex of human epidermal growth factor and receptor
extracellular domains. Cell 110: 775-787.

Li S, Schmitz KR, Jeffrey PD, Wiltzius JJ, Kussie P, et al. (2005) Structural basis
for inhibition of the epidermal growth factor receptor by cetuximab. Cancer Cell
7: 301-311.

PLOS ONE | www.plosone.org

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

Computational Design of Binding Proteins

Sivasubramanian A, Chao G, Pressler HM, Wittrup KD, Gray ]JJ (2006)
Structural model of the mAb 806-EGFR complex using computational docking
followed by computational and experimental mutagenesis. Structure 14: 401—
414.

Garrett TP, Burgess AW, Gan HK, Luwor RB, Cartwright G, et al. (2009)
Antibodies specifically targeting a locally misfolded region of tumor associated
EGFR. Proc Natl Acad Sci U S A 106: 5082-5087.

Scott AM, Lee FT, Tebbutt N, Herbertson R, Gill SS, et al. (2007) A phase I
clinical trial with monoclonal antibody ch806 targeting transitional state and
mutant epidermal growth factor receptors. Proc Natl Acad Sci U S A 104: 4071~
4076.

Schneidman-Duhovny D, Inbar Y, Nussinov R, Wolfson HJ (2005) PatchDock
and SymmDock: servers for rigid and symmetric docking. Nucleic Acids Res 33:
W363-367.

Schneidman-Duhovny D, Inbar Y, Polak V, Shatsky M, Halperin I, et al. (2003)
Taking geometry to its edge: fast unbound rigid (and hinge-bent) docking.
Proteins 52: 107-112.

Chai J, Wu JW, Yan N, Massague J, Pavletich NP, et al. (2003) Features of a
Smad3 MHI1-DNA complex. Roles of water and zinc in DNA binding. J Biol
Chem 278: 20327-20331.

Baig I, Bertini I, Del Bianco C, Gupta YK, Lee YM, et al. (2004)
Paramagnetism-based refinement strategy for the solution structure of human
alpha-parvalbumin. Biochemistry 43: 5562-5573.

. Pokala N, Handel TM (2005) Energy functions for protein design: adjustment

with protein-protein complex affinities, models for the unfolded state, and
negative design of solubility and specificity. J Mol Biol 347: 203-227.

Sheriff S, Silverton EW, Padlan EA, Cohen GH, Smith-Gill SJ, et al. (1987)
Three-dimensional structure of an antibody-antigen complex. Proc Natl Acad
Sci U S A 84: 8075-8079.

Cohen GH, Silverton EW, Padlan EA, Dyda I, Wibbenmeyer JA, et al. (2005)
Water molecules in the antibody-antigen interface of the structure of the Fab
HyHEL-5-lysozyme complex at 1.7 A resolution: comparison with results from
isothermal titration calorimetry. Acta Crystallogr D Biol Crystallogr 61: 628—
633.

Ladner RC (2007) Mapping the epitopes of antibodies. Biotechnol Genet Eng
Rev 24: 1-30.

Lo Conte L, Ailey B, Hubbard TJ, Brenner SE, Murzin AG, et al. (2000) SCOP:
a structural classification of proteins database. Nucleic Acids Res 28: 257-259.
Tusnady GE, Dosztanyi Z, Simon I (2005) PDB_TM: selection and membrane
localization of transmembrane proteins in the protein data bank. Nucleic Acids
Res 33: D275-278.

Tusnady GE, Dosztanyi Z, Simon I (2004) Transmembrane proteins in the
Protein Data Bank: identification and classification. Bioinformatics 20: 2964—
2972.

Sussman JL, Lin D, Jiang J, Manning NO, Prilusky J, et al. (1998) Protein Data
Bank (PDB): database of three-dimensional structural information of biological
macromolecules. Acta Crystallogr D Biol Crystallogr 54: 1078-1084.

Goel R, Muthusamy B, Pandey A, Prasad TS (2011) Human protein reference
database and human proteinpedia as discovery resources for molecular
biotechnology. Mol Biotechnol 48: 87-95.

Bairoch A, Boeckmann B, Ferro S, Gasteiger E (2004) Swiss-Prot: juggling
between evolution and stability. Brief Bioinform 5: 39-55.

. Choi Y8, Yang JS, Choi Y, Ryu SH, Kim S (2009) Evolutionary conservation in

multiple faces of protein interaction. Proteins 77: 14-25.

Choi YS, Han SK, Kim J, Yang JS, Jeon J, et al. (2010) ConPlex: a server for the
evolutionary conservation analysis of protein complex structures. Nucleic Acids
Res 38: W450-456.

Hubbard SJ, Thornton JM (1993) NACCESS. Computer Program, University
College, London.

April 2014 | Volume 9 | Issue 4 | 92513



