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Abstract. Geometric properties of the RGD sequence
in a data set of protein crystal and NMR structures
deposited in the Protein Data Bank were examined to
identify structural characteristics that are related to cell
adhesion activity. Interatomic distances and dihedral
angles are examined. These geometric measures are then
used in an analysis of the conformations of the RGDW
and pRGDW peptides obtained from molecular dynam-
ics simulations (Stote RH, et al. (2000) J Phys Chem B
104:1624). This analysis leads to the suggestion that
differences in the accessible conformations contribute to
the difference in biological activity between the RGDW
and the pRGDW peptides.
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1 Introduction

The tripeptide sequence Arg-Gly-Asp (RGD) has been
identified as a fundamental unit involved in recognition
by a number of cell surface proteins [1] which play an
important role in cell adhesion. NMR spectroscopy and
X-ray crystallography have been used to the elucidate the
structure of the RGD tripeptide in cell adhesion proteins
[2-4], in RGD containing integrin inhibitors isolated
from the venom of various vipers [5-8] and leeches [9], in
virus coat proteins [10, 11], in small peptides containing
the RGD sequence [12-16] and in small synthetic
molecules containing the RGD moiety [17, 18]. There
is, however, little information concerning the structure of
the RGD receptor. In the absence of structural data for
the receptor, insight into the relationship between
structure and activity can be obtained by studying
molecules that show a suitable affinity for the receptor.
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In the case of RGD-containing molecules, this has been
done for small linear and cyclic peptides [14, 19-29] and
small molecular analogs [30-35] by NMR and X-ray
crystallography combined with activity assays. Conform-
ationally constrained cyclic peptides are of particular
interest since cyclization reduces the conformational
freedom and provides an opportunity to stabilize a
preferred conformation, thus reducing the entropy cost
upon folding. In several cases, cyclic RGD peptides have
shown higher activity than their linear counterparts.
While such an analysis cannot provide conclusive results
on the active conformation(s), it can suggest factors to
consider in the design of potential therapeutics.

Another useful approach for obtaining insight into
the conformational properties of RGD-containing pep-
tides and proteins is by molecular dynamics simulations.
Recently, molecular dynamics simulations of the bio-
logically active peptides RGDW and pRGDW have
been reported [36]. Good agreement was found between
the NMR experiments and the simulations. The NMR
experiments suggested that the peptides are in a type 11’
p turn in solution, but that there are fast internal mo-
tions [16]. However, owing to the time scale of the in-
ternal motions, alternative conformations could not be
determined. Molecular dynamics simulations were done
to complement the NMR experiments. Analysis of the
simulation trajectories indicated that a turn conforma-
tion is present in solution, consistent with the NMR
experiments, but that an extended conformation is
also present with a significant population in solution.
Continuum dielectric (Poisson—Boltzmann) calculations
suggested that the equilibrium constant of the turn
conformer and extended conformer is near unity. The
simulations also showed that the extended conforma-
tions are nearly indistinguishable from the f-turn con-
formation with respect to the experimental NMR
results. Further analysis showed that the best fit to all
the experimental data was from a mixture of the turn
and the extended conformations.

Experimental studies suggest that cell adhesion
activity is critically dependent on the conformation of
the RGD sequence. Between RGDW and pRGDW



peptides, an order of magnitude difference in activity has
been measured; the latter is more active than the former.
The cyclic peptide c((RGDW)2 was found to be biologi-
cally inactive. Although the difference in activity between
pRGDW and RGDW may be due, in part, to differences
in the rate of biodegradation, it is of interest to examine
the conformational differences between the two peptides
in more detail. In the present work, we compare the
conformations of the RGDW and pRGDW peptides
obtained from the molecular dynamics simulations to the
conformations of the RGD sequence in proteins that are
involved in cell adhesion. The geometric properties of the
RGD sequence are first extracted from a data set of ex-
perimental protein structures deposited in the Protein
Data Bank [37]. These geometric properties are then used
to compare the conformations of the RGDW and
pRGDW peptides found in molecular dynamics simu-
lations [36]. Some of these geometric measures have been
previously used to characterize the structure—function
relations in RGD-containing mimetics; they are used
here to rationalize the difference in activity between the
RGDW and pRGDW peptides.

The methods are presented in Sect. 2; the results and
discussion are presented in Sect. 3, followed by the
conclusions.

2 Methods

A search of the Protein Data Bank [37] for proteins containing the
sequence RGD using the web interface http://www.rcsb.org/pdb
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yielded 648 entries. For the analysis presented here, only those
proteins where the RGD sequence is believed to exhibit cell
adhesion functionality are used; this reduces the number of
proteins used in the analysis to 26 structures (Table 1): 12 of these
are X-ray structures and 14 structures were determined by NMR.
To improve the statistics of the analysis, individual NMR struc-
tures were used rather than a single mean structure and in those
proteins where identical multiple chains are present, all chains were
used. While this introduces some overcounting, the conclusions
remain unchanged. A total of 307 protein structures were used in
the analysis and include, among others, proteins from the hepatitis
C virus (NS3 protease), human collagenase and human rhinovirus,
SH3 domain proteins and proteins extracted from the toxins of
vipers, leeches and sea anemone. It is interesting to note that these
distantly related proteins appear to be similar at the three-dimen-
sional level with respect to the RGD sequence.

To characterize the conformations of the RGD sequence in the
protein data set, the backbone ¢,y dihedral angles of the Gly and
Asp residues were calculated using the CHARMM program [38];
the resulting set of dihedral angles was then clustered using the
ART-II" algorithm implemented in the CHARMM program [38].
The ART-II" algorithm is based on a self-organizing neural net
[39-41]. The clustering algorithm describes the conformation of the
peptide by a vector of N parameters; in the present study, the vector
contains four parameters, which are the ¢ and i backbone dihedral
angles for the Gly and Asp residues. The clustering procedure
produces a single, optimized partition of the data. The final
partition of the data depends, in part, on the order in which the
conformations are read, but previous work has shown that in the
case of dihedral angles, the final cluster centers were not strongly
affected by changes in the order of data input [36, 42].

To characterize common three-dimensional features of the
RGD substructure in the protein data set, the pairwise atom dis-
tances between the Ca and Cf atoms of the Arg and Asp residues,
as well as the pairwise distance between the C{ and the Cy atoms
of the Arg and Asp residues, respectively, were calculated. As

Table 1. Structures from the

Protein Data Bank (PDB) used PDB ) Descriptor Type® Ref.

in the analysis identification
1IA1IR Viral protein X2 [50]
1AGI Angiogenin X [51]
1AHS African horse sickness virus coat protein VP7 X3 [52]
IAYK Collagenase N 30 [53]
IAYM Human rhinovirus 16 coat protein (subunit VP2) X [54]
IAYN Human rhinovirus 16 coat protein (subunit VP2) X [55]
1AZE GRB2 SOS N 10 [56]
I1BDS BDS-1I NM [57]
IDAB P.69 pertactin X [58]
IDEC Decorsin N 25 9]
I1DKI Pyrogenic exotoxin B zymogen mutant X4 [69]
IDRS Dendroaspin (mambin S5C1/SH04) N 39 [59]
IFNA Fibronectin cell-adhesion module type ITI-10 X [60]
IFNF Fibronectin X [3]
IFVL Flavoridin N 18 [61]
1JXP NS3 serine protease NS4A X2 [62]
IKST Kistrin N 8§ [5]
IMEN Fibronectin N 20 [4]
IPKT Phosphatidylinositol 3-kinase (SH3 domain) N 30 [63]
ITEN Tenascin (third Fibronectin type III repeat) X [64]
ITIV HIV-1 transactivator protein; N 10 [65]
ITTF Fibronectin (tenth type III module) N 36 [66]
2BDS BDS-I (NMR 42 structures) N 42 [57]
2ECH Echistatin (NMR 8 structures) N 8 [67]
2HWD Rhinovirus 14 coat protein (subunit VP1, VP2) X2 [68]
2MFEN Fibronectin N 10 [4]

#Specification of whether the structure was determined by X-ray crystallography (X) or by NMR (N). If
by crystallography, the number of chains is specified if different than 1; if by NMR, the number of

structures in the family is specified
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a measure of the orientation of the Arg and Asp residues, the
pseudodihedral angles defined by @[CB(R)-Co(R)-Ca(D)-Cp(D)]
and ¢[CL(R)-Cau(R)-Cu(D)-Cy(D)] were calculated. A ¢[CP(R)-
Ca(R)-Co(D)-CS(D)] pseudodihedral angle value close to zero in-
dicates a parallel alignment, i.e., the sidechains are pointing in the
same direction. A similar approach was taken in the study by
Miiller et al. [27], where the structure of 18 cyclic RGD peptides
were determined by two-dimensional NMR spectroscopy and
restrained molecular dynamics simulations; their activities
were characterized by ICsq values and were compared to the linear
peptide GRGDS and to fibrinogen, vitronectin and fibronectin.
From an analysis of interatomic distances and the pseudodihedral
angle defined by ¢[CS(R)-Ca(R)-Ca(D)-CS(D)], it was shown that
slight changes in conformation lead to significant differences in
activity as measured by 1Cs, values.

Molecular dynamics simulations of the RGDW and pb RGDW
peptides were presented in earlier work [36, 43]; these simulations
are used for the present analysis. The backbone dihedral angles
from the trajectories were clustered using the ART-II" algorithm
under the same conditions as for the protein data set.

3 Results

The mean dihedral angles of the cluster centers resulting
from the application of the ART-II" clustering algorithm
to the protein data set are given in Table 2. Both turn
and extended conformations are represented by the
mean cluster dihedral angles; for example, cluster 2
contains structures where the RGD sequence is in a type
II” § turn and cluster 7 contains structures where the
conformation of the RGD sequence is close to a type I
f turn. Protein structures that are members of these
clusters include, among others, 1AGI, 1AYN, 1TEN,
ITIV, and 1DKI, IDRS, respectively. Extended confor-
mations are found in other protein structures, including
2BDS, 1FNA, 1PKT, 1FVI, IDAB, 1AZE, ITIV. In the
family of 1KST structures, both extended and turn
conformations are found; these are represented by
clusters 2, 12 and 16. Using the mean dihedral angles
of the cluster centers, several conformations of the RGD
sequence were constructed showing turn and extended
conformations (Fig. 1).

Table 2. Dihedral angle values for cluster centers of the protein
data set

Cluster ~ Member Gly Asp
number population
¢ Y ¢ v
1 27 1472 -142.1 -82.5 -7.6
2 27 80.4 -83.9 -111.3 -28.4
3 60 64.5 -133 -93.5 102.2
4 11 102.3 -24.5 -59.1 133.3
5 18 -119.6 -150.4 -97.4 28.6
6 1 -61.9 176.4 149.7 -160.6
7 39 -87 -50.2 -114.9 3.2
8 13 -103.8 34.2 60 45.6
9 1 -102.2 -156.3 554 47.5
10 75 -164.5 172.7 -87.1 141.3
11 7 149.9 142.1 65.4 18.6
12 3 -92.4 85.2 -101.9 63
13 3 —84.1 89.5 -176.2 -80.5
14 5 -150.3 -76.5 -95.9 137
15 22 143.4 4 -151.8 -51.7
16 1 76.9 104.9 -77.2 101.2

The results from the cluster analysis of the molecular
dynamics simulations of the RGDW and pRGDW
peptides are given in Table 3. Note that in Ref. [36], the
cluster analysis used both backbone and sidechain dihe-
dral angles, whereas in the present analysis, only back-
bone dihedral angles are used. Both turn and extended
structures are present for both the RGDW and pRGDW
peptides. In the present cluster analysis, turn conforma-
tions for the RGDW peptide are given by cluster cen-
ters 1 and 5, while the pRGDW peptide tends to be
in more distorted turn and extended conformations. A
number of the cluster centers obtained from the analysis
of the trajectories are similar to the cluster centers ob-
tained from the analysis of the protein data set. Back-
bone conformations having dihedral angle values given
by the cluster centers were constructed for all cluster
centers and the root-mean-square (rms) coordinate
deviations were calculated between the conformations
derived from the protein data set and the conformations

3 3

Cluster 2 Cluster 7
Cluster 10 Cluster 11

Fig. 1. Schematic drawing of backbone conformations of the
RGD sequence derived from the cluster analysis of the protein data
set, see Table 2. Cluster 2 is a type II” f§ turn, cluster 7 is a type I
p turn; clusters 10 and 11 are examples of extended and distorted
turn structures, respectively

Table 3. Dihedral angle values for cluster centers from the
molecular dynamics simulation of the RGDW and pRGDW
peptides

Cluster Member Gly Asp
number population
¢ ¥ ¢ ¥
RGDW
1 1322 86.0 -91.3 -84.4 -46.0
2 1768 -161.7 -168.9 -100.2 -51.0
3 811 -150.1 -98.2 -105.7 -80.2
4 1851 -165.1 -80.9 -118.0 171.4
5 973 92.9 -64.8 -106.1 =573
pRGDW
1 972 93.1 -149.0 —-85.7 174.0
2 1070 136.3 160.9 -89.5 -71.9
3 995 -96.9 -172.0 -89.6 —-88.2
4 1971 -135.6 -96.6 -90.5 136.7
5 1165 -162.2 -65.9 -95.5 —-169.9
6 327 153.1 41.9 -1145 -1438




derived from the analysis of the molecular dynamics
trajectories. rms differences less than 0.3 A are observed
in numerous cases; for example, between RGDW clus-
ters 1 and 5 and the protein data set clusters 2 and 7. For
the pRGDW case, the rms differences between p RGDW
clusters 4 and 5 and the protein data set cluster 14 are
also less than 0.3 A. For an rms difference between 0.3
and 1.0 A, there are many similar cluster pairs; the rms
differences between cluster pairs are shown in Fig. 2. This
analysis indicates that the simulations sample confor-
mations of the RGDW peptides that are physically
realistic and similar to the conformations of the RGD
sequence found in biologically active proteins.

The interatomic  distances, D[Ca(R)-Ca(D)],
D[CB(R)-CB(D)] and D[C{(R)-Cy(D)] and the pseud-
odihedral angles ¢[CB(R)-Co(R)-Co(D)-CS(D)] and
Q[CL(R)-Coa(R)-Ca(D)-Cy(D)] were calculated for the
proteins in the data set, from the molecular dynamics
simulations [36] and from the 15252 RGDW structures
determined in the adaptive umbrella sampling simula-
tions of Bartels et al. [43]. The interatomic distance
between the charges of the two sidechains, D[C{(R)-
Cy(D)], and the pseudodihedral angle, ¢p[C{(R)-Co(R)-
Co(D)-Cy(D)], are calculated as a measure of the dis-
tance and the relative orientation of the charged termini
of the two sidechains, respectively.

The interatomic distances calculated from the protein
data set and from the RGDW and pRGDW simulations
are shown in Fig. 3. All data sets give about the same
results for D[Ca(R)-Ca(D)], with the values ranging be-
tween 5 and 7.5 A, and for D[CB(R)-CS(D)], the values
range between 5.5 and 9 A. The C{(R)-Cy(D) distances,
D[C{(R)-Cy(D)], calculated from the structures in the
protein data set are more widely distributed and are
larger than from the simulations (between 7.8 and
11.5 A); this is probably due to a lack of nuclear Over-
hauser effect for the termini of the sidechains. Aside

A: RGDW vs Protein Data Set

131

from this, little difference between the distances calcu-
lated from the simulations and from the proteins
was found; the distances D[Ca(R)-Ca(D)], and D[CS(R)-
Cp(D)], fall into the ranges defined by the results of
Miiller et al. [27].

The relative orientation of the Arg and Asp side-
chains is measured by the pseudodihedral angle, ¢
[CA(R)-Ca(R)-Ca(D)-Cp(D)], as described previously.
The distributions of ¢[CS(R)-Ca(R)-Ca(D)-Cp(D)] are
shown in Fig. 4, where the overall distribution and the
distributions from the individual simulations are given.
In the distribution of pseudodihedral angles calculated
from the protein data set, there are two predominant
peaks. One relatively broad peak covers the range be-
tween —100° and + 10°. A second peak goes from about
30° to +100°. This is consistent with the distribution
found by Miiller et al. [27], where the most active small
molecules have a geometry that closely resembles that
of the RGD sequence in biologically active proteins.
The values of ¢[CB(R)-Ca(R)-Ca(D)-CH(D)] from the
RGDW simulations (Fig. 4B) range from —60° to 180°
with a dominant peak around 0°. Of the four RGDW
simulations, one shows no population in the ‘“active”
region around 0.0° and a large distribution between 60°
and 180°; the other three RGDW simulations sample
conformations in the ‘“‘active” region. In the umbrella
sampling simulations of Bartels et al. [43] (Fig. 4C), the
RGDW peptide tends to populate regions outside the
active region, although a small population in the active
region is found. Examination of the relative probabilities
from this simulation indicates that the structures in the
active region are less probable than those outside the
active region. In fact, the 39 most probable structures
from this set have pseudodihedral angles around —100°.
This suggests that the RGDW simulations presented in
Ref. [36] may access conformations of somewhat lower
probability but still of physiological significance. In the

B: DRGDW vs Protein Data Set
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peptides
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pRGDW simulations (Fig. 4D), there is a significant
distribution of ¢[CB(R)-Cu(R)-Cu(D)-Cp(D)] centered
at about —30° that drops to zero at the boundaries of the
“active” region. An additional population around 160°
and —170° is found. The population in the active region
is due mainly to one simulation (pRGDW_3 in
Ref. [36]); the other two simulations show no population
in this region. One difference between the RGDW and
the pRGDW results is that just outside the active region
the population drops to zero for b RGDW, while it does
not for RGDW. The narrower distribution for pRGDW
suggests that, as for constrained cyclic peptides, the en-
tropy cost for assuming a conformation in the “active”
region is lower for the pRGDW peptide than for the
RGDW peptide. The constrained conformation is

18 14 15 16 17 18 "\ 143 and d from pRGDW

simulations of Stote et al. [36]

probably due to a hydrogen-bond interaction between
the carboxy terminal of the Asp sidechain and the amide
hydrogen on the Trp residue as discussed in Ref. [36].
This interaction was not present in the simulations of the
RGDW peptide.

The relative orientation of the charged ends of the
Arg and Asp sidechains is measured here by the pseud-
odihedral angle ¢[C{(R)-Co(R)-Ca(D)-Cy(D)]. Pseud-
odihedral angle maps of ¢[C{(R)-Ca(R)-Ca(D)-Cy(D)]
versus  P[CP(R)-Ca(R)-Cau(D)-Cp(D)] are shown in
Fig. 5. The results from the analysis of the protein data
set (Fig. 5A), from the RGDW simulations (Fig. 5B),
from the adaptive umbrella sampling simulations of
Bartels et al. (Fig. 5C) and from the pRGDW simula-
tions (Fig. 5D) are shown. The proteins in the data set
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populate a region of dihedral angle space bounded by
—120° and 100° for ¢[CB(R)-Ca(R)-Co(D)-Cp(D)] and
between —150° and 90° for @[C{(R)-Cau(R)-Co(D)-
Cy(D)]. Both the RGDW and the p RGDW simulations
have conformations that are in this region of confor-
mation space, although the distribution for pRGDW is
more localized than that for RGDW.

The geometric properties for interatomic distances
and pseudodihedral angles were calculated for five pro-
teins in which the RGD sequence is not involved in cell
adhesion: these are the biotin carboxylase subunit of
acetyl-CoA carboxylase (1BNC) [44], nucleoside di-
phosphate kinase (INSQ) [45], a-lytic protease complex
(1P01) [46] and d-xylose isomerase (1XIB [47] and 1XLA
[48]). For these proteins, the Co-Ca distances ranged
from 5.3 to 7.3 A, the C-Cp distances ranged from 6.0
to 9.6 A and the C{-Cy distances ranged from 9.4
to 14.3 A. These distances fall in the same range as for

et al. [43] and d from pRGDW
simulations of Stote et al. [36]

the cell adhesion active proteins. The values of the
pseudodihedral angle ¢p[CB(R)-Ca(R)-Ca(D)-Cp(D)] for
IXIB, 1XLA and IBNC were in the range —64.5° to
—79.4°, which is in the wings of the active region dis-
tribution. The values of ¢[CB(R)-Ca(R)-Cau(D)-CS(D)]
fall outside the active range defined by the cell adhesion
proteins for 1INSQ (133.75°) and for 1P01 (144.9°). For
the pseudodihedral angle ¢[C{(R)-Ca(R)-Ca(D)-Cy(D)],
the values covered the range from —16.0° to —165.6°,
which are also at the extremes of the active region.
These results suggest that the activity of RGD
depends not only on the pseudodihedral angle ¢[CS(R)-
Co(R)-Co(D)-Cp(D)], which defines the relative orien-
tation of the Arg and Asp sidechains, but also on
the relative orientation of the two charged termini
defined here by the pseudodihedral angle ¢[C{(R)-
Co(R)-Co(D)-Cy(D)]. The angle p[CH(R)-Co(R)-Co(D)-
Cp(D)] coarsely defines the regions of conformational
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Fig. 5. Correlation diagram of
the pseudodihedral angle
PICB(R)-Ca(R)-Co(D)-CH(D)]
versus ¢[C{(R)-Ca(R)-Co(D)-
Cy(D)] calculated from RGD
conformations a from the protein
data set structures (see text),

b from the RGDW simulations
from Stote et al. [36], ¢ from the
adaptive umbrella sampling sim-
: ulations of RGDW from Bartel
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space available to the sidechains, while the pseudodihe-
dral angle ¢[C{(R)-Ca(R)-Cau(D)-Cy(D)] may be im-
portant for optimizing the interactions. As mentioned
previously, the narrower distribution of dihedral angles
for pRGDW in the active region of the conformational
space may reduce the entropy cost for assuming an
active conformation. This is the basis for the design of
constrained cyclic peptides and is likely to contribute to
the increased activity observed for the b RGDW peptide
relative to the RGDW peptide. The entropy difference
between the pseudodihedral angle distributions for the
two peptides can be estimated from a quasiharmonic
model [49] by the equation

kb Op

AS:Sb—Sa:2 .
a

)

where o is the determinant of the covariance matrix o
with elements o;; = ((q; — (9))(q; — {q;»)) and q; and g;

¢[1:Cp-1C0-3:Ca-3:Cp]

et al. [43] and d from pRGDW
simulations of Stote et al. [36]

are the individual pseudodihedral angles and the angled
brackets represent averages over the simulation. The
calculation of the entropy difference between the two
distributions was limited to the active region for ¢
[CA(R)-Cu(R)-Co(D)-Cp(D)] (£120°) and without
bounds on ¢[C{(R)-Ca(R)-Co(D)-Cy(D)]. The entropy
for the pRGDW distribution was 1.18 cal/kmol less
than that for RGDW, giving a AG of 0.35 kcal/mol at
300 K.

4 Conclusions

The geometry of RGD sequences in proteins involved in
cell adhesion was examined for 307 protein structures
from 26 entries in the Protein Data Bank and for five
protein structures that are not involved in cell adhesion.
The results show that both turn and extended structures
of the RGD sequence are present in these proteins.



Geometric properties, which include pairwise distances
between the Co and Cf atoms in the Arg residue and the
corresponding atoms in the Asp residues and pseudodi-
hedral angles between these two residues, were calculat-
ed. These results were compared to the results obtained
from an analysis of the conformations of the RGDW
and pRGDW peptides obtained from molecular dynam-
ics simulations. RGDW and pRGDW are both active
in the inhibition of platelet aggregation; pRGDW is an
order of magnitude more active than RGDW. Compar-
ison between the conformations sampled in molecular
dynamics simulations and available protein structure
data, including the X-ray crystal and NMR solution
structures of active RGD-containing proteins and 18
small cyclic RGD peptides [28], gives further insight into
the dependence of biological activity on conformation.
Two aspects of sidechain orientation are likely to be
important for biological activity. The first is that the Arg
and Asp sidechains are on the same side of the peptide in
an almost parallel alignment. This was identified as a
factor in studies of Miiller et al. [27]. The second aspect
is the orientation of the two charged termini of the Arg
and Asp sidechains. Optimal regions of conformation
space are defined in the present work. For the cell
adhesion inactive proteins, the values of the pseudodi-
hedral angle measured tended to be at the extremities or
outside of the active region. The difference in activity
between the RGDW and pRGDW peptides may be due,
in part, to differences in configurational entropy within
this active region of the conformation space. The
narrower distribution of dihedral angles involving the
residues Arg and Asp in the active region suggests that
the entropy loss upon folding to an “active” conforma-
tion would be less for the pRGDW peptide than for the
RGDW peptide. This, in turn, may lead to a more active
peptide. Information derived from this study should be
of use in the design of potential therapeutic drugs for
thrombosis and other diseases where much of the
rational drug design strategy has been based on assumed
bioactive conformations of the RGD sequence.
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