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The integrins represent a large class of cellular adhesion
proteins, many of which bind to the Arg-Gly-Asp (RGD)
sequenceé. A prototypical RGD-dependent integrin is GPlIbllla
(ouifs3), which mediates the aggregation of platelets, and

numerous cyclic RGD peptides have been designed to have high

affinity for GPIIbllla. These compounds are effective anti-
thromboticd and have also served as starting points for the
design of nonpeptide antagonists of this receptor.

Recently the related integrim,S3 has been recognized as a
potentially important pharmaceutical target, involved in neovas-
cularization? Inhibitors of this process could be of benefit for
treating cancer, diabetic retinopathy, and macular degenepation.
o33 has been hypothesized to recognize a conformation of RGD
in which the Arg and Asp side chains are much closer than
when bound to GPIIbllI& In this paper we provide strong
support for this hypothesis and, additionally, show that the turn

types incorporating the RGD sequence can play an important compd

role in modulating this distance and hence the specificity.

Figure 1 illustrates the conformation of DMP728a member
of a family of peptides of sequencgcloD-Xxx-NMeArg-Gly-
Asp-Mamb)® These peptides bind with extremely high selec-
tivity and affinity to GPIIbllla (Table 1). Both solution and
solid state structures show a typé B-turn centered at the
D-Xxx-NMeArg dipeptide? Replacement of the-Xxx-NMe-
Arg dipeptidé with L-Ala-L-Arg resulted in a striking reversal
in selectivity to favor binding ta,33 (3 in Table 1). In cyclic
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Figure 1. Top: Solution and solid state conformationffeaturing

a type II -turn centered ab-Abu-NMeArg. Bottom: Centroids of
conformational families ob, showing the type [3-turn centered at
Pro-Arg. The NMeArg and Asp side chains have been truncated in
both panels.

Table 1. Sequence, Activity an@-Turn Type for
RGD-Containing Cyclic Peptides

GPllbllla®  oyf35°
X-XXX-Y-Yyy (nM) (nM) ratio® turn
1 D-Abu-NMeArg 2 500 250 M
pD-Ala-NMeArg 8 500 63 I
3 L-Ala-Arg 18000 20 0.001 I
4 Aib-Arg 9000 36 0.004 9
5 L-Pro-Arg 45000 13 0.0003 |

2|Cso, platelet aggregatioh.” ICsq, Elisa’ © a3 activity/GPlIbllla
activity. ¢ Assumed turn type.

peptides, a dipeptide consisting obamino acid followed by

an N*-methylamino acid is a strong inducer of typé tlirns,
while anL,L dipeptide in the same position favors a type | ttftn.
Thus, a change in turn type might modulate receptor specificity.
To test this possibility, we preparddand5, which contain the
turn-stabilizing Aib and.-Pro in place ofi-Ala.?2% 4 and5

are also highly potent and selectiugf; ligands (Table 1).

The solution structure & has been determined using NMR
derived distance constraints with distance geometry and energy
minimization (DG/EM)8 Here we determine the structure of
the most activex,3; ligand5.1* Three low-energy conformers
were found (Figure 1 and Table 2), each with a tygeturn
centered at Pro-Arg. The, v angles of5 are closer to an
ideal canonical type | turn than in the less actigs ligand,
3.810 The presence of a type | turn was supported by a low-
temperature dependence for the Gly N&H(AT = —3.0 ppb/
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Table 2. ¢ andy Angles for the RGD Cyclic Peptides

X-XXX

NMeArg/Arg BB twist
family ¢ Y ¢ v (A (deg)
1c 52 —112 —117 55 9.6 —30
II" B-turn 60 —120 —80 0 -3
5A —70 —24 —116 44 6.3 36
5B —63 —22 —102 52 8.8 57
5C —62 —-27 —-121 a7 6.6 36
| f-turn —60 -30 —90 0 49
6 —58 —46 —128 73 6.7 18

a Distance between£s of NMeArg/Arg and Asp.” Virtual dihedral
angle!® ¢Data from ref 8.9 Data from ref 2g.

K).18 The conformers o8 and5 are highly similar with a 1.1
A RMSD for theL-Xxx-Arg-Gly-Asp backbone atoms and 0.5
A RMSD for the dipeptide spanning the turn. We also used
time-averaged molecular dynamiitto study5. Conformations
similar to those from the DG/EM calculations in the turn region
were obtained?®

Thus, all evidence indicates tHatdopts a type | turn (Table
2), showing that a switch of turn type from tb | accompanies
a change in receptor specificity. A major difference between
type | and Il turns is their twist® The twist of5 ranges from
36° to 57 with an average of £3while the corresponding twist
of 1is —30° (Table 2). By comparison, the ideal twist for a
type | turn is 49 and for a type [l turn is —3°. The more
negative value forl results from steric interactions between
the Na-methyl group (which is essential for high GPllbllla
affinity) and the Arg side chain.

The consequence of these different twists is that the Arg side

chain of 3 and 5 is raised above the plane formed by the
backbone into a pseudoaxial position, while the NMeArg side
chain in1 adopts a pseudoequatorial conformation (Figure 2).

Thus, the vectorial and spatial relationships of the Arg and Asp

side chains differ between specifig3; and GPIIbllla ligands,
with a closer approach for ttw,33 antagonist8 and5 (Figure
2 and Table 2).
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Figure 2. Coa backbone traces df (top) and the centroid of family
5B (bottom) showing their different twists. The Mamb C-terminal
aromatic carbon is used as the.CThe different orientations of the
NMeArg/Arg Ca—Cpj bond vector are discussed in the text.

To further characterize the conformationef3s antagonists
we compared the low-energy conformers3®&nd5 with an
oyf3-specific compound: cyclaArg-Gly-Asp-db-Phe-Val) 6,
ICs0 = 50 nM from in-housex,33 Elisa)22:920 One conformer
each of3 and5 overlays well with the solution conformation
of 6 (Table 2) with RMSDs of 0.7 and 0.9 A, respectively. Each
displays a distorted type B-turn centered at the Xxx-Arg
dipeptide?! Thus a type | turn again appears to be important
for orienting the Arg side chain for tight and selective binding
to the receptor. Itis likely that this type | turn is not necessary
for binding, but instead simply serves as a convenient scaffold-
ing for positioning the essential functional groups in proper
juxtaposition. If we assume that the solution conformations
observed in these two previous studfscorrespond to the
integrin-bound conformation, then these conformations will
serve as convenient starting points for the design of nonpeptide
antagonists of,Ss.
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(20) 1Cses of 20-150 nM have been reported &%

(21) Although Miller et al?* have emphasized the presence of a type
1" turn centered at the-Phe-Val dipeptide, visual inspection of their
structure suggested the coexistence of a distorted type | turn centered at
Val-Arg. Indeed, a model & built with published dihedral angles confirms
this finding29



