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The ayfs integrin receptor plays an important role in human tumor metastasis and tumor-
induced angiogenesis. The in vivo inhibition of this receptor by antibodies or by cyclic peptides
containing the RGD sequence may in the future be used to selectively suppress these diseases.
Here we investigate the influence of N-methylation of the active and selective ayfS3; antagonist
cyclo(RGDfV) (L1) on biological activity. Cyclo(RGDf-N(Me)V-) (P5) was found to be even more
active than L1 and is one of the most active and selective compounds in inhibiting vitronectin
binding to the oyfs integrin. Its high-resolution, three-dimensional structure in water was
determined by NMR techniques, distance geometry calculations, and molecular dynamics
calculations, providing more insight into the structure—activity relationship.

Introduction

Cyclic RGD pentapeptides have been developed in our
group as highly active and selective ligands for the a3
integrin receptor.1—2 A “spatial screening” procedure*®
led to cyclo(RGDfV) (L1), the first highly active and
selective ayf; antagonist, which now serves as a lead
structure for the development of sterecisomeric librar-
ies®” and peptidomimetics.8° Selective inhibition of the
ayf3 receptor is also achieved with the monoclonal
antibody LM609 as well as with nonpeptidic antagonists
of the 1,4-benzodiazepine type.10

The ayf3 receptor, a member of the integrin family,
is involved in many cell-matrix recognition and cell-
adhesion phenomena. It plays an important role in
angiogenesis!! (the outgrowth of new blood vessels). The
avfs integrin is expressed on the surface of a variety of
cell types, including osteoclasts, vascular smooth muscle
cells, endothelial cells, and certain tumor cells. In
tumor-induced angiogenesis, invasive endothelial cells
bind via this integrin to extracellular matrix compo-
nents. The inhibition of this interaction induces apo-
ptosist?12 of the proliferative angiogenic vascular cells.
The oyfs integrin receptor is also involved in cell
migration and is upregulated during the vertical growth
phase and metastasis of malignant melanoma cells,
whereas integrins which establish tight contacts during
tissue organization may be downregulated in tumor
cells. 1415

N-Methylation of the peptide backbone has been
shown to be a valuable tool in structure—activity
relationship studies.’-18 |t is known from oy Bz an-
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cyclo(-N(Me)R-GDfV) P1
cyclo(R-Sar-DfV) P2

cyclo(RGDfV) L1 cyclo(RG-N(Me)D-fV) P3

cyclo(RGD-N(Me)f-V) P4

cyclo(RGDf-N(Me)V-) P5

Figure 1. Series of N-methylated cyclic peptides derived from
cyclo(RGDfV).

tagonistic cyclic RGD peptides that N*-methylation of
the arginine residue leads to conformationally more
constrained analogues and is particulary important for
obtaining high binding affinity.1®20 In addition, incor-
poration of N*-methylated amino acids into different
biologically important peptides has led to analogues
with improved pharmacological properties, such as
enhanced potency and duration of action, attributed to
their increased stability or has led to conversion of an
agonist into an antagonist.2122 The exchange of a
N-methylated, p,L-configurated dipeptide unit in a cyclic
peptide for a L,L-dipeptide unit has resulted in a change
of selectivity from an apf3-selective substance to an
avfs-selective peptide.?® With the synthesis of a series
of five N-methylated cyclic peptides (Figure 1) we
investigated if N-methylation of a single peptide bond
in the lead structure L1 has similar positive effects on
activity and selectivity. Every amide bond was replaced
sequentially by the corresponding N-methylated unit.
This methylation scan has provided the new lead
compound cyclo(RGDf-N(Me)V-) (P5) with enhanced
biological activity in the subnanomolar range. This
compound (code EMD121974, Merck KGaA, Darmstadt,
Germany) is currently in clinical studies against Kapo-
si's sarcoma, brain tumors, and solid tumors.
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Results

Chemistry. Several methods for N-methylation of
amino acids are known in the literature.24~26 Following
the Fmoc strategy in peptide synthesis, the method of
Freidinger et al. is most favorable as it results in
N-methylated Fmoc-protected amino acids in good
overall yields without racemization. N-Methylation is
achieved by condensation of the Fmoc-protected amino
acid with paraformaldehyde, resulting in an oxazolidi-
none which can be opened under acidic, reductive
conditions to give the desired N-methyl amino acid. The
derivatives of valine and p-phenylalanine were synthe-
sized according to this procedure. Fmoc-N(Me)Arg(Mtr)-
OH was prepared by N-Boc deprotection of commercially
available Boc-N(Me)Arg(Mtr)-OH and subsequent Fmoc
protection using standard conditions. Fmoc-N(Me)Asp-
(OtBu)-OH and Fmoc-Sar-OH are commercially avail-
able.

The linear, side-chain-protected peptides were as-
sembled with the glycine residue at the C-terminus
(peptides P1, P2, P4, and P5) to prevent racemization
and steric hindrance during the cyclization step. Only
in the case of P3 the sequence of the linear peptide was
varied to H-Gly-N(Me)Asp(OtBu)-p-Phe-Val-Arg(Pbf)-
OH to avoid cyclization between the N-terminal N-
methylated aspartic acid residue and the C-terminal
glycine residue. The synthesis was performed using
Merrifield solid-phase peptide techniques?’28 with o-
chlorotrityl chloride (cTrt) resin applying Fmoc strat-
egy.?®* The Fmoc-protected amino acids were coupled
with O-(1H-benzotriazol-1-yl)-N,N,N’,N'-tetramethyl-
uronium tetrafluoroborate (TBTU), 1l-hydroxybenzo-
triazole (HOBt), and diisopropylethylamine (DIEA) as
base. In the case of P1 and P3, the coupling of glycine
and valine to the corresponding N-methylated amino
acids was achieved with HOAt and HATU. Especially
in the case of peptide P1, no other coupling reagent,
either in solution or using SPPS, was successful. The
linear peptides were obtained with over 90% vyield.
Cyclization was carried out at high dilution (1.25 x 1073
M) in DMF via in situ activation using diphenyl phos-
phorazidate (DPPA) with sodium bicarbonate as solid
base¥® (P2 and P3) or TBTU, HOBt, and DIEA as
cyclization reagents (P1, P4, and P5). Final deprotec-
tion was achieved with trifluoracetic acid (TFA) and
scavengers (ethanedithiol). Purification by reversed-
phase high-performance liquid chromatography (RP-
HPLC) yielded peptides which were >98% pure. All
peptides were characterized by ESI and high-resolution
mass spectroscopy as well as various NMR techniques.

Biological Data. The ability of RGD peptides to
inhibit the binding of vitronectin and fibrinogen to the
isolated, immobilized o483 and ayfBs receptors was
compared with that of the linear standard peptide
GRGDSPK and with that of L1. To obtain intra-assay
comparable results, normalized activities given as the
ratio Q = ICso[peptide]/ICs)[GRGDSPK] were used. In
case of the ayf33 receptor the peptides P3 and P4 show
a lower activity than the linear standard and P1.
Peptides P1, P2, and P5 show an increased activity
compared to the linear standard peptide. P1 is about
as active as L1. Interestingly, cyclo(R-Sar-DfV) (P2)
shows only an 18-fold lower activity than the lead
structure L1. Sarcosine with its N-methyl group can be
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Table 1. 1Cso and Q Values of N-Methylated Cyclic Peptides
and Standard Peptides

avfs o3

peptide |C50 (,MM) Q |C50 (/,tM) Q
GRGDSPK 0.21 1.0 1.7 1.0
L1, cyclo(RGDfV), TFA 0.0025 0.012 1.7 1.0
P1, cyclo(-N(Me)R-GDfV) 0.0055 0.026 5.2 3.1
P2, cyclo(R-Sar-DfV) 0.045 0.21 >10 >59
P3, cyclo(RG-N(Me)D-fV) 0.56 2.7 >10 >5.9
P4, cyclo(RGD-N(Me)f-V) 1.4 6.7 >10 >5.9

P5, cyclo(RGDf-N(Me)V-)  0.00058 0.0028 0.86 0.51

Table 2. Proton and Carbon Chemical Shifts of P5 in H,0 at
301 K

chemical shifts (ppm)

residue HN He HFA H Ho He
Arg! 8.28 4.08 1.95 1.61 3.22/3.26 7.27
Gly2 8.01 3.59proR
4_14pr05
Asp?® 8.47 4.61 2.58pros
2.75pr0R
pD-Phe* 8.12 5.26 3.08 7.34
Val® 2.90N(CHy) 4 35 2.08 0.56Pr0S
0.90pf0R
C® (o Cr Co
Arg! 57.4 28.3 28.0 43.4
Gly? 46.3
Asp? 54.0 39.8
D-Phe? 53.8 40.1 43.4
Val® 33.7N\¢ 67.3 28.7 21.3

considered as the peptoid analogue monomer of alanine
with the shifted side chain from the C, to the nitrogen
atom.3! This biological activity for P2 is unexpected,
because incorporation of alanine or f-alanine instead
of glycine in the RGD sequence leads to a complete loss
of activity.32 Only P5 (ICsg of 0.58 nM) reveals a higher
activity than L1 (4-fold) and is about 2400-fold more
active than P4. On the other hand, all cyclic RGD
peptides show only low activities in inhibiting fibrinogen
binding to the ay /3 receptor. The most active peptide
is P5, which is about 2-fold more active to ayf33; than
the linear standard peptide. Considering the selectivity
between the o83 and o33 receptors, peptide P5 shows
a 1500-fold higher activity for vitronectin binding to
avfs than fibrinogen binding to aypfs. It is the most
selective antagonist of this series, even compared to L1.
The 1Csp and Q values of the cyclic peptides and the
standard peptides toward the o33 and of3 receptor
are given in Table 1.

Structure Determination. Due to the pharmaco-
logical potential of P5, its three-dimensional structure
in water was determined by NMR spectroscopy, metric
matrix distance geometry (DG) calculations, and mo-
lecular dynamics (MD) simulations. A complete assign-
ment of the proton and carbon resonances could be
obtained (Table 2). The prochiral methylene protons of
glycine and aspartate as well as the valine methyl
protons were assigned by the corresponding 3J(HN,H%)
and 3J(H%,Hf) coupling constants and by testing both
prochiral assignments for NOE restraint violations
during MD simulations.

The proton—proton distances were calculated from
both the NOESY and ROESY spectra measured with a
mixing time of 100 ms. The isolated spin pair ap-
proximation was used, setting the integrated intensity
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of the glycine geminal pair of protons to a distance of
1.78 A. The regions above and below the diagonal of the
NOESY and ROESY were analyzed separately, yielding
a set of four distances for each pair of protons. The
standard lower and upper bounds of the distance
restraints were then set to L = [D[— 0.1[D0JU = D[H
0.1M>(MDO= average of the distance set). However, if
an experimental value (out of the set of four) was outside
these assumed minimal error margins, it was taken to
substitute the error margin to account for the experi-
mental uncertainties. During the MD calculations dis-
tances to equivalent and degenerated protons were
calculated as the r—6 sum.33

The 3J(HN,H%) coupling constants of Gly? and Asp?
were not used as dihedral angle restraints because cyclic
pentapeptides usually show flexibility at this position.
The results of this work confirmed this to be the case
for P5 as well, although to a smaller extent. Addition-
ally, distance restraints that would apparently lead to
distorted conformations due to multirotamers of the side
chains were excluded from the set of restraints used in
the structure calculations. In the final analysis of the
structure they were included again assuming the adopted
side-chain rotmers of Arg?, Asp®, and Phe* to be equally
populated (see below and footnote b of Table 3). Two
3J(HN,H®) coupling constants and 39 proton—proton
distances were applied in the DG and restrained MD
calculations (Tables 3 and 4).

First, DG calculations®* were carried out providing
the most complete and the least biased search of
conformational space. More than 70 of the 100 DG
structures did not show any significant violation of the
applied NMR-derived restraints and were highly or-
dered. Only the orientation of the amide groups con-
nected to glycine varied about 90°. Since DG structures
are based only on molecular connectivities and experi-
mental constraints, and hence often show slight distor-
tions, the average structure of the 20 best was chosen
as representative and subjected to further refinement.
Additional empirical constraints of a force field are
applied in MD simulations which we carried out in
explicit solvent H,O. The averaged and energy-mini-
mized structure from the restrained MD trajectory,
recorded for 100 ps at 300 K, is displayed in Figure 2.
Additionally, to obtain more insight in the conforma-
tional flexibility of the cyclic peptide P5, a 400-ps MD
simulation at 300 K was carried out in explicit H,O
without applying any experimental restraints (free MD).
During the free MD calculation the structure remained
stable and very similar to the structure from the
restrained simulation. The distance RMSD between the
average structures from both the free and restrained
simulations is 0.25 A for the backbone atoms. This
excellent agreement proves that the solution structure
calculated from NMR data represents a stable low-
energy conformer.

Cyclic pentapeptides of the LoLbL-series usually ex-
hibit a pII'’y conformation with the p-amino acid
residues preferably at the i+1 positions of the turns.235
Since glycine can act as a b-amino acid, cyclo(RGDfV)
(L1) also adopts this typical conformation.> Moreover,
it is more or less common for cyclic pentapeptides to
show considerable flexibility in the y turn, leading to
strong violations of NMR-derived restraints.3>3¢ The
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Table 3. Distance Restraints and Their Violations from the
Restrained MD Simulation of P5 in H,O

lower  upper calcd

proton proton bound bound distance violation
1 2 A A A A
ArgtHN  ArglH« 2.17 3.00 2.99 0.00
ArgtHN  Arg!HF 2.63 3.22 2.74ab 0.00
ArgtHN  ArglH” 2.71 3.46 3.17ab 0.00
ArgtH*  ArglHF 2.17 2.65 2.392b 0.00
ArgtH*  Arg!H” 2.24 2.82 2.652b 0.00
ArgtHf  Arg!H° 1.99 2.43 2.152 0.00
ArgtHN  Gly2 HN 3.13 3.83 3.55 0.00
ArgtHN  Vval® H* 2.46 3.42 3.46 0.04
ArgtHN  Val® Hf 2.66 3.49 2.66 0.00
ArgtHN  Val® CProRHY - 2.86 3.70 3.642 0.00
ArgtHN  Val® N(CH3) 2.62 3.20 2.732 0.00
ArgtH”  Val® CProRHy - 2,22 3.06 3.24ab 0.18
Gly2HN  Argl H® 2.43 3.23 2.42 —-0.02
GlyzHN  ArgtH# 2.99 4.10 4,420 0.32
Gly2 HN  ArgtHr 4.09 5.00 4.59ab 0.00
Gly2 HN  Gly2 HaproR 2.42 3.29 2.60 0.00
Gly2 HN  Gly2 Hapros 2.75 3.61 3.10 0.00
Gly2 HN  Val® N(CH3) 3.85 5.03 5.322 0.29
Asp® HN  Gly? HoproR 2.60 3.73 3.50 0.00
Aspd HN  Gly2 HoproS 2.41 3.28 2.40 —-0.01
Asp3 HN  Aspd H 2.56 3.13 3.02 0.00
Asp3 HN  Asp? H#pros 2.77 3.76 2,730 —-0.04
Asp® HN  Asp3 HfproR 2.97 4.01 2.84b -0.13
Asp® HN  Phe? HN 3.55 4.60 3.79 0.00
Asp3 HN  Val® N(CH3) 3.84 4.80 4,932 0.12
Phe* HN  Gly2 HeproR 3.92 4.79 4.77 0.00
Phe* HN  Asp?® H« 2.15 2.63 2.38 0.00
Phe? HN  Asp3 Hppros 3.81 4.65 4.62b 0.00
Phe* HN  Asp3 HfproR 3.71 4.53 4,39 0.00
Phe* HN  Phe* H~ 2.75 3.49 3.05 0.00
Phe* HN  Phe* HF 2.27 2.95 2.93ab 0.00
Phe* HN  Phe* H 3.34 4.26 3.602b 0.00
Phe* H*  Phe* HF 2.15 3.01 2.38ab 0.00
Phe* HN  Val® H 4.20 5.13 4.77 0.00
Phe* HN  Val® N(CH3) 3.27 4.35 4.422 0.08
Phe* H*  Val®> N(CHzg) 2.10 2.76 2.502 0.00
Phe* H?  Phe* H° 2.11 2.57 2.192 0.00
Val® H*  Val® Hf 2.63 3.36 3.02 0.00
Val®* H*  Val® CProRHr - 2.20 3.02 3.042 0.02
Vals H*  Val® CProSHv 2.21 2.86 2.852 0.00
Val® H?  Val®> N(CH3) 1.92 2.45 2.512 0.06

a Distance calculated as r=¢ sum. b r=¢ average over two side-
chain conformations assumed to be equally populated (as indicated
by the coupling constants). The side-chain rotamers are y; =
180°/—60° for Arg and Asp and y1 = 180°/+60° for b-Phe,
respectively.

dynamics of cyclic pentapeptides can be compared with
the rapid pseudorotation of cyclopentane.*

P5 differs from these two features: neither is a gII’
turn found with an internal hydrogen bond of Arg*-NH
to Asp3-CO, nor is the backbone conformation around
the y turn highly flexible, which would cause strong
deviations from the NMR data. However, the structure
from the restrained MD simulation shows some minor
deviations from the NOE and ROE intensities of the
Gly? and Asp® amide protons. These deviations are
indeed due to some flexibility as revealed by the free
MD trajectory (Figure 4). During the simulation the
largest deviation of the ¢ angle from the average value
is found for glycine (£70°), while the corresponding
deviations for arginine and phenylalanine are only
about +40°. The conformation of the glycine residue
moves within the broad energy well around the C;
conformer (see Brooks et al.3” for the notation). The
small violations of the NOE/ROE signals, Gly?-HN/Arg?-
Hf and Gly2-HN/Val5>-N(CHj3), can also be explained
satisfactorily by a low percentage (below 10%) of another
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5

Figure 2. Stereoview of P5 from the 100-ps restrained MD simulation, averaged and energy-minimized (20 steps conjugate

gradient).

Figure 3. Illustration of the NOE/ROE-derived interproton
distances which were used to determine the structure. Non-
redundant NOE/ROE restraints are depicted as dashed lines.
For methyl protons and degenerated methylene protons, the
lines are connected to their corresponding carbon atom.

conformer in which the amide proton Gly2-HN points
into the opposite direction of the peptide ring plane. This
conformer would be realized by a flip of the amide group
Argl-Gly?, as is presumed to occur in other cyclic
pentapeptides.®>36 The flip can also be described as a
shift of the arginine backbone from the energy well Czq
to ar and a glycine shift from C; toward the og region.
The free MD simulation shows no flip of the amide
group Arg!-Gly? during the 400-ps trajectory, putting a
lower limit on its orientational lifetime. An upper limit
for the lifetime results from the fact that only one set
of NMR signals is observed; i.e., all dynamic processes
are efficiently averaged on the NMR time scale. Thus,
the amide flip would occur on a time scale between ca.
10%and 10 's.

The structure of P5 can be characterized by three
turns, two y; turns with Arg! and Asp?® at position i+1
and one y turn with Gly? at i+1. According to the
corresponding hydrogen bonds (Table 5) the turns are
populated 36%, 15%, and 31%, respectively, during the
free MD. The conformation from the restrained MD can
be considered as the average conformation showing a
distinct turn at arginine and a distorted turn at aspar-
tate and glycine (Figure 2). All but the valine residue
fall in the Cr¢q/Cs region of the Ramachandran plot
similar to the bracelet structure of cyclic hexapeptides

with alternating L,b-sequence where the orientation of
the amide groups is also alternating and the C®—C#
bonds are in an equatorial orientation with respect to
the plane of the peptide ring.3® The valine residue
adopts the or conformation.

Temperature coefficients (Table 6), which are often
considered a measure for the solvent accessibility of
amide protons, must be interpreted carefully for P5 in
water. Here, they do not correlate with fast H,O
exchange as manifested by signal broadening of the
amide protons at higher temperatures (Figure 5) and
strong water exchange cross-peaks in the ROESY
spectrum. The arginine amide proton shows the highest
temperature shift indicating that it is not involved in a
rigid hydrogen bond of a g turn which is found in the
lead peptide L1. Taking into account both the temper-
ature shift and the signal broadening, it is obvious that
all of the amide protons are accessible to the solvent.
Especially the protons Gly2-HN and Asp3-HN exchange
fast with water due to the lack of a shielding side chain
at the glycine residue. The strong line broadening also
indicates that the yi/y/y; arrangement is flexible to some
extent. Rigid turns with their corresponding hydrogen
bonds should hinder the amide protons from exchange.

According to the 3J(H% HF) coupling constants (Table
4) the side chains of the residues arginine, aspartate,
and phenylalanine adopt mainly two different nearly
equally populated rotamers, y; = 180°/—60° for Arg* and
Asp® and y; = 180°/+60° for p-Phe?*, whereas the Val®
side chain is predominantly anti-oriented. The rotation
of side chains is fast on the NMR time scale but slow
with respect to the CPU time required in order to
sample adequately the populations during MD calcula-
tions. The 400-ps trajectory shows only a couple of
changes between y; rotamers. Considering the side
chain orientations, the ensemble displayed in Figure 4
is therefore not representative.

We also measured P5 in the solvent DMSO. Interest-
ingly, DG structures calculated from the data in DMSO
did not converge to a single conformation. None of the
structures alone nor the whole ensemble of structures
fulfilled the NMR data, implying that the peptide
exhibits extensive conformational flexibility fast on the
NMR time scale. Nevertheless, the DG structures with
the lowest total error resemble those in water as they
adopt a BlI'-turnlike arrangement from Asp3 to Arg?!
with perpendicular amide groups. They also show the
highest conformational variability in the region around
the glycine residue leading to the largest NOE viola-
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Figure 4. Superimposed conformations of P5 sampled every 50 ps of the free MD trajectory.

Table 4. Experimental Coupling Constants (Hz) of P5 in H,O
Compared to the Calculated Values from the Restrained and
Free MD Simulations

3J(HN,H) 33(H,HP)
residue exptl rMD fMD exptl
Arg! 7.4 8.12 8.0 7.5/7.5
G|y2 3.2proR 4'3proR 5.6proR
7.5pros 10.3pros 8.5pros
Asp? 8.0 8.7 9.4 6.9proR
8_0pr0R
p-Phe* 8.9 10.72 9.8 6.8/9.0
Val® 10.8

a Coupling constant used as restraint in the rMD calculation.

Table 5. Population of the P5 Hydrogen Bonds in H>O during
the Free MD Simulation?

donor acceptor population (%)
Gly2 HN Val>CO 36
Asp® HN Arg!CO 31
Phe4 HN Gly2CO 15
Arg! HN Aspé CO 0

a Hydrogen bonds are defined by a distance between acceptor
and donor of Dap < 2.8 A and an angle between the vectors CO
and NH of § = 180° + 60°.

Table 6. Temperature Dependence of the Amide Proton
Chemical Shift of N-Methylated Peptides in DMSO and P5 in
H,02

amino acid
no. N(Me)-peptide  Arg® Gly2 Asp® bp-Phe* Val®
P1 [N(Me)Arg]! 52 04 6.6 0.6
P2 [Sar]? 5.0 2.7 3.7 2.7
P3  [N(Me)Asp]3 39 40 -0.5 5.2
P4  [o-N(Me)Phe]* 82 42 16 -0.9
P5 [N(MeVallSomso 5.7 0.7 4.0 5.4
P5 [N(Me)Vall®u,0 93 49 61 41

a The coefficients are given in —AJ/AT (ppb/K) (parts per billion
per K).

tions. The rms difference between the lowest error DG
structure in DMSO and the averaged MD structure in
H,0 is 0.43 A for all backbone atoms and only 0.22 A
for the backbone not including the glycine residue and
its adjacent peptide bonds. The structures in both
solvents therefore resemble each other and differ mainly
in the conformational flexibility around the y turn.

Discussion

P5 is different from the other cyclic pentapeptides as
the hydrogen bond formation between Arg-HN and
Asp3-CO is blocked by the N-methyl group of the valine

D-Phe 285 K
Asp Arg Gly
T T T v T
Arg D-Phe 310 K
Asp Gly
ppm 8150 8|.25 SiOO 7|.75

Figure 5. HN region of the *H NMR (600 MHz, H,0) spectra
of P5 measured at 285 and 310 K illustrating the different
temperature shifts and line broadening.

residue. Due to steric repulsion the amide groups Asp3-
D-Phet and Val®-Arg! turn into a more perpendicular
orientation with respect to the plane of the peptide ring.
As a result Arg? as well as Asp® adopt the Creq
conformation. In other words, the two hydrogen bonds
of the inverse y turns, which compete with the y turn
at Gly?, substitute for the one hydrogen bond formed
in a g’ turn.

The rotation of the peptide bonds Asp3-p-Phe* and
Val®>-Arg! moreover affects the side chains of Arg! and
Asp® through allylic and vinylic strain, resulting in a
pronounced conformational difference between L1 and
P5 which certainly has an effect on the ayfs activity:
While these side chains adopt a pseudoaxial position in
L1, they are turned toward a more pseudoequatorial
conformation in the N-methylated peptide. A strong
kink of the RGD sequence, as characterized by a
distance between the Cg atoms of Asp and Arg shorter
than 6.7 A, has been assumed to be vital for ayfs
antagonist selectivity.3° The results of this work are not
in agreement with this assumption: The distance is 8.0
A in the P5 structure from the restrained MD simula-
tion, and the average over the free MD trajectory is 8.5
A. Even in the bound state, assuming an induced fit of
the peptide, it is unlikely that the Cyz atoms approach
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peptide . integrin
class RGD conformation affinity
1 avBs
2 avps
3 avPBa/oumBs

Figure 6. lllustration of different conformational require-
ments for ayfs and aupfs selectivity. Five classes of cyclic
peptides and their representative RGD arrangements are
shown, looking edge-on to the peptide ring (arrows indicate
the line of sight). Only the RGD residues of the structures are
displayed which are aligned with each other according to their
C*—C# bonds. All side chains are shown in their anti-
conformation. To emphasize the kink in the backbone, the C*
atoms are joined by a line.

each other as close as in L1; 7.1 A is the very shortest
distance measured during the 400-ps simulation at 300
K.

Although the RGD conformation is widened, there is
still a distinct kink in the backbone which distinguishes
P5 from oy pf3-selective antagonists. Figure 6 illustrates
the side-chain orientation and its effect on the receptor
selectivity. Five classes of cyclic peptides are displayed
along with a representative RGD conformation: L1
represents class 1; P5 represents class 2; the new class
3 is formed by peptides containing a sugar amino acid
(SAA) that mimics a g turn, 3-SAA2(Bn3) in this
example;*° class 4 is represented by an ideal gII' turn
conformation with Gly in the i+1 position; and the
highly active compound cyclo(p-Abu-NMeArg-Gly-Asp-
Mamb)?® stands for class 5, respectively. Compounds of
the first two classes are ayfs-selective, while classes 4
and 5 show o, pf3-selectivity. The projection chosen for
the RGD motif in Figure 6 clearly shows the difference
in the kink angles which is responsible for the different
selectivity.

Noteworthy, the class 3 peptide cyclo(Arg-Gly-Asp-S-
SAA2(Bng)) exhibits an almost complete loss of selectiv-
ity (|C5o =0.025 IMM for (lvﬁg, |C5o =0.013 /,tM for (1||bﬂ3).
The conformation can easily be shifted toward both class
2 and class 5 by slight changes which can be engendered
by the molecule’s motion in solution or induced by the
receptor. The high activity for both receptors suggests
that the difference between the binding conformations
is smaller than assumed until now and that a less
kinked RGD structure is more optimal for the ayfs
receptor selectivity, as in P5.
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In addition to the orientation of the Arg and Asp side
chains, the orientation of the amide groups adjacent to
Gly certainly also plays an important role for inhibition.
The loss of activity upon Gly-to-Ala substitution proves
that a close contact between these two polar groups and
the receptor is essential.® It is interesting to note that
P2 retains activity despite being N-methylated. Thus,
it can be concluded that the N-methyl group in this case
does not point outward, as with the C*-methyl group in
the Gly-to-Ala substitution, but rather lies perpendicu-
lar to the plane of the peptide ring. However, it is
difficult to infer the proper orientation of these amide
groups in the bound state from the known structures
of cyclic RGD pentapeptides, since all active compounds
show increased flexibility around Gly, facilitating con-
formational changes upon binding.

It is interesting to speculate that nature has used the
flexibility around this glycine residue to develop receptor
subtypes recognizing different RGD conformations.
Since glycine allows for a greater variety of ¢/ angle
pairs, it is mainly the RGD vicinity in the protein which
places conformational constraints on the arginine and
aspartate moieties leading to a distinct orientation of
these pharmacophoric groups relative to each other. In
the same way the medicinal chemist can use conforma-
tional constraints induced by cyclization of small pep-
tides to mimic nature’s selectivity.

However, as long as no detailed three-dimensional
structure of a RGD peptide or protein bound to the
receptor is available, it is difficult to weigh the different
contributions in substrates that are still flexible to a
certain extent. So far, rather indirect conclusions for the
design of new compounds can be drawn from such
conformational SAR studies. Nevertheless, the search
for constrained cyclic peptides led to the extremely
potent P5 which is now selected for development as a
drug (code EMD121974) by Merck KGaA.

Conclusions

Each backbone amide bond of cyclo(RGDfV) (L1) was
successively N-methylated to result in a series of five
monomethylated cyclic pentapeptides. The influence of
this N-methylation scan on biological activity was
investigated and revealed cyclo(RGDf-N(Me)V-) (P5) as
one of the most active and selective ayfs integrin
antagonists known so far. The other four peptides
showed lower activities, decreasing from P1 to P4. In
aqueous solution P5 adopts a conformation character-
ized by a fast equilibrium between two inverse y turns
at Arg! and Asp® and a y turn at Gly2. The N(Me) group
imparts steric repulsion via the peptide bonds Asp-b-
Phe and Val-Arg leading to a less kinked orientation of
the pharmacophoric center RGD which is probably
closer to the binding conformation and hence attributes
to the increased activity. It is apparent that a short
distance between the C# atoms of Arg and Asp is not
necessarily a prerequisite for inhibiting o33 integrins.
Nevertheless, the kinked backbone is the most obvious
feature that discriminates o33 from o33 antagonists.

Experimental Section

Materials and Methods. All chemicals were used as
supplied without further purification. Apart from N-meth-
ylpyrrolidone (NMP) all organic solvents were distilled before
use. Fmoc amino acids were purchased from Bachem (Heidel-
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berg, Germany). cTrt resin was bought from CBL Patras
(Patras, Greece), TBTU from Richelieu Biotechnologies (Mon-
treal, Canada), HATU from Millipore (Bedford, Massachu-
setts), and HOAt from PerSeptive Biosystems (Hamburg,
Germany). The N-methylated amino acids of p-Phe and Val
were prepared as described by Freidinger et al.?® Boc-N(Me)-
Arg(Mtr)-OH was deprotected with HCl/ether, followed by
protection with Fmoc-Cl under standard conditions.

NMR Spectroscopy. All spectra of the peptides P1-P5
in DMSO-ds (as TFA salts) were obtained on a Bruker AMX500
spectrometer. The spectra were referenced relative to the
residual DMSO signal (6 *H, 2.49 ppm; 6 3C, 39.5 ppm). The
spectra of peptide P5 in H;O (as its inner salt) were obtained
on a Bruker DMX600 spectrometer. The sample concentration
was 25 mM in a phosphate buffer at pH 6.0. The spectra were
referenced relative to external DSS.*! Water suppression was
achieved using WATERGATE.*? The assignment of all proton
and carbon resonances was carried out using standard proce-
dures.®3# Sequential assignment was accomplished by through-
bond connectivities from heteronuclear multibond correlation
(HMBC)*~47 spectra. Proton distances were calculated using
the two-spin approximation from nuclear Overhauser enhance-
ment (NOESY)*4° or rotating frame nuclear Overhauser
enhancement (ROESY)®05! spectra. Homonuclear coupling
constants were determined from one-dimensional spectra and
from PECOSY?*? cross-peaks. The temperature coefficients for
the amide protons of each peptide were determined via 'H
spectra in the range 300—340 K with a step size of 10 K.

Computer Simulations. The structure calculations were
performed on Silicon Graphics O2 R5000 and Origin R10000
computers. Metric matrix distance geometry calculations were
carried out using a modified®® version of DISGEO.34% The DG
procedure started with the embedding of 100 structures using
random metrization.®® For the refinement of the structures
DISGEO employs distance- and angle-driven dynamics with
NOE restraints and an additional 3J-coupling potential®®
according to the Karplus equation. The MD calculations were
carried out with the program DISCOVER using the CVFF
force field.%® The structure resulting from DG calculation was
placed in a cubic box with a box length of 30 A and soaked
with H,O. After energy minimization using steepest descent
and conjugate gradient, the system was heated gradually
starting from 50 K and increasing to 100, 150, 200, 250, and
300 K in 2-ps steps, each by direct scaling of velocities. The
system was equilibrated for 20 ps with temperature bath
coupling (300 K). Configurations were saved every 100 fs for
another 100 ps. The free MD simulation started from the end
of the restrained MD with an equilibration of 40 ps.

Biological Assay. 1. Protein Purification. Human plasma
vitronectin®” and fibrinogen>® were purified as described previ-
ously. ayf; integrin was purified from human placenta® with
modifications,®® using antibody affinity chromatography on an
LM609 antibody column. oyipfs integrin was prepared by
peptide affinity chromatography from human platelets® with
modifications,® using a linear GRGDSPK-conjugated CL-4B
Sepharose column. Both preparations were ~95% pure as
judged by antiintegrin ELISA using a and 3 chain-specific
monoclonal antibodies and by SDS—PAGE.

2. Isolated Integrin Binding Assays. Inhibitory effects
of cyclic peptides were quantified by measuring their effect
on the interactions between immobilized integrin and bioti-
nylated soluble ligands. Purified vitronectin or fibrinogen (1
mg/mL; pH 8.2) was biotinylated with N-hydroxysuccinimi-
dobiotin (100 ug/mL; 1 h, 20 °C), before dialysis into PBS.
Integrins diluted to 1 ug/mL (~1:1000 dilution of stock) were
adsorbed to 96-well nontissue culture-treated microtiter plates.
After blocking of free protein binding sites, biotinylated ECM
ligand at 1 ug/mL was added and incubation continued at 37
°C for 3 h. Unbound ligand was washed away and bound biotin
detected with alkaline-phosphate-conjugated antibiotin anti-
bodies. For peptide competition assays, peptides were serially
diluted before addition to integrin-coated wells, followed by
co-incubation with biotinylated ligand and detection as de-
scribed above. Assays were performed in triplicate, the mean
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binding values were fitted to a sigmoid, and the ICsy was
derived. Values shown represent the mean of at least three
separate determinations of 1Cso. External standards of linear
GRGDSPK and cyclo(RGDfV) were routinely included to
monitor the dynamic range and the stability of the assay.

Supporting Information Available: Data from HPLC
and HRMS spectra of the N-methylated peptides P1—P5. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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