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Abstract: Linear peptides containing the sequence WKTSRTSHY were used as lead compounds
to synthesize a novel peptidomimetic antagonist of o231 integrin, with platelet aggregation-
inhibiting activity, named Vipegitide. Vipegitide is a 13-amino acid, folded peptidomimetic
molecule, containing two ¢i-aminoisobutyric acid residues at positions 6 and 8 and not stable in
human serum. Substitution of glycine and tryptophan residues at positions 1 and 2, respectively,
with a unit of two polyethylene glycol (PEG) molecules yielded peptidomimetic Vipegitide-
PEG?2, stable in human serum for over 3 hours. Vipegitide and Vipegitide-PEG2 showed high
potency (7x107'° M and 1.5x107°M, respectively) and intermediate efficacy (40% and 35%,
respectively) as well as selectivity toward o2 integrin in inhibition of adhesion of o.1/0:2 inte-
grin overexpressing cells toward respective collagens. Interaction of both peptidomimetics
with extracellular active domain of o2 integrin was confirmed in cell-free binding assay with
recombinant 02 A-domain. Integrin 0231 receptor is found on the platelet membrane and trig-
gers collagen-induced platelet aggregation. Vipegitide and Vipegitide-PEG2 inhibited o231
integrin-mediated adhesion of human and murine platelets under the flow condition, by 50%.
They efficiently blocked adenosine diphosphate- and collagen I-induced platelet aggregation in
platelet rich plasma and whole human blood. Higher potency of Vipegitide than Vipegitide-PEG2
is consistent with results of computer modeling of the molecules in water. These peptidomi-
metic molecules were acutely tolerated in mice upon intravenous bolus injection of 50 mg/kg.
These results underline the potency of Vipegitide and Vipegitide-PEG2 molecules as platelet
aggregation-inhibiting drug lead compounds in antithrombotic therapy.
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Introduction

Platelets play a critical role in hemostasis and thrombosis. The initial step in thrombus
formation requires the capturing of platelets from flowing blood to the exposed sub-
endothelial collagen of an injured vessel wall. Arterial blood flow of high shear stress
induces conformational changes within von Willebrand factor (vWF) previously bound
to collagen and allows binding of the platelet glycoprotein (GP) Ib/V/IX receptor com-
plex to vWF. This interaction mediates stable platelet binding via two major collagen
receptors, GPVI and integrin o231." Recently, strong evidence has been provided
to show that GPVI mainly functions as a signaling molecule to activate platelets by
releasing chemical messengers such as adenosine diphosphate (ADP), thrombin, and
thromboxane A2, whereas 0231 is more involved in firm adhesion of platelets.? This
adhesion triggers platelet aggregation via platelet alIbB3 interactions with fibrino-
gen, which is essential in the interactions in central blood vessels under shear stress.?
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Under pathological atherosclerotic conditions, this process
of platelet adhesion to collagen may lead to thrombus for-
mation and manifest as an acute coronary syndrome (ACS).
Each component of this process is a potential target for
antiplatelet activity. Drugs that affect platelet function are a
fundamental approach in the management of ACS.* Food and
Drug Administration (FDA)-approved drugs such as ticlopi-
dine, clopidogrel, prasugrel, and ticagrelor are antagonists
of purinergic P2Y12 receptor, through which ADP elicits
platelet aggregation.>® Fibrinogen receptor olIbP3 integrin
plays a significant role in platelet adhesion and aggregation.
The studies of this receptor resulted in development of three
antagonists, which were approved by the FDA for the therapy
of ACS. These drugs include abciximab, a humanized-murine
monoclonal antibody;’ eptifibatide, a cyclic peptide;® and
tirofiban, a nonpeptide small molecule.’

02B1 Integrin (platelet membrane glycoprotein [GPIa],
VLA-2 subunit alpha, CD antigen 49b) belongs to a family
of collagen receptors, which is expressed on the surface
of a variety of cells. Integrins are heterodimeric receptors
composed of two noncovalently linked o and § subunits.'
The a1l and 02B1 integrins have been recognized as the
most selective receptors for various types of collagens.
Integrin 021 is a receptor for laminin, collagen, collagen
C-propeptides, fibronectin, and E-cadherin. It recognizes
the proline-hydroxylated sequence GFPGER in collagen.
This receptor mediates adhesion of platelets and other cells
to collagens and also modulates collagen and collagenase
gene expression, force generation, and organization of
newly synthesized extracellular matrix. The I-domain of
the integrin is responsible for collagen binding. It consists
of approximately 200 amino acid residues and is localized
near the amino terminus in the extracellular part of the o
subunit. The studies with o.1/0.2 integrin I-domain chimeras
confirmed that ou1-I-domain-containing receptors have higher
affinity toward collagen IV, whereas :2-I-domain-expressing
cells better adhere to collagen 1."!

Screening a large series of linear synthetic peptides
characterized as o.1B1/021 dual antagonists,'> we identi-
fied an integrin recognition sequence: WKTSRTSHY. In
this study, this sequence was modified by introducing two
molecules of o-aminoisobutyric acid (AIB), which is an
established alanine analog known to strongly favor helical
folded conformation.'® AIB does not belong to the standard
amino acids, and therefore peptides containing AIB are more
protease resistant and more stable in vivo.'* Here we describe
the synthesis and characterization of novel peptidomimetics
Vipegitide and its pegylated analog (Vipegitide-PEG2).
Moreover, we measure their ability to inhibit adhesion of

integrin 021 overexpressing cells, human platelets, as well
as antiaggregation platelet activity. These peptidomimetics
inhibit platelet aggregation, show selective and high affinity
binding to 0.2 integrin receptors, and were tolerable upon
injection in mice. These unique peptidomimetic antagonists
are lead structures, which might be further exploited for
development of novel antiplatelet aggregation drugs.

Materials and methods

Materials

Collagen IV (from bovine placenta villi) was purchased
from Chemicon (Temecula, CA, USA) and collagen I
(from rat tail) from BD Biosciences (Bedford, MA, USA).
The 96-well polystyrene plates were obtained from Nunc
(Roskilde, Denmark). Bovine serum albumin (BSA), Hank’s
balanced salt solution (HBSS) sulfate, alkaline phosphatase-
conjugated anti-rabbit antibody, and p-nitrophenyl phosphate
were purchased from Sigma-Aldrich (St Louis, MO, USA).
CellTracker™ green 5-chloromethylfluorescein diacetate
(CMFDA) and rabbit polyclonal antibodies against gluta-
thione s-transferase (GST) were purchased from Molecular
Probes (Eugene, OR, USA).

C-type lectin protein

Vixapatin was obtained from the venom of Vipera xanthina
palestinae as previously described.'* Rhodocetin was purified
from Calloselasma rhodostoma venom as reported."

Cell lines
K562 cells transfected with o1 or 02 integrin subunits'* were
used in this study.

Peptidomimetic synthesis reagents

All amino acids and Rink resin were purchased from GL
Biochem Ltd. (Shanghai, People’s Republic of China). N, N-
diisopropylethylamine (DIPEA), 2-(1 H-benzotriazole-1yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU),
and 1-hydroxybenzo-triazole (HOBt) were purchased from
BioLab Ltd (Jerusalem, Israel). All coupling reagents, chemi-
cals, and solvents were purchased from Sigma-Aldrich.

Procedure for phthalimide-protected
polyethylene glycol unit synthesis

and characterization

The phthalimide (Pht)-protected polyethylene glycol (PEG)
unit, Pht-PEG2, was synthesized as previously described.'®!”
Briefly, 2-(2-aminoethoxy)ethanol (10.5 g, 0.1 mol) and
phthalic anhydride (14.8 g, 0.1 mol) were dissolved in
toluene (450 mL) and the resulting solution placed in a
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round bottomed flask fitted with a Dean—Stark apparatus.
The solution was then heated under reflux for 4 hours, with
the water evolved from the reaction periodically removed
from the system. The reaction mixture was allowed to cool,
dried over magnesium sulfate, filtered, and then the solvent
removed in vacuo to give the pure, white Pht-protected amine
in quantitative yield. The phthalimido derivative (5 mmol)
was dissolved in acetone (60 mL) at 0°C. Chromium triox-
ide (12 mmol) dissolved in 35% sulfuric acid (25 mL) was
added dropwise. The temperature of the reaction mixture was
then allowed to reach room temperature, and stirring was
continued for 3 hours. The reaction mixture was poured into
water (80 mL) and the product extracted with ethyl acetate
(4x50 mL). The combined organic phases were washed
with brine (70 mL or until the organic phase was colorless),
dried with sodium sulfate, and the solvent evaporated under
reduced pressure.'® Pht-PEG2 was purified using analytical
high-performance liquid chromatography (HPLC), molecular
weight was confirmed using electrospray ionization (ESI)
mass spectrometry (MS), and the structure was confirmed
with proton nuclear resonance (‘H-NMR) spectroscopy.

General procedure for peptidomimetics

preparation and characterization
The peptidomimetics were synthesized on a solid phase by
standard fluorenylmethyloxycarbonyl (Fmoc) chemistry."
The synthesis was carried out manually on a Rink amide
resin using Fmoc-protected amino acids. AIB was also Fmoc
protected. Coupling was performed for 1 hour with four
equivalents of HBTU and one equivalent of amino acid in the
presence of four equivalents of HOBt and eight equivalents
of DIPEA. Fmoc groups were removed with 20% piperidine
in N-methyl-2-pyrrolidinone. For the synthesis of Vipegitide-
PEG2, Pht-PEG2 previously synthesized was used.
Cleavage from the resin and full deprotection of pepti-
domimetics was carried out using a mixture of trifluoroa-
cetic acid (TFA)/phenol/water/triisopropylsilane (88:5:5:2
v/v/v/v) for 3 hours at room temperature.?’ The resin was
filtrated, and the peptide was precipitated by addition of cold
diethyl ether to the filtrate. The precipitate was separated
by centrifugation at 4,000x g for 10 minutes, solubilized in
water, and lyophilized. Cleavage of Vipegitide-PEG2 peptide
from the resin first was done with hydrazine monohydrate, as
described previously.?! Briefly, a solution of hydrazine mono-
hydrate (41.2 mM, 2 mL) in 10 mL methanol/tetrahydrofuran
(1:1) was added to the resin and reaction slurry was shaken
for 6 hours. The resin was washed with methanol (5x) and
with dichloromethane (3%). The second cleavage was done
using TFA.

The synthesized peptidomimetics were purified by
preparative reverse-phase HPLC (RP-HPLC) using a C18
column with an elution gradient of 0%—90% acetonitrile with
0.1% TFA in water. The compounds’ purity was verified by
Thermo Scientific Dionex UltiMate 3000 analytical HPLC.
Identities of both peptidomimetics were confirmed using high
resolution ESI MS using a LTQ Orbitrap (Thermo Scientific,
San Jose, CA, USA) in the positive ion mode.'?

Stability of the peptidomimetics

in human serum

One milliliter of Roswell Park Memorial Institute media
supplemented with 25% (v/v) of human serum was intro-
duced into a 1.5 pL. Eppendorf tube and was temperature
equilibrated at 37°C for 15 minutes before adding 5 mL
peptidomimetic stock solution to make a final peptide
concentration of 50 pg/mL. The initial time was recorded,
and at known intervals, 100 pL of the reaction solution was
removed and added to 200 UL of 96% ethanol to precipitate
serum proteins. The sample was cooled to 4°C for 15 minutes
and then centrifuged at 18,000x g for 2 minutes to precipi-
tate serum proteins. The supernatant was then applied to a
C18 column for separation by RP-HPLC. A linear gradient
from 100% buffer A (0.1% TFA in water), to 50%—-50%
buffer A and buffer B (0.1% TFA in acetonitrile), was
applied for over 30 minutes. The flow rate was 1 mL/minute
and absorbance was detected at 220 nm.?

Modeling of the peptidomimetics

in water
The starting points for the simulations of Vipegitide and
Vipegitide-PEG2 were built in Discovery Studio as extended
peptides. Prior to minimization, the structures were prepared
using the prepare protein protocol as implemented in Discov-
ery Studio to determine residues protonation states.?
Molecular dynamics simulations were performed using
the Gromacs Molecular Dynamics package*** with the
AMBER99SB-ILDN force field.?® Peptidomimetics were
submerged in transferable intermolecular potential 3 points
(TIP3P) water? in a cubic box with an extra extension along
each axis of the peptide of 10 A. Ions were added to the solu-
tion to make the system electrically neutral. Structures were
minimized, equilibrated (first under amount of substance,
volume, and temperature conditions for 1 ns and then under
amount of substance, volume, and temperature conditions
for an additional 1 ns), and finally simulated under amount
of substance, volume, and temperature conditions for 1 us.
The simulations were performed at 300°K with a time step of
2 fs using the leap-frog algorithm.* Long-range electrostatic
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interactions were computed using Particle Mesh Ewald
Summation.?**® The cutoff for van der Waals and Coulomb
interactions was set to 10 A. Periodic boundary conditions
were applied, and the LINCS algorithm®! was used to con-
strain bond lengths.

To examine the conformational ensembles of the pep-
tidomimetics, we measured the distance between their
termini and their radius of gyration along the simulations.
For Vipegitide, the distance between the termini of the
peptide chain was measured between the centers of mass of
the backbone atoms (N, CA, C) of residues 1 and 13. For
Vipegitide-PEG2, the distance was measured between the
centers of mass of the heavy atoms in the N-terminus (atoms
N, C1, C2) and the backbone atoms of residue 13. Distances
were measured for the last 400 collected snapshots only (last
800 ns of the simulation) to remove the effect of the starting
conditions. We defined peptidomimetics as folded when
the distance between the two termini of the peptide chain
was smaller than 5 A. Radii of gyration (root mean square
deviation [RMSD] of atoms from their center of gravity)
were calculated using gyrate procedure as implemented in
Gromacs.?*%

To investigate the conformational space of the peptido-
mimetics, we examined their secondary structures along the
simulations. This analysis was performed only for residues
4-13, to allow for a valid comparison between the two pep-
tidomimetics. For this purpose, we used the DSSP program
(Gromacs’s do_dssp procedure which interfaces with DSSP),
which assigns the most likely secondary structure to a given
peptide chain. The do_dssp procedure provides a list of the
secondary structures adopted by each residue for all the col-
lected snapshots. From this list we calculated the fraction
of conformations which adopt helical secondary structure
and the fraction of conformations with high curvature (ie,
adopting a bend or turn conformation) among the inner
residues (6-11).

Finally, to assess the similarity of the conformational
spaces of Vipegitide and Vipegitide-PEG2, we used a matrix
termed “contained,” which was developed in an earlier
study.'? This matrix calculates the fraction (in percentage)
ofthe conformations of Vipegitide that are similar (ie, reside
within a predefined RMSD cutoff) to at least one of the con-
formations of Vipegitide-PEG2 and vice versa. In this study,
two conformations were deemed similar if the backbone
RMSD between them (calculated over residues 4—13) was
found to be smaller than 2 A. Calculations performed with
a 1 A RMSD threshold resulted in no similarity between
the ensembles.

Cell adhesion assay

The assay was carried out as described previously, with minor
modifications.*® The day before the experiment, each well of a
96-well plate was coated with 10 g/mL collagen I or 1 pg/mL
collagen IV in 0.02 M acetic acid and incubated overnight at
4°C. Thereafter, nonspecific binding was blocked by incu-
bating the wells with 1% (w/v) BSA in HBSS containing 5
mM magnesium chloride (MgCl,), at room temperature for
1 hour before use. The cells were labeled by incubation with
12.5 uM CMFDA in HBSS without 1% BSA at 37°C for 30
minutes. The labeled cells were then centrifuged at 1,000 rpm
and washed twice with HBSS containing 1% BSA to remove
excess CMFDA. Labeled cells (1x10° cells/well) were added
to each well in the presence or absence of peptidomimetics
and incubated at 37°C for 60 minutes. In the presence of
peptide, cells were added to the well after prior incubation
with peptide for 30 minutes at 37°C. Unbound cells were
removed by washing the wells three times with 1% (w/v) BSA
in HBSS, and bound cells were lysed by the addition of 0.5%
Triton X-100 (diluted in double-distilled water). The fluo-
rescence in each well was quantified with a SPECTRAFIluor
Plus plate reader (Tecan, San Jose, CA, USA) at excitation
wavelength=485 nm and emission wavelength=530 nm. To
determine the number of adhered cells from the fluorescence
values, a standard curve was generated by serial dilution of
known numbers of CMFDA-labeled cells.

GST-0.l A/GST-02A binding to type IV/I

collagens binding assay

Inhibition enzyme-linked immunosorbent assay (ELISA)
was performed as described previously,* with the follow-
ing modifications: CB3 (collagen IV fragment) or collagen I
was immobilized overnight at 4°C on a microtiter plate at 10
ug/mL in Tris-buffered saline (TBS)/MgCl, (50 mM Tris-
HCI, 150 mM sodium chloride [NaCl], and 2 mM MgClL,
pH 7.4) and 0.1 M acetic acid, respectively. After blocking
the plate with 1% BSA in TBS/MgCl,, the GST-tagged a.1A/
GST-tagged 02A domain was allowed to bind to type IV
collagen/collagen I in the presence or absence of different
peptidomimetics for 2 hours at room temperature. The bound
GST-al A/GST-02A domain was fixed for 10 minutes with
2.5% glutaraldehyde in 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-
ethansulfonsidure (HEPES) buffer (50 mM HEPES, 150 mM
NaCl, and 2 mM MgCl,, and 1 mM manganese chloride, pH
7.4). The bound GST-allA/GST-02A was quantified with
rabbit polyclonal antibodies against GST, followed by alkaline
phosphatase-conjugated anti-rabbit antibody, which served
as the primary and secondary antibodies, respectively, each
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diluted in 1% BSA in TBS/MgCl,. The conversion of p-nitrop-
henyl phosphate was measured at 405 nm in an ELISA reader
(BioTek, Bad Friedrichshall, Germany). Nonspecific binding
was assessed by binding of GST-at1 A/GST-02A to BSA or of
o1 B1/02B1 integrin to collagen IV/collagen I in the presence
of 10 mM ethylenediaminetetraacetic acid (EDTA).

The cone and platelet analyzer (CPA)

procedure

The study was approved by the Ethics Committee of the
Hadassah Hospital, in accordance with the guidelines of the
Declaration of Helsinki.’> For evaluation of the peptides on
human and mouse platelet adhesion under flow conditions,
the Impact-CPA (DiaMed, Cressier, Switzerland) technology
was used.*® Control adhesion was obtained with blood previ-
ously incubated with only saline for 3 minutes. Platelets from
whole blood were activated by incubation with 1 pg/mL
of collagen I, with gentle mixing for 2 minutes. To test the
inhibitory capacity of peptidomimetics, whole blood was
preincubated with 35 uM of Vipegitide-PEG?2 for 3 minutes
and thereafter stimulated with collagen I. A volume of 130 uL
of treated whole blood was placed in four-well polystyrene
plates (Nunc, Roskilde, Denmark) and after 2 minutes
subjected to a shear rate of 1,800 s™' using a rotating Teflon
cone. The wells were then thoroughly washed with tap
water, stained with May—Griinwald stain (Sigma-Aldrich),
and analyzed with an inverted light microscope connected to
an image analysis system. Platelet adhesion was evaluated
by percent of surface coverage, which is the percentage of
total area covered by platelets (single platelets and clusters/
aggregates). Each set of experiments was done with the blood
of an individual donor. Tests with murine platelets were per-
formed with blood samples pooled from ten mice. All CPA
tests were performed in five replicates (different donors for
humans and pool of ten animals) for each experiment.

Platelet aggregation assay in platelet rich

plasma and whole blood

The freshly collected human blood from healthy donors, who
were nonmedicated at least for the previous 15 days, was
mixed with 3.8% trisodium citrate (citrate/blood 1:9) and cen-
trifuged at 90x g for 15 minutes to obtain platelet rich plasma
(PRP). Then, the remnant of blood was again centrifuged at
500x g for 15 minutes to obtain the platelet-poor plasma. The
platelet number in the PRP was adjusted to 2.5x108platelets/
mL by diluting it with platelet-poor plasma and used within
2 hours. All the above preparations were carried out using
plastic ware or siliconized glassware. The turbidimetric

method of Born and Cross®’ was followed, using the Platelet
Aggregation Profiler®, model PAP-8E S/W, version 1.0.8.
aggregometer (Bio/Data Corp, Horsham, PA, USA). Briefly,
225 uL of PRP suspension was maintained at 37°C in a
siliconized glass cuvette and preincubated with different
doses of peptidomimetics or double-distilled water (control)
in 10 uL phosphate buffer saline for 3-30 minutes, and the
aggregation was initiated by adding 2 pg/mL of collagen I
or 10 uM ADP. In experiments where whole human blood
was used, Vipegitide was added to whole blood, incubated
for 10 minutes, and then PRP was isolated and used further
in the experiments. The aggregation was then followed for
6—12 minutes with constant stirring at the speed of 900 rpm.
In each case, aggregation induced by collagen I or ADP alone
was considered as 100% aggregation. All aggregation tests
were performed in quadruplicate (four donors).

Toxicity in vivo

Experiments involving animals and their care were approved
by the Committee of Ethics of The Hebrew University and
were performed in strict accordance with the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health. A 50 mg/kg quantity of Vipegitide or
Vipegitide-PEG2 in 0.2 mL was injected intravenously in
C57BL/6 mice (n=6). They were monitored for 3 consecutive
weeks. The animals were examined for autonomic symptoms
by measuring salivation, urinary delivery, pupillary
constriction, heart rate, blood pressure, and hair contraction.
Neurotoxicity was evaluated by general locomotor activity of
the animals in the cage and the ability of the peptide-injected
mice to maintain balance and motor coordination by crossing
3 cm, 2 cm, and 1 cm wide balance beams. Occurrences of
either flaccid or spastic paralysis of the legs were also mea-
sured. Blood samples were taken from control and peptide-
injected mice after 10 hours from the time of injection and
submitted for hematocrit and biochemical analysis.

Statistics

Student’s #-test and Analysis Of Variance were used to
determine the significance of the differences between the
various treatments compared with the control groups. The
results were presented as mean * standard deviation (SD);
P=0.05 was considered significant.

Results

Synthesis of Vipegitide-PEG2 unit

Pht-PEG2 unit (Figure 1A) was synthesized as described in
the general procedure. ESI MS m/z calculated for C,,H, NO,

127711

Drug Design, Development and Therapy 2015:9

submit your manuscript

295

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Momic et al

Dove

A o}
&Q/\/O\)J\OH
0
1
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B H,N-Gly-Trp-Lys-Thr-Arg-AIB-Arg-AIB-Thr-Ser-His-Tyr-Gly-OH

C H,N-CH,-CH,-O-CH_-C(O)-Lys-Thr-Arg-AIB-Arg-AIB-Thr-Ser-His-Try-Gly-OH

13

Figure | Synthesized peptides.

Notes: Chemical structure of (A) Pht-PEG2 unit, (B) Vipegitide, and (C) Vipegitide-PEG2.
Abbreviations: AlB, o-aminoisobutyric acid; PEG, polyethylene glycol; Pht, phthalimide.

249.22; found 249.98. The results of "H-NMR spectroscopy
are (CDCl,, 300 MHz) 6: 3.81 (2H, t, CH)N), 3.94 (2H, t,
CH,CH,0),4.12 (2H, s, CH,COOH), 7.73 (2H, m, ArH), 7.85
(2H, m, ArH), 11.6 (1H, s, COOH). These results confirm
the chemical structures.

Synthesis of the peptidomimetics

Peptidomimetics were synthesized as described in the general
procedure. After their purification by analytical HPLC, their
identities were confirmed with high resolution ESI MS. For
Vipegitide (Figure 1B): m/z calculated for C_ H, ,N,.O
1518.7924; found 1518.7921. Vipegitde-PEG2 (Figure 1C):
m/z calculated for C, ,H, N, O, 1375.7315; found 1375.7508.
These results establish the chemical structures.

Stability of the peptidomimetics

in human serum

To investigate the effects of peptidomimetics pegylation on
proteolytic susceptibility, the degradation of the intact pepti-
domimetics incubated in human serum at 37°C was followed
by RP-HPLC. Incubations were done for different periods of
time, and results are presented in Figure 2. Vipegitide was
degraded with a half-life of 15 minutes. Pegylated peptidomi-
metic Vipegitide-PEG2 showed a more complex degradation
behavior, and 50% of the starting peptidomimetic amount
was preserved for 120 minutes in human serum.

Modeling of the peptidomimetics

in water

To evaluate the effect of replacing the first two residues of
Vipegitide (glycine' and tryptophan?) with two polyethylene
glycol molecules, molecular dynamics simulations were per-
formed for both peptidomimetics. A total of 500 snapshots
were collected along the simulation of each peptidomimetic,
but only the last 400 snapshots were used for the following
analysis. This was done to remove the effect of the initial

arbitrary conformations. Nine evenly spread conformations
collected from the last 800 ns of the trajectory are presented
for Vipegitide and for Vipegitide-PEG2 in Figure 3A and B,
respectively. The conformations are superimposed over
the backbone of residues 4—13, which is common for both
peptidomimetics.

To examine and compare the conformational spaces of
the two peptidomimetics, the distance between their termini
was calculated. The percentage of conformations having this
distance <5 A is 9.5% for Vipegitide and 5.3% for Vipegitide-
PEG2, suggesting the former has a larger preference for a
folded conformation. In addition, we calculated the average
radius of gyration of the peptidomimetics and found only a
negligible difference between them, 6.940.6 A and 7.0+0.4 A
for Vipegitide and Vipegitide-PEG2, respectively. Yet, the
radius of gyration of Vipegitide spans a greater range of
values (Figure 3C), indicating that Vipegitide is somewhat
more flexible than Vipegitide-PEG2.

500 0 min

400

300

120 min 60 min

200

Voltage (mV)

100

o J

1 1 1 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Time (min)

Figure 2 Stability of Vipegitide-PEG2 in human serum.

Notes: Chromatograms of Vipegitide-PEG2 after 0, 60, and 120 minutes of incubation
in human serum.

Abbreviation: PEG, polyethylene glycol; min, minutes.
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Figure 3 Modeling of peptidomimetics in water.

Notes: Conformational space sampled by (A) Vipegitide and (B) Vipegitide-PEG2 peptidomimetics are represented by nine evenly spread snapshots taken from the last 400
snapshots collected during the simulation. Snapshots are shown as solid ribbons with residues colored according to secondary structure, ie, helices are red, beta sheets are
cyan, turns are green, and coils are white. The two PEG molecules and lysine® of Vipegitide-PEG2 are shown as lines. Atoms N, CI, C2 in the N-terminus of Vipegitide-PEG2
are shown in ball and stick representation; (C) Histogram of the radii of gyration of Vipegitide (black) and Vipegitide-PEG2 (white) along the simulation. Please note that
Vipegitide adopts a larger range of values, indicating that it is somewhat more flexible than Vipegitide-PEG2.

Abbreviation: PEG, polyethylene glycol.

To investigate the conformational space of the two pepti-
domimetics, we examined their tendency to form secondary
structure. We found that Vipegitide adopts a helical second-
ary structure (0o-helix) in 10.3% of the collected conforma-
tions, with an average helix length of three residues, while
Vipegitide-PEG2 adopts a helical secondary structure in
31.8% of the collected conformations, with an average helix
length of 3.5 residues. Furthermore, 99.8% and 96.3% of
Vipegitide and Vipegitide-PEG2 collected conformations,
respectively, assume a bent conformation (ie, characterized
by a turn or a bend among their inner residues).

Finally, we examined the similarity between the con-
formational spaces of Vipegitide and Vipegitide-PEG2 by
using the "contained" matrix. We found that 63.3% of the
conformational space of Vipegitide is contained within the
conformational space of Vipegitide-PEG2, while 75.1% of
the conformational space of Vipegitide-PEG?2 is contained
within the conformational space of Vipegitide. While both
peptidomimetics sample the conformational space of each
other rather extensively (ie, have similar conformational
spaces), the higher percentage of Vipegitide-PEG2 con-
formational space which is “contained” in the Vipegitide
conformational space may suggest that Vipegitide-PEG2

has more restricted conformational space, ie, it is somewhat
less flexible.

Peptidomimetic effect on cell adhesion

In the cellular adhesion assay, the inhibitory effect of both
peptidomimetics was first tested using 02-K562 overexpres-
sor cells. To measure the potency and efficacy of the pepti-
domimetics, we performed dose-response experiments in a
range of physiological concentrations between 1x1071* M and
1x107° M, using collagen I-coated plates. Vipegitide blocked
o2-mediated cell adhesion to collagen I with potency, char-
acterized by an apparent half maximal inhibitory concentra-
tion (IC, ) of 7x107"° M and efficacy of 40% (Figure 4A).
Vipegitide-PEG2 was characterized with IC, of 1.5x107""M
and very similar efficacy of 35% (Figure 4B). To verify
differential selectivity of the peptidomimetics toward the
olBl and o2B1 integrins we used K562 transfected with
ol integrin subunit and measured the potency and efficacy
of the peptidomimetics in the same range of concentra-
tions, using collagen I'V-coated plates. Neither Vipegitide
nor Vipegitide-PEG2 inhibited ot1B1 integrin (Figure 4A
and B). Apparently, Vipegitide is more selective for o2p1
integrin. In addition, pegylation of Vipegitide using PEG2
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Figure 4 Inhibitory effect of the peptidomimetics on 02 overexpressing cells and GST-A domain adhesion.

Notes: Dose response curves of the inhibition of 02 (open symbols) and a1 (solid symbols) cell adhesion to respective collagens (A) Vipegitide and (B) Vipegitide-PEG2;
(C) binding of the GST-o.I A domain to CB3 (collagen IV fragment) (solid symbols); and the GST-0:2A domain to collagen | (open symbols) in the presence of Rhodocetin
(triangle), Vixapatin (square), Vipegitide (circle), and Vipegitide-PEG2 (rhombus). The mean number of adherent cells + SD is derived from three independent experiments.
Abbreviations: GST, glutathione s-transferase; PEG, polyethylene glycol; SD, standard deviation.

unit did not significantly affect the selectivity of Vipegitide
and Vipegitide-PEG2 compared with nonpegylated pepti-
domimetic. However, both compounds inhibited adhesion
of integrin 02 overexpressing transfectants with similar
efficacy, but the potency of Vipegitide-PEG2 was 4.5 fold
higher compared to Vipegitide.

Peptidomimetics compete for binding
of GST-02A to collagen |

A cell-free assay was performed to assess whether the synthe-
sized peptidomimetics directly interact with the recombinant
A domain of ol or 0.2 integrin. For this purpose, Vixapatin and
Rhodocetin, C-type lectin proteins selective for o231 integrin,
as well as Vipegitide and Vipegitide-PEG2 were incubated
together with the GST-linked A domains and allowed to bind
to the immobilized collagen I or collagen IV. The amount of
the bound recombinant A domain provided information on the
inhibitory potential and biochemical recognition ability of
the synthesized peptidomimetics (Figure 4C). As previously

reported,* Rhodocetin, in the range of concentrations between
1x107° M and 1x1077 M, inhibited binding of the GST-02A
domain to collagen I in a dose-dependent manner. A similar
inhibition was observed for Vixapatin (Figure 4C). Vipe-
gitide and Vipegitide-PEG2 inhibited binding of GST-02A
to collagen I by 30%, in the range of concentration from
1x10° M to 1x1077 M (Figure 4C). Higher concentrations of
the peptidomimetics did not further increase inhibitory effect.
These findings suggest that both peptides affect 02 A-domain,
most probably by conformational changes. Neither Vipegit-
ide nor Vipegitide-PEG2 affected binding of GST-at1 A to
collagen IV (Figure 4C), indicating their selectivity toward
o2P1 integrin.

Peptidomimetics inhibit adhesion of
human platelets under flow conditions

In the previous experiments, we investigated the
adhesion-inhibiting effect of synthesized peptidomimetics
toward transfected cells overexpressing the o2 integrin subunit.
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Platelets express a2 integrin at physiological levels.
Therefore, to investigate a potential antithrombotic activity
of Vipegitide and Vipegitide-PEG2, first we analyzed their
effect on adhesion of human and mouse platelets under shear
stress conditions. Human whole blood incubated with only
saline showed normal surface coverage of 9.5%, control
adhesion (control in Figure 5A). Preactivation of the platelets
with collagen I before applying shear stress decreased platelet
adhesion, showing only 3.5% of surface coverage (collagen I
in Figure 5A). When blood samples were incubated with
Vipegitide or Vipegitide-PEG2 before activation with collagen,
7% and 6.5% of surface coverage, respectively, was obtained
(Vipegitide and Vipegitide-PEG2 in Figure 5A). Therefore,
both peptides reduced collagen-induced human platelet adhe-
sion, as compared to adhesion of collagen-activated platelets.
Similar results were obtained using a mouse platelet adhe-
sion assay. Whole blood incubated with only saline showed
normal surface coverage of 7%, control adhesion (control in
Figure 5B). Previous activation of the platelets with collagen I
before applying shear stress decreased platelet adhesion, indi-
cating only 2% of surface coverage (collagen I in Figure 5B).
When blood samples were incubated with Vipegitide-PEG2
before activation with collagen, 5% of surface coverage was
obtained (Vipegitide-PEG2 + collagen I in Figure 5B).

Peptidomimetics inhibition of ADP-

and collagen Il-induced human platelets
aggregation in PRP

To investigate the antiaggregation properties of the pep-
tidomimetics in PRP, we determined the percentage of

A

Surface coverage (%)

Control

Collagen | Vipegitide Vipegitide-PEG2
L Collagen | ———

ADP- and collagen-induced aggregation of the platelets
by aggregometry. Vipegitide and Vipegitide-PEG2 inhibit
ADP-induced platelet aggregation in PRP by 40% at a
concentration of 2.5 uM (Figure 6A and B). In addition, we
investigated peptidomimetics inhibition of collagen-induced
platelet aggregation in PRP. Saline, showed 85%=%19% of
platelet aggregation while 10 uM clopidogrel and prasugrel,
the “gold standard” for inhibition of platelet aggregation,
gave 38%122% and 34%=*18% of aggregation, respectively.
At the same concentration (10 uM), Vipegitide reduced plate-
let aggregation to 60%%23%. Therefore, Vipegitide was half
as potent as these compounds. In the range of concentrations
from 4-10 uM for Vipegitide and 45-250 uM for Vipegitide-
PEG2, collagen-induced platelet aggregation was inhibited
by 25%-50% (Figure 7A and B). Vipegitide concentrations
higher than 10 uM and Vipegitide-PEG2 concentrations
higher than 200 uM did not further increase inhibition of
platelet aggregation. Therefore, Vipegitide was found to
be a ten to 20 fold more potent inhibitor of human platelet
aggregation in PRP than Vipegitide-PEG2.

Peptidomimetics inhibition of collagen
I-induced human platelets aggregation

in whole blood

Vipegitide and Vipegitide-PEG2 were also evaluated for
their effect on platelet aggregation in human whole blood.
Both peptides inhibited platelet aggregation in whole blood
in a dose-dependent manner (Figure 8 A and B). The potency
of Vipegitide was characterized with IC, of 1 UM and
Vipegitide-PEG2 with IC,  of 8 uM. The efficacy of 30 uM

B

Surface coverage (%)

Control

Collagen |  Vipegitide-PEG2 +

collagen |

Figure 5 The effect of the peptidomimetics on human and mouse platelet adhesion under flow conditions.
Notes: Surface coverage of (A) human and (B) mouse blood samples incubated with saline (control), | pg/mL collagen | (collagen 1), 35 UM Vipegitide, or 35 UM Vipegitide-
PEG2 and collagen | (Vipegitide, Vipegitide-PEG2) before applying shear stress; * **P<0.05.

Abbreviation: PEG, polyethylene glycol.
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Figure 6 Effect of the peptidomimetics on ADP-activated aggregation of human platelets in PRP.
Notes: *Marks the point in time when the agonist (ADP) was added to the reaction. Aggregation tracing for 0 UM (red), 1.5 UM (green), and 2.5 UM (blue) of (A) Vipegitide

and (B) Vipegitide-PEG2.

Abbreviations: ADP, adenosine diphosphate; PEG, polyethylene glycol; PRP, platelet rich plasma.

Vipegitide and 35 UM Vipegitide-PEG2 was 45% and 30%,
respectively. It is clear that Vipegitide is eight fold more
potent and 1.5 fold more efficient then Vipegitide-PEG2.

Safety of the peptidomimetics in vivo

To investigate the safety of the peptidomimetics in mice, we
intravenously injected for 3 consecutive weeks male mice
with a dose of 50 mg/kg of Vipegitide or Vipegitide-PEG2.

A 120

100
80
60
40

20

Platelet aggregation (%)

0 1 2 5 10
Vipegitide (uM)

Acute tolerability was observed. At injection of this high dose
of 50 mg/kg body weight, the mice did not suffer from vis-
ible weakness and/or exhaustion. No paralysis, altered motor
activity, or irregular behavior were observed in mice treated
with Vipegitide or Vipegitide-PEG2, suggesting lack of neu-
rotoxicity. No cutaneous hematomas around the injection or at
distant sites within 24 hours after injection were observed. Fur-
thermore, no sudden deaths of mice occurred within 24 hours
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Figure 7 Effect of the peptidomimetics on collagen I-induced aggregation of platelets in PRP.
Notes: Platelet aggregation inhibited by (A) Vipegitide and (B) Vipegitide-PEG2; *P<0.05.

Abbreviations: PEG, polyethylene glycol; PRP, platelet rich plasma.
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Figure 8 Effect of the peptidomimetics on collagen I-induced aggregation of human platelets in whole blood.
Notes: Platelet aggregation inhibited by (A) Vipegitide and (B) Vipegitide-PEG2; *P<<0.05.

Abbreviation: PEG, polyethylene glycol.

after the injection or during the 3 weeks of observation. The
blood of mice injected with Vipegitide and Vipegitide-PEG2
after 10 hours was submitted for hematological and biochemi-
cal analysis. The values for white blood cells, red blood cells,
and platelet counts were in the normal range of 6-15x10°/uL,
7-12x10%uL, and 200-450x10%/uL, respectively, for mice
injected with Vipegitide and Vipegitide-PEG2, similar to the
values obtained for control mice. Additional evidence of the
lack of hemorrhage or anemic conditions was indicated by
similar values for hematocrit, in the range of 35%—45%, and
mean corpuscular hemoglobin, 11.1-12.7 pg/mouse, between
Vipegitide- and Vipegitide-PEG2-injected mice compared
to control mice. Lack of lymphopenia, monocytopenia,
and granulocytopenia were indicated by similar values in
the range of 20%—40%, 3%—5%, 7%—13%, respectively,
between Vipegitide- and Vipegitide-PEG2-injected mice
compared to control mice. Alkaline phosphatase and lactate
dehydrogenase values were in the range of 100-214 U/L
and 1,000-2,400 U/L, respectively, between Vipegitide- and
Vipegitide-PEG2-injected mice compared to control mice,
suggesting no toxic effects to liver and other tissues.

Discussion

We describe the synthesis, modeling, and antiplatelet charac-
terization of selective o231 integrin, folded peptidomimetic
antagonists with potential antithrombotic activity. Vipegitide
and Vipegitide-PEG2 were characterized as bent peptidomi-
metics, having nanomolar potency, intermediate efficacy of
binding, selectivity toward 0.2 integrin, different stability in
human serum, safety in mice, and antiplatelet aggregation
activity. The results clearly demonstrate improved stabil-
ity of Vipegitide-PEG2 in human serum, underlining the

stabilizing effect of the PEG2 unit to the peptidomimetic
sequence. A similar effect has been reported for the stability
of Integrilin, another antiplatelet drug.* However, from a
pharmacological point of view, the drop of eight fold in the
potency of Vipegitide-PEG2 compared to Vipegitide in inhi-
bition of platelet aggregation in whole blood apparently sug-
gests that this chemical modification is not yet satisfactory.
A possible structural explanation for the lower potency of
the pegylated peptidomimetic compared to the nonpegylated
one is therefore that the latter more readily adopts conforma-
tions important for a2 1 integrin binding, perhaps due to its
higher flexibility, which allows it to more readily adapt to the
requirements of the binding site. This hypothesis is in line
with the induced fit mechanism.*® An alternative hypothesis
is that Vipegitide a priori spends a larger fraction of time
in 02B1 integrin-binding conformations, either due to its
higher flexibility, which allows it to span a larger confor-
mational space, or due to its lower preference for helical
structures or larger preference for a folded conformation, if
such conformations are required by the integrin binding site.
This hypothesis is in line with the conformational selection
mechanism.** Choosing between these two hypotheses and
identifying the 02B1 integrin-binding conformations of the
two peptidomimetics will require additional experimental and
computational work. Also, it is possible that other modifica-
tions, such as methylation or back-bone cyclization, could
be more suitable to generate a stable drug and need to be
considered. However, it is important to stress that Vipegitide-
PEG?2 can be used to investigate the in vivo antithrombotic
effects caused by its platelet-targeting activity. Noteworthy,
Vipegitide-PEG2 effective dose to inhibit platelet aggrega-
tion in whole blood is similar to the one of Integrilin.*
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We measured inhibitory effect of the peptidomimetics not
only in PRP but also in whole blood. Platelet aggregometry
in whole blood more closely approximates physiological
conditions than PRP, which contains only platelets but
no erythrocytes and leukocytes, which both affect platelet
aggregation. Both types of cells influence platelet activa-
tion: erythrocytes bind adenosine, which has antiaggregation
effects, and thus enhances aggregation,***! whereas leuko-
cytes produce prostacyclin and nitric oxide, which also impair
platelet aggregation.* In the present study, higher inhibition
of 20%-30% aggregation in whole blood was measured
compared to PRP with both peptidomimetics. Similarly, some
antiplatelet drugs show greater activity in the presence of
erythrocytes (eg, dipyridamole)* or leukocytes (eg, aspirin).*
Efficacy of propofol inhibition of aggregation was higher
in whole blood than in PRP, and also the presence of either
erythrocytes or leukocytes enhanced antiaggregation effect
of propofol in PRP than in whole blood.*

Our attempt in drug discovery of a novel molecular
entity such as Vipegitide is in line with previously reported
attempts to generate inhibitors of a2B1 integrin. The aryl-
amide derivatives, a group of small molecules, allosteric
inhibitors of 02P1 integrin, have been reported.* One of
these molecules is able to inhibit aggregation by blocking col-
lagen I binding to integrin 021 on the platelet surface. Also,
the same molecule blocked 02 I-domain function in vitro.*
Choi et al*’ described small-molecule 0231 selective inhibi-
tors, derivatives of 2,3-diaminopropionic acid. However,
those inhibitors do not inhibit the binding of the isolated o2
I-domain to immobilized type I collagen. By modification of
the 2,3-diaminopropionic acid derivatives structure, Miller
et al*® developed high-affinity, small-molecule inhibitors of
integrin 02B1 that interact with B1 I-domain and prevent
pathological thrombus formation via allosteric mechanism.
Recently, small molecules acting as o231 integrin inhibitor,
which recognize the collagen-binding, metal ion-dependent
adhesion site in the human 2 I-domain, were presented. One
ofthese molecules showed antiplatelet efficacy by selectively
inhibiting a2P1 integrin-mediated collagen I binding.*
Ivaska et al* reported the development of peptide inhibitor
of platelet aggregation, the cyclic peptide interacting with
platelet o2 1 integrin. This cyclic peptide inhibited collagen
binding function of integrin a2 A-domain to collagen I, IV,
and laminin-1, and also inhibited collagen-induced platelet
aggregation.

Summarizing all experiments, we suggest that Vipegitide
and Vipegitide-PEG2 may shed light on the role of o2p1
integrin in human platelet aggregation and may serve as

lead structure for the development of novel 0231 receptor
antagonists, antiplatelet drugs.

Conclusion

This study describes the synthesis of selective 02 integrin
receptor antagonist, bent peptidomimetic, Vipegitide and its
pegylated analog, Vipegitide-PEG2, with antiadhesive and
antiplatelet properties. We propose that these two peptido-
mimetics may represent a new group of antiplatelet drugs,
which may be useful in secondary therapy of ACS.
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