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Abstract

Transforming growth factor-f/bone morphogenetic protein (TGF-/BMP) signaling plays a fundamental role in embryonic
skeletal development and postnatal bone homeostasis. The signaling pivot protein BMP-2 belongs to the TGF-} superfamily
and has been implicated in the pathogenesis of osteonecrosis of femoral head (ONFH). The biologically functional BMP-2
is a homodimer that has two tightly packed cores at its dimerization interface; each core is defined by the intermolecular
interaction between a helical arm from one monomer and a hydrophobic pocket from another monomer. Inhibition and disrup-
tion of BMP-2 dimerization have been recognized as an attractive therapeutic strategy against ONFH. Here, we investigate
the self-binding behavior of helical arm-derived peptides to the BMP-2 dimerization interface. The native BMP-2 helical
arm and its several grafted versions from BMP-4, BMP-6 and BMP-7 are stripped from the intact dimerization interface to
generate a number of isolated helical peptides. Computational simulations demonstrate that the stripping does not substan-
tially influence the direct intermolecular interaction between BMP-2 monomer and these helical peptides or desolvation
effect upon the interaction. However, the C-terminus of stripped peptides is found to have an intrinsic disorder and large
flexibility in the isolated state, which would impair the rebinding of stripped peptides to BMP-2. Next, we rationally design
a hydrocarbon bridge across the C-terminal residues 65 and 69 of helical peptides, which can effectively constrain peptide
conformational flexibility in the isolated state, thus considerably promoting the binding potency of stripped helical peptides.
Circular dichroism (CD) spectroscopy reveals that the peptide helicity increases from 51.8 to 67.9% upon hydrocarbon sta-
pling. Fluorescence polarization assays substantiate that, as designed, the stapling can convert these helical peptides from
weak binders to moderate or good binders of BMP-2 protein; their K; values are improved by up to ~fourfold.

Keywords Bone morphogenetic protein-2 - Helical peptide - Peptide-mediated protein—protein interaction - Hydrocarbon
stapling - Osteonecrosis of femoral head

1 Introduction

Transforming growth factor-p/bone morphogenetic protein
(TGF-p/BMP) signaling has widely recognized roles in oste-
oblast differentiation during mammalian development and
exhibits versatile regulatory functions in the bone system [1,
2]. The signaling involves a number of bone morphogenetic
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proteins (BMPs), which are a group of growth factors that
belong to the TGF-f superfamily of cytokines and metabo-
logens. Similar to other TGF-f family proteins, BMPs are
highly conserved across animal species [3] and have a cen-
tral role in the regulation of bone induction, maintenance
and repair. They act through an autocrine or paracrine mech-
anism by binding to cell surface receptors and initiating a
cascading of downstream cell signaling events that have
multiple effects on the formation of bone and cartilage [4].
In the BMP family, BMP-2 is one of the most documented
members because of its functional importance and clini-
cal significance. The protein is a central regulator of bone
defects, non-union fractures, spinal fusion, and osteoporosis
[5], and has therapeutic benefits for osteonecrosis of femoral
head (ONFH) through induction of cartilage and bone cells
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[6]. Combined therapy of BMP-2 with Ibandronate preserves
the shape of the femoral head and stimulates new bone for-
mation in an immature animal model of ONFH [7]. Recom-
binant human BMP-2 can improve the clinical efficacy and
quality of bone repair in debridement and bone graft for the
treatment of ONFH [8].

Several forms of BMP-2 exist: a mature active 30 kDa
homodimer, an N-terminal propeptide of 40—45 kDa, and a
small amount of 60 kDa precursor protein [9]. Proteolytic
hydrolysis of the precursor protein produces variable-length
propeptides, which can be further cleaved to the mature
homodimer. The mature BMP-2 dimer has a large hydro-
phobic surface exposed to solvent, contributing to its unu-
sually low solubility in aqueous solutions [10]. The BMP-2
monomer can also form a series of functionally active heter-
odimers with other members of this family, such as BMP-2/6
and -2/7 [11, 12]. Crystallographic analysis revealed that the
BMP-2 homodimer possesses two tightly packed cores at its
dimerization interface; each core is defined by the intermo-
lecular interaction between a helical arm from one monomer
and a hydrophobic pocket from another monomer. The helix
is linked to the rest of its host monomer protein through two
highly flexible loops (i.e. N-terminal and C-terminal link-
ers), thus possessing a considerable independence (Fig. 1)
[13]. Consequently, the BMP-2 dimerization can be regarded
as a peptide-mediated protein—protein interaction (PmPPI)
[14, 15].

Previously, we have described a protocol to derive
self-inhibitory peptides (SIPs) from the crystal complex
interface of TGF-f with its cognate receptor TPRI in the
ONFH TGF-p/BMP signaling [16]. The protocol integrates
computational peptide design [17, 18] and the results from
in vitro binding assays to identify, modify, and cyclize the
hotspot peptide segments of TPRI that can tightly pack
against TGF-P and exert strong interaction potency with

N-terminal linker
hydrophobic pocket

Fig. 1 Crystal structure of BMP-2 homodimer (PDB: 3BMP). Two
packed cores can be observed at the dimerization interface. Each core
is defined by the intermolecular interaction between a helical arm
from one monomer and a hydrophobic pocket from another mono-
mer. The helix is linked to rest of its host monomer protein through
two highly flexible loops, i.e. the N-terminal and C-terminal linkers.
The monomers 1 and 2 are colored in purple and green, respectively.
(Color figure online)

the TGF-p. In this study, we performed a systematic inves-
tigation of the molecular basis and conformational prop-
erties of helical peptide in BMP-2 dimerization. We also
attempted to structurally graft the helical peptide coun-
terparts from BMP-X to the BMP-2 to mimic the BMP-2/
BMP-X heterodimerization. The native and grafted helical
peptides were stripped from their host protein context, sta-
pled by an all-hydrocarbon bridge to stabilize the helical
conformation, and tested in vitro to determine their bind-
ing potency to BMP-2 monomer. The grafted, stripped and
stapled peptides may be exploited as potential biologic
agents to regulate the BMP-2 dimerization and would be
used as lead molecular entities to develop therapeutic pep-
tide drugs against ONFH and other bone diseases.

2 Materials and Methods
2.1 Computational Modeling

The crystal structure of BMP-2 homodimer was retrieved
from the PDB database [19] with entry code 3BMP
(Fig. 1). The investigated system was immersed into a
TIP3P water box [20] with 10 A buffer extension. Coun-
terions were added to make the system electroneutral. The
studied systems were modeled with AMBER force field
[21] implemented in Amber suite of programs [22]. For
hydrocarbon-stapled peptides, the stapled alkane bridges
were modeled using the XLEAP module and the param-
eters were built using the ANTECHAMBER module [23].

2.1.1 Dynamics

The system was relaxed by 1000 steps of steepest descent
minimization and 5000 steps of conjugate gradient
minimization. The energy minimization was followed
by heating from 0 to 300 K over 50 ps in the canonical
ensemble and by equilibrating to adjust the solvent den-
sity under 1 atm pressure over 50 ps in the isothermal
isobaric ensemble [24-26]. Subsequently, after a 10-ns
simulation for relaxing and equilibration, an additional
20-ns production simulation was run, during which con-
formational snapshots were collected every 10 ps [27]. No
extra restraints were set for solute. The time step was 2 fs.
All hydrogen-involved chemical bonds were constrained
using the SHAKE algorithm [28]. Nonbonded cutoff was
set at 10 A and long-range electrostatic interactions were
described with the particle mesh Ewald (PME) method
[29]. The structural minimizations and dynamics simula-
tions were carried out using the SANDER module.
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2.1.2 Energetics

Molecular mechanics/Poisson—Boltzmann surface area
(MM/PBSA) method [30] was carried out over collected
snapshots to analyze the binding energetics of BMP-2 dimer-
ization or BMP-2—peptide interaction. The method calcu-
lated intermolecular interaction energy AGy, between the
dimerizing/interacting members using molecular mechan-
ics approach, as well as the desolvation energy AGpgga
upon the dimerization/interaction by the finite-difference
solution of Poisson—-Boltzmann equation and surface
area model [31-33]. Consequently, the total binding free
energy AGrr, of dimerization or interaction is expressed
as: AGpp, = AEyp+ AGpgga. Where AEyy, is the interac-
tion potential between protein and peptide, and AGpgg, 1S
the desolvation energy upon the interaction. The energetics
calculation was conducted using the MM/PBSA module.
Entropy effect (-T'AS) was not explicitly considered in the
calculations.

2.2 Experimental Analysis
2.2.1 Material Preparation

Peptides were synthesized by Fmoc-solid phase chemistry
in ChPept. The Grubbs catalyst was used in olefin metath-
esis to incorporate the all-hydrocarbon staples into pep-
tides, which entailed the integration of two (i,i +4)-spaced
residues followed by ruthenium-mediated olefin metathesis
before cleavage from the synthesis resin and deprotection, to
yield the stapled peptides [34, 35]. The recombinant protein
of human BMP-2 is natively in homodimer form stabilized
by a disulfide bond (Cys78-Cys78) across two monomers,
which was treated with 100 mM DTT at 37 °C for 30 min to
prepare the monomer form of BMP-2 [36]. After then, 25%
HSA was added to absorb excessive reducing equivalents
[37].

2.2.2 CD Spectroscopy

The circular dichroism (CD) analysis was performed at
25 °C on a Jasco J-810 spectropolarimeter using a path
length of 1 mm. All CD signals were recorded at a peptide
concentration 50 uM in 10 mM phosphate buffer (pH 7.4).
Data acquisition was performed in steps of 0.5 nm at a wave-
length range from 180 to 250 nm with a spectral bandwidth
of 1.0 nm, and the average blank spectra were subtracted
from the average of the sample spectra. The final spectra
were expressed as molar ellipticity [0] (deg cm? dmol™!) per
residue. The a-helical content (%Helicity) was determined
from the mean residue ellipticities at 222 nm, as indicated
by [38, 39]: %Helicity = ([8] s X 100)/{ [],,e1ix X (1-2.57/D) },
where [0],, is the mean residue ellipticity (MRE) observed

obs
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at 222 nm, [0];;; s the ellipticity of a peptide of infinite
length with a 100% helix, taken as — 39,500 deg cm? dmol~!,
and / is the peptide length or, more precisely, the number of
peptide bonds.

2.2.3 Fluorescence Polarization

The binding affinity of peptide ligands to BMP-2 mono-
mer protein was measured by fluorescence polarization
(FP) assays modified from our previous work [16]. Satu-
ration binding curves for the BMP-2—peptide interaction
were determined by monitoring the FP change of a fixed
concentration (100 nM) of labeled peptide with increas-
ing amounts of the protein at room temperature (25 °C) in
a buffer 25 mM HEPES, pH 7.4, 0.1% Tween 20, 50 mM
NaCl and 10 mM DTT. The dissociation constants (Kj)
were determined by fitting titration curves to the equation:
FP={FP,+FP_,. (Ipl/Ky}/{1 +([pl/Ky)}, where [p] is the
protein concentration at each measurement point; FP is
measured polarization at the given protein concentration;
FP,and FP_, are the polarization in absence of protein and
saturated with protein, respectively.

3 Results and Discussion

3.1 Computational Alanine Scanning Analysis
of BMP-2 Dimerization

The mature BMP-2 is a homodimer with one disulfide bond
across the dimerization interface. However, formation of the
disulfide bond is a very slow process [40], before which
the two BMP-2 monomers should be fully structured and
then properly match to each other at the dimerization inter-
face. Therefore, design of peptide ligands to disrupt the
slow process of the folding, binding and matching between
two BMP-2 monomers before the disulfide bond formation
can potentially be used for therapeutic purpose. The crystal
structure of BMP-2 homodimer was subjected to a 20-ns MD
simulation for equilibrium and an additional 20-ns simula-
tion for trajectory analysis. In fact, the first 20-ns simulation
is sufficient to stabilize the system since the starting crystal
structure is already near its energy minimum. Cheminfor-
matics and molecular docking have been widely used to
study protein—peptide binding [41, 42]. The total binding
energy AGrpp, of BMP-2 dimerization was calculated as
— 18.7 kcal/mol by MM/PBSA analysis of the additional
20-ns dynamics trajectory, indicating that the two monomers
can pack against each other to form a stable dimer com-
plex system. Here, computational alanine scanning (CAS)
[43] was conducted to determine the residue importance
of a monomer in the dimerization. The CAS separately
mutated each residue of a monomer in BMP-2 homodimer
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to neutral alanine and then calculated change in the total
dimerization energy AAGyr, upon the mutation, and the
obtained AAGyp value can be used to measure the rela-
tive importance of each monomer residue in dimerization;
a residue that favorably and unfavorably contributes to the
dimerization is labeled with AAGpp; >0 and AAG -y <0,
respectively. As shown in Fig. 2, most residues contribute
favorably to the dimerization. This is not unexpected if con-
sidering that the BMP-2 homodimer is evolutionally pol-
ished to obtain a high complementarity at its dimerization
interface, so that the CAS mutation would impair the com-
plementarity and then cause unfavorable effects on the for-
mation of the dimer complex (AAGyp, > 0). However, most
mutations only influence the dimerization modestly, with
AAGr <1 kcal/mol. This is because only a few interfacial
residues can directly participate in the dimerization interac-
tion, while a majority of residues are non-interfacial and can
only exert indirect effects on the interaction [44, 45]. Visual
examination of the dimer complex structure revealed that a
number of important residues are clustered into a hotspot
region at the dimerization interface, which roughly covers
an o-helical arm of BMP-2 monomer and just corresponds

Fig.2 Computational alanine
scanning determination of the
residue importance profile
(AAGyp) of a monomer in
BMP-2 dimerization. The mon-
omer consists of 106 residues
(residues 9-114) in investigated
crystal structure (PDB: 3BMP)

2.0

to one of the two packed cores in the interface, where the
helix is linked to the rest of the monomer protein through
two highly flexible loops (Fig. 2). The helical arm spans the
residues 58-71 of BMP-2 protein sequence and defines a
functional peptide *TNHAIVQTLVNSVN”!, According to
energetics analysis the single peptide segment can contribute
35.8% binding energy to BMP-2 dimerization, suggesting
that the BMP-2 dimerization is a typical peptide-mediated
protein—protein interaction (PmPPI) and the helical peptide
is the central mediator of the dimerization interaction.

3.2 Grafting Helical Arms from BMP-4/6/7 to BMP-2
Dimer

Although BMP-2 commonly exists in homodimer form, in
some cases the protein can also form biologically functional
heterodimers with BMP-4 [46], BMP-6 [11] and BMP-7
[12]. These heterodimers have been found as strong induc-
tors of osteoblastic differentiation and bone regeneration in
human embryonic stem cells and rat spinal fusion (Table 1).
Considering that the BMP family proteins are highly con-
served and share a high sequence homology and structural
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Table 1 The sequence

. . . BMP-X UniProt Identity (%)* Helical arm sequence” AGrq (kcal/mol)®
information of BMP-2 and its
heterodimerization partners BMP-2 P12643 100 TNHAIVQTLVNSVN (B2 peptide) -18.7
BMP-4, BMP-6 and BMP-7 BMP-4 PI2644  81.6 TNHAIVQTLVNSVN (B2 peptide) - 187
BMP-6 P22004  57.0 TNHAIVQTLVHLMN (B6 peptide) ~ —16.8
BMP-7 P18075 535 TNHAIVQTLVHFIN (B7 peptide) -17.3

4Sequence identity with BMP-2

PThe different residues relative to BMP-2 are highlighted in bold
“The total dimerization binding energy of BMP-2 dimer with native and grafted helical arms

similarity, the packed cores at heterodimerization interface
should also be highly consistent with that in BMP-2 homodi-
mer, where the helical arm of one monomer tightly packs
against a hydrophobic pocket of another monomer. In this
respect, we separately grafted the helical arms of BMP-4,
BMP-6 and BMP-7 to BMP-2 homodimer; it is supposed
that the grafting would not influence the conformation and
affinity of dimerization substantially.

First, the primary sequence of BMP-2, BMP-4, BMP-6
and BMP-7 were retrieved from the UniProt database [47]
and summarized in Table 1, which were then compared
with each other using ESPript multiple sequence align-
ment (MSA) [48]. In addition, the helical arm is also highly
consistent across the four BMP proteins, in which only
three variable residues are observed (Fig. 3). In fact, the
helical arm sequences of BMP-2 and BMP-4 are identical.
Second, the BMP-6 and BMP-7 helical arms were grafted
to the packed cores of BMP-2 homodimer using a virtual
mutagenesis strategy. In the procedure, the side chains of
different residues in the two helical arms of BMP-2 homodi-
mer crystal structure were manually removed and new side
chains were then added to these residues using the rotamer-
based SCWRLA4 program [49], consequently resulting in the
BMP-6 and BMP-7 helical arm-grafted versions of BMP-2

dimer structure. Subsequently, the two grafted structures
were separately subjected to 40-ns MD simulations (first
20-ns for equilibrium and last 20-ns for trajectory analy-
sis). As might expected, the dimerization potency has not
been influenced considerably upon the grafting, with total
binding energy AGp, change from — 18.7 kcal/mol (native)
to — 16.8 (BMP-6) and — 17.3 (BMP-7) kcal/mol, respec-
tively (Table 1). In fact, both the native BMP-2 and grafted
BMP-6/BMP-7 helical arms are very similar, and no obvi-
ous change in their conformation and packing mode can be
observed in the MD-equilibrated dimer structures.

3.3 Stripping and Stapling of BMP-2-Derived
Helical Peptides

The helical arm was stripped from the crystal structure
of BMP-2 homodimer to derive the isolated B2 peptide
(Fig. 4a), which was then subjected to 50-ns MD simulations
to reach equilibrium (Fig. 4b). As can be seen, the equili-
brated conformation of B2 peptide has a well structured
N-terminus where the peptide is folded into helical confor-
mation, whereas the peptide’s C-terminus exhibits an intrin-
sic disorder and large flexibility. We also performed MD
simulations to equilibrate B6 and B7 peptides and a similar
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BMP—=4 o« e et e e e et e e e e e e e e e e e e SPKHHSIQRARK KN[$RR|:(SIAUD ) Cl
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three variable residues

Fig. 3 Multiple sequence alignment of BMP-2, BMP-4, BMP-6 and
BMP-7. The helical arm region is highlighted in a box, where three
variable residues are identified across the four proteins. The align-
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ment was carried out using ESPript server [48]. The conserved and
identical residues are highlighted by yellow and red, respectively.
(Color figure online)
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Fig.4 Schematic representation of peptide flexibility reduction upon
hydrocarbon stapling. a The helical arm is stripped from BMP-2
homodimer interface to derive an isolated B2 peptide. b The native
helical conformation of B2 peptide is subjected to 50-ns MD simu-
lations. The equilibrated peptide possesses a structured N-terminus,
but exhibits a large intrinsic disorder in its C-terminus. ¢ The B2 pep-

conformational dynamics behavior was observed, indicating
that these stripped peptides are partially unfolded in the iso-
lated state. Previous study found that flexible peptide ligands
would incur an entropy penalty when binding to their protein
receptors, which considerably impairs the apparent binding
capability of protein—peptide interactions [50].

To reduce the conformational flexibility of stripped B2,
B6 and B7 peptides, hydrocarbon stapling was used to
constrain these peptides in a helical conformation [51]. In
order to avoid disruption of the native interaction of BMP-2
protein with these helical peptides, the hydrocarbon bridge
should be placed on the side of the helix facing away from
the binding pocket [35]. In addition, considering that the
C-terminus of the helix is disordered in the isolated state,
we stapled a hydrocarbon bridge in the flexible terminus. By

tide is stapled by a hydrocarbon bridge across residues 65 (i) and 69
(i+4), and then subjected to 50-ns MD simulations. The equilibrated
conformation of stapled peptide is highly structured, fully holding a
helical conformation. d CD spectra of B2 and sB2 peptides with their
respective secondary structures

visual examination of BMP-2-helical arm binding mode we
selected peptide residues 65 (i) and 69 (i+4) as the anchor
sites of hydrocarbon bridge. This is because the two residues
are located near the peptide’s C-terminus, do not directly
contact and interact with BMP-2 protein, and are at the (i,
i+4) positions in the peptide sequence. The stapled B2 pep-
tide (sB2 peptide) was re-subjected to 50-ns MD simulations
and, as might be expected, the peptide is highly structured
and can be maintained in helical conformation during the
whole simulation course (Fig. 4c). Circular dichroism (CD)
spectroscopy was also used to characterize the secondary
structure of native B2 peptide and stapled sB2 peptide [52].
The two peptides are very similar in sequence, size, mass
and amino acid composition, and thus the CD can readily
reflect the structural difference between them. As shown in
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Fig. 4d, both the two peptides exhibit helical propensity,
with a positive band at ~ 193 nm and negative bands between
205 and 225 nm—this represents a typical a-helical feature
[53]. By comparing the spectral profiles it is revealed that
the sB2 peptide has a higher helical content than B2 pep-
tide. In addition, no concentration effects were observed on
the shape and intensity of CD spectra in the range (107 to
10> M) taken into consideration, suggesting that the pep-
tides in tested concentration (50 pM) are not self-associated.
Here, the peptide helicity was derived from the CD spectra
using a method described previously [38, 39]. In addition,
the average helical propensity (AHP) of the two peptides
during the equilibrium phase of MD simulations was also
calculated, where the peptide secondary structure defini-
tion was assigned with the DSSP algorithm [54]. As can be
seen in Table 2, the computational simulations suggested
that the stapling can increase AHP from 7.8/14 (55.7%) to
12.3/14 (87.9%), which is basically in line with the change
in peptide helicity upon the stapling (increase from 51.8 to
67.9%) derived from the experimental CD spectra, although
the experimental helicity is generally lower than computa-
tional AHP for the two peptides.

For comparison purposes, both the native B2/B6/B7
peptides and their stapled counterparts sB2/sB6/sB7 are
listed in Table 3. As might be expected, hydrocarbon sta-
pling does not influence the direct interaction (AGyy,) and
desolvation effect (AGpgg,) of these helical peptides bind-
ing to BMP-2 protein, with a small variation in total bind-
ing energy (AGpp ranges between —5.8 and — 7.3 kcal/
mol). Instead, the stapling can effectively stabilize the hel-
ical peptides in the isolated state, thus largely promoting
native peptide interaction with BMP-2. Consequently, the
apparent binding capability of these peptides is expected
to be improved considerably due to the stapling-mediated
conformational constraint. Although the binding energy
of designed peptides to BMP-2 monomer (— 7 kcal/mol)
is about 1/2 or 1/3 of the BMP-2 dimerization energy
(— 18 kcal/mol), this is expected as the dimerization inter-
face contains two peptide binding sites (each comes from
one monomer and binds to another monomer, see Fig. 1)
and thus the total dimerization energy should be regarded

Table 2 The average helical propensity (AHP) and the percentage of
helicity of native B2 peptide and stapled sB2 peptides

Peptide Type | Sequence AHP? Helicity
%)°
B2 peptide | Linear | TNHAIVQTLVNSVN | 7.8/14 51.8+3.2
sB2 peptide | Stapled — 12.3/14 |67.9+54
TNHAIVQXLVNXVN

2AHP is calculated as the average ratio of helical residues to all (14)
peptide residues

®Helicity is derived from the CD spectra at [6],,,
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Table 3 Calculated binding energetics and experimental affinity of
linear and stapled BMP-derived helical peptides

Peptid | Type | Sequence Binding energetics Ky
e (kcal/mol) (UM)
AEyv | AGpgs | AGrr
M A L
B2 Linear | TNHAIVQTLVNS |- 73.| 66.1 |- 7.3|78x10
peptid VN 4
e
sB2 Staple — -68. | 61.0 |—-72|21x4
peptid d TNHAIVQXLVNXVN 2
e
B6 Linear | TNHAIVQTLVHL |- 77.| 712 |- 6.2 |156+1
peptid MN 4 7
e
sB6 Staple - —70.] 650 |-58| 62«8
peptid d TNHAIVQXLVHXMN 8
e
B7 Linear | TNHAIVQTLVHFI | — 82.| 758 |- 7.1|108«1
peptid N 9 2
e
sB7 Staple - -74.] 67.1 |-69| 436
peptid d TNHAIVQXLVHXIN 0
e

The total binding energy AGpp of peptide to BMP-2 can be decom-
posed into the interaction potential between them AEy;, and the des-
olvation energy upon the interaction AGpgg,. Affinity is expressed as
dissociation constant K4

as double the binding energy of one single peptide. In
addition, since some additional factors such as entropy
effects were not involved in the energetic calculations, the
binding energy may not be directly comparable between
the small peptide and big BMP-2 protein. Here, consider-
ing that these investigated peptides have the same length
(14-mer) and share a similar sequence (only three residues
difference), the entropy penalty (— TAS) upon binding to
their common protein receptor BMP-2 can be regarded as
a constant over three unstapled peptides (B2, B6 and B7)
or over three unstapled peptides (sB2, sB6 and sB7), and
thus the relative values of their calculated binding ener-
gies (AGpr) are comparable with each other, albeit the
absolute AGpy; values may not be reliable due to the lack
of — TAS. Moreover, he mature BMP-2 is a homodimer
with one disulfide bond across the dimerization interface.
However, formation of the disulfide bond is a very slow
process [40], before which the two BMP-2 monomers
should be well structured and then properly match to each
other at the dimerization interface. Therefore, the stapled
peptides are designed to disrupt the slow process of the



Grafting, Stripping and Stapling of Helical Peptides from the Dimerization Interface of... 19

folding, binding and matching between two BMP-2 mono-
mers before the disulfide bond formed.

Subsequently, the B2, B6 and B7 peptides as well as their
conformationally constrained counterparts sB2, sB6 and
sB7 were chemically synthesized and their binding affin-
ity towards BMP-2 monomer was tested using FP assays.
As expected, the three native peptides were determined to
have only a moderate potency for BMP-2, with K; values of
78, 156 and 108 uM, respectively. In contrast, hydrocarbon
stapling confers a higher affinity for the three peptides, with
K, improved to 21, 62 and 43 uM, respectively (Table 3).
For example, the binding curves of native B2 peptide and
its stapled counterpart are plotted in Fig. 5. As can be seen,
the stapling-mediated conformational constraint of B2 pep-
tide can effectively shift fluorescence polarization associated
with the peptide binding to BMP-2, with affinity increase by
~fourfold (K, value decreases from 78 to 21 uM). The dif-
ference in K, values obtained for the conformationally con-
strained (stapled) peptide and the more flexible (unstapled)
peptide can be used to make a rough estimate of entropy
contribution using the Gibbs relationship: — TAAS~ AAG
=RTIn[K(stapled)/K j(unstapled)], where the R is a constant
1.986 x 1073 kecal K~! mol™!, and T is the absolute tem-
perature 298.15 K at experimental condition (25 °C). The

160 -
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120

100

Polarization (mP)

® B2 peptide Ky =78.1+9.7 uM
B sB2 peptide Ky =21.4 +4.3 uM

80

60 R 1 A ! ) 1 : 1 A 1
0 20 40 60 80 100

[BMP-2] (uM)

Fig.5 Fluorescence polarization binding curves upon titration of
BMP-2 protein to labeled peptides B2 and sB2. The titration was
determined by monitoring the FP change of a fixed concentration
(100 nM) of peptide with increasing amounts of the protein at room
temperature (25 °C). The dissociation constants (K;) were determined
by fitting titration curves to the equation: FP={FP,+FP . ([pl/Ky}/
{14+ ([pl/Ky)}, where [p] is the protein concentration at each measure-
ment point; FP is measured polarization at the given protein concen-
tration; FP, (fixed to 80.5 and 81.4 mP for native and stapled pep-
tides, respectively) and FP,, (fixed to 129.2 and 153.6 mP for native
and stapled peptides, respectively) are the polarization in absence of
protein and saturated with protein, respectively

estimated —TAAS values for stapling B2, B6 and B7 pep-
tides (to sB2, sB6 and sB7 peptides, respectively) are — (.78,
—0.56 and — 0.54 kcal/mol, which cause the peptide affinity
improvement by 3.7-fold, 2.6-fold and 2.5-fold, respectively.

The modeled structure of hydrocarbon-stapled sB2
peptide in complex with BMP-2 is shown in Fig. 6a. As
designed, the hydrocarbon bridge is not at the complex inter-
face and thus should not disrupt the complex interaction.
Superposition between the equilibrated structures of native
B2 peptide and stapled sB2 peptide in the binding pocket
of BMP-2 is shown in Fig. 6b. As can be seen, the binding
modes of B2 and sB2 peptides are similar with root-mean-
squares deviation (RMSD) of only 0.31 /0%; both of them lay
across the hydrophobic pocket of BMP-2 and tightly pack
against the protein receptor, suggesting that the stapled pep-
tide can bind in a very similar manner as its native counter-
part, the helical arm in BMP-2 homodimer. The slight dif-
ference between the two binding modes could be (partially)
attributed to the bias introduced by computational modeling
and MD simulations. In fact, the B2 and sB2 peptides were
calculated to have a similar binding energy (AGpp=—7.3
and — 7.2 kcal/mol, respectively). By visually examining the
equilibrated complex structure using the 2D-GraLab pro-
gram [55], it is revealed that the stapled sB2 peptide can
form a variety of noncovalent interactions with BMP-2,
including three hydrogen bonds and a number of hydropho-
bic interactions and van der Waals contacts (Fig. 6¢). These
noncovalent interactions are mostly distributed at the peptide
residues that face and directly contact the protein, thus dis-
playing an alternate pattern along the primary sequence of
the helical peptide and conferring high stability and moder-
ate specificity to the protein—peptide binding.

4 Conclusions

Helical peptide segments were stripped from the homo-
and hetero-dimerization interface of BMP-2 with BMP-
2, BMP-6 and BMP-7. These isolated peptides cannot
be fully maintained in native helical conformation; they
have an increased flexibility and intrinsic disorder with-
out the support of the interface context, thus impairing
their rebinding capability for targeting the dimerization.
Stapling strategy was employed to constrain the helical
conformation of peptides by chemically adding a hydro-
carbon bridge across the peptide C-terminal (i, i+4)
residues, which considerably reduces the peptide flexibil-
ity and helps them to interact with BMP-2, with affinity
increase by 2—4-fold. The hydrocarbon bridge is placed on
the side of the helix facing away from the peptide-binding
pocket and hence would not disrupt the interaction. The
native and stapled peptides can bind to BMP-2 in a similar
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(A) hydrocarbon bridge
sB2 peptide

2.59

®

Non-interface

Key

Interface

Fig.6 a The computationally modeled, dynamics-equilibrated struc-
ture of BMP-2 monomer in complex with hydrocarbon-stapled sB2
peptide. As designed, the hydrocarbon bridge is not presented at the
complex interface and thus should not disrupt the complex interac-
tion. b Superposition between the equilibrated structures of native
B2 peptide (in intact interface context) and hydrocarbon-stapled sB2
peptide in the binding pocket of BMP-2. The binding modes of B2
and sB2 peptides are similar with RMSD =0.31 A; both of them lay
across the hydrophobic pocket of BMP-2 and tightly pack against the
protein receptor, suggesting that the stapled peptide can bind in a very
similar manner as its native counterpart of helical arm in the BMP-2

@ Springer

Hydrogen bond Hydrophobic force

vdw contact

homodimer. ¢ Schematic representation of noncovalent interactions
across the BMP-2—sB2 peptide complex interface. The stapled sB2
peptide forms a variety of noncovalent interactions with BMP-2,
including three hydrogen bonds and a number of hydrophobic forces
and van der Waals contacts. These chemical forces are mostly distrib-
uted at the peptide residues that face and directly contact the protein,
thus displaying an alternate pattern along the primary sequence of
the helical peptide and conferring high stability and moderate speci-
ficity to the protein—peptide binding. The plot was generated using
2D-GraLab program [55]
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manner; both of them lay across the hydrophobic pocket of
BMP-2 and pack tightly against the protein.
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