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Abstract: This paper reports a detailed conformational characterization in solution by 1H-NMR in H2O and
DMSO-d6 and molecular modeling simulations of cyclic peptides containing the RGDDV pharmacophore
and the RGDY(Me)R pharmacophore. These two pentapeptide sequences when properly constrained in
cyclic peptides are low to sub-nanomolar inhibitors of integrin avb3. The peptides containing the
RGDDY(Me)R sequence bind potently to integrin aIIbb3 as well. The conformations found in H2O and in
DMSO-d6 solutions are valuable for the design of peptidomimetics of these two pharmacophores. The
structure–activity relationships of the RGDDV and RGDY(Me)R pharmacophores within cyclic peptides are
discussed. Specifically, the orientation of surface-accessible chemical features on the ligand, such as
hydrophobic, positive and negative ionizable groups, which are considered to be responsible for the desired
biological activity, is focused on. Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Integrins are heterodimeric cell surface receptors
that mediate cell-cell and cell-extracellular matrix
interactions. A subset of integrins bind the RGD
tripeptide sequence which is found in numerous
extracellular matrix proteins such as fibronectin,
vitronectin, and fibrinogen [1]. Antagonists to inte-
grin avb3, a vitronectin receptor, may be useful as
therapeutics in a number of areas including metas-
tasis, osteoporosis, and the inhibition of angiogene-
sis [2–4].

A number of research groups have reported po-
tent peptide and peptidomimetic antagonists to the
avb3 receptor [5–10]. Two pentapeptide pharma-
cophores have been discovered that exhibit unique
activity/selectivity profiles at this receptor. The first
pharmacophore, the RGDDV sequence, binds inte-
grin avb3 with 100–1000-fold selectivity as com-

pared to integrins avb5, aIIbb3, a5b1 [11]. The second
pharmacophore, the RGDDY(Me)R sequence, was
developed as a platelet glycoprotein IIb/IIIa (aIIbb3)
antagonist [12–14]. Subsequently, the sequence
has been found to selectively bind integrins which
contain the b3 receptor [15,16].

Table 1 shows the binding activity of selected
peptides to various integrin receptors. The se-
quences of the six cyclic peptides chosen for confor-
mational analysis are reported in Scheme 1. The
linear peptide 7 which contains the RGDDV phar-
macophore, exhibits low affinity for the avb3 recep-
tor. Constraining the sequence through disulfide
cyclization between 3-mercaptopropionic acid (Mpa)
and cysteine increases the activity :70-fold (c[M-
paRGDDVC]-NH2, 8). Replacement of valine with
the more hydrophobic and highly b-branched
amino acid L-tert-butylglycine (t-BuG) gives rise to a
slight increase in activity (4). Further constraining
the sequence by N- to C-terminal cyclization with
m-(aminomethyl)benzoic acid (Mamb) (1) produces
another 10-fold increase in potency. Compound 1 is
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:2700 times more active than linear 7 in inhibiting
vitronectin binding to avb3. It is noteworthy that
compound 1 is also expected to be the least flexible
in solution due to the incorporation of the planar
aromatic system of the Mamb moiety. This residue
contains only three freely rotating bonds as com-
pared to seven in the disulfide linkage of compound
4 (Scheme 2). Replacing Mamb with the longer 2,7-
(aminomethyl)naphthoic acid (2,7-Amn) spacer (5)
leads to either a decrease or a complete loss of
activity towards avb3 and avb5, respectively. The
dramatic increase in activity observed for the Mamb
containing compound 1 as compared to either un-
constrained linear 7 or the rigid 2,7-Amn-contain-
ing 5 supports the hypothesis that the RGDDV
pharmacophore binds to avb3 in a unique
conformation.

The best linker to constrain the RGDY(Me)R pen-
tapeptide sequence was obtained by cyclizing the
side chain of a C-terminal glutamic acid residue
onto the N-terminus of the pharmacophore (c[R-
GDY(Me)RE]-NH2, 2). This linker contains four
freely-rotating bonds. As seen for the RGDDV se-
quence, constraining the pharmacophore with the
2,7-Amn linker (6) results in complete loss of activ-
ity at the avb3 receptor.

As part of the program to design peptidomimetic
antagonists to integrin avb, the conformations in
solution of cyclic peptides that contain the two
pharmacophores have been investigated. Using 1H-
NMR spectroscopy and molecular modeling, specific

conformations are found in solution which confirm
existing models for RGD-containing peptides [8,17–
25]. There is solid evidence that the binding site of
the avb3 receptor is narrower and more compact
compared to that of aIIbb3. Ligands that selectively
bind avb3 adopt conformations with distances of
less than 6 A, between the Cb atoms of the Arg and
Asp residues within the RGD sequence, while lig-
ands that bind aIIbb3 exhibit more extended confor-
mations with distances of 7–8 A, [9,10,26,27]. Our
studies correlate the distances between the Cb

atoms of Arg and Asp with the turn motif around
the RGD sequence, the conformations of the DDV or
DY(Me)R sequences, and the linker used in
cyclization.

It is assumed that the 3-D orientation of the RGD
sequence bound to avb3 is similar in both pharma-
cophores. Therefore, it can be assumed that confor-
mations about the RGD portion found in common
between the two pharmacophores are responsible
for binding.

MATERIAL AND METHODS

Peptide Syntheses

The peptides were synthesized at Integra Life-
Sciences Corporation, Corporate Research Center,
by methods previously reported [16]. Their prepara-
tion and biological characterization will be reported
elsewhere.

Table 1 Activities of RGD-Containing Peptides at the Integrin Receptorsa,b

Entry VNavb5 ELISAVN/avb3 ELISASequencec FN/a5b ELISA Platelet aggregation
IC50 (mM)eIC50 (mM)dIC50 (mM)dIC50 (mM)d

0.0140.0006c[RGDD(t-BuG)(Mamb)]1 0.042 14
2 c[RGDY(Me)RE]-NH2 0.0036 10 0.43 0.82
3 nt ntntntfc[RGDDV(Mamb)]

0.55 0.32 264 c[MpaRGDD(t-BuG)C]-NH2 0.006
10 nt nt5 c[RGDD(t-BuG)(2,7-Amn)1 0.017

ntnt\1025c[RGDY(Me)R(2,7-Amn)]6
nt nt nt7 AcRGDDVG-NH2 1.6

0.024c[MpaRGDDVC]-NH28 771.23.0

a Reference [11].
b Abbrevations: VN, vitronectin; FN, fibronectin; t-BuG, tert-butylglycine; Mamb, m-aminomethylbenzoic acid; Y(Me),
o-methyltyrosine; Mpa, 3-mercaptopropionic acid; 2,7-Amn, 2,7-aminomethylnaphthoic acid; Ac, acetyl.
c Residues in brackets are contained either in an end-to-end lactam (1,3,5,6) or in an N-terminal to side chain lactam (2)
or in cyclic disulfides (4,8).
d Competitive ELISA, ligand/receptor.
e Platelet aggregation in platelet rich normocalcemic plasma (heparin) induced by ADP (10 mM). Platelet aggregation is a
cell-haled assay that measures affinity to integrin aIIbb3.
f The script nt stands for result not tested.

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 491–506 (1999)



CONFORMATIONS OF RGD CYCLIC PEPTIDES 493

Scheme 1 Sequence of the cyclic peptides examined.

Binding Assays

Inhibition assays (IC50) were carried out at Integra
LifeSciences Corporation, Corporate Research Cen-
ter, as previously reported [16].

NMR Spectroscopy

The samples were dissolved in 90% H2O/10% D2O
(pH�5) and in DMSO-d6 purchased from Isotec
Inc. at concentrations :5 mM. All 1H NMR spectra
were measured on a Bruker AMX 500 spectrometer
operating at 500 MHz. The 1D spectra of 16–32 K
data points were acquired at temperatures between
290 and 315 K in order to measure the NH temper-
ature coefficients. The 2D-NMR spectra were ac-
quired at 273 K in water solution to improve the
nuclear Overhauser effect (NOE) and at 300 K in
DMSO-d6.

Depending on the experimental sensitivity, a vari-
able number of scans in the range between 64 and
144 was acquired for each t1 increment and 450–
512 t1 increments were collected from 2 K data
points. Acquisition was performed in the phase sen-
sitive mode using the time proportional phase incre-
ment method (TPPI). Free induction decays were
multiplied by appropriate window functions in both
time domains and zero filled to 2 K×2 K real
points.

The water signal was suppressed by irradiation
with a selective gated pulse during the relaxation
delay. In the case of nuclear Overhauser effect spec-
troscopy (NOESY) irradiation was also applied dur-
ing the mixing time. The carrier frequency was
placed at the frequency of water resonance span-
ning a spectral width of 5500 Hz. In the case of
DMSO-d6 solutions, the carrier frequency was set in
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Scheme 2 Diagram of the freely rotating bonds (in parentheses) for each of the linkages used.

the middle of the spectral window covering a spec-
tral width of 7000 Hz.

Chemical shift assignments were obtained in a
straightforward manner [28] by the combined used
of DQF-COSY [29–31] and NOESY [32] experi-
ments. Peak positions were measured relative to
tetramethylsilane (TMS) in H2O and relative to the
residual solvent peak in DMSO-d6 (d=2.49 ppm) as
internal standards.

The TOCSY [33] experiments were acquired using
the MLEV-17 spin-lock sequence typically at a field
strength of 10 kHz for a total mixing time of 75–80
ms. NOESY spectra were conducted with a mixing
time of 200 and 300 ms. Because the NOEs at the
experimental conditions were positive and moder-
ately intense it was not necessary to use rotating
frame techniques to characterize the peptide confor-
mations. ROESY [34] spectra were used to verify the
presence of exchange cross-peaks when they ap-
peared. In this case a spin-locking field of 2.5 KHz
was used.

Cross-peak volumes of the NOESY spectra were
integrated using the Felix software [35]. The values
thus obtained were converted into interproton dis-
tances using fixed geometrical distances. Usually,
the distance of 1.78 A, for the Gly2 a1/a2 or the Asp3

b1/b2 were taken as references in both the amide
and aliphatic regions. On the basis of the compari-
son with other covalent distances, an error of
90.5 A, was estimated. Thus, NOEs were included
in the molecular modeling calculations as intervals
of distances between pair of atoms: upper and lower
limits were set to the measured distance90.5 A, .

Stereospecific assignment of the CbH resonances
for Asp and Y(Me) residues in the sequences was
accomplished by the combination of b-proton to
backbone proton NOEs and a-b proton coupling
constants as described by Yamazaki et al. [36]. The
3JNH,a and 3Ja,b coupling constants were obtained by
1D spectra and are displayed in Table 2. Data miss-
ing are due to either spectral overlap or line broad-
ening of the resonances. Additional stereospecific
b-proton assignments, as in the case of the arginine
sidechain, were not possible because of ambiguities
in the interpretation of 1H NOEs and coupling con-
stants. The 3Ja,b coupling constants were used to
calculate the side chain populations. For the calcu-
lations of aliphatic amino acids, Pachler’s Equa-
tions [37] were used while Cung’s Equations [38]
were used for aromatic residues. The side chain
populations for peptides c[RGDD(t-BuG)(Mamb)]
(1), c[RGDY(Me)RE]-NH2 (2) and c[RGDDV(Mamb)]
(3) are discussed.

Molecular Modeling

Molecular simulations were used to search for the
conformational preferences of the molecules in
DMSO-d6 and aqueous media. All molecular model-
ing calculations were carried out on a Silicon
Graphics Iris Indigo. The computational protocol
included distance geometry (DG), energy minimiza-
tions (EM), molecular dynamics (MD) and cluster
analysis. All the NMR data available, including
NOEs, coupling constants and information about
the NH proton-shielding were taken into account.

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 491–506 (1999)
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Table 2 Temperature Coefficients (ppb/K) and Vicinal Coupling Constantsa 3JNH,a

(Hz), 3Jab (Hz) Determined in H2O and DMSO-d6 Solutions for the RGD-Containing
Peptides

Entry Residue �DdNH/DT � 3Ja,b
3JNH,a

DMSOH2O DMSO H2O DMSO H2O

1 Arg1 7.6 5.9 7.1
Gly2 7.1 5.9 4.0l/6.2h 6.4l/4.2h

Asp3 8.5 1.6 7.9 8.5 4.5l/8.2h

Asp4 2.8 5.8 6.2 8.8l/4.9h

(t-BuG)5 7.4 0.5 6.4 7.9
(Mamb)6 6.8 5.7 6.1 3.7h

2 Arg1 4.4 2.2 8.1
Gly2 8.0 8.0 4.2l/6.3h 4.6l

Asp3 9.5 6.9 7.6 7.7 4.5l/8.7h 4.1l/9.5h

Y(Me)4 5.1 1.9 7.8 8.5 5.4l/9.7h 10.7l/3.2h

Arg5 9.4 5.4 3.7 3.8
Glu6 9.2 5.5 7.6 8.3

3 Arg1 9.4 3.6 9.3
Gly2 7.8 5.8 3.5l/6.0h 5.7l/4.6h

Asp3 7 9 2.5 7.7 8.7 4 4l/8.1h

Asp4 2.6 3.7 6.2 9.3l/4.4h

Val5 10.3 2.4 6.0 6.9
(Mamb)6 9.5 5.4 5.6l/5.8h 7.2l/4.4h

4 Arg1 3.4 4.3 6.7
Gly2 8.1 7.1 4.6l/5.0h 6.0l/4.4h

Asp3 7.1 0.3 8.2 7.0
Asp4 6.8 5.6 6.7
(t-BuG)5 6.4 0.5 8.2 9.0
Cys6 8.7 5.4 8.1 8.3

5 Arg1 4.7 0.4 7 9 7.3
Gly2 7.3 6.6 2.9l/6.4h 5.1l/5.6h

Asp3 7.0 6.1 9.2 8.1 7.5h 7.7h

Asp4 5.4 0.7 4.2h4.4 5.8 11.0l/2.9h

(t-BuG)5 7.1 7.0 7.4 8.5
(2,7-Amn)6 10.9 5.0 7.4l/4.7h

6 Arg1 4.2 7.0 6.2
Gly2 10 4.8 4.8l/4.9h

Asp3 8.0 2.0 8.1 5.3l/7.0h

Y(Me)4 2.0 0.7 6.2 6.0l/5.9h

Arg5 7.1 5.2 5.1
(2,7-Amn)6 12 7.0

a The subscripts l and h denote low and high field resonances, respectively.

The conformational space was searched by dis-
tance geometry (DG) as implemented in the software
package NMRchitect [39]. Qualitative analysis of the
NOE patterns indicates that all peptide bonds adopt
a trans conformation as noted by the absence of
CaH(i )-CaH(i+1) and NH(i )-CaH(i+1) correlations.
Thus, during the molecular modeling simulations
the peptide bonds were kept in the trans structure.
Around 500 structures were stored for each peptide
consistent with the NMR data.

The f torsional angles and hydrogen bonding pat-
terns were used to filter out structures that did not
fit the experimental data. Torsional angle con-
straints were included in the form of 3JNH,a which is
related to the backbone dihedral angle f according
to a generalized form of the Karplus expression
[40,41]. The acceptable boundary for the use of
vicinal coupling constants was 92 Hz, both in the
conformational search and in the selection of en-
ergy-minimized conformers. In the case of hydrogen
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bond based selection, only structures were retained
in which the NH protons, showing an absolute value
of the temperature coefficients B3 ppb/K, are in-
volved in an effective hydrogen bond. A hydrogen
bond was valued on the basis of the distance rAD

(53.2 A, ) and the angle uA-H-D (535°) where A and
D are the acceptor and the donor heavy atoms,
respectively. The remaining structures were sub-
jected to energy minimization and molecular dy-
namics (MD) with the Discover program [42]. The
calculations were performed in vacuo applying the
CVFF force field. A distance dependent dielectric
constant was used for the nonbonded interactions
to approximate solvation. The NOE restraints were
included (when indicated) with a force constant of
20 Kcal (mol·A, 2). For minimizations the VA09A al-
gorithm was used until the maximum derivative
was less than 0.01 Kcal/mol. The energy cutoff was
30 Kcal above the minimum. The DG minimized
structures were clustered based upon backbone
heavy atom superposition (RMSD 50.5) or back-
bone torsional angles (f, c920°). Each cluster con-
tained between 20–60 structures. The lowest
energy member of each cluster was used for subse-
quent analysis. Prior to every molecular dynamic
simulation the system was equilibrated with 10 ps
initialization dynamics. The MD studies were per-
formed at 300 K with a time step of 1 fs over a
simulation time of 500–1000 ps with snapshots
recorded each picosecond. These MD trajectories
were analyzed to delineate peptide backbone mo-
tions. Specifically, Arg1Cb-Asp3Cb distances were
focused on of all the conformations monitored
during 500 ps of restrained molecular dynamics
simulations.

Another protocol for the molecular modeling sim-
ulations was run independently giving comparable
results. In the second procedure, conformations
were generated by searching torsional angle space
with the Monte Carlo multiple minimum (MCMM)
procedure as implemented in the MacroModel pro-
gram. The Merck Molecular Force Field with full
atomic charges was used with the GB/SA solvation
model for water. Two long conformational searches
were run. The first with no constraints to generate
an ensemble of low energy conformers. A second
simulation was then run with three strong NOE
constraints which were found in both the water and
in the DMSO NMR data to bias the search towards
conformers that fit the NMR data. For each run
between 150 and 350 low energy conformations
were stored, and the energy cut-off was 30 kcal
above the minimum. These conformations then

were filtered and clustered based upon subsets of
the NOE or H-bonding data. All filtered conforma-
tions were relaxed by simulated annealing before
full minimization and analysis by molecular
dynamics.

RESULTS

A mono-conformational analysis which relies on a
single structure to explain all the NMR data avail-
able is not often accurate for small molecules in
solution even if they are constrained by cyclization.
However, this approach can be useful to define
highly populated conformations. In order to explore
the conformational space accessible in solution the
results obtained were compared for several analogs
sharing the same pharmacophores in polar (H2O)
and less polar (DMSO) environments.

Simulations by molecular modeling show that
several conformations are present in solution. The
NMR spectra of all the molecules, except for the
c[RGDY(Me)R(2,7-Amn)] (6), exhibit only one set of
resonances indicating that the conformers ex-
change faster than the timescale of the NMR experi-
ments. All the conformations obtained by computer
simulations are well characterized and consistent
with the spectroscopic data.

Detailed descriptions of the conformations and
results of the molecular dynamics simulations of
the peptides c[RGDD(t-BuG)(Mamb)] (1) and c[R-
GDY(Me)RE]-NH2 (2) are presented. Brief sum-
maries of the conformational studies for the other
four peptides are reported. Based upon these data
structural features of the two pentapeptide pharma-
cophores relevant for inhibitory activity are pro-
posed. In Figure 1 a pseudo-plane established by
the type I b-turn with the Arg in the i+1 position is
displayed for c[RGDD(t-BuG)(Mamb)] (1). This fig-
ure illustrates the axial/up (ax/up), axial/down (ax/
down) and equatorial/out (eq/out) orientations with
respect to the pseudo-plane. In all molecules the
amino acids are numbered as follows: R1G2D3X4X5.

tert-Butylglycine, m-(Aminomethyl)benzoic acid
RGD-analog: c[RGDD(t-BuG)Mamb] (1). For this
compound two different highly populated conforma-
tions are obtained dependent on whether the NMR
data in water or those in DMSO-d6 are used. In
each case, the structure obtained is fully consistent
with the NMR data including the NH temperature
coefficients. The main difference between these two
conformations is the location of the b-turn within
the RGD sequence.

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 491–506 (1999)
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Figure 1 (a) Representation of the pseudo-plane defined by a type I b-turn with the Arg in the i+1 position for the
c[RGDD(t-BuG)(Mamb)] (1) sequence. Only the backbone atoms of the molecule are displayed. The filled arrow indicates the
orientation of the b-turn and the vertical arrow indicates the axis for the side-view projection. (b) Projection along the
Ca(i+ l)–Ca(i+2) indicating the axial/up (ax/up), axial/down (ax/down) and equatorial/out (eq/out) positions relative to this
axis.

The conformer populated in DMSO-d6 adopts a
type I b-turn with Arg1 in the i+1 position and a
g-turn about Asp4 (Figure 2(A) and (B)). This ar-
rangement is stabilized by the NH(3)-CO(6) and the
NH(5)-CO(3) hydrogen bonds. The low temperature-
dependence of the amide protons of residues in
position 3 and 5 (Table 2 entry 1), sequential NH-
NH NOEs around the RGD segment and medium
range connectivities Ca,bH(1)-NH(3) and CbH(3)-
NH(5) (Figures 3 and 4(a)) define the consecutive
bI/g-turn arrangement. However, not all NOEs ob-
served in DMSO-d6 are consistent with this confor-
mation. Specifically, the NH(3)-NH(4) and CaH(2)-
NH(4) NOEs are consistently violated and agree
with the presence of a second conformer in solution
with a b-turn centered around the Gly2-Asp3 dipep-
tide.

For the NMR data obtained in H2O the major
conformation adopts a type II% b-turn in which Gly
occupies the i+1 position (Figure 2(C) and (D)). The
NH(3)-NH(4) and CaH(2)-NH(4) proximities support-
ing the b-turn are considerably stronger than in
DMSO-d6 solution and represent the only informa-
tive backbone NOEs involving the RGDD sequence
(Figure 4(a)). This particular arrangement is also
consistent with the low temperature-dependence
determined for the Asp4NH (Table 2 entry 1), which
is the only NH shielded from the solvent. Analysis of
the trajectories during molecular dynamics shows
that the conformation of the b-turn is slightly dis-

torted. The particular hydrogen bond is not popu-
lated throughout the whole MD simulation and the
carbonyl oxygen of Arg1 is also involved in a y-turn
(bifurcation), as commonly observed in bII%-turns.
The major backbone conformation in water also
appears accessible in DMSO-d6 even though it is
less populated.

In H2O the 3Ja,b coupling constants of Asp3 (4.5l/
8.2h) and Asp4 (8.8l/4.9h) (Table 2 entry 1) indicate
that averaging between different rotamers for the
side chains occurs. However, calculated side chain
conformers using Pachler s Equations [37] show
that for each residue the gauche (–) rotamer (x1=
−60°) predominates. In DMSO-d6 the b-proton res-
onances are either coincident or not well resolved
for spectral overlap with the solvent or line-broad-
ening to determine the 3Ja,b coupling constants.

Visual inspection of the superposition of the
heavy atoms suggests that the vectoral and spatial
relationships of the Arg1, Asp3, Asp4, and t-BuG5

side chains differ between the two turn arrange-
ments found in DMSO-d6 and water. Furthermore,
for each b-turn array two different conformations
are observed defined by the location of the side
chains in axial or equatorial quadrants.

In the type I b-turn ensemble found in DMSO the
Arg1 side chain adopts the eq/out conformation
while the Asp3 side chain occupies the ax/up con-
formation. The latter side chain orientation is con-
sistent with the CbH(3)-NH,fH(6) NOEs, where fH

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 491–506 (1999)
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Figure 2 View of the overlay of the ensembles of structures found for c[RGDD(t-BuG)(Mamb)] (1) in DMSO-d6 showing the
b-turn about the Arg1-Gly2 dipeptide and in aqueous solution showing the b-turn about the Gly2-Asp3 dipeptide. A: Asp4

and t-BuG5 side chains in the ax/up and ax/down quadrants. B: Asp4 and t-BuG5 side chains in the ax/down and eq/out
quadrants. C: Asp3 side chain in the ax/up quadrant. D: Asp3 side chain in the eq/out quadrant.

is the aromatic proton in position 2, ortho to the two
substituents of the benzene ring. In this conforma-
tion, the Asp4-(t-BuG)5 dipeptide sequence is flex-
ible. The Asp4 and t-BuG5 side chains are either in
the ax/up and ax/down quadrants, respectively (Fig-
ure 2(A)) or they have interchanged positions and
the Asp4 side chain is ax/down and the t-BuG5 is
eq/out (Figure 2(B)). There is experimental evidence
for both orientations encountered for Asp4, such as
the observation of CaH(4)-NH(6) and CbH(4)-NH(6)
NOEs.

In the second backbone conformation the b-turn
is shifted by one amino acid and is now centered at
Gly2-Asp3. As a consequence, the Arg1 side chain is
raised into the ax/up quadrant. The Asp3 residue is
found either in the ax/up (Figure 2(C)) or in the
eq/out (Figure 2(D)) quadrants. Finally, in both ar-
rays, the Asp4-(t-BuG)5 dipeptide sequence is found
in a conformation with the Asp4 side chain in the
ax/up quadrant and the t-BuG5 side chain in the

eq/out. This side chain orientation is consistent
with the NOE connectivities between Asp4CbH and
either Mamb6NH or fH, the aromatic proton in
position 2 of the benzene ring.

O-Methyltyrosine, N-terminal to side chain lactam
RGD-analog: c[RGDY(Me)RE]-NH2 (2). The analysis
of the minimized structures reveals the presence of
only one defined b-turn arrangement centered
around Gly2-Asp3 in the RGD sequence (Figure 5).
This structure is supported by the temperature-de-
pendence of the amide protons which is similar in
H2O and DMSO-d6 (Table 2 entry 2). There is no
evidence of the involvement of the NH protons in
aqueous solution in a stable hydrogen bond. How-
ever, the lowest temperature coefficients found are
for Arg1 NH and Y(Me)4 NH in both solvents. A
strong NH(3)-NH(4) connectivity between the i+2
and i+3 residues of the turn and a CaH(2)-NH(4)
connectivity between the i+1 and i+3 residues of
the turn are found in both solvents to define the
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position of the b-turn (Figure 4(b)). Furthermore,
the low-temperature-dependence of the Tyr4NH in
DMSO-d6 (Table 2 entry 2) supports the presence of
a hydrogen bond stabilizing this turn.

A further inspection of the structures suggests
the presence of a hydrogen bond between the
Asp4CO and Arg1NH, which results in a turn cen-
tered on Arg5-Glu6. Both the low temperature coeffi-
cient of Arg1NH found in DMSO-d6 and the small
3JNH/a coupling constant (B4 Hz) of Arg5 (Table 2
entry 2) are indicative of a non-extended structure.

The Asp3 and Y(Me)4 side chains adopt predomi-
nantly orientations characterized by a x1-angle of
−60° as indicated by the 3Jab coupling constants in
combination with the stereospecific assignments of
the b-protons.

MD simulations indicate that the conformation
with two b-turns is not rigid but undergoes a rota-
tion of the amide plane between Y(Me)4-Arg5. As a
consequence, the H-bond acceptor Y(Me)4CO is
turned outside the ring and the H-bond is broken.

This finding is supported by some medium and
long-distance NOEs involving the Arg5 amide proton
(Figure 4(b)) such as the NH(4)-NH(5) and the
NH(5)-NH(1) connectivities which clearly support an
internal orientation of the Arg5 amide proton with
respect to the backbone ring.

An analysis of the heavy atom superposition of
the minimized structures reveals that the orienta-
tion of the Asp3 side chain is well defined and
occupies the ax/up position (Figure 5). However, the
Arg1 residue and the Y(Me)4-Arg5 sequence are
found to be flexible, and three orientations are ob-
served. The first one is similar to that found for the
Mamb-containing 1 depicted in Figure 2(C). The
Arg1 occupies the ax/up quadrant while the Y(Me)4-
Arg5 side chains are arrayed ax/up-eq/out, respec-
tively (Figure 5(A)). The second side chain array has
the same ax/up-eq/out orientation of the Y(Me)4-
Arg5 dipeptide as the first one. However, the Arg1

side chain has undergone a 180° rotation and is
found in the ax/down position (Figure 5(B)). Experi-

Figure 3 Portions of a NOESY spectrum of c[RGDD(t-BuG)(Mamb)] (1) at 300 K in DMSO-d6. Sequential NH�NH and
i� i+2 connectivities are indicated.
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Figure 4 Interresidue NOEs determined in DMSO-d6 and
aqueous solution for (a) c[RGDD(t-BuG)(Mamb)] (1) and (b)
c[RGDY(Me)RE]-NH2 (2). NOE intensities are displayed as

for values determined in DMSO, as for
values determined in H2O and as for values deter-
mined in both solvents, and are classified as weak

(3.5–5.0 A, ), medium (2 8–3.5 A, ) and
strong (B2.8 A, ).

Valine, m-(Aminomethyl)benzoic acid RGD-analog:
c[RGDDV(Mamb)] (3). This compound exhibits sim-
ilar H-bonding patterns (Table 2 entry 3) and NOE
proximities (Figure 6(a)) as c[RGDD(t-BuG)(Mamb)]
(1). However, it shows a higher flexibility in DMSO-
d6 and does not adopt a predominant conformation.

Figure 5 View of the overlay of the ensembles of struc-
tures found in aqueous solution for c[RGDY(Me)RE]-NH2

(2) showing the b-turn about the Gly2-Asp3 dipeptide. A:
Arg1 side chain in the ax/up quadrant and Y(Me)4-Arg5

side chains in the ax/up-eq/out orientation. B: Arg1 side
chain in the ax/down position and Y(Me)4-Arg5 side chains
in the ax/up-eq/out orientation. C: Arg1 side chain in the
eq/out position and Y(Me)4-Arg5 side chains in the ax/
down-ax/up orientation.

mentally, this side chain orientation of Arg1 is sup-
ported by the CaH(1)-NH(4) NOE. In the third possi-
ble side chain topology, the side chain of Arg1 is
eq/out, and those of the Asp3-Y(Me)4-Arg5 sequence
are in an up/down/up orientation similar to a b-
strand (Figure 5(C)). There is experimental evidence
for both side chain orientation of the Y(Me)4 ax/up
and ax/down such as the observation of CaH(4)-
NH(1) and CbH(4)-NH(1) NOEs.
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Figure 6 Interresidue NOEs determined in DMSO-d6 and aqueous solution for (a) c[RGDDV(Mamb)] (3), (b) c[MpaRGDD(t-
BuG)C]-NH2 (4), (c) c[RGDD(t-BuG)(2,7-Amn)] (5) and (d) c[RGDY(Me)R(2,7-Amn)] (6). NOE intensities are displayed as

for values determined in DMSO, as for values determined in H2O and as for values determined
in both solvents, and are classified as weak (3.5–5.0 A, ), medium (2.8–3.5 A, ) and strong (B2.8 A, ).

This is indicated by the medium temperature-
dependence of the Asp3, Asp4 and Val5 amide pro-
tons which indicate partial involvement in a H-
bond. This result is not surprising as the
incorporation of the Val residue instead of the t-
BuG allows a more flexible structure.

The t-BuG in c[RGDD(t-BuG)Mamb] (1) was re-
placed with Val to determine whether the side chain
of the residue in that position has a preferred orien-
tation. Because t-BuG does not have a b-proton,
preferred rotations about the Ca to Cb bond from
3Ja,b coupling constants cannot be determined. Un-
fortunately, in the 1D spectrum of c[RGDDV(-
Mamb)] (3) the ValCbH resonances appear as an
unresolved multiplet and the ValCaH resonance ap-
pears as a simple triplet. Therefore, it was not pos-
sible to distinguish between the 3JNH,a and 3Ja,b

coupling constants. Based upon the calculated pop-
ulation of the side chain rotamers from the 3Ja,b

coupling constants in H2O, both Asp3 and Asp4 side
chains adopt predominantly the g− rotamer. The
g− rotamer of these residues is also the preferred

one in aqueous solution for c[RGDD(t-BuG)(Mamb)]
(1). 3Jab coupling constants in DMSO-d6 are not
determinable from the 1D spectrum as already ob-
served for analog 1.

3-Mercaptopropionic acid, tert-Butylglycine RGD-
analog: c[MpaRGDD(t-BuG)C]-NH2 (4). In aqueous
solution this peptide is found to be quite flexible,
which is expected based upon greater flexibility of
the disulfide linkage. No amide protons are found to
be solvent shielded (Table 2 entry 4) and no strong
sequential NH-NH connectivities are observed to
define a well populated b-turn (Figure 6(b)). Evi-
dence of a conformational equilibrium is provided
by some inconsistences found in the NOE data.
Specifically, the observation of both CaH(1)-NH(3)
and CaH(2)-NH(4) NOEs cannot be satisfied by only
one type of b-turn. Furthermore, molecular dynam-
ics studies suggest that all conformations found for
Mamb-containing 1 are energetically accessible.

In DMSO-d6 similar hydrogen bonding and NOEs
are observed as for compound 1 in this solvent.
The conformational studies of disulfide 4 did not
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result in new conformations for the RGDDV
pharmacophore.

Compounds 1 and 4 which share the same pen-
tapeptide pharmacophore adopt also the same
ensemble of conformers in solution. However, com-
pound 1 is one order of magnitude more potent
towards the avb3 receptor than compound 4. This
result can be explained by the greater flexibility
shown by molecular modeling of compound 4 prob-
ably due to the disulfide cyclization.

Two end-to-end cyclic peptides were studied in
which the Mamb linker is replaced by 2,7-
(aminomethyl)naphthoic acid (2,7-Amn). 2,7-Amn is
a longer linker than Mamb. The distance between
N–C6 aH2 and the carboxyl groups f-C6 O is :7.5 A, in
the 2,7-Amn residue while it is :5.0 A, in Mamb.
The increased distance of the spacer did not result
in new conformations for the two pharmacophores
but instead is found to limit the proximity between
the Cb atoms of Arg1 and Asp3.

tert-Butylglycine, 2,7-(Aminomethyl)naphthoic acid
RGD-analog: c[RGDD(t-BuG)(2,7-Amn)] (5). The
NMR data in DMSO-d6 for this molecule show simi-
larities with c[RGDY(Me)RE]-NH2 (2). In both com-
pounds the amide protons of residues at positions 1
and 4 have the smallest temperature coefficients
corresponding to an effective shielding from the sol-

vent (Table 2 entries 2 and 5). During molecular
dynamics only Asp4NH is effectively involved in a
hydrogen-bond which is consistent with a type II%
b-turn about Gly2-Asp3. This arrangement is well
defined as the hydrogen-bond is populated through-
out the whole simulation. The experimental data
are consistent with the ensemble of structures
found. Specifically, the II% b-turn motif is supported
by the NH(3)-NH(4) and CaH(2)-NH(4) NOEs (Figure
6(c)).

No well defined structure could be determined in
aqueous solution. In fact, some NH(i )-NH(i+1) and
long distance NOEs are either missing or weaker
than in DMSO-d6 solution. Furthermore, no hydro-
gen-bond selection could be applied because of the
high temperature-dependences of the NH chemical
shifts (Table 2 entry 5).

The heavy-atom superposition of the minimized
structures is reported in Figure 7. Residue Arg1 and
dipeptide Asp4-(t-BuG)5 are found in the same con-
formation as in the Mamb-analog (1) in aqueous
solution (Figure 2(C) and (D)). The side chain orien-
tation for the Asp4 residue is defined by NOE con-
nectivities between the b-protons of Asp4 and both
the Arg1 NH and the aromatic protons of 2,7-Amn
(positions 1 and 8 of the naphthalene moiety). The
Asp3 side chain is held in an eq/out orientation
which causes the Cb-Cb distance between Asp3 and

Figure 7 View of the overlay of the ensemble of structures found for c[RGDD(t-BuG)(2,7-Amn)] (5) in DMSO-d6 (left) and
for c[RGDY(Me)R(2,7-Amn)] (6) in aqueous solution (right) showing the b-turn about the Gly2-Asp3 dipeptide.
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Figure 8 Portions of a TOCSY (left) and ROESY (right) spectrum of c[RGDY(Me)R(2,7-Amn)] (6) acquired in DMSO-d6 at
300 K. Two sets of spin systems are indicated. In the ROESY spectrum only exchange cross-peaks are labelled.

Arg1 to be considerably longer than 6 A, . The long
distance between these side chains is probably re-
sponsible for the low activity of this peptide which is
consistent with existing models for avb3 binding
sites [9,10,26,27].

O-Methyltyrosine, 2,7-(Aminomethyl)naphthoic acid
RGD-analog: c[RGDY(Me)R(2,7-Amn)] (6). The
amide proton signals appear broad in both H2O and
DMSO-d6 solution. Line broadening of the NH reso-
nances did not allow the determination of the 3JNH/a

coupling constants. Furthermore, in DMSO-d6 a
minor set of resonances is present which corre-
sponds to a second conformer in slow exchange,
relative to the NMR time scale, with the predomi-
nant conformer. The equilibrium is fast enough to
observe exchange cross-peaks between the two sets
of resonances in the ROESY spectrum and in the
fingerprint region of the TOCSY spectrum acquired
with a mixing time of 80 ms. Specifically, Gly2NH-
Gly2NH% and Arg5NH-Arg5NH% correlations enabled
us to assign the spin system for these residues
(Figure 8). These effects may arise from particular
steric effects of the peptide ring together with geo-

metrical requirements of 2,7-Amn. In aqueous solu-
tion the rate of exchange is fast on the NMR time
scale and a second spin system can no longer be
observed.

Molecular modeling results are consistent with
the presence of a type II% b-turn centered at Gly2-
Asp3. The conformation of the b-turn is not well
defined throughout the whole ensemble of struc-
tures. The particular hydrogen bond supporting the
turn, Arg1CO-Y(Me)4NH, is only partially populated
and the carbonyl oxygen of Arg1 is also arranged in
a g-turn.

In both solvents the amide proton of Y(Me)4 ex-
hibits the lowest temperature-dependence (Table 2
entry 6) which indicates that this proton could be
involved in the hydrogen bond forming the b-turn.
In DMSO-d6 the amide proton of Asp3 is shielded
from the solvent as well. This result either implies
the existence of a different b-turn arrangement
shifted by one residue as found for analogs contain-
ing the RGDDV pharmacophore, or supports the
presence of the g-turn about Gly2 as suggested by
molecular modeling. There are no other experimen-
tal data in DMSO-d6 (Figure 6(d)) which can sup-
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port the b-turn about Arg1-Gly2 or the g-turn motif
because the spectral overlap, especially of the a-
proton resonances, does not allow proper
assignments.

The homonuclear 3Ja,b coupling constants of Asp3

(5.3l/7.0h) and Y(Me)4 (6.0l/5.9h) in H2O indicate
that averaging may be occurring leading to a mix-
ture of side chain rotamers. No data are available in
DMSO solution.

In the predominant conformer obtained from MD
calculations which exhibits a b-turn about Gly2-
Asp3 (Figure 7) the orientations of the side chains of
the pentapeptide are found to be similar to those
described for c[RGDD(t-BuG)(2,7-Amn)] (5). Once
again the Arg1Cb-Asp3Cb distance is exceptionally
long and could be responsible for the poor binding
affinity to the avb3 receptor (Table 1).

DISCUSSION

As a starting point for the design of peptidomimetic
antagonists to integrin avb3, the conformations were
determined in a solution of two pentapeptide phar-
macophores, the RGDDV and RGDY(Me)R se-
quences, that bind the receptor with high affinities
and unique selectivities. The pharmacophores were
constrained in cyclic peptides which are low–sub-
nanomolar inhibitors of integrin avb3. By combining
experimental NMR spectroscopy and molecular
modeling studies, structural implications for activ-
ity are discussed. Common features in the confor-
mational space accessible in solution for peptides
containing the two pharmacophores are focused on
as well as the reported preference for avb3 to bind
the RGD sequence in a more compact conformation
relative to aIIbb3.

Comparison of the experimental data in H2O and
in DMSO-d6 suggests that these molecules al-
though constrained by cyclization do not exist in a
single conformation but as a mixture of conformers
in fast exchange on the NMR time scale. Broad NH
signals, temperature-dependence of the NH reso-
nances changing with the solvent and NOE patterns
which cannot be explained by a single conformation
experimentally support this conclusion. Despite
these conformational transitions, the spectroscopic
studies suggest conformations accessible in solu-
tion to all peptides under investigation which
provide insight into common structural features. It
is concluded that such common structures are the
bioactive conformations.

Two backbone conformations are found for the
pentapeptide pharmacophore in c[RGDD(t-
BuG)(Mamb)] (1). There is evidence that the confor-
mation found in H2O is also accessible in DMSO-d6

even though it is not the major structure. Each
conformer is defined by the type and location of the
b-turn in the RGD sequence. In contrast, only one
b-turn conformation is observed for the pentapep-
tide pharmacophore within c[RGDY(Me)RE]-NH2 (2).
In the six peptides studied, the RGD sequence is
found in only these two b-turn conformations.

It is assumed that the RGD seguence in both
pharmacophores binds to the avb3 receptor in the
same conformation. Since only the b-turn centered
around Gly2-Asp3 is found to be common among
both pharmacophores, we propose this b-turn to be
relevant for inhibitory activity towards integrin avb3.
In the conformations that contain this b-turn, only
one is common to both pharmacophores. In this the
Arg1 and Asp3 side-chains are in an ax/up orienta-
tion and both the Asp4-(t-BuG)5 and the Y(Me)4-Arg5

sequences have an ax/up-eq/out orientation (Figure
2(C) and Figure 5(A), respectively).

Based on common structural parameters between
the RGDDV and RGDY(Me)R sequences within
cyclic peptides it is possible to elucidate key ele-
ments of the pharmacophore models. Specifically,
our analysis is focused on the orientation of sur-
face-accessible hydrophobic and hydrophilic groups
that are considered to be responsible for the desired
biological activity. The pharmacophore models for
the RGDD(t-BuG) and RGDY(Me)R sequences are
reported in Plate 1. The spatial locations of hydro-
phobic and positive/negative ionizable groups are
represented with spheres of different colors.

Previous structure activity studies with RGD con-
taining peptides have indicated that the vectorial
and spatial relationships of the charged sidechains
of arginine and aspartic acid in the RGD sequence
are critical for biological activity [9,10,26,27].
Arg1Cb-Asp3Cb distances of all the structures are
monitored during 500 ps of restrained molecular
dynamics simulations. Only the conformations that
are found to be accessible to both pharmacophores
(Figure 2(C) and 5(A)) exhibit Arg1Cb-Asp3Cb dis-
tances B6 A, , which is believed to be a requirement
for selective avb3 binding [9,10,26,27].

Compounds 1 and 4 which share the same pen-
tapeptide pharmacophore exhibit different binding
towards the avb3 receptor although conformations
which adopt the optimal Arg1Cb-Asp3Cb distance
are accessible in solution for both peptides. The
decrease in binding of compound 4 can be ex-
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Plate 1   View of the RGDD(t-BuG) and RGDY(Me)R pharmacophore models. Negative and positive ionizable
side chains are indicated by red and blue spheres respectively. Hydrophobic moieties are indicated in white.
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plained by the greater flexibility shown by molecular
modeling probably due to the disulfide cyclization.

Peptides which contain the 2,7-(amino-
methyl)naphthoic acid (2,7-Amn) linker have weak
or no affinity to the avb3 receptor (Table 1 entry 5,
6). The backbone structure of the RGD sequence
determined in the proposed pharmacophore model
of the RGDDV and the RGDY(Me)R sequences is
maintained in these molecules. However, the b-turn
in the RGD sequence is held in a conformation in
which the Arg1Cb-Asp3Cb distance is too long for
optimal binding to avb3 (\7 A, ).

In conclusion, by comparing conformational ar-
rays found in solution of six cyclic peptides, four of
which contain the RGDDV pharmacophore and two
with the RGDY(Me)R sequence, structural elements
in the pharmacophore models relevant for activity
were discussed. Molecular modeling studies con-
firm the conformations chosen are consistent with
the reported Arg1Cb-Asp3Cb distance necessary for
binding to avb3. Of interest is the fact that of all the
conformations observed in solution, only the dis-
cussed pharmacophore models have a distance of
B6 A, . Our studies show that this distance is modu-
lated by the position of the b-turn in the RGD
sequence, by the conformation of the C-terminal
tripeptide sequence [DD(t-BuG) or DY(Me)R] of the
pentapeptide pharmacophore, and by the linker
used to cyclize and constrain the peptide.
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