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ABSTRACT: Disintegrins constitute a family of potent polypeptide inhibitors of integrins. Integrins are
transmembrane heterodimeric molecules involved in cell-cell and cell-extracellular matrix interactions.
They are involved in many diseases such as cancer and thrombosis. Thus, disintegrins have a great potential
as anticancer and antithrombotic agents. A novel heterodimeric disintegrin was isolated from the venom
of saw-scaled viper (Echis carinatus) and was crystallized. The crystals diffracted to 1.9 Å resolution and
belonged to space groupP43212. The data indicated the presence of a pseudosymmetry. The structure
was solved by applying origin shifts to the disintegrin homodimer schistatin solved in space groupI4122
with similar cell dimensions. The structure refined to the finalRcryst/Rfree factors of 0.213/0.253. The
notable differences are observed between the loops, (Gln39-Asp48) containing the important Arg42-
Gly43-Asp44, of the present heterodimer and schistatin. These differences are presumably due to the
presence of two glycines at positions 43 and 46 that allow the molecule to adopt variable conformations.
A comparative analysis of the surface-charge distributions of various disintegrins showed that the charge
distribution on monomeric disintegrins occurred uniformly over the whole surface of the molecule, while
in the dimeric disintegrins, the charge is distributed only on one face. Such a feature may be important
in the binding of two integrins to a single dimeric disintegrin. The phylogenetic analysis developed on
the basis of amino acid sequence and three-dimensional structures indicates that the protein diversification
and evolution presumably took place from the medium disintegrins and both the dimeric and short
disintegrins evolved from them.

Disintegrins are a family of small cysteine-rich proteins,
found in ViperidaeandCrotalidaesnake venoms that bind
to integrins of theâ1 andâ3 classes (1, 2). They can be
classified into small, medium, long, and dimeric disintegrins
depending on the size and the number of cysteines. Short
disintegrins are 49-50 amino acids long and have 8 cysteines
(3). The medium disintegrins contain approximately 70
amino acids with 12 cysteines. Most of the polypeptides that
have been characterized so far belong to the class of medium
disintegrins (4-10). Long disintegrins have∼80 amino acid
residues including 14 cysteines (11, 12). The dimeric
disintegrins have been identified recently, and their number
is increasing gradually. Each of the monomers of the dimeric
disintegrins has approximately 67 amino acid residues
including 10 cysteines. Each monomer contains two unpaired
cysteine residues at the N terminus that form two disulfide
bridges with the other monomer to generate the dimer (13-
21). An exception is bilitoxin-I (22), a homodimeric disin-
tegrin, each monomer of which has 15 cysteine residues. The
binding of disintegrins to integrins is typically characterized
by the presence of the Arg-Gly-Asp motif, although muta-
tions of Arg and Gly have been reported (15-19). The Asp

residue is always conserved (23). The Arg-Gly-Asp is located
at a long surface-exposed loop that extends out of the
molecule and is highly flexible. Integrins are present on the
cell surfaces and are known to be involved in cell-cell
interactions and cell-extracellular matrix interactions (24,
25). The integrins have been reported to participate in a
number of important biological processes such as angiogen-
esis, tumor invasion, inflammatory responses, platelet ag-
gregation, and tissue repair (26-31). It has been reported
that the disintegrins interfere with the functions of integrins
as antagonists (1) and hence act as anticancer and antithrom-
botic agents. In view of such important functions of
disintegrins, the elucidation of their detailed three-dimen-
sional structures is necessary so that the mechanism of their
actions could be understood at the structural level. It will
help in the design of synthetic polypeptides as potent
antagonists of integrins. Unfortunately, the structural infor-
mation about disintegrins is still scanty because only one
crystal (32) and a few NMR structures (33-37) of mono-
meric medium disintegrins and only one structure of a
dimeric disintegrin, schistatin, are known (23). The most
important feature of dimeric disintegrins is having two Arg-
Gly-Asp-binding sites that diverge away from each other in
the dimer. It has been shown that, in comparison to
monomers, the dimeric disintegrins show increased affinity
for integrins (38). We have isolated a novel heterodimer of
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disintegrin from the venom ofEchis carinatus. The crystal
structure has been solved and refined to 1.9 Å resolution.
The heterodimer sheds a new light on the organization and
the mode of binding of the dimeric disintegrins to integrins.

EXPERIMENTAL PROCEDURES

Isolation and Purification of Disintegrin.The crude venom
of E. carinatuswas obtained from the Irula Cooperative
snake farm, Mahabalipuram, India. A total of 250 mg of
lyophilized venom was dissolved in 20 mM ammonium
acetate buffer at pH 5.0 to make the final concentration of
venom at 10 mg/mL. This solution was centrifuged at 25 000
rotations per minute for a total period of 15 min at 293 K.
The insoluble material was removed, and the supernatant was
diluted 3 times with the same buffer. This was loaded onto
a Blue-Sepharose CL-6b column (15× 2.5 cm). The column
was pre-equilibrated with 20 mM ammonium acetate buffer
at pH 5.0 and was washed repeatedly with the same buffer
to remove other unbound proteins. The bound proteins were
eluted using a continuous NaCl gradient (0.0-0.6 M). The
fractions corresponding to 14 kDa as indicated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)1 were collected. These were pooled and dialyzed
against 20 mM ammonium acetate at pH 5.0 to remove NaCl.
The dialyzed samples were loaded on an SP-Sephadex
column C-25 (8.0× 2.5 cm). The column was washed
thoroughly for the unbound proteins. The bound proteins
were eluted using a linear gradient of NaCl (0.0-0.5 M).
The peak corresponding to 14 kDa was used for further
analysis.

Molecular Weight Determination by Matrix-Assisted Laser
Desorption Ionization-Time-of-Flight (MALDI-TOF).The
purified and lyophilized samples of disintegrin were dis-
solved in distilled water to attain an approximate concentra-
tion of 10 mg/mL. The mass spectrometric analysis was
carried out with MALDI-TOF (KRATOS, Shimadzu,
Japan). Prior to the acquisition of spectra, 100µL of the
protein solution was mixed with 100µL of 0.2% aqueous
trifluoroacetic acid. A total of 1µL of the acidified solution
was spotted onto a stainless steel sample slide by 1µL of
3,5-dimethoxy-4-hydroxycinnamic acid (sinapinnic acid)
matrix solution (10 mg/ml) in 50:50 ethanol containing 0.1%
trifluoroacetic acid.

Sequence Determination.The complete amino acid se-
quence of the present heterodimeric disintegrin was deter-
mined using the principle of Edman degradation (39) on the

PPSQ-21A (Shimadzu) protein sequencer. The purified
samples of disintegrin were lyophilized. A 10 mg/mL
solution of disintegrin was prepared in deionized water. At
least 10 µL of the protein solution was loaded on the
machine, and sequencing was run up to 70 cycles. The
sequences of the two chains were derived from the output
of the sequencing procedure. Density modifications done
with the help of DM (40) and RESOLVE (41) and omit-
map calculations clearly indicated the differences in the
sequence of A and B chains. The|2Fo - Fc| and|Fo - Fc|
maps calculated by the warpNtrace protocol of ARP/wARP
(42) use the hybrid model. Such maps are unbiased from
initial models and noncrystallographic symmetry (NCS)
restraints and thus could reveal structural differences. The
maps calculated from ARP/wARP also showed the similar
differences in the A and B chains. The sequences of the two
polypeptide chains of the heterodimer and their comparisons
with the sequence of the polypeptide chain of schistatin
homodimer are given in Figure 1.

Crystallization. The purified samples of the dimeric
disintegrins were used for crystallization with the sitting drop
vapor-diffusion method. A 3 mg/mL protein solution was
prepared in 10 mM sodium cacodylate buffer at pH 6.0. The
reservoir solution containing 1.6 M ammonium sulfate was
prepared as a precipitating agent. The final protein solution
was made by mixing equal volumes of the protein solution
and the reservoir solution. A total of 20µL drops of the
new protein solution were placed in microbridges. These
were allowed to equilibrate with the reservoir solution in
the sealed dishes. Diamond-shaped crystals were obtained
after 10 days, which grew to the maximum dimensions of
0.3 × 0.2 × 0.2 mm3.

X-ray Data Collection.X-ray intensity data were collected
using synchrotron beamline X13 at DESY-Hamburg from
one single flash-frozen crystal. The diffraction data set was
processed and scaled with DENZO and SCALEPACK (43).
The details of X-ray intensity data collection and processing
are given in Table 1.

Structure Solution.The X-ray intensity data of disintegrin
to 1.9 Å resolution were collected in the tetragonal P lattice.
However, it could be indexed, using DENZO (43), in the I
tetragonal or P tetragonal lattices depending on the number
of spots taken for indexing. This suggested that the I-specific
molecule at 0.5, 0.5, 0.5, had shifted slightly from its position
during the freezing procedures applied at the synchrotron,
giving rise to the P tetragonal lattice and thus pseudosym-
metry. Such a lattice will be “approximately” I tetragonal
but will actually be P tetragonal, and all of the reflections
satisfying the conditionh + k + l ) 2n + 1 will be weak.

1 Abbreviations: SDS-PAGE, sodium dodecyl sulphate-polyacry-
lamide gel electrophoresis; NCS, noncrystallographic symmetry.

FIGURE 1: Amino acid sequence multiple alignment of various disintegrins. The Arg-Gly-Asp sequence is shaded in red. Cys residues
involved in intramolecular disulfide bonds are shaded in yellow, while those involved in intermolecular disulfide linkages are indicated in
green. The blue arrows represent the regions of theâ strands.
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To confirm the pseudosymmetry, a native Patterson map was
calculated up to 3.0 Å using the data indexed in P tetragonal
lattice. An off-origin peak at 0.5, 0.5, 0.5 confirmed the
presence of pseudosymmetry. This peak was approximately
50% of the origin peak, indicating a high level of pseudo-
symmetry.

Attempts were made to determine the structure with the
molecular replacement method using the structure of schista-
tin as a model (PDB 1RMR) (23). AMoRe (44) and
MOLREP (45) were used for structure determination.
However, no clear solution was obtained in the P tetragonal
lattice, most likely because of weak P specific reflections.

It may be mentioned here that the structure of schistatin
was solved in the spacegroupI4122 with only one chain of
the dimer in the asymmetric unit. The X-ray crystallographic
data of the present structure, with the cell parameters similar
to that of schistatin but having a P tetragonal lattice,
suggested that the I-specific molecule had shifted from its
0.5, 0.5, 0.5 position, and thus, the whole dimer was present
in the asymmetric unit. The overall organization of the
present crystal however is expected to be the same as
schistatin. Hence, the most probable space group of the
present structure could be one of the subgroups ofI4122,
i.e., P43212, P41212, P4322, or P4122. Origin shifts were
applied to the schistatin dimer to get each of the subgroups
of I4122. The structure refined only inP43212. The solution
was improved further with FITFUN of AMoRe (44). An
accurate solution was finally derived with a good correlation
coefficient of 79.5% andRfactor of 38.2%. LSQKAB from
CCP4 package (46) was used to translate and rotate the
model. The structure was subjected to the initial round of
rigid-body refinement with CNS (47) by defining the two
chains of the dimer as two rigid bodies. This improved the
positions of the two chains of the dimer further and helped
in orienting them accurately.

This was followed by additional cycles of restrained
refinement with REFMAC5 (48). The initial maps indicated
differences in the electron density for some of the residues
of the two chains of dimer. The density modifications were
carried out with the help of DM (40) and RESOLVE (41).
The omit-map calculations clearly indicated the differences
in the sequences of A and B chains (Figure 2). The|2Fo -
Fc| and|Fo - Fc| Fourier maps calculated by the warpNtrace
protocol of ARP/wARP (42) could reveal precise structural
differences. The observed differences in the electron density

for various residues of the two chains matched well with
the sequences determined chemically. The model was further
improved manually with the help of the graphics program
O (49). The refinement finally converged toRcryst/Rfree of
21.3/25.3%. The refinement parameters are listed in Table
2.

RESULTS AND DISCUSSION

Sequence Analysis.The precise molecular weight of the
dimeric disintegrin determined using MALDI-TOF was
12 791.9 Da. The molecular weight calculated from the
sequence that was determined approximately using automatic
protein sequencer was 12 792.4 Da. These values indicated
that the sequences of molecules A and B of the disintegrin
were determined correctly.

The sequence identity between the A and B chains is 84%.
The identities of A and B chains with the monomer schistatin
are 85 and 87%, respectively. The sequence identities of

Table 1: Overall Statistics of Data Processing

space group P43212
cell dimensions (Å)

a 90.7
b 90.7
c 55.5

Vm (Å3/Da) 4.1
solvent content (%) 69.8
Z (number of molecules in the unit cell) 8
resolution range (Å) 20.0-1.9
number of unique reflections 17 734
completeness (1.97-1.90 Å) (%) 99.9
completeness in the highest resolution

shell (1.97-1.90 Å) (%)
99.8

Rsym overall (%) 6.2
Rsym in the highest resolution shell (1.97-1.90 Å) (%) 65.9
meanI/σ(I) overall 10.8
meanI/σ(I) in the highest resolution shell (1.97-1.90 Å) 2.5

FIGURE 2: Electron densities for some of the differences observed
in the sequences of molecules A and B of the heterodimer. The
figure was prepared using Bobscript (56).

Table 2: Summary of Crystallographic Refinement

PDB code 1TEJ
refinement

resolutions limits (Å) 20.0-1.9
number of reflections 17 734
working set (95%) 16 779
test set (5%) 955
Rcryst (%) 21.3
Rfree (%) 25.3

model
protein atoms 940
water molecules 161

rms deviations from ideal values
bond lengths (Å) 0.009
bond angles (deg) 1.4
overallG factor -0.06
averageB factors (Å2)

main-chain atoms 38.8
side-chain atoms 48.8
for all atoms 43.8

Ramachandran plot (non-Gly, non-Pro)
residues in the most favored regions (%) 84.7
residues in the additionally allowed regions (%) 15.3
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molecules A and B of the present heterodimer with the
monomers of other heterodimers fromE. carinatusEC3A,
EC3B, EC6A, and EC6B vary from 69 to 78%. Although
the Arg-Gly-Asp sequence is considered as an important
requirement for binding to integrin, the variations from this
have been observed in other heterodimers (Figure 1).
However, the Asp residue of the Arg-Gly-Asp sequence is
invariably conserved. The Arg-Gly-Asp loops, Cys38-Cys50
of various disintegrins, show higher sequence variations
presumably to allow it to acquire a higher degree of freedom
to adopt suitable conformation for binding to specific
integrins. The presence of four intramolecular and two
intermolecular disulfide bridges and several conserved gly-
cine residues ensures the correct relative orientations of the
disintegrin polypeptides.

Quality of the Model.The quality of electron density for
the main chains and the side chains of both chains A and B
was good and allowed an accurate interpretation of the
structure. It clearly showed the differences between the
nonidentical residues of the two chains of the heterodimer
(Figure 2). The final crystallographic model has 940 protein
atoms from 128 amino acid residues from the heterodimer
and 161 water molecules. The root-mean-square (rms)
deviations in the bond lengths and angles were 0.009 Å and
1.4°, respectively. The geometry of the model as analyzed
with PROCHECK (50) showed 84.7% of the residues in the
core region of the Ramachandran plot (51), while the
remaining 15.3% were present in the additionally allowed
regions.

OVerall Structure.The overall fold of the monomers as
well as the general organization of the present heterodimer
(Figure 3) is essentially similar to that of the schistatin
homodimer (23). Each of the monomers in the present
structure can be divided into two distinct domains, an
N-terminal domain (1-18) and a C-terminal domain (19-
63). The N-terminal domains of the two monomers are
responsible for the dimer formation by swapping into each
other to generate intermolecular interactions including two
covalently formed disulfide bridges. The C-terminal domain
contains the functionally important Arg42-Gly43-Asp44 loop
(to be referred hereafter as the Arg-Gly-Asp loop) and the
C-terminal segment. The C-terminal segment lends crucial
support to the Arg-Gly-Asp loop through several stabilizing

interactions resulting in a well-formed domain. The C-
terminal domains in the heterodimeric arrangement are
widely separated from each other.

The structure is dimerized through two N-terminal disul-
fide bonds formed between Cys7 (A chain) and Cys12 (B
chain) and Cys12 (A chain) and Cys7 (B chain). This
confirms the pattern of intermolecular disulfide bonds as
observed in the homodimer of schistatin (23) and negates
the scheme of intermolecular disulfide bond pattern deduced
by chemical methods on the heterodimeric disintegrin
EMF10 (52). In addition to the two disulfide bridges, the
dimer is held by two hydrogen bonds involving the main-
chain nitrogen atoms of the Asn4(A) and Asn4(B) residues
and the carbonyl atoms of the Pro9(A) and Pro9(B) residues.
The two protomers of the dimer are linked with each other
only at their N termini and as seen from Figure 3, diverge
away at the C termini, allowing them the flexibility of
reaching the distant binding sites in integrins (38). The
distance between the CR atoms of Gly43(A) and Gly43(B)
of the Arg-Gly-Asp loops of molecules A and B is nearly
61 Å.

The rms shift between the CR atoms of the A and B chains
is 0.39 Å. Both the A and B chains of the dimer consists of
three pairs of six antiparallelâ strands comprising residues
6-8 (â1), 13-16 (â2), 25-27 (â3), 30-32 (â4), 36-39
(â5), and 48-50 (â6). The â strands are connected by
flexible loops of different lengths consisting of 4-10
residues. The most prominent segment is formed with
Gln39-Asp48 and is called as the Arg-Gly-Asp loop. The
backbone conformations of this loop are essentially similar
in both chains, except for the orientations of Asp44(A) and
Asp44(B), which are disposed in the opposite directions
(Figure 4).

The C termini of both of the monomers lie adjacent to
the Arg-Gly-Asp loop, forming several interactions with it.
The ability to bind to integrins depends on the structure and
potentials of the combined surfaces of the C termini and the
Arg-Gly-Asp loops (32, 53). Thus, the interactions between
the C termini and the Arg-Gly-Asp loops are important for
keeping the two segments together. In the present structure,
the close alignment of the C termini with the Arg-Gly-Asp
loop brings together many residues such as Asn46 and Asp48
(from the Arg-Gly-Asp loops) and Asn63, Asn60, Arg59,

FIGURE 3: Overall fold of the dimer. The side chains of the Arg-
Gly-Asp motif are also indicated. The two molecules of the dimer
are designated as A and B. Theâ strandsâ1, â2, â3, â4, â5, and
â6 in each chain are also indicated. The figure was prepared using
Moslcript and Raster3D (57, 58). FIGURE 4: Showing the superposition of the Arg-Gly-Asp loops

of the A and B chains of the heterodimer.
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and Tyr62 (from the C-terminal segments), which form the
continuous patches of polar residues that promote the
interactions with the integrins.

ComparatiVe Analysis with Other Disintegrins: Compari-
son with the Schistatin Structure.The overall fold of the
monomers as well as the organization of the heterodimer is
very similar to that of schistatin (Figure 5). The rms shifts
between the CR atoms of the two dimers is 0.63 Å. The
most notable differences are observed between their Arg-
Gly-Asp loops. The Arg-Gly-Asp loop in schistatin acquires
a relatively broader arrangement in which Gly43 adopts an
extended conformation (φ ) 155, andæ ) 100). In contrast,
the corresponding loops in the present heterodimer are
significantly narrower with Gly43 adopting a cis conforma-
tion (φ ) -108 andæ ) -2 for chain A, andφ ) -85 and
æ ) -10 for chain B) (parts a and b of Figure 6).
Furthermore, the kink formed by the residues 44-46 in the
Arg-Gly-Asp loop is much less pronounced in the two
monomers of the heterodimer as compared to those of
schistatin, though it is not completely absent.

Thus, even though the Arg-Gly-Asp-Gly sequence is
conserved in the two monomers of the heterodimer as well
as in the schistatin homodimer, the shapes and widths of
the loops are different. These observations further confirm
our earlier analysis (23) that glycines at these positions in
the Arg-Gly-Asp loop will make the disintegrin amenable
to bind to both types of integrinsRIIâ3 (which requires a
broader and stouter Arg-Gly-Asp loop in its ligands) and
R5â3, Rvâ3 integrins (that prefer a thinner Arg-Gly-Asp
loop) (54).

Comparison with the Monomeric Disintegrins.The overall
folds of the two polypeptide chains of the present structure
are similar to the structures of the other known medium
disintegrins but showed significant differences in several
parts. The rms shifts for the CR atoms were found to be 1.4
Å for flavosatin (PDB 1FVL), 1.3 Å for trimestatin (PDB
1J2L), and 1.5 Å for rhodostomin (PDB 1JYP), when the A
chain was superimposed on the above disintegrins, and were
1.5, 1.3, and 1.4 Å for flavostatin (PDB 1FVL), trimestatin
(PDB 1J2L), and rhodostomin (PDB 1JYP), respectively,
when the B chain was superimposed. The N-terminal region,
the loop containing the Arg-Gly-Asp motif, and the C
terminus show rms displacements greater than 2.0 Å when
the corresponding CR positions of the two polypeptides were

compared. The only region that shows a significant overlap
corresponds to the central region consisting of residues 21-
37 and 49-57 (numbering scheme of the present structure).
The rms shifts for echistatin are 1.6 and 1.5 Å when the CR
atoms of the A and B chains of the present structure are
compared. Echistatin is a short disintegrin and consists of
only the region corresponding to the C-terminal domain of
the present structure. As observed for the medium disinte-
grins, large deviations were observed in the Arg-Gly-Asp
loop and the C terminus region. The structures of two more
short disintegrins, obtustatin and salmosin, are known, but
they seem to indicate large variations (36, 37).

ComparatiVe Analysis of the Electrostatic Surface Poten-
tials of Disintegrins.Disintegrins bind integrins primarily
through the polar and charged residues found in the Arg-
Gly-Asp loop and the C terminus (32, 53). A comparative
analysis of the surface-charge distribution showed consider-
able differences in the monomeric and dimeric disintegrins
(Figure 7). It was found that all monomeric disintegrins
(medium as well as short) had a surface-charge distribution
all over the C-terminal domain and not restricted to one
particular side. The surface could be roughly divided into a
negatively charged region (on the side where the Asp of the

FIGURE 5: Superposition of the heterodimer with Schistatin
homodimer. The heterodimer is shown in red, whereas the schistatin
homodimer is in blue.

FIGURE 6: (a) Showing the superposition of the Arg-Gly-Asp loop
of the A chain of the heterodimer and that of the monomer of the
schisatin homodimer. The loop of the A chain is shown in green,
and that of the schistatin homodimer is shown in yellow. (b)
Showing the superposition of the Arg-Gly-Asp loop of the B chain
of the heterodimer and that of the monomer of the schisatin
homodimer. The loop of the B chain is shown in pink, and that of
the schistatin homodimer is shown in yellow.
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Arg-Gly-Asp loop lies) and a positively charged region (on
the side of the Arg). Exceptions were the short disintegrins,
obtustatin and salmosin, where obtustatin is nearly neutral
and salmosin is mostly negatively charged. Even in these
disintegrins, the charges are distributed all over the surface
and are not restricted to a particular region. In contrast, in
the dimeric disintegrins, schistatin, and the present structure,
the charges are distributed on one face of the C-terminal
domain and the other face is essentially neutral. The face
bearing the charge lies opposite to the charged face of the
other monomer. Because the disintegrins bind integrins
primarily through their charged surfaces and polar residues,
such an arrangement will facilitate the binding of two
integrins to the dimeric disintegrins. Thus, not only are the
two integrin-binding sites in the disintegrins widely separated
from each other (23), but they also lie on opposite sides to
each other, which will further facilitate the binding of two
integrins to a single dimeric disintegrin. Upon examining
the reasons for the differences in the surface-charge distribu-
tion of the monomeric and dimeric disintegrins, it was found
that the differences were due to the placement of the C
termini with respect to the Arg-Gly-Asp loops. In the dimeric
disintegrins, the C terminus is placed parallel to the Arg-
Gly-Asp loop and has many interactions with it (23), whereas
in the medium disintegrins, the C terminus lies across the
Arg-Gly-Asp loop. In the short disintegrin echistatin, a
portion of the C terminus lies parallel to the Arg-Gly-Asp

loop in a manner similar to schistatin and the present
heterodimer. However, the C terminus is longer in echistatin
as compared to the medium and dimeric disintegrins. This
extended portion of the C terminus is placed in such a manner
that the surface charge is distributed uniformly and is not
confined to a particular region. The other two short disin-
tegrins are structurally different, and thus such comparisons
cannot be made.

Both of the dimeric disintegrins, schistatin and the present
structure, have the same general pattern of charge distribution
as described above, although there are subtle differences. In
schistatin, the charge distribution is more extensive than in
the present dimer. This may be partly due to the presence of
Lys39 in schistatin, which is replaced by a neutral Gln39 in
the A and B chains of the present dimer. When the two
chains of the present dimer are compared, the A chain has
more extensive charge distribution than the B chain. This is
because the A chain has Thr55, which accentuates the
negatively charged environment at this point. On the other
hand, the B chain has a proline at this position, thus not
contributing to the negative charge. It is observed that not
only the differences in the type of residues but also the
differences in their placement lead to differences in the
surface-charge distributions. Thus, there is a strongly nega-
tively charged area when the Asp44 is pointing inside (as in
schistatin and the B chain of the present dimer) and not when
it is pointing outside. This is because the negative charge is
accentuated by a number of carbonyl oxygens in the same
area when the Asp is pointing inside. Thus, small changes
in the conformation of the loops and segments, changes in
the conformation of the side chains of residues, as well as
mutations all have the effects on the surface-charge distribu-
tion and hence on the binding to integrins.

Phylogenetic Analysis.The medium and dimeric disinte-
grins contain distinct N-terminal and C-terminal domains,
with the C-terminal domain being responsible for the binding
to integrins and the N-terminal domain being used as an
anchor in the dimeric arrangement. The short disintegrins,
which are shorter than the medium disintegrins by about 20-
25 amino acid residues from the N terminus have only the
portion homologous to the C-terminal portions of the medium
and dimeric disintegrins. A phylogenetic analysis carried out
based on the available cDNA sequences (55) indicated that
all of the disintegrins have evolved from a common Adam-
like ancestor by successive deletions and mutations. It
appears that the dimeric disintegrins arose from medium
disintegrins by the deletion of the two N-terminal cysteines.
It is however not clear whether the short disintegrins arose
from medium or dimeric disintegrins because of the unavail-
ability of cDNA sequences of short disintegrins. The present
structural analysis allows us to infer the parentage of the
short disintegrins. It is likely that both the dimeric and short
disintegrins arose from the medium disintegrins. It is highly
unlikely that the short disintegrins arose from the dimeric
disintegrins because in these proteins the N-terminal domain
is being used for the dimerization in contrast to the medium
disintegrins, where this domain does not serve a known
purpose. Thus, it appears that the diversification and evolu-
tion took place from the medium disintegrins by playing with
the N-terminal domain, which was not useful in integrin
binding in these disintegrins. It was shortened and used for
dimerization in the dimeric disintegrins, whereas it was

FIGURE 7: Showing the electrostatic potential distribution of the
various integrins. Positive and negative charges are colored blue
and red, respectively. (a) 1TEJ, Face-I has the A molecule vertical
(showing its charged surface), whereas the B molecule is horizontal
(showing its neutral face). The same can be seen for Face-II with
the B molecule vertical (showing its charged surface) and the A
molecule now horizontal (showing its neutral face). This clearly
shows that one face of each of the molecules of the dimer is charged
and the other is essentially neutral and that the two charged faces
lie opposite to each other that allow two integrin molecules to bind
easily. (b) 1RMR is a homodimer; therefore, both of the molecules
are the same. Face-I shows the charged face of the molecule, and
Face-II shows the essentially neutral face. The negatively charged
area seen here lies in the N terminus, which is not used for integrin
binding. (c) 1J2L, both the faces of the molecule are charged. The
figure was drawn using GRASP (59).

Crystal Structure of the Disintegrin Heterodimer Biochemistry, Vol. 44, No. 33, 200511063



completely deleted to give rise to short disintegrins. Evidence
of the common parentage of dimeric and short disintegrins
can also be seen from the phylogenetic tree made by Calvete
et al. The short and dimeric disintegrins cluster together and
seem to have a common ancestor.

Crystal Packing.The heterodimeric units are packed in
the crystal in such a way that the monomers of the dimer
are placed adjacent to each other to form a helix parallel to
the z axis (parts a and b of Figure 8). The other partner
monomer of the dimer lies in another helix that is parallel
to the helix in which the first monomer lies. There are 8
monomers/turn of the helix. The pitch of the helix is equal
to thec axis, i.e., 55.5 Å. The diameter of the helix is∼25
Å. Only residues 19-64 of the monomers form a part of
the helix (Figure 8c). Residue numbers 1-18 lie in the space
between the two parallel helices. The crystal packing also
shows clear demarcation between the N-terminal (residues
1-18) and C-terminal (residues 19-64) regions, each of
which are independent of each other and can have different
orientations with respect to each other.

CONCLUSIONS

This structure furthers our understanding of the binding
of disintegrins to integrins and also confirms some of the
hypotheses proposed from the schistatin structures. The Arg-
Gly-Asp loops of the monomers of the present heterodimer
as well as that of the schistatin homodimer have different
shapes and widths even though the Arg-Gly-Asp-Gly se-
quence is conserved, thus confirming our hypotheses that
glycines at these positions in the Arg-Gly-Asp loop will make
the disintegrin amenable to bind to both types of integrins
RIIbâ3 (which requires a broader and stouter Arg-Gly-Asp
loop in its ligands) andR5â3, Rvb3 integrins (that prefer a
thinner Arg-Gly-Asp loop) (54). An analysis of the surface
charge distribution of all of the available structures of
disintegrins revealed that in both short and medium mono-
meric disintegrins the surface-charge distribution was found
to be all over the C-terminal domain and not restricted to
one particular side. However, in the dimeric disintegrins, the
present structure, and schistatin, the surface charges were
distributed on one face of the C-terminal domain only and
the charged faces lie opposite to each other. As the
disintegrins bind integrins through their charged surfaces and
polar residues, the arrangement facilitates the binding of two
integrins to the dimeric disintegrins. Thus, not only are the
two integrin-binding sites in the disintegrins widely separated
from each other (as observed in schistatin and the present
heterodimer), but they also lie on opposite sides to each other,
which further helps the binding of two integrins to a single
dimeric disintegrin. The two structures of dimeric disintegrins
reveal the mechanism of binding of two integrin molecules
to a single dimeric disintegrin molecule. An analysis of the
surface-charge distribution also showed that small changes
in the conformation of the loops and segments, changes in
the conformation of the side chains of residues, and mutations
have an effect on the surface-charge distribution and on the
binding of disintegrins to integrins.
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