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Human Integrin rvâ5: Homology Modeling and Ligand Binding
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The recently reported crystal structures of the extracellular domains of the Rvâ3 integrin in
its unligated state and in complex with the peptide cyclo(-RGDf[NMe]V-) have dramatically
increased our understanding of ligand binding to integrins. Nonetheless, ligand selectivity
toward different integrin subtypes is still a challenging problem complicated by the fact that
3D structures of most of the integrin subtypes remain unknown. In this study, a three-
dimensional model for the human Rvâ5 integrin was obtained using homology modeling based
on the crystal coordinates of Rvâ3 in its bound conformation as template. The modeled receptor
was refined using energy minimization and molecular dynamics simulations in explicit solvent.
The refined Rvâ5 model was used to explore the interactions between this integrin and Rvâ3/
Rvâ5 dual and Rvâ3-selective ligands in the attempt to provide a preliminary rationalization,
at the molecular level, of ligand selectivity toward the two Rv integrins. It was found that, in
the RGD binding site of the Rvâ5 receptor, a partial “roof” composed mainly of the SDL residues
Tyr179 and Lys180 is present and hampers the binding of compounds containing bulky
substituents in the proximity of the carboxylate group. This study provides a testable hypothesis
for Rv integrins subtype ligand binding selectivity, in line with both mutagenesis data and
SARs studies.

Introduction
The concept that tumor growth and its spread are

dependent on the formation of new blood vessels has
sparked an interest in identifying protein targets, which
inhibit the formation of vessels and which are amenable
to regulatory interactions with small-molecule drugs.1
The angiogenic process depends on vascular endothelial
cell proliferation, migration, and invasion. A family of
adhesion receptors, the integrins, are involved in these
processes.2 Until now, attention has been paid to the
role of Rv integrins in angiogenesis, especially the Rvâ3.3
Interaction of this receptor with monoclonal antibodies
or low-molecular-weight ligands4 inhibits blood-vessels
formation in a variety of in vivo models.5 It has also been
shown that the related Rvâ5 integrin is involved in
angiogenesis.6 Nowadays, it is a widely shared opinion
that neovascular disease in different tissues may induce
two distinct integrin-mediated pathways: one induced
by FGF2 and mediated by Rvâ3 and another induced
mainly by VEGF and mediated by Rvâ5.7 The biological
relevance of these different pathways is still unknown.
Perhaps, vascular remodeling in distinct organs depends
on the particular growth factor and/or adhesive proteins
contained within the specific extracellular matrix. In-

deed, â3 integrin-deficient mice have normal brain and
gut vessel development, while Rv integrin-deficient mice
have defective brain and gut blood vessels.8 This strongly
implicates another Rv integrin, potentially Rvâ5, in
brain and gut neovascularization. Therefore, selective
and dual Rvâ3/Rvâ5 ligands both represent an interest-
ing and novel class of angiogenesis and tumor-growth
inhibitors.9 Small molecule Rv integrin ligands are cur-
rently being evaluated in phase I and II clinical trials
for patients with late-stage cancer, e.g. cilengitide )
c(-RGDfNMeVal-).4,5

Structurally, the integrins are heterodimeric glyco-
proteins composed of two noncovalently associated
integral membrane subunits.10 Nineteen R and eight â
subunits have been identified, which assemble into more
than twenty-four different heterodimers. The most
common integrin binding sequence is the Arg-Gly-Asp
(RGD) motif, found within their matrix ligands.11 How-
ever, different integrins recognize diverse RGD-contain-
ing proteins differently. It has been demonstrated that
selectivity between the Rvâ3 and RIIbâ3 can be achieved
mainly by conformational control of the RGD sequence
in the ligand.12 Up to now, a large number of RGD-
mimetic compounds have been identified as potent and
often subtype-selective integrin ligands.13

One of the major determinants of ligand binding
specificity between the integrin receptors is the variable
subunit composition of this class of proteins. Integrins
with the same R subunit, such as Rvâ3 and Rvâ5, as
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well as integrins with the same â subunit, for example
R5â1 and Rvâ1, have different ligand binding specifici-
ties. Hence, in the case of Rv integrins, it is evident that
the nonconserved residues in the â subunits account for
the different ligand specificity. The RGD binding surface
in the Rvâ3 integrin is composed by the â-propeller
domain in the R subunit and the I-like domain in the â
subunit. Within the I-like domain, each â subunit
contains a long loop, which is divergent among all the
â chains (residues 159-1881 (The â3 sequence number-
ing was retrieved from the PBD database. Each residue
in the â5 subunit has been numbered according to the
â3 subunit used as template.) in â3). The importance
of this region for the natural ligand selectivity between
the Rvâ3 and the Rvâ5 integrins was demonstrated by
the construction of â3/â5 chimeras.14 Within this loop,
Takagi et al. identified a short disulfide-linked sequence,
(CYDMKTTC in the case of â3) responsible for the Rvâ3
ligands preference.15 Therefore, this loop is commonly
known as Specificity Determining Loop (SDL).

The recently determined X-ray crystal structure16 of
the extracellular domains of Rvâ3 in complex with
cyclo(-RGDf[NMe]V-), “cilengitide”,4 has shed new light
on mechanisms of integrin-ligand binding. The ligand
was found to bind in a groove between the â-propeller
and the I-like domain with one of the carboxylate
oxygens of the Asp side chain coordinating directly to a
Mn2+ ion in the MIDAS site. The Arg side chain bound
entirely to loops in the â-propeller. Only small confor-
mational changes (restricted to the I-like domain and
the â-propeller) were observed between the ligand-

occupied and ligand-free states,16,17 leading to consider-
able controversy about the molecular basis of acti-
vation.18-20

This X-ray structure is a snapshot of different con-
formations that represent diverse activity levels of the
receptor and therefore is not sufficient to understand
the complete mechanism of cell adhesion as well as
inside-out or outside-in signaling which involves dra-
matic motions and reorganization of the integrin sub-
units together with their binding molecules. The role
of transmembrane helix-helix interaction remains con-
troversial.19

Starting from the Rvâ3-cyclo(-RGDf[NMe]V-) com-
plex, structural models for the interactions of known
small ligands with the Rvâ3 integrin receptor were
presented.20 This approach led to a structural under-
standing of ligand binding to this integrin. Previous and
recent studies of homology modeling and ligands dock-
ing led to proposals of R4â1/R4â7 and Rvâ3/RIIbâ3
ligand binding selectivity.21

Here, the Rvâ5 receptor was investigated by means
of a combined approach of homology modeling and
ligand-receptor docking. We have constructed the
headgroup of the Rvâ5 integrin, which contains all the
regions responsible for ligand recognition and binding.
As regards the docking studies, Rvâ3/Rvâ5- and Rvâ3-
selective ligands were used, which are potential drug
candidates and have been thoroughly characterized
experimentally (Figure 1).

The results of this study will be presented in terms
of comparative analyses between the two receptors. The

Figure 1. Structures of the docked ligands.
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comparison was performed at three different levels.
First, the two receptors were compared in their primary
sequence. Second, the respective RGD binding sites
were analyzed in their structural context. Finally, the
two receptors have been compared in their interaction
modes with Rvâ3/Rvâ5 dual- and Rvâ3-selective ligands.

At all three levels of complexity, this study offers an
insight into the Rvâ5 receptor structure and into its
interaction mode with potential drugs and provides a
possible mechanism behind Rv integrins subtype ligand
binding selectivity.

Results and Discussion
Sequences Analysis. A multiple sequence alignment

was performed, utilizing evolutionary information of all
â-subtypes in different organisms. The sequence-align-
ment of the integrin â subunits demonstrated that the
majority of the differences between the â3 and â5
subunits can be observed at the region comprising
residues 159-1881 in â3 (SDL). Figures 2 and 3 show
that within the SDL the residues preceding the NPC
sequence display a certain level of homology. The two
disulfide-bonded segments, on the other hand, are very
different in the sequence and in the number of residues.
The â5 subunit has a two-residue insertion with respect
to the â3, and most of the other residues are not highly
conserved. Nevertheless, certain key residues, which are
probably crucial for the structural integrity of the loop,
are highly conserved in the integrin family. The two
prolines, (â3)-Pro163 and (â3)-Pro169, are among the
most conserved residues in the whole sequence. Another
proline, (â3)-Pro176, which is flanked by Asn and Cys
forming the motif NPC, is highly conserved among the
â subunits. It is worth noting that all three Pro are
involved in â turns and are probably responsible for the
U-shape of the SDL. The cystein in the NPC motif (â3)-
Cys177 and the (â3)-Cys184 are always conserved with
the exception of integrin â4, which is known to be less
similar to all other integrin â subtypes. The two Cys
form a disulfide bridge within the loop, reducing con-

siderably the accessible conformational space of the
disulfide-linked sequence. It is most likely that this
disulfide bond is conserved in all the members of the
family with the exception of â4-containing integrins and
plays an important role from a structural point of view.
Takagi et al.15 showed that swapping this short part of
the sequence between â1 and â3 also swaps their
natural ligand preference. The recently determined
X-ray structure shows that this part of the sequence is
located at the RGD ligand binding site.16

For the remaining part, the RGD binding site is
highly conserved between the two Rv integrins as shown
in Figure 4. In particular, (â3)-Arg214, (â3)-Asn215,
(â3)-Arg216 (sequence RNR) are conserved among all
type of Rvâ3 and Rvâ5 integrins and are a unique
feature of these types of receptors. In a previous
docking study using small ligands and Rvâ3 as re-
ceptor, we found that all three residues participate
in the ligands binding. Differently, (â3))-Tyr 122,
which was found to interact with the Phe side chain of
cyclo(-RGDf[NMe]V-) (see Figure 4), is replaced by the
smaller Leu122 in the Rvâ5 receptor. This residue is
characteristic for the â5 subunit. In all the other â
subunits a Tyr is present with the exception of â6 and
â4, which exhibit an Ala and an Asn residue, respec-
tively. All residues surrounding the metals at the
MIDAS, ADMIDAS, and LIMBS region are highly
conserved with the exception of (â3)-Ala252, which is
replaced by an Asp residue. The latter residue probably
coordinates the metal ion at the MIDAS region in the
â5 subunit. The divalent cations are essential for
integrin functions, ranging from stabilizing the integrin
structure to enhancing or suppressing its interaction
with physiologic ligands (reviewed in 22). The impor-
tance of the conservation of the metal coordinating
residues is demonstrated by the fact that nonconserva-
tive mutations within or nearby the propeller’s metal
coordinating loops cause loss of integrin expression.23

Two more replacements far from the ligand binding
site are present and are illustrated in Figure 4. The (â3)-
Glu312 and the (â3)-Ser334 are substituted in â5 by a
Lys and an Asp, respectively.

The sequence analysis of the Râ interface demon-
strates that the â5 residues at interface with Rv subunit
are conserved to a very large extent with respect to â3.
As shown in Figure 5, the majority of changed residues
are located in the SDL region ((â3))-Ile167, (â3))-Ser168,
(â3))-Pro170, (â3))-Glu171). It has been observed that
the SDL deletion does not affect the heterodimer forma-
tion by several integrin subtypes including Rvâ3.24

The remaining part of the I-like domain, which is
responsible for the majority of contacts with the Rv
subunit, is highly conserved. Two interesting substitu-
tions are present: the (â3)-Lys253, which in the X-ray
complex forms a hydrogen bond with the (Rv)-Asp219,
is replaced by a Val residue in â5 and the (â3)-Arg261
is replaced by a Lys. The Rvâ3 X-ray structure shows
that the (â3)-Arg 261 inserts into the central hole of the
â-propeller domain (Figure 5) and is caged into place
by two concentric rings of predominantly aromatic
residues. Cation-π binding between the positive charged
Arg and the surrounding aromatic residues is likely to
be conserved with the Lys replacement. It was previ-
ously speculated that a small change in (â3)-Arg261 side

Figure 2. Multiple sequence alignment of integrin â subunits,
corresponding to the â3 residues 159-188, obtained with
ClustalW. The aligned sequences correspond to the SDL
region. Blue stars (*) represent the fully conserved residues,
while the blue point (‚) represents the conservation of weak
groups.
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chain orientation could modulate the stability of Rvâ3
interface due to attractive or repulsive amide-aromatic
interaction.17

Modeling of rvâ5 Receptor and General Fea-
tures of the Model. Under physiological conditions,
the integrins are thought to interconvert between dif-
ferent conformations that represent diverse activity
levels.

It is unlikely that these conformational transitions
would occur spontaneously during a molecular dynamics
simulation using current state-of-the-art approaches.
Consequently, the Rvâ5 integrin has been modeled
directly in its bound conformation using as template the
X-ray structure of the Rvâ3 integrin in complex with
the cyclo(-RGDf[NMe]V-) ligand. It has to be mentioned
that small quaternary changes are observed when the
unliganded and liganded structures of Rvâ3 are super-
imposed. However, due to the fact that the ligand was
diffused into existing Rvâ3 crystals it is probable that
the observed changes represent a minimalist view of the
changes taking place during the macromolecular ligand
binding. For the purpose of docking small synthetic

ligands, the Rvâ3 -cyclo(-RGDf[NMe]V-) represent an
ideal template.

Due to the high percentage of sequence identity
at the Râ interface between the Rvâ5 receptor and the
used template together with the fact that the two
integrins bind common small ligands, it has been
assumed that the Rv and â5 subunit assemble in a
similar manner as found for Rvâ3. Hence, the â5 subunit
were manually merged with the Rv subunit and with
cyclo(-RGDf[NMe]V-) ligand, which possess high affinity
for both Rv integrins, according to the template. Special
care was paid in the modeling of SDL due to its
importance and its low degree of conservation.

An attempt to model this loop structure was made
by generating possible structures that satisfy the spatial
requirements of the disulphide bond between (â5)-
Cys176 and (â5)-Cys185 and, at the same time, occupy
approximately the same region in the 3D model
structure as in Rvâ3 integrin complex. A 600 ps MD
simulation of the SDL in the presence of the
cyclo(-RGDf[NMe]V-) ligand and in the context of the
entire integrin head was performed (see Methods). A
superimposition of â5 SDL conformations extracted from
the last 250 ps of the MD simulationwas is shown in
Figure 6.

The SDL region, closer to the Rv subunit (from (â5)-
Lys159 to (â5)-Arg170), did not change remarkably
during the MD simulation. In both receptors, the SDL
residues167-170 contacted a flat region composed mainly
by residues from (Rv)-Gln120 to (Rv)-Arg122. This is in
line with the hypothesis from Takagi et al. that for the
SDL an R subunit-specific conformation exists.24 The
side chain orientation of (â5)-Lys180 hardly changed
during the simulation; it seems held in place by both
ionic and hydrophobic interactions with (â5)-Tyr179.
Remarkable movements of (â5)-Lys180 side chain were
also hampered by the opposite (â5)-Lys125 side chains.
Due to these considerations, the â5 SDL can be consid-
ered as relatively conformationally constrained.

The stability of the SDL during the MD simulation
gave the opportunity to use the average of the produc-
tion run for the subsequent analysis and docking
experiments. The presence of the small (â5)-Leu122
allows the reorientation of the (â5)-Tyr179 and (â5)-
Lys180 to form a partial “roof” above the RGD binding
site. In the Rvâ3 receptor a Tyr is present instead of a
Leu, and an Asp and a Met are in place of (â5)-Tyr179
and the (â5)-Lys125, respectively. Consequently, the

Figure 3. Schematic representation of the Rvâ3 and Rvâ5 SDL region. Residues are denoted by their one-letter code. Black
circles denote highly conserved residues in the integrin family. Gray circles represent conservation of amino acids between Rvâ3
and Rvâ5. Disulfide bridges between C177 and C184 and C176 and C185 are shown as lines connecting these cysteines.

Figure 4. Sequence conservation at the RGD binding site
between the Rvâ3 and Rvâ5 receptors mapped onto the molec-
ular surface of the human Rvâ3 complex. Regions of sequence
identity are colored in red, while the nonconserved regions are
labeled and colored in magenta. The cyclo(-RGDf[NMe]V-)
ligand is represented in blue color.
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Rvâ3 RGD binding site is broader in that region with
respect to Rvâ5.

As expected from the high homology and from the low
number of insertion/deletions in the alignment, the
overall topology of the template protein was conserved
and is described elsewhere10,16,17 (Figure 7). The stereo-
chemical quality of the resulting model was checked
with the program PROCHECK. The majority of the
residues of the modeled complex occupy the most
favored region of the Ramachandran plot, and the other
residues occupied additional allowed regions. After
molecular dynamics, 75.6% of the residues were in the

most favored region, 21.1% in additional allowed region,
2.9% in the generously allowed region, and only the
0.3% were in disallowed region. It has to be mentioned
that, in the final stage of the complex refinement, both
the ligand and the protein side-chain atoms in the
binding site were allowed to relax. The Rvâ5 binding
site defined for cyclo(-RGDf[NMe]V-) ligand was then
utilized for the remaining ligands.

Ligand Binding Analysis. There have been very
few endogenous ligands identified to bind the Rvâ5
receptor, and all known Rvâ5 ligands also bind to the
Rvâ3 integrin. The latter is supposed to have a more

Figure 5. Sequence conservation at the R-â interface between the Rvâ3 and Rvâ5 receptors mapped onto the human Rvâ3
complex. The Rv subunit is represented as green ribbon while the â3 subunit as Connolly surface. On the right side, a front side
view is presented, and on the left side a rotated 90° view, which show the Arg261 protruding off-center into the propeller’s channel.
Regions of sequence identity are colored in red, semiconserved regions are in orange while the nonconserved regions are labeled
and colored in magenta.

Figure 6. Superimposition of â5 SDL conformations extracted from the last 250 ps of the MD simulation. The SDL is represented
as line mode and colored by atom type. The disulfide bond between (â5)-Cys176 and (â5)-Cys185 is visible in yellow. The remaining
part of the â-subunit and the R subunit are represented as green ribbon drawing. Three metal ions are visible at MIDAS, ADMIDAS,
and LIMBS region as orange spheres.
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relaxed ligand binding specificity as it binds to at least
six more endogenous ligands than Rvâ5.

The refined Rvâ5 model was used to explore the the
interactions between this integrin and Rvâ3/Rvâ5 dual
and Rvâ3-selective ligands in the attempt to provide a
preliminary rationalization, at the molecular level, of
ligand selectivity toward the two Rv integrins. The
chemical structures of the docked ligands4,9,13g,25 to-
gether with the activities toward the two Rv receptors
are shown in Figure 1.

Docking of rvâ3/rvâ5 Dual Ligands to rvâ3 and
rvâ5 Receptors. Compounds I, II, III, IV were manu-
ally positioned in the receptors binding site and then
ran up to 50 docking procedures per ligand. For each
compound, only one or two clusters of binding modes
were found to be in line with the experimental data.
For instance, a frequent binding mode shows the ligand
carboxylic acid interacts with (â3/â5)-Arg214/5. This
solution was rejected as it was postulated early on that
the Ca2+ ion at the MIDAS region interacts with the
aspartic acid of RGD peptides. Such an interaction was
recently observed for the cyclo(-RGDf[NMe]V-) in the
X-ray complex, and its importance has subsequently
been discussed by Arnaout et al.26

The selected binding modes were common for all the
docked ligands and revealed a consistent set of recurring
interactions in line with the experimental data (Figures
8-9). In both receptors, the ligands insert into a crevice
between the propeller and the âA domain on the
integrin head. The Asp and Arg mimetic side chains
point to opposite directions allowing the carboxylate
group in the ligand to coordinate the Ca2+ in the MIDAS
region and the guanidinium(-like) moiety to bind the
(Rv)-Asp150 end/or (Rv)-Asp218. The involvement of
these two Asp in the ligand binding is in accordance
with the mutagenesis data,27 cross-linking studies,28 and
X-ray structure, all of which indicate (Rv)-Asp150 and

(Rv)-Asp218 are fundamental residues in the interaction
with the RDG ligands.

The coordination of the metal ion is complemented
by favorable contacts with the backbone amide proton
of (â5)-Asn216. In the case of III, which possesses an
aromatic moiety on the Arg-mimicking side chain, a
π-stacking interaction with the (Rv)-Tyr178 side chain
was observed. This is in line with the mutagenesis data,
which indicates the importance of (Rv)-Tyr 178 in ligand
binding.29 For those ligands which possess a hydrogen
bond donor group in the proximity of the carboxylate
moiety, a hydrogen bond with the backbone CO of (â5)-
Arg217 was found (see binding modes of I, III, IV).

Compound I, which was synthesized in our lab and
biologically tested by Merck KGaA (Darmstadt, Ger-
many), turned out to be 10 orders of magnitude more
active on the Rvâ3 integrin. In the Rvâ3 binding, the
Phe side chain stabilizes the complex through a T-shape
interaction with the (â3)-Tyr122 (16). According to that,
SAR studies by our lab, together with molecular dock-
ing, showed that substitution of D-Phe by D-Trp or âNal
increases the binding affinity due to an enlargement of
the hydrophobic interaction with the (â3)-Tyr122.12,16,20

Differently, in the Rvâ5 integrin, due to the replacement
of (â3)-Tyr122 by the (â5)-Leu122, such favorable in-
teraction cannot occur (Figure 8a) leading probably to
a slight loss of activity on Rvâ5 (IC50)37 nM) with
respect to Rvâ3 (IC50 ) 3 nM).

In the case of II, two possible binding modes were
observed due to the flexibility of the arginine mimetic
side chain. In both binding modes, the NH within the
aminopyridine ring donates a hydrogen bond to the (Rv)-
Asp218. In the more populated binding mode (17
structures out of 50) represented by the compound
colored in green in Figure 8b, the arginine mimetic
group inserts into the narrow groove at the top of the
propeller domain (region of (Rv)-Asp150, (Rv)-Asp218).
In the second most populated binding mode (8 structure
out of 50) represented by the compound colored in
orange, the aminopyridine ring binds in the region of
(Rv)-Asp218, (Rv)-(Rv)-Arg248, and (â5)-Val254. In both
binding modes, a π-stacking interaction between one
phenyl ring in the dibenzocycloheptane and the (Rv)-
Tyr178 side chain is present (the distance between the
centroids of the two rings is 5.7). Docking of II in Rvâ3
receptor revealed a strong preference for one binding
mode, which corresponds to the more populated in the
Rvâ5. The second binding mode found within Rvâ5
seems not to be possible in the Rvâ3 receptor due to the
substitution of (â5)-Val254 with (â3)-Lys253, whose long
side chain hampers an allocation of the aminopyridine
ring similar to that found within the Rvâ5 receptor.

Compound III is a particular interesting ligand
having high affinity for all three types of integrins
involved in the angiogenesis process (Rvâ3:3.2 nM, Rvâ5:
1.7 nM, R5â1: 421 nM) but only poor affinity for RIIbâ3
(1294 nM). The flexibility of the branch near the
carboxylate group allows the phenyl ring to make a
T-shaped interaction with the (â5)-Tyr166 side chain
and to avoid a steric clash with the â5 SDL (â5)-Tyr179
(â5)-Lys180 (Figure 9a). Docking of III into the Rvâ3
integrin results in an analogous binding mode. This
finding is in line with the similar activity found for
compound III on the two receptors.

Figure 7. Three-dimensional structure of extracellular do-
mains of Rvâ5 integrin overlapped on the template. The
superposition were performed considering all the backbone
atoms. R-Helices and â strands are colored in magenta and
green, respectively. Rvâ5 loops are shown in cyan, while Rvâ3
loops are shown in gray. The RGD binding site and the MIDAS
region are indicated by white arrows. As shown in figure, the
major difference between the two complexes resides in the
conformation of the specificity determining loop (SDL).
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Regarding compound IV, the most populated binding
mode (13 structures out of 50) presents the phenyl ring
oriented perpendicular to the plain of the molecule,
pointing toward the SDL residues (â5)-Lys180 and (â5)-
Tyr179 represented in Figure 9b as Connolly surface.
The distance between the centroid of the ligand phenyl
ring and Nú of the (â5)-Lys180 is 5.6 Å, while with the
centroid of the (â5)-Tyr179 ring is 7.3 Å. The found
binding mode perfectly explains the productive insertion
of the diacylhydrazine moiety in the proximity of the
carboxylate group; it mimics the Asp backbone amide
proton of I in its interaction with the (â3)-Arg216.
Docking of IV in the Rvâ3 integrin gave perfectly
comparable results.

Therefore, according to our model, the following
interactions govern the Rvâ5 ligands recognition pro-
cess: (i) coordination of Ca2+ ion at the MIDAS from
the carboxylate moiety of the ligand; (ii) a salt bridge
between the (Rv)-Asp218 or the (Rv)-Asp150 and the
guanidine(-like) moiety of the bound ligand; (iii) a
hydrogen bond donated by one ligand NH to the car-
bonyl oxygen of (â5)-Arg217 backbone (iv) π-stacking

interaction from one aromatic ring in the ligand and
(Rv)-Tyr178.

Taking into account the previously reported docking
studies on Rvâ3 receptor,20 it can be observed that
conserved regions of the Rv integrins receptors (i.e. (Rv)-
Asp150, (Rv)-Asp218, (Rv)-Tyr178, (â3/5)-Asn215/6, (â3/
5)-Arg216/7, Ca2+ in the MIDAS region) bind the
common chemical component of the dual ligands (guani-
dine(-like) moiety, aromatic group, hydrogen bond donor
group, carboxylate moiety). The proposed ligands bind-
ing modes, where conserved regions of the receptors
bind conserved motif of the ligands, find similarities
with that of many other receptors such as opioid,
dopamine, or chemokine receptors.30

Nonetheless, selectivity between the two Rv receptors
through the incorporation of a phenyl ring or naphthyl
at the 4-position of the phenyl ring of IV (V and VI)
was achieved successfully.13g SARs relative to IV and
to its analogues clearly indicate that the region, in which
the phenyl group of IV allocates, is narrower in Rvâ5
with respect to Rvâ3. The high affinity and particularly
the high selectivity with which V and VI bind to the

Figure 8. (a) Binding mode of compound I within the Rvâ5 RGD binding site represented as Connolly surface. Ligand carbons
are colored in green, while receptor surface in light gray. The metal ion at the MIDAS region is represented as orange sphere.
Some residues in the receptor were removed for clarity. (b) Binding mode of compound II within the Rvâ5 RGD binding site. Two
possible binding modes were showed. The most populated (see text) is in green, the other in orange.

Figure 9. Binding mode of compound III (a) and IV (b) within the Rvâ5 RGD binding site.
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Rvâ3 integrin raises the important issue of which
molecular features underlie the differences in their
interaction with Rvâ3 versus Rvâ5 integrins. Hence,
these two Rvâ3-selective compounds were docked first
in Rvâ3 and then in Rvâ5 receptor in the attempt to find
an explanation of the ligands binding selectivity.

Docking of rvâ3-Selective Ligands to rvâ3 and
to rvâ5 Receptor. Docking of compounds V and VI in
the Rvâ3 receptor resulted in comparable binding modes
where all the interactions, which are thought vital for
the binding, are conserved (Figures 10a and 11a). As
expected, in compound V, the biphenyl moiety is placed
in such a way that a T-shape interaction with (â3)-
Tyr122 (represented as sticks in Figure 10a) occurs. One
amide proton of the diacylhydrazino moiety donates a
hydrogen bond to the backbone CO of the (â3)-Arg216.

The Rvâ3-selective ligands were automatically docked
in the Rvâ5 receptor. Docking of V and VI resulted in
several orientations in which the ligand carboxylate
group did not coordinate the metal ion at the MIDAS

region. However, most of these structures lay above the
RGD binding site without making appreciable interac-
tion with the Rvâ5 binding surface. These results
suggest that the binding site made up by the Rv and â5
subunits cannot accommodate such ligands. Manual
docking of compounds V and VI in an orientation
similar to that found using the Rvâ3 as receptor, reveals
that a steric clash between the ligands and the SDL
(â5)-Lys180 and (â5)-Tyr179 residues would occur (Fig-
ures 10b and 11b). In these compounds, all the possible
orientations of the aromatic moietys were considered,
resulting always in a steric overlap with the â5 surface.
A different orientation of the biphenyl moiety of V to
avoid the clash would result in a loss of the ligand
interactions with the Rvâ5 key residues. A superimposi-
tion of the two Rv integrins (Figure 12) shows that the
region, in which the biphenyl moiety allocates is nar-
rower in the Rvâ5 receptor with respect to Rvâ3 due to
the presence of (â5)-Lys180 and (â5)-Tyr179 as com-
pared to (â3)-Asp179 and (â3)-Met180. (â5)-Tyr179,

Figure 10. (a) Binding mode of compound V within the Rvâ3 RGD binding site. The ligand is represented as green transparent
Connolly surface, while the Rvâ3 binding site is represented as dark gray Connolly surface to highlight the complementarity
between the ligand and the Rvâ3 receptor binding site. (b) Binding mode of compound V within the Rvâ5 RGD binding site. An
evident clash between the biphenyl moiety in the ligand and the receptor surface ((â5)-Lys180) is visible.

Figure 11. (a) Binding mode of compound VI within the Rvâ3 RGD binding site. (b) Binding mode of compound VI within the
Rvâ5 RGD binding site. An evident clash between the naphthyl moiety in the ligand and the receptor surface ((â5)-Lys180 and
(â5)-Tyr179) is visible.
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especially, is bulkier than (â3)-Asp179. Notable is also
the different charge contribution (Lys for â5 and Asp
for â3), which might have an additional effect on ligand
binding. As mentioned above, the â5-SDL is two amino
acids longer with respect to that of â3 and the corre-
sponding residues which rise above the RGD binding
site are bulkier in â5 SDL leading to the formation of a
partial “roof”. Given the flexibility of amino acids side
chains, one might argue that the (â5)-Lys180 could
rearrange itself in a such a way to allow the allocation
of V and VI phenyl rings. This effect can hardly occur
since (â5)-Lys180 is constrained in its mobility by the
equally charges residue (â5)-Lys125 and by the adjacent
(â5)-Tyr179.

The two amino acids (â5)-Tyr179 and (â5)-Lys180,
which seem to play a role in the Rvâ5 ligand binding
selectivity are part of the disulfide bound sequence, a
highly divergent segment within the long SDL, which
is known to have a substantial impact on the ligand
selection of integrins.14-15

Our hypothesis would explain the SARs studies,
which indicate the difficulty of Rvâ5 integrin to allocate
bulky systems in proximity to the carboxylate groups
as in the case of V and VI.13g

Hence, the presented three-dimensional models for a
number of complexes of dual and selective ligands with
both the Rvâ3 and Rvâ5 receptors are consistent with a
large body of experimental data and lead us to propose
experimentally testable hypotheses for the molecular
bases of ligand subtype selectivity. As more data are
available to better characterize the details of interac-
tions between different integrins and their ligands,
these issues will be resolved more definitively.

This study was limited to docking small ligands which
contain or mimic the smallest recognition unit (RGD)
of many types of integrin, but natural ligands are
significantly larger, structurally more diverse and often
multivalent. Indeed, experiments using chimeras of
Rvâ3 and Rvâ5 and using Fab-9 and fibrinogen as
ligands, both of which have a binding preference for
Rvâ3, suggest that the complete ligand binding specific-

ity is achieved through the contact between ligands with
several discontinuous domains of the â subunit.

Conclusion

Based on the X-ray structure of the human
Rvâ3 integrin bound to the RGD-containing peptide
cyclo(-RGDf[NMe]V-), a 3D structural model of Rvâ5
receptor was built. In an attempt to provide a prelimi-
nary rationalization, at the molecular level, of ligand
selectivity toward the two Rv integrins, the latter were
carefully compared in their primary sequence, in their
RGD binding site features and in their interaction with
different ligands. Here three-dimensional models are
presented for a number of ligands complexes with Rvâ3
and Rvâ5 receptors that are consistent with a large body
of experimental data. Our docking results, when com-
bined with mutagenesis data and cross linking studies,
suggest a common binding mode for the dual RGD-
mimetic ligands on the two Rv receptors.

According to our theoretical Rvâ5 model, the two
integrins differ especially in the region above the
MIDAS due to the diversity of the SDL. A partial “roof”
composed mainly from the SDL residues (â5)-Tyr179
and (â5)-Lys180 is present in the Rvâ5 receptor and
hampers the binding of compounds containing bulky
substituents in the proximity of the carboxylate group.

Experimental Methods
Sequence Alignment. The alignment of the integrin â1-

â8 sequences corresponding to â3 residues 109-353 (integrin
head) was obtained by means of the CLUSTALW package
applying the default parameters.31 The few gaps in the
alignment fell mainly in the region corresponding to the SDL
(Figure 2). Therefore, the other parts of the protein can be
considered as being sequentially and structurally conserved.

Model Building. The program MODELLER (version 6.2)32

was used to build 20 full-atom models of human â5 subunit
according to the comparative protein modeling method. The
template used was the X-ray structure of the Rvâ3 integrin in
complex with the cyclo(-RGDf[NMe]V-) ligand (PDB entry code
) 1L5G). The human â3 and â5 subunits are highly homolo-
gous, sharing 65% identity in the construct used. The modeling
procedure is conceptually similar to that used in the determi-
nation of protein structures from NMR-derived restraints. The
restraints, distances and dihedral angles, are extracted from
the template structure. Additionally, stereochemical restraints
such as bond length and bond angle preferences obtained from
the molecular mechanics force field of CHARMM-22 are used
together with statistical preferences of dihedral angles and
nonbonded atomic distances obtained from a representative
set of all known protein structures. The model is then
calculated through cycles of geometry optimization and mo-
lecular dynamics simulation.

Twenty models were built and ranked using the MOD-
ELLER objective function, which is highly efficient in ranking
different models calculated from the same alignment.32 The
backbone atoms of the predicted models overlapped well and
differed mainly in the conformation of the SDL region (residues
159-188 in â3). The highest ranking model of the â5 subunit
was subjected to further refinement in this region. Although
the SDL is significantly less conserved than the rest of the
protein, certain key residues, which are crucial for the
structural integrity of the loop, are highly conserved among
the integrins family (Figure 3). Hence, these key residues were
taken as anchor points for the SDL refinement.

Dynamics Simulations. To assess the preferred conforma-
tion of the SDL in the presence of the ligand and in the context
of the entire integrin headpiece, a 600 ps molecular dynamics
simulation of the complex was carried out in explicit solvent.
For this purpose the â5 subunit was manually merged with

Figure 12. Superposition of Rvâ3 and Rvâ5 receptors, both
represented as Connolly surfaces (dark and light gray respec-
tively), within V bound to the Rvâ3 integrin.
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the Rv and with the cyclo(-RGDf[NMe]V-) ligand, which
possess high affinity for both integrins (â3 and â5), taking as
template the Rvâ3- cyclo(-RGDf[NMe]V-) complex. The Mn2+

were replaced by Ca2+ ions. The residues Arg, Lys, Glu, and
Asp were taken in their charged form, while all His residues
were considered neutral by default, resulting in a total charge
of -9e. To make the system electroneutral, nine sodium
counterions were added. With the aid of VEGA (vs 1.5.0)
program,33 the ions were placed around the integrin head-
group, where the electrostatic energy achieved the smallest
values. The complex was then soaked with a 5 Å water layer.
The calculations were carried out with the DISCOVER module
of the INSIGHTII program using CVFF force field.34 A
multiple-step procedure was used. The complex was energeti-
cally minimized with 3000 steps of a steepest descent mini-
mization, followed by 5000 steps of conjugate gradient mini-
mization to adjust the water molecules and the counterions
locally and to eliminate any residual geometrical strain,
keeping the heavy atoms of the headgroup fixed. The mini-
mized solvated system was used as initial structure for the
subsequent molecular dynamics (MD) simulation. MD calcula-
tion was begun with an initial and equilibration stage (100
ps), followed by a production run (500 ps). In the equilibration
stage, energy minimization of the protein side chains were
achieved employing 3000 steps of steepest descent. Subse-
quently, the system was heated gradually starting from 10 to
300 K in 1 ps steps. The system was then equilibrated with
temperature bath coupling (300 K) applying a tethering force
on the loop backbone starting from 100 kcal/Å-2 and decreasing
to 0 kcal/Å-2, the rest of the protein was kept fixed. A cutoff
of 13 Å was used for nonbonded interactions. Coordinates and
energies were saved every 5 ps yielding 120 structures.

The average structure was calculated over the 100 struc-
tures of the production run and was energy-minimized using
3000 steps of a steepest descent minimization keeping the
backbone atoms constrained. The stereochemical quality of the
final structure was analyzed using the program PROCHECK.35

Molecular Docking. Docking of ligands I-VI to Rvâ5
integrin was carried out using the AutoDock program package
version 3.0.5.36 The LGA algorithm, as implemented in the
AutoDock program, was used applying a protocol with a
maximum number of 1.5 × 106 energy evaluations, a mutation
rate of 0.01, a crossover rate of 0.80, and an elitism value of
1. For the local search, the pseudo-Solis and Wets algorithm
was applied using a maximum of 300 interactions per local
search. Fifty independent docking runs were carried out for
each ligand. Results differing by less than 1.5 Å in positional
root-mean-square deviation (rmsd) were clustered together and
represented by the result with the most favorable free energy
of binding. The obtained complexes were energetically mini-
mized using 3000 steps of steepest descent algorithm, permit-
ting only the ligand and the side chain atoms of the protein
within a radius of 5 Å around the ligand to relax. The geometry
optimization was carried out employing the DISCOVER
program with the CVFF force field.

Ligand Setup. The structures of the ligands were gener-
ated from the standard fragment library of the SYBYL
software version 6.9 (37). Geometry optimizations were achieved
with the SYBYL/MAXIMIN2 minimizer by applying the BFGS
(Broyden, Fletcher, Goldfarb and Shannon)38 algorithm with
a convergence criterion of 0.001 kcal/mol and employing the
TRIPOS force field.39 Partial atomic charges were assigned
using Gasteiger and Marsili formalism as implemented in the
SYBYL package.40 In case of I, the backbone in its bound
conformation, as found in the Rvâ3 X-ray complex, was held
fixed while the side chain dihedral angles were free to rotate.
As regards the remaining ligands, all the relevant torsion
angles were treated as flexible during the docking process thus
allowing a search of the conformational space. In the case of
compound IV and V, the Cambridge Structural Database
(CSD)41 was searched to investigate the conformational prefer-
ence of the diacylhydrazine moiety. Since the torsion angle
C-N-N-C was mostly found to be -90°, which is also in
accordance with ab initio studies,42 the geometry of this

fragment was held fixed during the calculations. The organic
compounds were docked in the S conformation which is well-
known to be the most active isomer. Compound II was docked
with the dibenzocycloheptane ring in the equatorial conforma-
tion since it was found as preferred conformation over the axial
one in the binding to the Rvâ3 receptor.20

Protein Setup. The protein structure was set up for
docking as follows: the unpolar hydrogens were removed, and
Kollman united-atom partial charges were assigned. Solvation
parameters were added to the final protein file using the
ADDSOL utility of the AutoDock program. The grid maps were
calculated with AutoGrid. The grids were chosen to be large
enough to include a significant part of the protein around the
binding site. In all cases, we used grid maps with 61 × 61 ×
61 points with a grid-point spacing of 0.375 Å. The Rvâ3 crystal
structure in complex with the cyclo(-RGDf[NMe]V-) was
superimposed on the Rvâ5 model, and the center of the grid
was set to be coincident with the mass center of the ligand in
the crystal complex.
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