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RGD-containing proteins and peptides are known to bind to the platelet GPIIb/IIIa receptor and
inhibit platelet aggregation. That a conformational component to the specificity exists is suggested
by significantly lower activity of linear RGD analogs relative to closely related cyclic peptides and
small proteins containing the RGD sequence. Recently, conformations for asuite of RGD containing
cyclic peptides have been defined by NMR-based methods and, for one molecule, by X-ray
diffraction. Wereport herethe NMR-based conformational analysis of an additional cyclic peptide,
cyclo(Pro-Arg-Gly-Asp-p-Pro-Gly), and compare the conformational variations in the suite of
peptides and related analogs. Biological activity data for these peptides shows a preference of the
platelet GPIIb/IIIa receptor for one conformation of the RGD sequence, but suggests its ability

to bind a second, distinct conformation.

Introduction

Peptides and small proteins containing the sequence
Arg-Gly-Asp (RGD) antagonize binding of fibrinogen to
its platelet GPIIb/IIla receptor, thereby inhibiting platelet
aggregation, an important step in thrombus formation.!-3
The linear peptide acetyl-Arg-Gly-Asp-Ser-amide has an
affinity for the receptor that is ~1000 times lower than
that of fibrinogen, however,* suggesting that conforma-
tional stability provided by secondary and tertiary struc-
ture may be a factor in determining affinity.

Because only a few residues are necessary to express
biological activity, RGD analogs are an ideal instance in
which cyclic oligopeptides of variously restricted confor-
mation may be designed to aid in identifying the biolog-
ically active (receptor-bound) conformations of a func-
tional peptide sequence. For example, incorporation of
RGD into a cyclic pentapeptide disulfide structure such
as acetyl-Cys-(N*-methyl)Arg-Gly-Asp-Pen-NH; cyclic
disulfide, 1, can give analogs with high receptor affinity.+?
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This cyclic peptide has a Kj of 0.1756 £ 0.025 uM for the
human GPIIb/II]a receptor, comparable to that of fibrin-
ogen, 0.28 + 0.05 uM.2 NMR studies of the probable
solution conformation of this molecule have shown it to
be similar to the solution conformation and crystal
structure of a more constrained and more active analog,
the semipeptide 2-mercaptobenzoyl-(N*-methyl)Arg-Gly-
Asp-2-mercaptoanilide cyclic disulfide, 2.910

In addition to cyclic disulfides, we have prepared and
examined a number of RGD-containing homodetic cyclic
peptides of limited conformational mobility. These in-
clude cyclo(Pro-Gly-Arg-Gly-Asp-D-Pro), 12, and cyclo-
(Pro-Arg-Gly-Asp-Gly-D-Pro), 9, for which NMR-based
solution conformations have been reported.!! Also in-
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Table I. Activities of Conformationally Defined RGD-Containing Cyclic Peptides

antiaggregatory® binding?
canine human
PRP/ADP GPIIb/IlIa RGD conformational
no. compound® ICs0 (uM) K; M) type/basis
1 Ac-Cys-(N+-Me)Arg-Gly-Asp-Pen-NH; 0.355 % 0.035 0.175 £ 0.025 turn-extended-turn/NMR
2 Mba-(N=-Me)Arg-Gly-Asp-Man 0.09 £ 0,02 0.004 £ 0.000 turn-extended-turn/NMR, X-ray
3 Ac-Cys-Arg-Gly-Asp-Pen-NH; 41206 turn-extended-turn/analogy to 1
4 Ac-Cys-p-Arg-Gly-Asp-Pen-NH; 41%1.1 3.30%£0.15 turn—extended-turn/analogy to 1
5 Ac-Cys-D-(N=-Me)Arg-Gly-Asp-Pen-NH; 1.79 £ 0.23 turn—extended-turn/analogy to 4
6 Mba-Arg-Gly-Asp-Man 0.29 £ 0,09 turn-extended-turn/analogy to 2
7 Ac-Cys-Arg-Gly-Asp-D-Pen-NH, 20.3 £2.2 3,13+ 0.08 turn-extended-turn/analogy to 1
8 cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly) 76.6 + 16.0 >100 turn-extended-turn/NMR (this work)
9 cyclo(Pro-Arg-Gly-Asp-Gly-pD-Pro) 5.26 = 1.63 1.9+0.4 Gly-Asp 8 turn/NMR
10 H-Gly-Pen-Gly-Arg-Gly-Asp-Ser-Pro-Cys-Ala-OH 10.1 £ 1.52 Gly-Asp 8 turn/NMR
11 cyclo(Pro-Arg-Gly-Asp-Gly-D-Phe) 17.7 £ 8.74 185 £ 1.0 Gly-Asp 8 turn/analogy to 9
12 cyclo(Pro-Gly-Arg-Gly-Asp-D-Pro) >200 Arg-Gly 8 turn/NMR
13 cyclo(Pro-Arg-Gly-Asp-pD-Phe) >200 fully extended Arg-Gly-Asp/NMR,*
crystal analogy?

¢ Inhibition of platelet aggregation in canine platelet-rich plasma induced by ADP, see ref 7. ® Inhibition of binding of [3H]Mba-(N=-
Me)Arg-Gly-Asp-Man to GPIIb/IIIa isolated from human platelets, reconstituted in liposomes, see ref 5. ¢ Limited NMR only. ¢ Analogy to
gramicidin S urea complex. ¢ Abbreviations used: Me, methyl; Pen, penicillamine; Mba, 2-mercaptobenzoic acid; Man, 2-mercaptoaniline,

Table II. Probable Solution Conformations of Cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly), 8¢
Cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly), NMR in Methanol-d; at 213 K

Pro Arg Gly Asp D-Pro Gly
class Eya Econstr ¢ 14 ¢ 14 ¢ 12 ¢ 14 ¢ 14 ¢ 14
1 10.93 0.08 —69 -23 -93 28 90 167 51 73 80 -61 -70 173
I 14.05 1.13 —69 -29 -94 27 81 180 55 1 40 45 -156 174
Cyclo(Ala-Ala-Gly-Ala-Gly-Gly), Crystal Structure®
Ala Ala Gly Ala Gly Gly
¢ 14 ¢ 14 ¢ 14 ¢ 14 ¢ 14 ¢ 14
-62.0 -32.5 -95.4 13.7 105.7 179.1 53.8 37.7 90.9 -6.3 -119.0 -167.2

< Lowest energy conformations of each class returned by the constrained distance geometry searches. ® See ref 13.

LR

Figure 1. Stereoplots of the lowest energy conformers for the two backbone types of cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly), 8, generated
by the constrained distance geometry/minimization search procedure.

related analog, and cyclo(Pro-Arg-Gly-Asp-D-Phe),, 13,
an RGD analog of the conformationally stable gramicidin
S.

In this paper we report the solution conformation of
cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly), 8. Also, wediscussthe
activities of it and the above mentioned and related
peptides in assays measuring inhibition of platelet ag-
gregation in canine platelet-rich plasma and binding to
purified human platelet GPIIb/IIla receptor. The pre-
ferred RGD conformations of the various cyclic peptides
are classified, and conformation-activity correlations are
proposed. Table I presents the compounds and data to
be discussed.

Results

Conformation of Cyclo(Pro-Arg-Gly-Asp-D-Pro-
Gly), 8. The conformation of cyclo(Pro-Arg-Gly-Asp-D-
Pro-Gly), 8, was determined using the NMR-constrained
distance geometry search methods described in the
Experimental Section. Itdisplays the common two §turn
cyclic hexapeptide conformation. Two conformational

classes were generated by the constrained search; they
differ only in the rotation of the D-Pro®-Gly® amide plane.
Residues Gly3-Asp-D-Pro-Gly® approximate a type I’ 8 turn
and residues Glys-Pro-Arg-Gly® are contained in a type I
8 turn. Backbone dihedral angles for the lowest energy
conformers of each set are listed in TableIl, and an overlay
representing the lowest energy conformers of the two
variants in the D-Pro5-Gly® region is shown in Figure 1.
The uncertainty at D-Pro®-Gly® may not be real. It arises
from the inability, because of chemical shift degeneracies,
to assign either a doubly bounded or anti distance
constraint between the D-Pro® é protons and the Gly® o
and amide protons, between the D-Pro®-Gly® « protons, or
between the D-Pro® 8 protons and the Gly® amide proton.
Only one doubly bounded constraint, Pro® H, to Gly® Hy,
could be applied between these residues. For theanalogous
Pro!-Arg? region, however, the presence of a doubly
bounded constraint between H; of Pro! and Hy of Arg? in
addition to the constraint for Pro! H, to Arg? Hy provided
better definition. Of the threeisomeric cyclic hexapeptide
molecules, 8, 9, and 12, compound 8 is the best defined
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Table III. Proton NMR Data for Cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly), 8, in Methanol-ds at 213 K¢

residue Hy H, H; H, H; Hn. J Hy/H,,' Hz Ab/AT®
Pro - 4,32 2.38/1.94 2,04 3.68/3.60

Arg 8.57 4,57 2.18/1.56 1.56/1.50 3.18 7.82 9.1 3.8
Gly 7.56 4,42/3,72 8.8/3.1 0.3
Asp 9.63 4,51 3,01/2.65 5.1 6.0
D-Pro - 4.53 2.24/1.97 1.95 3.86/3.76

Gly 7.47 4,62/3.83 8.9/2.3 1.4

¢ Chemical shifts reported as ppm relative to TMS, ¢ Coupling constants obtained for Gly residues from P.E. COSY and for Arg and Asp
from 1-D 1H spectra. ¢ Temperature coefficients for Hy reported as ppb/K.

W

Figure 2. Low-energy conformations of compounds 1, 2, 8, 9, 12, and 13 shown in stereo: top row, 1,2; middle row, 8,13; bottom row,

9,12,

experimentally; 18 doubly bounded constraints were
identified for this molecule, compared to 16 for compound
9 and 14 for compound 12. The Hy chemical shifts and
their temperature coefficients are very clearly consistent
with a dominant two 8 turn conformation in solution.1?
These coefficients are high for Arg and Asp and low for
both Gly residues, indicating that the amide protons on
both Gly residues are sequestered from solvent relative to
those on Arg or Asp. (See Table III.) In addition, the
dispersion in both Gly H-N-C-H coupling constants and
in both Gly « proton chemical shifts strongly suggest a
single highly favored conformer. The strong conforma-
tional preference may be due to an intrinsic stability of
the type LI’ 8 turn combination and/or the absence of Gly
from any turn position. Compound 8 is not the first
example of a 8 I, 8 I’ turn combination; crystallographic
studies of cyclo(Ala-Ala-Gly-Ala-Gly-Gly)!3indicate a type
I 8 turn at Gly-Ala-Ala-Gly, a type I’ 8 turn at Gly-Ala-
Gly-Gly, and an overall backbone closely similar to that
of 8, as shown in Table II.

Classification of RGD Conformations. The mole-
cules of Table I can be classified into four distinct categories
according to conformational preferences of the RGD
backbone. Bases for the assignments and the preferred
conformations areindicated in the table, and the categories
are more specifically described below. Whether or not
the backbone is directly involved in receptor binding, its
conformation defines the separation and relative orien-
tations of the C,—Cg vectors of the Arg and Asp residues.
Differences in the positioning of these vectors result in
different limits on the positioning of the Arg and Asp side
chains. Because analogs lacking either all or part of the

(12) Kopple, K. D.; Go, A.; Logan, R, H., Jr.; Savrda, J. Conformations
of Cyclic Peptides. IV. Factors Influencing Mono-, 1,4-Di- and 1,2,4-
Trisubstituted Cyclic Hexapeptide Backbones. J. Am. Chem, Soc, 1972,
54, 973-981,

(13) Hossain, M. B.; van der Helm, D, Conformation and Crystal
Structures of Two Cycloisomeric Hexapeptides: cyclo-(L-Alanyl-L-
alanylglycylglycyl-L-alanylglycyl) Monohydrate (I) and cyclo-(L-Alanyl-
L-alanylglycyl-L-alanylglycylglycyl) Dihydrate (II). J. Am. Chem. Soc.
1978, 100, 5191-5198.

RGD sequence display significantly reduced affinity for
GPIIb/II1a,” it may be presumed that the guanidine and
carboxylic acid groups are critical binding elements that
maintain a specific three-dimensional relationship at the
receptor.

Toillustrate the differences among the categories, Figure
2 containsstereoplots of preferred backbone conformations
for compounds 1, 2, 8, 9, 12, and 13.

Turn-Extended-Turn RGD Conformation: Com-
pounds 1-8. The RGD region of molecules in this category
can be described as preferring a Gly residue with ¢, ¥
values such that the C,,,—C.,,, distance is 6.8 A or greater,
whilethe Arg and Asp residues each adoptsa conformation-
(s) that produce a reversal of chain direction through the
RGD sequence. (See 1, 2, and 8, Figure 2.) In terms of
the angles between consecutive Ca—Ca vectors, this general
form can be described as maintaining /Xxx-Arg-Gly <
110°, £Arg-Gly-Asp > 130°, and £Gly-Asp-Xxx < 110°,
hence the designation turn-extended-turn. In thisgroup
is 2, the most active compound listed in Table I, for which
both X-ray and NMR studies show the turn—extended-
turn RGD arrangement to be favorable. NMR studies
indicate an analogous conformation for 1.

Within the turn-extended-turn category, a range of local
conformations at Arg and Asp are still possible. For the
Asp residues, a Creq (-80°, 80°) conformation is preferred
in the dominant solution conformations of 1 and 2° (See
Figure 2.) In the crystal structure of 2, and in a minor
component of 2 identified in solution at =70 °C, Asp takes
a more nearly right-handed helical conformation (¢, ¢ =
-60°, -30°), corresponding also to the i + 1 position of a
typeIBturn. In8 (this paper), Asp isinthei + 1 position
ofatypel’ Sturn,i.e., left-handed helical (¢, ¢ = 60°, 30°).

The Arg residue in 8 takes the conformation corre-
sponding to the i + 2 position of a type I 8 turn (¢, ¥ =
-90°, 0°) (Figure 1). The most probable conformation of
(Ne-methyl)Arg in 1 and 2, ca. ¢, ¢ = -120°, 60°, departs
somewhat from the canonical values but would also fit the
i + 2 position. :
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Figure 3. Overlay of compounds 2, cyclic disulfide Mba-(IN=-Me)Arg-Gly-Asp-Man, and 8, cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly), shown
in stereo. The overlay optimizes the overlap of the amide bonds preceding Arg, the amide bonds following Asp and the « carbons

of Arg and Asp.

Analogs of 1 lacking the N=-methyl substituent (e.g. 3
and 4) may be assigned to this group, although experi-
mental data show them to be less well defined confor-
mationally. Turn-extended-turn conformations arelikely
components of the conformational distribution; however,
we have found that quantitative nuclear Overhauser data
obtained for 4 are inconsistent with any single RGD
backbone conformation,!4 and similar observations have
been reported for Ac-Cys-Arg-Gly-Asp-Cys-NH; cyclic
disulfide.1%

Gly-Asp 8 Turn Conformation: Compounds 9-11.
The cyclic hexapeptide 9 and the 10-residue disulfide 10
have been found to prefer conformations in which Gly
and Asp occupy the i + 1 and i + 2 positions, respectively,
ofaBturn. NMR data for compound 9 are accommodated
at low energy by ring conformations including 8 turns of
type I, I1, II', and III, with no clear preference for any one
type, although the lowest energy conformers have type I
Gly-Asp turns, as shown in Figure 2.1! The conformation
of Gly-Asp in 10 has been reported to correspond to a type
Iturn on the basis of NOE, coupling constant, and variable
temperature data.l® The backbone of compound 11,
equating its D-Phe-Pro sequence with the stable D-Phe-
Pro type II’ 8 turns seen in gramicidin S17:18 and with the
D-Pro-L-Pro sequence of compound 9, should also contain
a Gly-Asp 8 turn. In such arrangements, the distance
between the Arg and Asp « carbons is 6 A or less.

Arg-Gly 8 Turn Conformation: Compound 12. The
RGD region of the cyclic hexapeptide 12 adopts predom-
inantly a type II 8 turn arrangement, with Arg and Gly
inthei + 1 andi + 2 positions, according to NMR studies.!!
Its backbone is illustrated in Figure 2. The separation of
the Arg and Asp « carbons is similar to that of the Gly-Asp
turn conformations, 6 A or less.

Fully-Extended RGD: Compound 13. NMR evi-
dence, the pattern and dispersion of the Hy chemical shifts,
their temperature and solvent dependences, and the
HNC-H coupling constants, confirms that compound 13

(14) Kopple, K. D.; Bean, J. W.; D’ Ambrosio, C. A., unpublished results.

(15) Bogusky, M. J.; Naylor, A. M,; Pitzenberger, S. M,; Nutt, R, F.;
Brady, S. F.; Colton, C. D.; Sisko, J. T.; Anderson, P. S.; Veber, D, F.
NMR and molecular modeling characterization of RGD containing
peptides, Int. J. Pept. Protein Res, 1992, 39, 63-76.

(16) Siahaan, T.; Lark, L. R.; Pierschbacher, M.; Ruoslahti, E.; Gierasch,
L. M. A conformationally constrained ‘RGD’ analog specific for the
vitronectin receptor: A model for receptor binding in Peptides: Chem-
istry, Structure and Biology (Proceedings of the 11th American Peptide
ggie;llgl); Rivier, J. E., Marshall, G. R., Eds.; ESCOM: Leiden, 1990; pp

(17) Hull, S. E.; Karlsson, R.; Main, P.; Woolfson, M. M.; Dodson, E,
J, The crystal structure of a hydrated gramicidin S-urea complex. Nature
(London) 1978, 275, 206~207.

(18) Orthogonal coordinates for the gramicidin S-urea complex are
reported in Dobler, M. Joriophores and Their Structures; John Wiley &
Sons: New York, 1981,

shares with gramicidin S,1%21 the molecule on which it
was based, a stable conformation comprised of two D-Phe-
Pro type II 8 turns spaced by antiparallel three-residue
B-like strands containing the RGD sequences. From a
report of gramicidin S crystal structure coordinates,!8 the
a carbon separations for appropriately placed Arg and
Asp residues would be 6.6 A. In the crystal, the residues
corresponding to the Arg, Gly, and Asp residues of 13,
Val-Orn-Leu, have all ¢ and ¢ greater in magnitude than
110°, except for one of the y1., values at 96°. The
replacement of Val-Orn-Leu with Arg-Gly-Asp to construct
compound 13 replaces twoside-chain-bearing residues with
Gly residues. A model of 13 was built starting from the
backbone and 8 carbon coordinates of gramicidin S, and
was energy minimized as described in the Experimental
Section. This conformer, shown in Figure 2, retains the
extended RGD sequences.

Structure/Activity Relationships. Turn-Extend-
ed-Turn RGD Conformation. Both the highly active
heterodetic cyclic pentapeptide 2 and the much less active
homodetic cyclic hexapeptide 8 adopt the turn—extended-
turn conformation that maintains a ~7 A separation
between the o carbons of Arg and Asp. Because 8 does
not contain (N*-methyl)Arg, which has an advantageous
effect on potency, other things being equal, its activity
might be expected to be comparable to that for compounds
3 or 6 rather than 1 or 2. However, 8 is still much less
activethan 3 or6. To indicate conformational differences
that might account for this, Figure 3 compares the lower
energy conformer of compound 8 and the major component
conformer from the low-temperature NMR study of
compound 2.2 The two are overlaid to superimpose the
a carbons of Arg and Asp and to minimize graphically the
difference in the backbone regions flanking the RGD
sequence. Several differences are apparent. First, the
Arg and Asp side chains take a more axial orientation
relative to the overall ring plane in the hexapeptide 8.
Second, the distance between the Arg and Asp 8 carbon
atomsis shorter (~7.8 A) than the corresponding distance
in the cyclic disulfide 2 (~9.8 A). Third, the orientation
of the Gly-Asp amide plane in compound 8, which
maintains the Asp Hy syn to the Asp H, (¢asp =~ -80°),
is opposite that in compound 2, in which the corresponding
protons are anti (¢asp =~ +60°). (The Asp Hx to Asp H,

(19) Krauss, E, M,; Chan, S. I. Intramolecular Hydrogen Bonding in
Gramicidin 8, 2, Ornithine. J. Am, Chem. Soc. 1982, 104, 69536961
and references therein,

(20) Ohnishi, M.; Urry, D. W, Conformational Studies on Polypeptide
Antibiotics (II). NMR of Amide Protons in Gramicidin S and Its
l-Igyd;%gZenated Derivative. Biochem. Biophys. Res. Commun. 1969, 36,
194-202,

(21) Stern, A,; Gibbons, W. A,; Craig, L. C. A Conformational Analysis
of Gramicidin S-A by Nuclear Magnetic Resonance. Proc. Natl. Acad.
Sci. U.S.A. 1968, 61, 734-741,
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Figure 4. Stereoplot of compounds 9, cyclo(Pro-Arg-Gly-Asp-Gly-p-Pro), and 12, cyclo(Pro-Gly-Arg-Gly-Asp-D-Pro), overlaid to
minimize the difference in the C,~C; vectors of Arg and Asp and the backbone between them.

crosspeak is the strongest nongeminal crosspeak in the
NOE spectrum of 8.) Any of these differences in con-
formation could influence the interactions of 8 with
receptor, particularly if backbone atoms are involved in
receptor binding. The overlay of 8 on 2 in Figure 3 further
suggests that there is a portion of 8, the D-Pro ring, that
extends significantly outside the molecular volume of 2
and could interact unfavorably with the receptor.

In compounds 3 and 4, antiaggregatory activity is
independent of the stereochemical configuration at Arg.
Upon Ne-methyl substitution at Arg, the L-Arg isomer
increases 12-fold in activity (3 — 1), but that of the D-Arg
isomer only doubles (4 —§). NMR-based conformational
analysis of 1 indicates that the most probable arrangement
at (Ne-methyl)Arg has the Ne-methyl group anti to the
Arg o proton® and the relationship also holds in the
solution and crystal structures of 2. However, asindicated
earlier, the analogs lacking the Ne-methyl substituent seem
to be less well defined conformationally. Thesuggestion,
therefore, is that 3 and 4, in spite of the difference in
configuration at Arg, can more readily adopt similar
receptor-bound arrangements of important binding groups
than can 1 and 5, which are conformationally restricted to
a certain extent by the N-methyl group.

Gly-Asp 8 Turn Conformation. As a class, com-
pounds 9-11 are active, but less active, than compounds
which display the turn-extended-turn conformation. Itis
conceivable that they could adopt the turn-extended-
turn conformation on binding to the receptor. However,
if this is to be so, the cost in energy to adopt the new
conformation cannot be high, because compound 9 is
already about as active as 3, and only 20-fold less active
(the equivalent of ~2 kcal) than 6. Compounds 3 and 6
are the N=-methyl free analogs of the cyclic disulfide turn—
extended-turn class to which 9, which also bears unsub-
stituted Arg, should be compared. However, examination
of the 500 energy-minimized structures generated in the
constrained distance geometry search for conformations
of 9,11 without regard to the extent of NMR constraint
violations, showed that the lowest energy set of confor-
mations that approximate a turn-extended-turn confor-
mation (||l and Ylgly = 120°) are found more than 11
keal (in steric and strain energy) above the lowest energy
Gly-Asp 8 turn conformation. Although the constrained
distance geometry search is not exhaustive, this result
seemsa strong indication that for cyclic peptide 9, atleast,
the turn-extended-turn conformation is not sufficiently
accessible to explain the observed activity.

Arg-Gly 8 Turn Conformation. Although the 6-A
spacing of the Arg and Asp « carbons is approximately the

same in the cyclic hexapeptide 12 as in its isomer 9 just
discussed, the activity of 12 is not detected in our platelet
aggregation assay. Figure 4 shows the two compounds
superimposed to minimize the difference in the Arg and
Asp C,—C; vectors and the backbone between them. If
maintaining the guanidine and carboxylic acid relationship
is critical, this overlay may suggest reasons for the
diminished activity. Inaddition to differences inthe local
conformations about the Arg and Asp residues, there are
large differences in the volume distribution of the non-
RGD moietiesrelative tothe RGD sequences. Unfavorable
steric interactions of these non-RGD sections with the
receptor may be absent for 9 but significant for 12.

Fully Extended RGD Conformation. The gramicidin
S analog 13 was found to be inactive in the platelet assay.
In its expected conformation, the Arg C, to Asp C,
distances are similar to the corresponding distances in
active molecules of the turn-extended-turn type, but the
turns at Arg and Asp are, of course, absent. This could
result in suboptimal positioning of backbone elements
important to binding. Inrespect to the orientation of the
Arg and Asp C,—C; vectors, compound 13 is similar to
compound 8, which has only modest activity in the platelet
assay. (The Cs—Cgdistance in the energy minimized model
of 13 is 8.1 A.) In Figure 5, these two compounds are
overlaid to optimize overlap of their C,~Cg vectors and to
position the backbone of 8 as much as possible within the
backbone volume of 13. The D-Phe-Pro residues flanking
the RGD sequences of 13 are seen to add volume not
present in analogous regions of other RGD analogs. It is
likely that a combination of the extra volume and positional
changes in the RGD backbone atoms is responsible for
the inactivity of compound 13.

Tosummarize, analogs representing the turn—extended-
turn RGD conformation display high affinity and efficacy,
analogs representing the Gly-Asp 8 turn conformation
display moderate affinity and efficacy, while analogs
representing the Arg-Gly 8 turn and the fully-extended
RGD conformations display significantly reduced efficacy.

Discussion

It has been assumed in the foregoing that the local
conformation of the RGD motif in these cyclic peptides
is a critical recognition factor for the receptor, i.e., that
the activity of the differently constrained cyclic peptides
can be rationalized in terms of relative orientations of the
Arg and Asp side chains and backbone elements of the
RGD sequences, plus the distribution of non-RGD mo-
lecular volume. Other constitutional factors not examined
here, the nature of residues flanking the RGD sequence
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Figure5. Stereoplot of compounds8, cyclo(Pré-Arg-Gly-Asp-D-Pro-Gly), and 13, cyclo(D-Phe-Pro-Arg-Gly-Asp),, overlaid to optimize
the overlap of the Arg-Gly-Asp regions while keeping the backbone of 8 within the backbone volume of 13,

Figure 6. Stereoplot of an overlay of compounds 1, Ac-Cys-(IN*-Me)Arg-Gly-Asp-Pen-NH: cyclic disulfide, and 9, cyclo(Pro-Arg-
Gly-Asp-Gly-D-Pro), made to optimize the overlap of the Gly-Asp regions.

for example, undoubtedly influence receptor affinity.
Therefore, before the fully-extended RGD and Arg-Gly 8
turn conformations are rigorously excluded as receptor-
bound conformations, additional analogs which address
some of the constitutional differences between the low-
and high-affinity analogs should -be shown to display
similarly low activities. i

It does appear, however, that two conformational classes,
the turn—extended-turn and the Gly-Asp 8 turn groups,
include molecules with considerable affinity for the GPIIb/
Hla receptor. These conformations also require further
experimental testing if they areto be proposed asreceptor-
bound conformations. Some aspects of the turn—extend-
ed-turn model have been tested, and one such test is
reported in a separate paper in this issue.22

We have indicated that conformations of compound 9
with an extended Gly residue are likely to be too high in
energy to account for its receptor affinity on the basis of
a receptor-bound turn—extended-turn conformation. Sim-
ilarly, a review of the distance geometry search outputs

obtained for 1 and 2% suggésts that they can only approach

conformations with Gly-Asp 8 turns at high energy (ca. 10
keal steric and strain energy above the turn—extended-
turn structures). While a yet unknown third conformation
that is the true receptor-bound conformation may be
readily accessible to the cyclic pentapeptide disulfides on
the one hand and 9 on the other, we have not found a
common low energy conformation among the set of
conformations derived for these analogs. The hypothesis
that there are two conformations recognizable by the
GPIIb/IIla receptor is worth exploration.

In fact, comparison of likely solution conformations of
compounds 1 and 9 reveals strong similarity in that part

(22) Callahan, J. F.; Bean,J. W.; Burgess, J. L.; Eggleston, D. S.; Kopple,
K. D.; Nichols, A.; Peishoff, C, E.; Samanen, J, M.; Wong, A.; Huffman,
W. F. Design and Synthesis of a C7 Mimetic for the Predicted 4-Turn
Conformation Found in Several Constrained RGD Antagonists. /. Med.
Chem.,, following communication in this issue.

of the backbone region between the Gly a-carbon and the
a-carbon of the residue following Asp. This is illustrated
in an overlay of the conformations of these compounds in
which the differences in the Gly-Asp region are minimized,
Figure 6. The main differences between these confor-
mations appear in the relative separation of the Arg and
Asp side chains, and in the local conformation about Arg.

Given suggestions in the literature that there may be
two sites for fibrinogen fragments on GPIIb/IIla (a y-chain
site on GPIIb,2524 and an a-chain site on GPIIIa%), it is
tempting tospeculate that these two conformational types
may relate to these two binding sites. At present, there
isno data tosupport this hypothesis. A second hypothesis
may be suggested by the fact that GPIIb/IIla occurs in
two states on the platelet: a fibrinogen competent state,
one capable of binding fibrinogen, in the activated platelet,
and a fibrinogen-incompetent state in the resting platelet.2
In contrast to fibrinogen, the smaller snake venom RGD
containing peptides, which bind to the same number of
sites on resting or activated platelets, display a 10 fold
difference or less in K;.2"% However, current evidence

(23) D'Souza, S. E.; Ginzberg, M. H.; Burke, T. A.; Plow, E. F. The
Ligand Binding Site of the Platelet Integrin Receptor GPIIb/IIla is
Proximal to the Second Calcium Binding Domain of its a-Subunit, J.
Biol. Chem. 1990, 265, 34403446,

(24) Santoro, S. A,; W, J. Lawing, J. Nonidentical Binding Sites on the
Glycoprotein IIb-IIla Complex by Peptides Derived from Platelet
Adhesive Proteins. Cell 1987, 48, 857-873.

(25) D'Souza, S. E.; Ginsberg, M. H.; Burke, T. A.; Plow, E. F,
Localization of Arg-Gly-Asp Recognition Site Within an Integrin Adhesion
Receptor. Science 1988, 242, 91-93,

(26) Plow, E. F,; Ginzberg, M. H. GPIIb-I1la as a Prototypic Adhesion
Receptor. Prog. Hemostasis Thromb, 1988, 9, 117-156,

(27) Dennis, M. S,; Henzel, W. J,; Pitti, R, M.; Lipari, M. T.; Napier,
M. A,; Deisher, T. A,; Bunting, S.; Lazarus, R. A. Platelet Glycoprotein
IIb-I11a Protein Antagonists from Snake Venoms: Evidence for a Family
of Platelet-Aggregation Inhibitors. Proc. Natl. Acad. Sci. U.S.A. 1989,
87, 2471-2475.

(28) Scarborough, R. M.; Rose, J. W.; Hsu, M. A.; Phillips, D. R.; Fried,
V. A,; Campbell, A. M.; Nannizzi, L.; Charo, 1. F. A GPIIb-IIIa-Specific
Integrin Antagonist from the Venom of Sistrus m. barbouri. J. Biol,
Chem. 1991, 266, 9359-9362,
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Table IV. Distance Constraints (&) Derived from NOE Measurements of Cyclo(Pro!-Arg?-GlyS-Asp*-D-Pro5-Gly®), 8, in Methanol-d; at

213 K
A. Doubly Bounded Constraints
atom 1 atom 2 lower bound upper bound atom 1 atom 2 lower bound upper bound
2HN 1Ha 2.75 3.52 4HNn 4H, 1.98 2.53
2HN 1Hp, 2.63 3.36 4HN 5Hp) 2.46 3.14
2HN 2H, 2.43 3.10 4H, 5Hm 1.98 2.53
2HN 3Hy 2.09 2.67 4H, 5Hp2 1.93 247
2HN 6Ha 2.87 3.67 6Hy 5Ha 2.55 3.26
3Hx 2H, 2.32 2.96 6Hn 6Ha,; 2.31 2.96
3Hy 3Ha: 2.12 271 6Hy 6Haz 2.09 2.68
4HN 3Ha 2.08 2.66 6Ha 1Hp 2.30 2.94
4HNn 3Ha: 2.05 2.62 6Ha1 1Hp; 2.15 2.75
B. Omitted Constraints
atom 1 atom 2 atom 1 atom 2 atom 1 atom 2 atom 1 atom 2
a
1Hp,; 6Haz 1Hp: 6Hao 5Hp2 6HN
b
1H, 3Ha 1Hp; 5Hp 3Hn 6HN 5Ha 6Ha
1H, 3Haz 1Hp,; 5Hpg 3Ha 4H, 5Ha 6Has
1H, 5Hpg2 1Hp, 2H, 3Ha; 5Hp. 5Hg; 6Hn
1Hpg; 5Hp; 1Hp: 3Hao 3Haz 5Hp, 5Hp 6Hn
1Hg. 5Ha 1Hp, 5Hp; 3Haz 5Hp, 5Hp; 6Hai
1Hp; 5Hp; 2H, 5Ha 3Haz 6Haz 5Hp 6Haz
1Hg, 5Hpgy 2H, 5Hp: 4HN 5Ha S5Hp2 6HN
1Hg: 5Hp 2H, 6HN 4HyN 5Hp; S5Hpe 6Ha;
1Hg: 6Hp: 2H, 6Ha 4H, 5Ha 5Hp2 6Hag
1Hp; 6HN 2H, 6Hao 4H, 5Hpg)
1Hp; 3Ha, 2Hpg); 5Hpg) 4H, 6Ha
1Hp; 3Haz 2Hg: 3Hn 4H, 6Haz

¢ NOE is observed, but could not be quantified. » Unable to determine if NOE occurs due to overlap with diagonal or another crosspeak.

suggests that the sequence around and including RGD in
the snake venom peptides is conformationally mobile?®
and therefore adaptable to the receptor environment. It
is conceivable that the active site-configuration of GPIIb/
Illa in resting and activated platelets is sufficiently
different that the relatively constrained molecules, the
protein fibrinogen and the small cyclic peptides, can detect
the differences by their inability to adapt conformationally.

Experimental Section

Synthesis. Syntheses of the heterodetic cyclic peptides 1, 3,
and 4 were reported by Samanen et al.” Syntheses of the
heterodetic cyclic peptides 2 and 5-7 will be reported by Ali et
al.3® Syntheses of the homodetic cyclic peptides 8,9, and 11-13
were reported by Ali and Samanen.®! The decapeptide 10%2 was
obtained from Telios Pharmaceuticals, Inc. Analytical data for
peptides 8, 9, and 11-13 are reported in Table V.

In Vitro Inhibition of Aggregation of Canine Platelet-
Rich7Plasma. The procedure used has been reported in Samanen
et al.

In Vitro Inhibition of [*H]SK&F 107260 Binding to
Purified, Reconstituted Human GPIIb/IIIa. The procedure
has been reported in Stadel et al.5

IH NMR Spectra of Cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly),
8. Proton NMR spectra were obtained using a Bruker AMX 500
spectrometer, A 3,8 mM solution of 8 in methanol-d; was used.
Data were collected at 213 K, where the viscosity of methanol
(~2.7 cp*®) was sufficient to yield negative NOE’s detectable for

(29) Saudek, V.; Atkinson, R. A,; Pelton, J. T. Three Dimensional
Structure of Eichistatin, the Smallest Active RGD Protein. Biochem.
1991, 30, 7369-7372,

(30) Ali, F. E,; Samanen, J. M., unpublished results.

(31) Ali,F.E.;Samanen, J. M. Synthesis of Protected Cyclic Homodetic
Peptides by Solid Phase Peptide Synthesis. In Innovations and
Perspectives in Solid Phase Synthesis & Related Technologies; Epton,
R., Ed.; SPCC (UK) Ltd.: London, 1991; in press,

(32) Pierschbacher, M. E,; Ruoslahti, E. Influence of Stereochemistry
of the Sequence Arg-Gly-Asp-Xaa on Binding Specificity in Cell Adhesion.
J. Biol. Chem. 1987, 262, 1729417298,

distances up to 3.2 A. At lower temperatures, general line
broadening occurs. The data were processed using the program
package FELIX (Hare Research, Woodinville, WA). Assignments
were made from P.E.COSY3* TOCSY,%% and NOESY3"38
spectra. The NOESY spectra were measured at mixing times of
50, 80, 110, and 140 ms. For the P.E.COSY spectrum, a 25° sine
bell apodization function was applied along both ¢, and t;. Both
domains were zero-filled to 2048 real data points. The NOESY
spectra were apodized with a 90° sine bell squared function in
both dimensions and zero-filled to 1024 X 1024 matrices.
Standard procedures were used for making proton chemical shift
assignments. Coupling constants were obtained from the P.E.-
COSY spectrum for the Gly residues and from a 1-D 'H spectrum
for the Asp and Arg residues. Chemical shift and coupling
constant data are listed in Table III.

Generation of Distance Constraints from 'H NMR Data.
For compound 8, NOESY build-up rates were obtained by least-
squares fitting of the four measured points. Build-up rates for
which the linear fit gave correlation coefficients of 0.95 or greater
were used to calculate distance constraints. In this system, the
NOE build-ups for geminal proton pairs on Pro or Gly proton
pairs were nonlinear. For this reason, the strongest three-bond
interaction, Asp Hx—H,,, was used as the reference, corresponding
to adistance of 2.2 A, which is the geometric lower limit. [Using
this reference, the geminal proton distances (using the 50-, 80-,
and 110-ms data points) are calculated to be longer than the
standard 1.75 A: Pro! Hy-Hy, 1.95 A; Gly® H.~H,, 1.87 A; Gly®
H.-H,,1.81A]. Diastereotopic protons werenot chirally assigned

(33) interpolated from data in CRC Handbook of Chemistry and
{:i;%wicc; Weast, R, C.; CRC Press, Inc.: Boca Raton, FL, 1988-1989; pp

(34) Mueller, L. P.E.COSY, a Simple Alternative to E.COSY. J. Magn.
Reson. 1987, 72, 191-196.

(35) Levitt, M. H.; Freeman, R.; Frenkiel, T. Broadband Heteronuclear
Decoupling. J. Magn. Reson. 1982, 47, 328-330.

(38) Bax, A.; Davis, D. G. MLEV-17-Based Two-Dimensional Homo-
nuclear Magnetization Transfer Spectroscopy. J. Magn. Reson. 1985,
66, 3556~360.

(37) Macura, S.; Ernst, R. R, Elucidation of cross relaxation in liquids
by two-dimensional N.M.R. spectroscopy. Mol. Phys. 1980, 41, 95-117.

(38) States, D. J.; Haberkorn, R. A.; Ruben, D. J. A Two-Dimensional
Nuclear Overhauser Experiment with Pure Absorption Phase in Four
Quadrants, J. Magn. Reson. 1982, 48, 288202,



Conformational Specificity at GPIIb/IIIa

Table V. Peptide Analytical Data

Journal of Medicinal Chemistry, 1992, Vol. 35, No, 21 3969

TLC

HPLC

compound sys® Ry CHsCN® K’ (MB-/II-SH)+ amino acid analysis (molar ratio)
Mba-(N*-Me)Arg-Gly-Asp-Man, 2 1 075 10-50g 34 6023 Asp(0.93), Gly (1.00)
Ac-Cys-(No-Me)Arg:Cly-AspPen-NH, 5 1 061 ﬂs‘o § 64 6243 Asp(LOD,Gly (100), Cys/Pen (+)
Mba-Arg-Gly-Asp-Man, 6 T 0% (156750 g 80 58 Asp (0.81), Gly (1.28), Arg (1.00)
Ac-Cys-Arg-Gly-Asp-D-Pen-NH;, 7 f gzg (2)95l0 g gg 620.2 Asp (1.00), Gly (1.08), Arg (0.88), Cys/Pen (+)
cyclo(Pro-Arg-Gly-Asp-D-Pro-Gly), 8 D Ot oso g 687 5803 Asp (1.00), Gly (1.94), Pro (2.05), Arg (1.02)
cyclo(Pro-Arg-Gly-Asp-Gly--Pro), 9 T oz f—isg § 67 5805  Asp(L00), Gly (200), Pro(200), Arg (LO5)
cyclo(Pro-Arg-Gly-Asp-Gly-D-Phe), 11 f 324 ?—55:) g gg 630.3  Asp (1.00), Gly (1.98), Pro (1.04), Phe (0.97), Arg (1.05)
cyclo(Pro-Gly-Arg-Gly-Asp-D-Pro), 12 T o8 o g o4 5808 Asp (1.06), Gly (2.00), Pro (1.81), Arg (1.29)
cyclo(D-Phe-Pro-Arg-Gly-Asp)z, 13 z §§§ (:)250 g 12(3)9 11455  Asp (2.00), Gly (2.08), Pro (2.71), Phe (2.02), Arg (1.74)

z 1 5

¢ TLC system: 1 = nBuOH/AcOH/H:0/EtOAc, 1:1:1:1; 2 = nBuOH/AcOH/H;0/pyridine, 15:5:10:10; 3 = nBuOH/H.0/iPrOH/CHCl;,
6.5:2:1.5:0.3. ® Analytical HPLC run in either gradient mode (g) or isocratic mode (i) with the percentage CHsCN employed in mixture with
0.1% TFA. ° Quantitative determination of the presence of Cys and Pen indicated by “+” due to difficult quantitation,

and thus are labeled using numbers, e.g. Hay, to distinguish them
without implying configuration.

Constraints were of two types: doubly bounded constraints,
which had both upper and lower bounds defined as -10% and
+15% of the calculated distance (Table IV), and anti distance
constraints, which were assigned a lower bound of 3.0 A and an
upper bound of 999 A, Only data for backbone protons, i.e., HN,
H., Pro H;, and Pro H; were used to define doubly bounded and
antidistance constraints. Antidistance constraints!! were applied
toonlythose proton pairs which showed no measurable crosspeak
in the NOESY spectrum taken with 140-ms mixing time. A total
of 18 doubly bounded constraints and 177 anti distance con-
straints were used. Pairwise interactions which were omitted
due to chemical shift degeneracy or overlap with the diagonal are
listed in Table IV, Section B.

Conformation Generation and Evaluation for Cyclo(Pro-
Arg-Gly-Asp-D-Pro-Gly). A total of 500 conformations!!® were
generated using the distance geometry program DGEOM (QCPE,
Department of Chemistry, Indiana University, Bloomington, IN
47405). Torsion angle sampling was applied during the run and
distance correlation was turned off. All bonds were considered
fully rotatable with the exception of amide bonds which could
be either cis or trans. Chiral volumes were applied only to actual
stereocenters, not to atoms carrying prochiral protons. Eighteen
doubly bounded distance constraints derived from NMR NOE
data, Table IV, were applied along with the 177 anti distance
constraints, The conformations were evaluated energetically
using the molecular mechanics program AMBER 3.04%4! modified
to accept distance bounds. Each was minimized for 10 000

(39) Peishoff, C. E.; Bean, J. W.; Kopple, K. D. Conformation of a
Cyclic Heptapeptide in Solution; an NMR Constrained Distance Ge-
ometry Search Procedure, J, Am, Chem. Soc. 1990, 113, 4416-4421.

iterations or until the norm of the gradient of the energy reached
0.01kcalmol 1 A-1, Allpartial chargesweresettozerotoeliminate
electrostatic energy terms. The distance constraints were applied
using a flat-bottomed well potential with harmonic sides such
that no penalty was assessed for distances falling within the
bounds. A force constant of 50 kcal mol A-2 was used on each
constraint. The conformers were ordered according to constraint
violation energy and the set below 1.5 kcal mol-! was saved. These
conformers were reordered on total energy and the set within 5
kcal mol? of the lowest energy conformer was saved. This left
30 of the original 500 structures. Increasing the total energy
window to 10 kcal mol? increases this number to 68, but does
not change the number of conformational sets found. Repre-
sentative structures were checked for conformational stability
by minimizing with both partial charges and distance constraints
for an additional 75 iterations followed by 75 iterations with
partial charges, but without distance constraints. All conformers
remained in their original set.

Model Building of (D-Phe-Pro-Arg-Gly-Asp);, 13. A con-
formational model was built for compound 13 using the coor-
dinates reported for gramicidin S crystallized as the urea
complex.!® Only backbone and g8 carbon atoms were included.
The remaining atoms were added and minimization performed
(1000 iterations, no electrostatics) using AMBER 3.0.44!
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