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Overexpression of the HER2 receptor is observed in about 30% of breast and ovarian cancers
and is often associated with an unfavorable prognosis. We have recently designed an anti-
HER2 peptide (AHNP) based on the structure of the CDR-H3 loop of the anti-HER2 rhumAb
4D5 and showed that this peptide can mimic some functions of rhumAb 4D5. The peptide
disabled HER2 tyrosine kinases in vitro and in vivo similar to the monoclonal antibody (Park,
B.-W. et al. Nat. Biotechnol. 2000, 18, 194—198). AHNP has been shown to selectively bind to
the extracellular domain of the HER2 receptor with a submicromolar affinity in Biacore assays.
In the present paper, we demonstrate that in addition to being a structural and functional
mimic of rhumAb 4D5, AHNP can also effectively compete with the antibody for binding to
the HER? receptor indicating a similar binding site for the peptide and the parental antibody.
To further develop AHNP as an antitumor agent useful for preclinical trials and as a
radiopharmaceutical to be used for tumor imaging, a number of derivatives of AHNP have
been designed. Structure—function relationships have been studied using surface plasmon
resonance technology. Some of the AHNP analogues have improved binding properties,
solubility, and cytotoxic activity relative to AHNP. Residues in the exocyclic region of AHNP
appear to be essential for high-affinity binding. Kinetic and equilibrium analysis of peptide-
receptor binding for various AHNP analogues revealed a strong correlation between peptide
binding characteristics and their biological activity. For AHNP analogues, dissociation rate
constants have been shown to be better indicators of peptide biological activity than receptor-
binding affinities. This study demonstrates a possibility of mimicking the well-documented
antibody effects and its applications in tumor therapy by much smaller antibody-based cyclic
peptides with potentially significant therapeutic advantages. Strategies used to improve binding

properties of rationally designed AHNP analogues are discussed.

Introduction

HER2 (neu, c-erbB2) is a member of the epidermal
growth factor (EGFR)! or HER family of tyrosine kinase
receptors that also includes HER1 (EGFR, c-erbB1,
HER3 (c-erbB3), and HER4 (c-erbB4).1~* Amplification
of HER2 gene and overexpression of HER2 protein has
been found in breast and ovarian cancers, as well as
tumors of the lung, salivary gland, kidney, and bladder.>
Greater expression of HER2 on transformed cells than
on normal epithelial tissues allows selective targeting
of tumor cells using various strategies.5~14

Recently, some progress has been made in the devel-
opment of monoclonal antibody-based therapeutics tar-
geting tumor cell surface antigens (see ref 15 for a recent
review). The anti-HER2 antibody “trastuzumab” (Her-
ceptin; Genentech, San Francisco) produces objective
responses in some patients with advanced breast cancer
showing overexpressed HER2 oncoprotein. The antibody
has been shown to antagonize the constitutive growth-
signaling properties of the HER2 system, enlist immune
cells to attack and kill the tumor target, and augment
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chemotherapy-induced cytotoxicity.’® Another important
application of antibodies that has been extensively
developed over the past two decades is tumor imaging
by numerous anticancer antibodies against various
molecular targets including breast cancer imaging.'’

Application of intact antibody molecules as therapeu-
tic or diagnostic molecules remains limited, since they
may cause an immune response and have little tumor
penetration and high background noise. One of the ways
to overcome the limitation of therapeutic macromol-
ecules is to develop a small molecule. A promising
approach is to design small peptides derived from the
antigen-binding site of antibodies. Historically, few
therapeutic peptide products have been used in the
clinic because of the difficulties with delivery, stability,
and above all, with cost-effective and reliable peptide
manufacture. However, recent progress in high quantity
peptide synthesis, as well as in screening and optimiza-
tion of peptide leads, has resulted in an explosion in the
number of candidate peptides and a renewed interest
in their commercial development.t®

Since complementarity-determining regions (CDRs)
of antibodies mediate their high affinity binding and
specificity to antigens,’® we proposed that peptide
analogues of CDRs can be developed for antibodies with
known sequences and structures.?°=24 Since our first
studies in this area,?%2! the strategy of designing CDR-
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Table 1. Summary of Biophysical Properties and Biological Activities for AHNP Analogs

binding to HER2

AHNP
analogues composition Kon x 102 M~1s71 Koff x 1074571 Kp uM % inhibition?2 solubility®
1 FCDGFYACYMDV-NH2 14.10 4.53 0.32 355 limited
2 FCDGFYACYMDV-OH 9.90 6.43 0.65 22.3 limited
3 YCDGFYACYMDV-NH2 19.60 2.94 0.15 59.6 limited
4 dFCDGFYACdYMDV-NH2 17.20 6.03 0.35 26.0 good
5 FCDGFYACYMDVK-NH2 6.17 5.12 0.83 20.0 limited
6 FCDGFYACYKDV-OH 2.19 12.50 5.70 8.4 good
7 GFCDGFYACYMDV-OH 11.10 8.08 0.73 15.8 good
8 FCGDGFYACYMDV-OH 9.22 7.01 0.76 18.4 good
9 FCDGFYACYMDV-OH 2.98 10.60 3.56 12.8 good

a Inhibition of T6—17 cell proliferation in MTT assays. Each value represents an average of at least four samples. Standard error did
not exceed 5% for any of the studied analogues. P Peptide solubility is indicated as good if the peptide can be readily dissolved in the PBS
buffer at 1 mg/mL, and as limited if pH adjustment is required for dissolving the peptide.

based mimetics has been widely used by other investi-
gators in rational drug design.25-3% Although many of
the reported peptides display highly specific antigen
binding similar to the parental antibody, their antigen-
binding affinity is in most cases substantially lower.

Recently, we have reported the design of an anti-
HER2 peptide mimetic (AHNP, peptide (1), Table 1)
derived from the structure of the CDR-H3 loop of the
anti-HER2 rhumAb 4D5, and demonstrated its in vitro
and in vivo activities in disabling HER2 tyrosine kinases
similar to the monoclonal antibody.*°

Binding of AHNP has been studied by means of
surface plasmon resonance (Biacore) technology. In
Biacore experiments, one of the interacting molecules
(termed the ligand) is immobilized on the sensor surface,
and the other interactant (termed the analyte) is
continuously flown over that surface in a micro-flow cell.
The interaction between the ligand and the analyte are
monitored using a light source that is reflected at the
immobilized chip. Binding of the analyte to the im-
mobilized ligand changes the resonance angle of the
reflected light due to changes in the refractive index of
the surface. The response is plotted in real time in the
form of sensorgram curves. The advantage with this
approach is its sensitivity, ease of use, and ability to
perform experiments with few microgram quantities of
proteins and peptides. In addition, the Kinetic binding
studies reveal association and disassociation rates of the
analyte which may be more relevant for understanding
the pharmocokinetics of drug-receptor interactions.

A typical sensorgram for AHNP binding to the HER2
receptor is shown in Figure 1. Kinetic constants were
estimated by global fitting analysis of the titration
curves to the 1:1 Langmurian interaction model, which
gave a ko, of 1.41 x 10% M~1 571, and a ke of 4.53 x
107* s7L. The Kqf/kon ratio gave a value of 0.32 uM for
the dissociation constant (Kp). The curves shown in
Figure 1 were calculated from the experimentally
observed curves by successive subtractions of signals
obtained for the reference surface and averaged signals
for the running buffer injected under the same condi-
tions as the tested peptide.*1~44 Good fitting of experi-
mental data to the calculated curves has been observed,
suggesting a simple pseudo-first-order interaction be-
tween the peptide and the receptor.

In the present study, we report a rational design and
structure—function analysis of AHNP analogues with
improved pharmacological features that could be used
as antitumor agents and developed into radiopharma-
ceuticals.
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Figure 1. Biosensor dose dependence curves for binding of
AHNP to the immobilized HER2 receptor. AHNP was injected
at 0.5 uM (a), 1 uM (b), 2 uM (c), 4 uM (d), and 8 uM (e)
concentrations at a flow rate of 20 uL/min. Sensorgrams show
binding of AHNP to the immobilized HER2 (first 300 s)
followed by the peptide dissociation from the receptor surface
(last 240 s).

Results

In the present study, a number of anti-HER2/neu
peptide mimetic (AHNP) analogues have been engi-
neered into better therapeutic agents in terms of their
binding properties, specificity, and solubility. We have
also explored the ways to incorporate a reactive amino
group to conjugate fluorescent and positron emission
tomography (PET) agents*® and studied its effect on
binding to the receptor.

Competition Studies. Earlier, we have shown that
the AHNP peptide can mimic some functions of the anti-
HER2/neu antibody, rhrumAb 4D5 in vitro and in vivo.*°
In the present study, we have analyzed the structural
mimicry of rhumAb 4D5 by AHNP in terms of binding
to the HER2 receptor by means of competition binding
studies between AHNP and the parental antibody. To
that end, injections of AHNP at variable concentrations
(from O to 90 uM) were followed by injections of rhumAb
4D5 at a constant 1 nM concentration, using the
“Coinject” mode of the Biacore instrument. Increase in
the amount of preinjected AHNP resulted in a steady
inhibition of the antibody binding (Figure 2) with an
apparent ICsg of 3.4 uM, indicating overlapping binding
sites for AHNP and rhumAb 4D5 on the surface of
HER2.

Design of AHNP Analogues. A number of modifica-
tions have been introduced to the sequence of the AHNP
peptide to improve its receptor binding and solubility,
properties that are important for both major applica-
tions: as a therapeutic and as a tumor imaging agent.
For the PET studies, we are planning to attach 18F and
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Figure 2. Biacore analysis of the inhibitory effect of AHNP
on rhumAb 4D5 binding to immobilized HER2. Sensorgrams
show binding of 1 nM rhumAb 4D5 to HER2 after preinjection
of 0 uM (a), 0.35 uM (b), 1.4 uM (c), 5.6 uM (d), 22 uM (e), and
89 uM (f) AHNP. Inset shows correlation between the initial
rate of rhumAb 4D5 binding to HER2 and concentration of
preinjected AHNP.

%Y via an a- or e-amine group of AHNP.#> Thus, it is
necessary to improve AHNP by either increasing the
accessibility of the N-terminal residue or by introducing
a Lys residue, which could be readily labeled without
diminishing the binding affinity. Two types of changes
have been made: (1) addition of polar groups, and (2)
mutation of Met to Lys and introduction of p-isomers
at the termini. Most of the changes in AHNP were
restricted to the N- and C-terminal residues outside the
loop constrained by the disulfide bond to preserve the
binding nature of AHNP.

Chronologically, peptide 8 was the first AHNP ana-
logue that we designed based on the structures of
monoclonal antibodies 4D5 and its rat homologue 7.16.
To increase rigidity of the cyclic peptide, we have
designed 2 in which one of the g-turn forming Gly
residue has been deleted.*® Three other analogues have
been designed to analyze effects of different substitu-
tions on biological activity, binding properties, and
solubility. An AHNP peptide has been designed based
on the structure of 2 by replacing the C-terminal
carboxylate by an amide group. In 3, the N-terminal Phe
of the AHNP peptide has been replaced with Tyr, and
in 4, aromatic residues positioned before and after the
disulfide bond were replaced with their b-amino acid
optical isomers. A Lys residue has been included in the
sequence of peptide 2 by either replacing Met (resulting
in the 6 analog) or by placing it as a C-terminal residue
(5).

The designed AHNP analogue peptides have been
synthesized, cyclized (except for peptide 9 used as a
control), and tested for binding to HERZ2, biological
activity in an MTT assay, and solubility (Table 1).
Binding constants including the association (kon) and
dissociation (ko) rate constants, and the equilibrium
dissociation constant (Kp) shown in Table 1 were
determined by analyzing dose dependence curves ob-
tained for each AHNP analogue in a similar fashion as
described for AHNP (data not shown). Effects of differ-
ent substitutions/additions in AHNP sequence on recep-
tor binding, biological activity, and solubility are sum-
marized in Table 1.

Kinetic Binding Analysis of the AHNP Ana-
logues. Biacore analysis of interactions between AHNP
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analogues and immobilized HER2 has been performed
to test effects of the introduced sequence modifications
on the binding affinity and kinetic constants for each
peptide. Cyclization is known to be an efficient way of
constraining peptides in a binding-competent conforma-
tion. Consistent with that, the affinity of cyclic peptide
2 for HER2 was more than 5-fold higher than that of
the linear analogue 9 (Table 1). Restriction of the loop
by deletion of one of the S-turn glycines (transition from
8 to 2) also resulted in improvements in both affinity
and dissociation kinetics. The effect of the charged
C-terminal carboxylate group in 2 on binding properties
has been tested by replacing it with an amide group in
AHNP. Elimination of the charged group in the C-
terminal tail resulted in more than 2-fold increase in
binding affinity. Similar, but even more dramatic loss
of affinity occurred when Lys was introduced as a
C-terminal residue in 5 (2.6-fold decrease) and especially
when Lys was substituted for Met in 6 (8.8-fold de-
crease). In the latter case, in addition to the detrimental
effect of the C-terminal hydroxyl group, a charged Lys
residue replaces a hydrophobic Met residue, which may
be important for binding (see discussion). In contrast,
significant improvement in binding (more than 2-fold)
has been achieved by introducing a polar hydroxyl group
in the N-terminal residue by replacing Phe with Tyr
in 3. This peptide also had the lowest dissociation
rate constant (Ko.sr) among all tested AHNP analogues
(2.94 x 104 s71), which is comparable with the ke of
1.23 x 10 s~ ! observed for rhumAb 4D5.40

Solubility. Four peptides listed in Table 1, 9, 8, 6,
and 4 have been shown to have a much higher solubility
than the rest of the tested peptides (Table 1). These
peptides could be readily dissolved in the PBS buffer,
pH 7.4, at 1 mg/mL concentration without adjustment
of pH. Good solubility has also been observed for the
linear form of all tested peptides (data not shown). In
contrast, all other tested peptides had a limited solubil-
ity at 1 mg/mL.

Biological Activity of the AHNP Analogues.
Biological activity of AHNP analogues has been evalu-
ated by their ability to inhibit cell proliferation using
standard 3,(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tet-
razolium bromide) (MTT) assays.*® HER2-expressing
transformed tumor cells (T6-17) were used for this
purpose.®® In MTT assays, AHNP inhibited the growth
of T6-17 cells, overexpressing transformed cell line,
dose-dependently at concentrations ranging from 0.01
to 10 ug/mL. Biological activity of AHNP analogues is
shown in Table 1. Each value represents an average of
at least four samples. Standard error did not exceed 5%
for any of the studied analogues. A wide range of
activities has been observed for different peptides
depending on the nature of introduced modifications.
Analogue 3, which has an enhanced receptor-binding
affinity (Kp = 150 nM), was also the most active peptide
in the MTT assay, showing almost twice the activity of
AHNP (Table 1).

Accessibility of the N-Terminal Amino Group
for Labeling. Since AHNP analogues can selectively
bind to the oncogenic HER2 receptor, which is overex-
pressed in many different forms of cancer, fluorescently
or radiolabeled AHNP derivatives could be potentially
used as tumor imaging agents. Therefore, one of the
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Figure 3. Molecular models of AHNP analogues. AHNP (A), 6 (B), and 8 (C). Cys residues forming the disulfide bond are shown
in yellow. The Met residue in the tail region of AHNP (A) and the Lys residue replacing Met in 6 (B) are shown in red.

goals of our study was to obtain AHNP analogues that
could be easily modified. Accessibility of different N-
terminal or Lys amino groups for labeling with FITC
was estimated by the HPLC analysis of the peptide-
FITC reaction mixture as described in Experimental
Procedures. In our preliminary studies, we found that
the N-terminal amino group of AHNP has a very limited
accessibility for fluorescent labeling by FITC (about
2—-5% of the theoretically expected yield). To develop
AHNP into a radiopharmaceutical we need to design an
active AHNP analogue containing a reactive amino
group. FITC labeling studies revealed that the N-
terminal amino group of AHNP may be inaccessible for
labeling. On the basis of the molecular model, it appears
that the N-terminal aromatic residue buried in the
hydrophobic core (Figure 3A) may hinder access of the
bulky molecule, FITC. To overcome this problem, we
decided to place a more flexible Gly residue at the
N-terminus just before Phel (7). However, this also did
not significantly improve the degree of labeling (7—10%
yield), suggesting that steric hindrance may still be a
factor. Further molecular modeling studies showed that
7 can adopt two main low-energy conformations with
different orientations of the N-terminal Gly (Figure 4).
In one of the conformational states, the N-terminus was
oriented outside the ring created by the disulfide bond
and was therefore solvent-exposed (Figure 4A). How-
ever, in the second conformation, Gly was oriented
toward the inside of the ring and was buried between
the ring residues (Figure 4B). Obviously, the second
conformational state may be predominant in solution
for 7, which may explain its poor accessibility. Also,
since Gly in the second conformational state is posi-
tioned very close to the disulfide bond, it is likely to
interfere with peptide cyclization. This may account for
an unusually slow cyclization rate that has been ob-
served for 7 relative to other analogues. Cyclization half-
time for 7 (about 6 days) is about 3-fold longer than a
typical half-time, observed for 2 and other analogues.

Insertion of Gly inside the ring weakened the hydro-
phobic core leading to an increased solubility of 7 (Table
1). As expected, both Lys-containing peptides, 6 and 5,
were completely accessible for labeling showing almost
gualitative reactivity of their e-amino groups with FITC.
Preliminary binding data obtained with FITC-modified
5 indicate that it has a receptor-binding affinity similar
to the unlabeled peptide 5 (data not shown).

Discussion

Surface plasmon resonance analysis was our method
of choice for characterization of peptide-receptor bind-
ing, since we were interested in obtaining not only
equilibrium data, but also kinetic parameters of the
interactions (for reasons discussed below). Because of
the large number of tested peptides, the only practical
way for screening was immobilization of HER2 on the
chip and injection of peptides as soluble analytes.
Although direct detection of analytes smaller than 5000
Da was once considered unfeasible with standard Bia-
core protocols,*”#® recent advances in the technology,
such as higher sensitivity and improved microfluidics,
have enabled development of direct binding assays
between immobilized proteins and low-molecular-weight
analytes including peptides**4°~51 and organic com-
pounds.52-58 Reproducible data with a high signal-to-
noise ratio have been reported even though the change
in molecular mass upon analyte binding was in some
cases as low as 1%.55%8 In some instances, modifying
experimental conditions by using very dense ligand
surfaces and/or high peptide concentrations with high
flow rates was critical for obtaining good signal-to-noise
ratios.*50 Accuracy of experiments with low signal
levels can be improved by increasing the number of
collected data points, increasing analyte concentration,
and signal averaging of data derived from repeat
sensorgrams.** In our Biacore studies of low-molecular-
weight cyclic peptides, highly reproducible signals could
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Figure 4. Low-energy conformers of 7. Molecular models of two low-energy conformers of 7 with the solvent-exposed (A) and
buried (B) orientation of the N-terminal Gly. The Gly residue is colored red.

be obtained after double corrections of data for the
reference surface and the running buffer signals.

A large number of antibody-derived peptides have
been reported, yet remarkably few of them have been
demonstrated to mimic the parental mAb in terms of
structure and function. Here we showed that AHNP not
only induce antitumor effects such as its parent anti-
body, but also share binding epitope on the HER2
receptor. This information is very important, since
peptides are usually designed to mimic antigen-binding
properties and therapeutic effects of corresponding
mAbs. Although peptide mimetics that bind to receptors
are often presumed to be direct structural analogues of
the loops that they mimic, and are therefore expected
to have the same binding sites as the loops, this is not
always an obvious fact and has to be proven experimen-
tally. It has been shown that some peptide mimetics
designed to mimic enzyme substrates and even some
natural enzyme inhibitors do not bind in a substrate-
like manner.5%=63 For a large number of receptors,
analysis of the endogenous peptide and antagonists’
binding sites by site-directed mutagenesis indicated that
antagonists and the parent peptide bind to different
subsites.64-66 Backward binding is a common occur-
rence, which has been exploited to develop novel inhibi-
tors_59,60,67

Although we have shown that AHNP and rhumAb
4D5 interact with the same binding site on the HER2
surface, it appears that the nature of receptor interac-
tion with the peptide and the antibody are quite

different. Analysis of surface regeneration conditions
that are efficient (or necessary) for the destruction of a
ligand—analyte complex can help provide insight into
the major forces involved in the complex formation. In
the rhumAb 4D5-HER2 complex, electrostatic interac-
tions seem to play a predominant role, since the
antibody could be easily washed off the receptor surface
by high salt concentrations (4.5 M MgCl,), but was
resistant to treatment with either detergent (0.2% SDS)
or a mixture of organic solvents. In contrast, the
AHNP—-HER2 complex was resistant to salt, but readily
dissociated upon addition of either detergent or organic
solvents, suggesting the involvement of hydrophobic
interactions in complex stability. Obviously, aromatic
residues at both sides of the disulfide bond, as well as
the hydrophobic residues in the tail of AHNP and its
analogues, contribute significantly to the overall energy
of binding, since substitution or modification of these
residues adversely affects the binding affinity (Table 1).
Moreover, it is clear that for the AHNP peptide, in
addition to the binding forces inherited from the CDR3
loop of rhumAb 4D5, which obviously direct the peptide
to bind to the CDRS3 epitope on the receptor surface,
some new complex-stabilizing hydrophobic bonds are
formed between the peptide and receptor, which are
absent in the parent antibody.

Poor solubility of peptidomimetics often limits their
usefulness as therapeutic agents. We have improved the
solubility of some AHNP analogues without further loss
of the binding characteristics. Molecular modeling was
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Figure 5. Molecular model of 4 superimposed with AHNP.
Aromatic side chains at both ends of the disulfide bond are
colored red for AHNP and white for 4.

used to understand the effect of mutations on solubility.
Molecular modeling of AHNP showed formation of a
hydrophobic core by Phel, Cys2, Phe5, Ala7, Cys8, Tyr9,
and Metl0 residues upon peptide cyclization (Figure
3A). Increasing backbone flexibility by adding one more
Gly residue (8) enhanced spatial separation and mobility
of the hydrophobic residues which may have resulted
in the improved solubility. Replacement of Met10 with
Lys in 6 improves solubility by reducing the size of the
hydrophobic core (Figure 3B). Phel and Tyr9 at the
termini of AHNP form the center of the core. Replace-
ment of these residues by their p-isomers increases the
separation between them by changing the orientation
of the aromatic side chains relative to each other (Figure
5), which leads to the increased solubility. Interestingly,
when polar groups were introduced in residues outside
the hydrophobic core (in 2 and 5), no improvement in

Berezov et al.

solubility has been observed (Table 1), confirming a
critical role played by the hydrophobic core in peptide
solubility. Another analogue that displayed a good
solubility is 7.

Balancing hydrophilicity and hydrophobicity is critical
for high affinity binding, especially for small molecules.
In this study, we have tested effects of different se-
quence modifications in the AHNP analogues on their
biological activity and binding properties. Interestingly,
the C-terminal tail region of the studied peptides was
found to play an important role in receptor binding. In
antigen—antibody complexes, the CDR loops and frame-
work regions immediately after the CDR loops have
been reported to be critical for antigen binding.36:37.68.69
However, it is not clear how residues from the frame-
work proximal to CDR can play a critical role in binding.

The C-terminal Met, Asp, and Val residues in AHNP
analogues are derived from the framework region of
anti-HER2 antibodies. Replacement of the Met residue
in the tail with Lys (6) resulted in a dramatic decrease
in binding affinity by about 1 order of magnitude (Table
1). The effect of addition of a Lys residue following the
tail sequence 5 on receptor binding affinity was less
dramatic but also significant (2.5-fold decrease, Table
1). Molecular modeling of the AHNP peptide revealed
that the Met residue and aromatic residues form a
hydrophobic core (Figure 3A). This formation of the
hydrophobic core may be critical for receptor binding,
having either enthalpic (formation of hydrophobic bonds
with receptor residues) or entropic (constraining the
peptide in an active conformation) effects, or both. The
Met residue is a part of the core and may also be
important for its integrity, which is consistent with the
observed improvement in aqueous solubility of 6 relative
to 2 (Table 1). These observations suggest that ad-
ditional interactions of the C-terminal tail residues of
the AHNP analogues with the receptor may be partly
compensating for the diminished interface area in the
peptide—receptor complex relative to the antibody—
receptor complex.

Structure—activity relationship has been studied for
the whole series of peptides. Cell growth inhibition
activities obtained in the MTT assays for each analogue
were plotted versus their affinity for HER2, estimated
in the surface plasmon resonance study (Figure 6A). A
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Figure 6. Structure—function analysis of AHNP analogues. Plots show correlation between peptides’ activities in MTT assays
and (A) their receptor binding affinities, or (B) dissociation rate constants obtained in Biacore studies.
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strong correlation (r2 = 0.89) has been determined
between the peptides’ receptor affinities and their
inhibitory effects, suggesting that the observed biologi-
cal activities are mediated by binding to HER2. As
expected, the most active peptide (3) had the highest
binding affinity, while the affinity of the least active (6)
was the lowest among all analogues. Although the
overall correlation was rather strong, some notable
deviations from the straight line have been observed.
Thus 2 and 7 peptides have a relatively small (12%)
difference in affinities, but much more pronounced
difference (41%) in inhibition. Similar discrepancies
have been detected by comparing AHNP with 4 (9%
difference in affinity versus 35% difference in inhibitory
effect). The biggest inconsistency has been observed
for the 7 and 5 pair. Although 5 is 27% more active, it
binds to the receptor with a 14% lower affinity than 7
(Table 1).

To test whether these discrepancies could be ex-
plained by differences in the Kkinetic rate constants,
activity data were plotted against the dissociation rate
constants (Kofr) observed in Biacore assays (Figure 6B).
Remarkably, inhibitory activity showed an even stron-
ger correlation with the ko (r2 = 0.94), than with the
Kp. Comparison of the two plots (Figure 6A,B) suggests
that stronger inhibitory activity observed for AHNP, 2,
and 5 can be better explained by their slow dissociation
rates rather than by their high receptor-binding affini-
ties.

Analysis of the drug-receptor dissociation rate is
essential for a proper design and interpretation of
receptor-binding studies, as well as for the selection of
drug candidates.”®”* For slowly dissociating drugs,
binding equilibrium cannot be reached in short-incuba-
tion time experiments, thus preventing competitive
inhibition. A slow dissociation rate has been shown to
play an important role for the biological activity of the
drug.5570 Since rapidly dissociating drugs can reach a
competitive binding equilibrium with the endogenous
receptor ligands, they are easily displaced from the
receptor sites by increased concentrations of the ligands,
which in most cases have higher receptor-binding af-
finities than the drugs. However, slowly dissociating
drugs form inactive receptor—drug complexes which
have very long half-lives. Even if the overall binding
affinity is low because of a slow association rate, these
drugs can provoke a permanent receptor blockade,
which cannot be displaced by the endogenous ligands,
thus acting as almost nonreversible antagonists. Dis-
sociation rate might play an important role in long-term
effects of drugs.” Therefore, analysis based on Kp values
alone, could overlook potentially strong inhibitors that
have slow binding and slow dissociation rates.”? We
have demonstrated that rhumAb 4D5 has about 2 orders
of magnitude higher receptor-binding affinity than the
AHNP peptides (Table 1). However, this difference is
mostly due to a faster on-rate (higher kg, of the
antibody. In terms of the dissociation rate constant Ko,
receptor-binding properties of the optimized peptides are
very similar to those of the antibody. Although a big
excess of AHNP is required to inhibit rhumAb 4D5—
HER2 interaction (because of the difference in the
binding affinity), the optimized peptides and the anti-
body have comparable biological activities in the MTT
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assay,*0 in line with our observation that ku, rather
than Kp, determines the biological activity of the AHNP
peptides.

Our studies showed the importance of the dissociation
rate constant for biological activity of AHNP analogues.
For this series of peptides, ko has been shown to have
a higher predictive value for the expected inhibitory
effects than the dissociation constant (Kp) traditionally
used for these purposes. Since AHNP analogues produce
their biological effects by binding to HER2 and possibly
inducing a conformational change that deactivates the
receptor, our data indicate that increasing the half-life
of the inactive peptide—receptor complexes is more
efficient for the inhibition of normal receptor functioning
than increasing the equilibrium concentration of these
complexes.

Obviously, in the HER2 receptor system, AHNP
peptides compete with some fast-occurring processes
(either binding or conformational rearrangements) that
lead to receptor signaling. Because of their rapid rate,
these processes might reoccur each time immediately
after the peptide dissociates from the receptor surface
and before it can rebind. By remaining on the receptor
surface for prolonged periods of time, AHNP analogues
with low dissociation rates effectively block receptor
activity. Our data suggest that high binding affinity
does not necessarily have to be the main goal that
determines the success of structure-based drug design.
As we have shown for the AHNP mimetics, the dissocia-
tion rate constant can be a very important constituent
of peptides’ biological activity. Depending on a drug’s
mechanism of action, a slow ks can compensate for low
affinity in certain situations.

In summary, for a number of AHNP analogues, we
were able to achieve significant improvements in recep-
tor-binding affinity, solubility, or accessibility for label-
ing by introducing additional hydrophobic or polar
groups. More importantly, the optimized analogues
showed almost antibody-like dissociation rate constant,
which, as we have shown in our structure—activity
studies, is a critical activity-determining parameter for
this class of peptides. Optimization of both entropic and
enthalpic components of peptide-receptor binding, per-
formed in this study, has significantly improved solubil-
ity and binding properties of antibody-derived peptides
(including affinities and dissociation rate constants)
while retaining the high specificity typical for a full-
size antibody.

Experimental Section

Peptide Synthesis and Cyclization. Linear peptides
(95% purity) were ordered from the Protein Chemistry Labora-
tory, University of Pennsylvania. Peptide purity and identity
was confirmed by reverse phase high performance liquid
chromatography (RP HPLC) and MALDI mass-spectrometry,
using a time-of-flight mass spectrometer (MicroMass TofSpec;
Micromass Inc., Beverly, Mass.). The peptides were cyclized
by air oxidation in distilled water adjusted to pH 8.0 with
(NH4)2CO3 at 0.1 mg/mL and 4 °C. Progress of the oxidation
was controlled by measuring amounts of free thiols with 5,5'-
dithio-bis(2-nitrobenzoic) acid (DTNB). Briefly, 0.4 mL of an
AHNP peptide (0.1 mg/mL) and 5 uL of DTNB (20 mM) were
added to 0.2 mL of 0.1 M sodium phosphate buffer, pH 8.0.
Absorbance at 412 nm was measured and compared with the
linear unoxidized peptides. The cyclized peptides were lyoph-
ilized and their purity was analyzed by RP HPLC using a C18
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semipreparative column (Waters, Milford, MA). Typically,
purity of higher than 95% was obtained for the cyclized
peptides. Aliquotes of 1 mM stock solutions have been prepared
for each peptide and kept at —20 °C to be thawed prior to the
binding or bioassay studies. Peptide concentrations were
confirmed by UV spectrophotometry using extinction coef-
ficients at 280 nm calculated for each peptide as described in
ref 73.

Interaction Studies. Binding experiments were performed
with the surface plasmon resonance based biosensor instru-
ment Biacore 3000 (Biacore AB, Uppsala, Sweden) at 25 °C.
Recombinant purified HER2 receptor composed of the ecto-
domain of HER2 fused to the Fc of human IgG was provided
by Dr. Che Law, Xcyte Therapeutics, Seattle, WA. Immobiliza-
tion of HER2 in the sensor surface was performed following
the standard amine coupling procedure according to manu-
facturer’s instructions. Briefly, 35 uL of a solution containing
0.2 M N-ethyl-N'-(dimethylaminopropyl) carbodiimide (EDC)
and 0.05 M N-hydroxysuccinimide (NHS) were injected at a
flow rate of 5 uL/min to activate carboxyl groups on the sensor
chip surface. HER2 (40 ng/mL in 10 mM NaOAc buffer, pH
5.0) was flowed over the chip surface at a flow rate of 20 uL/
min until the desired level bound protein was reached.
Unreacted protein was washed out and unreacted activated
groups were blocked by the injection of 35 uL of 1 M ethanol-
amine at 5 uL/min. The final immobilization response of HER2
was 3500 RU. A reference surface was generated simulta-
neously under the same conditions but without HER2 injection
and used as a blank to correct for instrument and buffer
artifacts. Peptides were injected at variable concentrations at
20 uL/min flow rate and binding to the HER2 receptor
immobilized on the chip was monitored in real time. Each
sensorgram consists of an association phase (first 240 s),
reflecting binding of the injected peptide to the receptor,
followed by a dissociation phase (300 s), during which the
running buffer is passed over the chip and the bound peptide
is being washed off the receptor surface. In competition studies,
peptides were preinjected for 5 min at 20 mL/min at concen-
trations ranging from 0 to 90 uM. rhumAb 4D5 (Genentech)
was then injected for 5 min at 1 nM concentration in the “Co-
inject” mode. A control cyclic peptide CD4-M was used in some
studies and was shown to be no different than blank control.

FITC-Labeling of Peptides. Two milligrams of each
peptide were dissolved in 1 mL of 0.02 M Na,CO3z;—NaHCO;
buffer, pH 9.1, containing 0.02 M NacCl. A total of 0.5 mL of
1% (w/v) fluorescein 5-isothiocyanate (FITC) dissolved in
methanol was added to the peptide solution, and the reaction
mixture was incubated in the dark for 2 h at room tempera-
ture. The reaction was terminated by rapid passage of the
reaction mixture through a Sephadex G-10 column equili-
brated with isotonic phosphate-buffered saline, pH 7.4, and
further purified by C18 reverse-phase HPLC. The purified
FITC-labeled peptides were dried under vacuum. Peptide
identity was confirmed by MALDI mass spectroscopy.

MTT Assay. The MTT assay has been used for measuring
cell growth as previously described in ref 46. Briefly, T6-17
cells were seeded in 96-well plates overnight in DMEM
containing 10% FBS (1000 per well). T6-17 is derived from
NIH3T3 by overexpressing the human HER2 receptor. Cells
were cultured in 100 uL of fresh medium containing 1 ug/mL
of peptides for 48 h. This incubation time was optimal for
measuring inhibitory effects of different analogues. No im-
provements in the inhibitory activity could be achieved by
increasing the incubation period. A total of 25 uL of MTT
solution (5 mg/mL in PBS) was added to each well, and after
2 h of incubation at 37 °C, 100 uL of the extraction buffer (20%
w/v of SDS, 50% N,N-dimethyl formamide, pH 4.7) were added.
After an overnight incubation at 37 °C, the optical density at
600 nm was measured using an ELISA reader.

Molecular Modeling. Molecular modeling of AHNP has
been performed as described previously.*® Other AHNP ana-
logues were designed by comparative modeling using AHNP
as a template. To that end, point mutations or deletions have
been introduced in the AHNP sequence using the “Protein

Berezov et al.

Design” application of program QUANTA (Molecular Simula-
tion, MA). Each analogue has been evaluated for the backbone
and side chain orientation and solvent effects using a combi-
nation of energy minimization (CHARMM) and molecular
dynamics simulations at room temperature (300 °K) and at
600 °K. Low energy conformers were further minimized and
compared with AHNP and the native conformation of the
template CDR3 loop of rhumAb 4D5.
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