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Abstract

Peptibodies represent a new class of biological therapeutics with combination of peptide activity and
antibody-like properties. Previously, we discovered a novel peptide HRH that exhibited a
dose-dependent angiogenesis-suppressing effect by targeting vascular endothelial growth factor
receptors (VEGFRs). Here, we computationally designed an antiangiogenic peptibody, termed as
PbHRH, by fusing the HRH peptide to human IgG1 Fc fragment using the first approved peptibody
drug Romiplostim as template. The biologically active peptide of Romiplostim is similar with HRH
peptide; both of them have close sequence lengths and can fold into a a-helical conformation in free
state. Molecular dynamics simulations revealed that the HRH functional domain is highly flexible,
which is functionally independent of Fc fragment in the designed PbHRH peptibody. Subsequently,
the intermolecular interactions between VEGFR-1 domain 2 (D2) and PbHRH were predicted,
clustered and refined into three representatives. Conformational analysis and energetic evaluation
unraveled that the PbHRH can adopt multiple binding modes to block the native VEGF-A binding
site of VEGFR-1 D2 with its HRH functional domain, although the binding effectiveness of HRH
segments in peptibody context seems to be moderately decreased relative to that of free HRH
peptide. Overall, it is suggested that integrating HRH peptide into PbHRH peptibody does not
promote the direct intermolecular interaction between VEGFR-1 D2 and HRH. Instead, the
peptibody may indirectly help to improve the pharmacokinetic profile and bioavailability of HRH.
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Introduction

Peptibodies, the hybrid of antibody IgG Fc
fragment and biologically active peptide, have been
raised as a flexible alternative format to monoclonal
antibodies and represent a novel class of biological
therapeutics [1]. By fusing a functional peptide to part
or all of an antibody, a peptibody combines the
peptide activity with some antibody-like properties
such as long in vivo circulation half-life and easy
expression and purification, making it an attractive
platform for therapeutic drugs [2]. Because the

peptibodies are smaller than full-length antibodies,
they could penetrate more deeply into tissues. It is
also possible to attach an antibody portion with
multiple peptide segments to make polydrugs or to
allow faster and tighter binding to the target cells [3].
In recent years, peptibodies have been recognized as a
new and promising therapeutic strategy combating a
variety of diseases; a number of peptibody drugs such
as Romiplostim, Dulaglutide and AMG 386 have been
approved or are in preclinical studies and clinical
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trials [4-6].

By screening against a Ph.D.-12 phage display
library using VEGFR-Fc fusion protein as the bait, we
recently identified a novel peptide HRH
(HRHTKQRHTALH) that exhibited a dose-dependent
anti-angiogenesis effect by inhibiting the proliferation
of human umbilical vein endothelial cells through
binding to vascular endothelial growth factor
receptors (VEGFRs) [7]. Here, we attempted to
computationally design angiogenesis-suppressing
peptibodies by integrating the HRH peptide into IgG
Fc fragment. We also systematically examined the
effects of substitution position, valence state and
linkage mode on the structural conformation and
binding affinity of designed peptibodies to VEGFR-1.
This work would help to further guide the rational
development of peptibody drugs for antiangiogenic
therapy.

Materials and Methods

Template

Romiplostim is the first FDA-approved
peptibody medicine used to treat low blood platelet
counts in adults with chronic immune
thrombocytopenia (ITP) [4]. The protein is a
homodimer consisting of two identical subunits; each
contains an IgGl Fc that is covalently fused to two
14-mer biologically active peptides wvia Gly-rich
flexible linkers (Figure 1). The primary sequence of
Romiplostim was retrieved from the DrugBank
database [8] with accession number DB05332.
Sequence comparison revealed that the Romiplostim
shared a fully consistent Fc fragment with
Conbercept, an engineered anti-VEGF protein agent
and we have previously modeled its complex
structure with VEGF-A [9]. Here, the Romiplostim
scaffold will be used as a template to derive new
peptibody drugs through fusion of HRH peptide to
the template’s IgG1 Fc region.

Molecular dynamics simulation

Molecular dynamics (MD) simulations of

(

designed peptibodies and their complexes with
VEGFR-1 were carried out using amber ff03 force field
[10]. Here, the simulation protocol was modified from
our previous works [11-16]. Briefly, the investigated
systems were solvated in a periodic rectangular box
full of explicit TIP3P water molecules [17]; each
direction of the box was extended 10 A away from any
protein atom. Counterions were placed around the
protein components based on Columbic potential to
keep the whole systems electroneutral. First, all
hydrogen atoms, counterions, water molecules and
the whole system were in turn minimized with the
combination of steepest descent and conjugate
gradient methods. Second, the systems were heated to
300 K in 500 ps followed by constant temperature
equilibration at 300 K for 1 ns. Third, MD production
simulations with an integration step of 2 fs were run
in an isothermal isobaric (NPT) ensemble with
periodic boundary conditions. The particle mesh
Ewald (PME) [18] and SHAKE [19] methods were
employed to calculate the long-range electrostatic
interactions and to restrain covalent bonds involving
hydrogen atoms, respectively. A cut-off distance of 10
A was applied for van der Waals interactions.

Energetic analysis of intermolecular
interaction

The intermolecular interaction energy between
the designed peptibodies and VEGFR-1 were
calculated and decomposed using molecular
mechanics/Poisson-Boltzmann surface area
(MM/PBSA) [20] and normal mode analysis (NMA)
[21] based on the dynamics conformational snapshots
extracted evenly from the MD production simulation
trajectories. The total binding energy of VEGFR-1 D2
to peptibody can be expressed as follows:

AGwi = AEini + AGay - TAS (1)

where the AE;y: is noncovalent interaction energy
between peptibody and VEGFR-1 D2, which was
computed via force field approach. The AGg. denotes
solvent effect associated with peptibody-VEGFR-1
binding, which is composed of polar and nonpolar

CH2 (12-121)

APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVL

1

CH3 (122-226)

HQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDS

DGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSP

peptide 1
IEGPTLRQWLAARA

peptide 2
IEGPTLRQWLAARA

Figure 1. Sequence annotation of a Romiplostim subunit, consisting of an IgG1 Fc region (N-terminus, CH2 and CH3) and two 14-mer biologically active peptides
1 and 2 that are covalently connected to the Fc region via Gly-rich flexible linkers 1 and 2.
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components —- the former was calculated by finite
difference solution of nonlinearized Poisson-
Boltzmann (PB) equation, while the latter was derived
from an additive surface area (SA) model by
weighting solvent accessible surface areas of the
binding interface [22]. In addition, the -TAS
represents free energy change due to conformational
entropy penalty upon the binding, which was
estimated through a harmonic energy approximation
with frequencies of the vibrational modes obtained at
300 K [23].

Results and Discussion

Structural modeling of HRH peptide and its
analogs

According to the sequence analysis of
Romiplostim subunit, two biologically active peptides
AF12505 (IEGPTLRQWLAARA) [24] are covalently
connected to the IgG Fc fragment via two flexible
Gly-rich linkers, ie. GKGGGGG (linker 1) and
GGGGGGGG (linker 2). Here, we considered to
separately replace the two AF12505 peptides in
Romiplostim by two HRH peptides
(HRHTKQRHTALH) to obtain a new peptibody
entity with HRH as its functional domain. The
AF12505 and HRH peptides have close sequence
lengths of 14 and 12 amino acids long, respectively.
Their atomic structures were computationally
modeled using the PEP-FOLD, a de novo peptide
structure prediction server [25]. As can be seen in
Figure 2AB, the two peptides are highly structured
and both of them can fold into a
a-helical conformation in free
state; the AF12505 peptide
exhibits a slight intrinsic
disorder at its N-terminus. We
also analyzed the distribution of
electrostatic and hydrophobic
potentials on HRH helix surface
and, evidently, the peptide
N-terminus is positively charged
and highly hydrophilic, while a
moderately neutral region can
be found in its C-terminus, thus
exhibiting a dipole/hydropho-
bic moment along the helical
orientation.

Next, linkers 1 and 2 were
separately added at the
N-terminus of HRH peptide to
generate two extended versions
of linker 1 + HRH
(GKGGGGG-HRHTKQRHTAL
H) and linker 2 + HRH

E
3
<

AF12505

(GGGGGGGG-HRHTKQRHTALH). We rebuilt the
atomic structures of the two extended peptides with
PEP-FOLD server [25] to examine the effect of linkers
on HRH peptide. As might be expected, the two
linkers cannot influence the HRH structure
substantially due to their large flexibility. It is evident
in Figure 2CD that the linker regions are intrinsically
disordering, which do not directly contact and then
disrupt the helical conformation of HRH peptide. In
particular, the positively charged Lys residue in linker
1 is far away from HRH peptide and thus can only
exert a very modest effect on the peptide. All these
suggest that fusing HRH peptides to IgG Fc fragment
via the Gly-rich linkers would not alter helical
conformation and biological activity of the peptides
essentially.

Structural modeling of HRH-fused peptibody

The Romiplostim IgG Fc is taken from human
IgGl Fc domain, whose crystal structure can be
retrieved from the protein data bank (PDB) database
[26] with accession number 3DNK (Figure 3A). This
structure has been successfully used in our previous
modeling of the Fc region of Conbercept [8]. By
sequence analysis it was indicated that the human
IgGl Fc crystal structure misses a N-terminus
sequence ~ MDKTHTCPPCPAPELL relative to
Romiplostim, which can be directly grafted from the
Conbercept structure [8], where the conformation of
this N-terminus sequence was modeled using
ModLoop server [27]. Consequently, we obtained the

© ¢ ¥

(B) HRH peptide

terminus
C-terminus

:

HRH peptide

electrastatic pofential surface
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Figure 2. De novo structure prediction of AFI12505 peptide (IEGPTLRQWLAARA) (A), HRH peptide
(HRHTKQRHTALH) (B), linker 1 + HRH peptide (GKGGGGG-HRHTKQRHTALH) (C), and linker 2 + HRH
peptide (GGGGGGGG-HRHTKQRHTALH) (D). The prediction was carried out using PEP-FOLD server [25].
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grafted structure of IgG1 Fc + N-terminus (Figure 3B).
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Figure 3. Schematic representation of modeling HRH-fused peptibody PbHRH structure. (A) Crystal structure of human IgG1 Fc domain (PDB: 3DNK). (B) Adding
N-terminus to the IgG1 Fc crystal structure, resulting in IgG1 Fc + N-terminus. (C) Adding HRH functional domain to IgG1 Fc + N-terminus, resulting in PbHRH

peptibody.

Next, above modeled peptides of linker 1 + HRH
and linker 2 + HRH (HRH functional domain) were
manually added to the C-terminus of IgGl Fc +
N-terminus to generate the structural architecture of
full-length HRH-fused peptibody, termed as PbHRH,
which was then subjected to 120-ns MD simulations
for conformational equilibrium and relaxing.

As can be seen in Figure 3C, the equilibrium
structure of designed PbHRH peptibody contains
three modules: a N-terminus, a IgG1 Fc fragment and
a HRH functional domain, where the HRH functional
domain is consisted of two repeat regions, i.e. linker 1
+ HRH and linker 2 + HRH. It is revealed that, in the
context of PbHRH, the HRH peptides can maintain in
a-helix, while the Gly-rich linkers remain in intrinsic
disorder. In addition, the HRH functional domain
exhibits an extended conformation and has no
intramolecular interactions with rest of the peptibody,
indicating that the IgGl Fc + N-terminus region
would not influence either the conformational state of
HRH functional domain or the intermolecular
recognition between the domain and its target
VEGEFR. Instead, the antibody module primarily helps
to improve the pharmacokinetic profile and
bioavailability of PbHRH peptibody. It is revealed
from the MD dynamics trajectory of PbHRH
peptibody that the IgG1 Fc + N-terminus region and
the HRH functional domain exhibit distinct RMSD
fluctuation profiles (Figure 4). As expected, the former

has no considerable structural change as compared to
its initial state, indicating that the antibody scaffold is
highly rigid that can be well structured in solution,
whereas the latter possesses a large thermal motion,
suggesting that the linear HRH functional domain can
swing swiftly by the flexible linkers.

Structural modeling and energetic analysis of
PbHRH-VEGFR-1 complex

The HRH peptide was identified as VEGFR
blocker with dose-dependent inhibition on the
proliferation of human umbilical vein endothelial
cells stimulated by VEGF [6]. Thus, VEGFR is the
putative target of PbHRH peptibody. Previously,
deletion studies showed that the second extracellular
domain (D2) of VEGFR-1 is the primary binding site
of VEGF, which has also been exploited as the
effective target of many anti-VEGFR-1 drugs [28].
Here, the intermolecular interaction between PbHRH
and VEGFR-1 D2 was investigated at structural and
energetic levels. The crystal structure of VEGFR-1 D2
was retrieved from the PDB database [26] with
accession number 1FLT, which is a co-crystallized
complex with VEGF-A [29]. The VEGFR-1 D2
structure stripped from the complex was submitted to
the PepSite server [30] to infer its potential binding
sites of HRH peptide. Consequently, top-5 binding
sites were predicted (Figure 5A1-A5) and then
mapped onto the surface of VEGFR-1 D2 (Figure 5B),
where the co-crystallized VEGF-A is also shown for
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comparison. As can be seen, the top-5 binding sites
are roughly concentrated to two hotspots that
separately locate at the head and tail of VEGFR-1 D2,
in which the hotspot 1 contains four predicted sites
(Figure 5A1, A2, A3 and A5), whereas only one site
(Figure 5A4) is assigned to hotspot 2. A further visual
comparison revealed that the hotspot 1 is well
overlapped with the native binding site of VEGF-A,
while the hotspot 2 is far away from the native site
(Figure 5B). Overall, VEGFR-1 D2 hotspot 1, which
consists of residues His147, Tyr199, Lys200, His223
and Arg224, is recognized as the direct targeting site
of HRH peptide and, yet, PbHRH peptibody.

Next, the intermolecular interaction between
VEGFR-1 D2 and PbHRH peptibody was
automatically predicted wusing the sophisticated
protein docking method ZDOCK [31], where the
hotspot 1 of VEGFR-1 D2 and the HRH functional
domain of PbHRH were manually selected as
contacting sections for the docking calculations. The
docking can generate a large number of potential
binding modes of VEGFR-1 D2 to PbHRH. It is seen in

L

Figure 6A that the multiple VEGFR-1 D2 binding
modes are either located between the two arms of
HRH functional domain or surrounded one single
arm, exhibiting a typical region distribution. These
predicted binding modes were then clustered into
three representatives by using MaxCluster algorithm
[32] and separately shown in Figure 6BCD. In
representative 1, the VEGFR-1 D2 interacts with both
the second HRH segment of first arm and the first
HRH segment of second arm, although the interaction
is primarily dominated by nonspecific contacts such
as hydrophobic and van der Waals forces. In addition,
only the first HRH segment of second arm is able to
touch the VEGF-A binding site of VEGFR-1 D2,
indicating that this segment plays a major role in
competitive disruption of VEGFR-1 D2-VEGF-A
association --- this can be further supported by
representatives 2 and 3, where the VEGFR-1 D2 only
interacts with the first HRH segment of second arm
using its VEGF-A binding site, albeit the interaction
modes of representatives 2 and 3 are not fully
consistent.

HRH functional domain

(B)

4
< 3
a
=
% 2

(A) IgG1 Fc + N-terminus
1
0 >
0 20 40 60 80 100 120
time (ns)

Figure 4. RMSD fluctuation profile of the backbone atoms in PbHRH peptibody protein during 120-ns MD simulations. (A) IgG1 Fc + N-terminus. (B) HRH functional

domain.

hotspot 2
VEGFR-1 D2

http://www.ijbs.com



Int. . Biol. Sci. 2018, Vol. 14

935

Figure 5. (A1-A5) The top-5 binding sites of HRH peptide to VEGFR-1 D2, predicted using PepSite server [30]. (B) Mapping the five sites onto the surface of
VEGFR-1 D2 in complex with VEGF-A (PDB: 1FLT). The five sites can be clustered to two hotspots, in which the hotspot | is overlapped with the native binding site

of VEGF-A.

PbHRH peptibor
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Figure 6. (A) Multiple binding modes of VEGFR-1 D2 to the HRH functional domain of PbHRH peptibody, predicted using ZDOCK server [31]. (BCD) Clustering
of the multiple binding modes into three representatives 1, 2 and 3 by using MaxCluster algorithm [32]. (E) Schematic representation of the nonbonded interactions
across the complex interface of VEGFR-1 D2 with HRH representative 3, generated using LigPlot program [34].

Table 1. The calculated binding energetics of VEGFR-1 D2 to its interacting partners (full-length PbHRH peptibody, HRH segment in the

peptibody and free HRH peptide)

Partner Representative Region Energetics (kcal/mol)
AEint AGev -TAS AGu
PbHRH representative 1 full-length -78.6 185 34.7 -25.4
HRH segment -49.0 13.2 23.2 -12.6
PbHRH representative 2 full-length -67.2 159 29.6 -21.7
HRH segment -53.7 16.8 229 -14.0
PbHRH representative 3 full-length -82.4 283 25.0 -29.1
HRH segment -64.8 24.5 21.4 -18.9
HRH representative 1 HRH peptide -71.5 26.0 24.8 -20.7

The binding energetics of representatives 1, 2
and 3 were calculated and decomposed with MD
simulations and MM/PBSA + NMA analysis (Table
1). The binding is associated with a very favorable
interaction energy between VEGFR-1 D2 and PbHRH
(AEine << 0), which, however, would be largely
counteracted by the unfavorable solvent effect (AGsly
> 0) and entropy penalty (-TAS > 0), finally resulting
in a moderate or modest affinity for the binding. The
unfavorable factors indicate that the formed complex
interface is partially polar and hydrophilic, and the
large flexibility of HRH function domain would cause
indirect readout against the binding [33]. In addition,
it is revealed a considerable difference between
VEGFR-1 D2 binding to full-length PbHRH and the
first HRH segment of second arm. The former
possesses a generally higher affinity than the latter
(AGw = -25.4, -21.7 and -29.1 kcal/mol versus -12.6,
-14.0 and -18.9 kcal/mol, respectively); this is in line

with the fact that the protein context should play a
crucial role in determining the interaction affinity and
specificity of protein-protein and protein-peptide
recognition [Stein A, et al. PLoS ONE 2008, 3, e2524].
In particular, the VEGFR-1 D2 exhibits a high binding
potency to both the full-length PbHRH and HRH
segment in representative 3 (AGw = -29.1 and -18.9
kcal/mol, respectively), of which the nonbonded
interactions across its complex interface were
identified and mapped onto a 2D schematic plot in
Figure 6E using LigPlot program [34], revealing an
intense noncovalent network of hydrogen bonds,
hydrophobic forces and van der Waals contacts that
confer both specificity and stability to the complex
system of representative 3.

For comparison purpose, the free HRH peptide
was redocked, clustered and refined to VEGFR-1 D2,
resulting in a single representative (Figure 7). As can
be seen, the representative binding mode of free HRH
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HRH peptide

VEGFR-1 D2

(A) multiple HRH binding modes

clustering

HRH peptide

VEGFR-1 D2

(B) representative binding mode

Figure 7. (A) Multiple binding modes of free HRH peptide to VEGFR-1 D2, predicted using ZDOCK server [31]. (B) Clustering of the multiple binding modes into
one representative. The interaction details of VEGFR-1 D2 with the HRH representative were refined using PepCrawler server [32].

peptide lays on the core region of VEGF-A binding
site. In contrast, the HRH segments in peptibody
context can only bind nearby or partial overlapping
with the cognate site. The energetic analysis also
supported this finding, that is, free HRH peptide can
bind tightly to VEGFR-1 D2 as compared with the
HRH segments in three representatives (AGw = -20.7
kcal/mol versus -12.6, -14.0 and -18.9 kcal/mol)
(Table 1), where the HRH segment of representative 3
is most close to the free peptide in both binding
conformation and interaction energy. Overall,
integrating HRH peptide into PbHRH peptibody may
not improve the direct intermolecular interaction
between VEGFR-1 D2 and HRH.
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