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INTRODUCTION

S
nake venoms are made up of a complex mixture of

chemicals for defense and/or capture of prey. These

secretions are a rich source of pharmacologically

active compounds such as enzymes, toxic peptides,

low molecular weight substances, and proteins of

unknown function. Disintegrins are a family of low molecu-

lar weight polypeptides present in many viperidae venoms1,2

and are potent and specific inhibitors of collagen-binding

integrins. The integrins are the major class of cell adhesion

receptors and are involved in complex biological processes

like embryonic development and maintenance of tissue

integrity. They are also involved in wound repair and in

pathological processes such as inflammation and malignant

transformation of cells by influencing cellular activities such

as growth, differentiation, migration, and apoptosis.3,4

KTS-disintegrins have only 41 amino acids and are the

shortest disintegrins yet described, they contain a lysine-thre-

onine-serine (KTS) motif in the integrin recognition loop

and are selective inhibitors of the binding of integrin a1b1
and a2b1 to type IV and type I collagens.5,6 Three KTS-disin-

tegrins have been particularly studied, Obtustatin purified
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and are potent and specific inhibitors of collagen-binding

integrins. The integrin binding loop, harboring the
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Despite a very high sequence homology (only two
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we show, by means of molecular dynamics simulations of

the two polypeptides in aqueous solution, that Lebestatin
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than Obtustatin. It may be hypothesized that these

properties may contribute to the higher binding-affinity

of Lebestatin to its biological partner. # 2012 Wiley
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VVC 2012 Wiley Periodicals, Inc.

Biopolymers Volume 99 / Number 1 47



from the Vipera lebetina obtuse venom,7 Viperistatin from

the Vipera palestinae,6,8 and Lebestatin from the Macrovipera

lebetina venom.9,10 Structural data have been obtained only

for the Obtustatin by 2D-NMR and its solution structure is

devoid of secondary structure elements and can be described

as a bundle of loops protruding from a compact core main-

tained by a network of four disulfide bonds.11 Moreover, the

dynamics of the backbone and sidechains atoms of Obtusta-

tin have evidenced that the active site residue Thr22 is im-

portant for maintaining the conformation of the active loop

and that the integrin binding loop and the C-terminal tail

display concerted motions.12

Lebestatin isolated from the venom of Macrovipera

lebetina has a very high sequence homology with Obtustatin

and Viperistatin. The main sequence differences between the

three peptides are located in the KTS-loop and in the C-ter-

minal domain. In fact, Lebestatin differs from Obtustatin at

positions 24 (Arg/Leu) and 38 (Ser/Leu) and at positions 38

(Ser/Val) and 40 (Pro/Gln) from Viperistatin. Functional

studies have shown that the Lebestatin exhibits higher inhibi-

tory effect on cell adhesion and cell migration to collagens I

and IV with respect to the Obtustatin and this activity has

been correlated with the presence of the positively charged

side chain of arginine, which is better suited than the

solvent-exposed alkyl side chain of leucine for establishing

productive interactions with residues within the ligand-bind-

ing site of the a1b1 integrin.
To investigate the role of the amino acid substitutions

present in the KTS-loop and in the C-terminal region on the

folding of the Lebestatin, we performed molecular dynamics

(MD) simulations of both Lebestatin and Obtustatin in

aqueous solution. To the best of our knowledge, this is the

first simulation study on these peptides. The reliability of the

simulations was tested by comparing the structural data of

Obtustatin with the NMR-derived structures. The good

agreement between the experimental and computed results

provides evidence, although on an indirect basis, also of the

goodness of the simulation of Lebestatin, thereby supporting

the reliability of the conclusions drawn on the differences in

structural and dynamical properties in the two systems.

RESULTS AND DISCUSSION

Comparison Between Obtustatin and Lebestatin

Obtustatin is a 41 amino acid protein with the sequence
1CTTGPCCRQCKLKPAGTTCWKTSLTSHYCTGKSCDCPLY

PG41. Its molecular structure lacks secondary-structure ele-

ments and is characterized by a series of loops protruding

from a compact core maintained by a network of four disul-

fide bonds (see Figure 1A). While the structure of residues

6–18 and 30–36 is well defined, residues 19–29 and 37–41,

which correspond to the integrin binding loop and the C-

terminal tail, respectively, are less well defined. The integrin-

binding loop harbors the KTS tripeptide motif, which is

largely responsible for the disintegrin affinity and selectivity

for integrin a1b1.
A 100 ns-long MD simulation of Obtustatin was per-

formed in water at room temperature and at low pH as to

FIGURE 1 A: NMR-derived structure of Obtustatin. The KTS

motif, which is colored in orange, is harbored by the integrin bind-

ing loop (residues 19–29); the N-terminal tail (CTTGP) and the C-

terminal tail (PLYPG) are colored in purple and green, respectively.

The four cysteines linkages (1–10, 6–29, 7–34, and 19–36) are col-

ored in yellow. The position of the two point mutations, R24L and

S38L, of Lebestatin are highlighted with arrows. B) Representative

snapshot of the simulation box of Obtustatin (the dimensions of

the simulation box of Lebestatin are the same as the ones of

Obtustatin).
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reproduce the experimental physicochemical condition, (a

representative snapshot of the simulation box is shown in

Figure 1B). In Figure 2A, the root mean square deviation

(RMSD) of the backbone atoms from the NMR structure is

reported. After 10 ns, the curve stabilizes to an average value

of �0.47 nm. This deviation involves evenly all residues, that

is, there is no large conformational change involving a spe-

cific region. A representative configuration is reported in Fig-

ure 3 (top left), see below for the description of the configu-

rations shown in the figure. To compare the simulation

results with the NMR data,11 the root mean square fluctua-

tion (RMSF) of the backbone atoms was calculated for the

configurations generated in the MD simulation (the first 10

ns were excluded from the RMSF and all the subsequent cal-

culations) and for the best 20 structures satisfying the NOE

distance restraints. The two plots, shown in Figure 2B, are in

good agreement. The highest fluctuations are observed for

the residues belonging to the integrin binding loop and to

the N- and C-terminal tails.

To investigate the structural and dynamical properties of

Lebestatin, for which no experimentally derived structure

exists, a 150 ns-long MD simulation was performed in the

same physicochemical condition of Obtustatin. The starting

structure for the MD simulation of Lebestatin was modeled

using the 2D-NMR structure of Obtustatin as template (see

Methods section). The two point mutations, R24L and S38L,

are highlighted in Figure 1. The RMSD of the backbone

atoms from the starting structure is shown in Figure 2A. Af-

ter �60 ns, the curve stabilizes to an average value of �0.47

nm, which is similar to that of Obtustatin. The longer equili-

bration time observed for Lebestatin than for Obtustatin

(�60 and 10 ns, respectively) is because the starting structure

of Lebestatin was modeled. Hence, the first 60 ns of the

trajectory were removed for the subsequent analyses.

To identify the major structural differences between

Obtustatin and Lebestatin, a RMSD-based clustering analy-

sis13,14 was performed on the respective simulations. To

obtain a series of nonoverlapping clusters of structures, the

backbone RMSD between all pairs of structures was deter-

mined. For each structure, the number of other structures for

which the RMSD was 0.1 nm or less (neighbor conforma-

tions) was calculated. The structure with the highest number

of neighbors was taken as the center of a cluster, and formed

together with all its neighbors a (first) cluster. The structures

of this cluster were thereafter eliminated from the pool of

structures. The process was repeated until the pool of struc-

tures was empty. The central structure of the most populated

cluster for each simulation is reported in Figure 3. The major

structural difference is in the relative position of the integrin

binding loop, the C-terminal tail and N-terminal tail. In Leb-

estatin, the C-terminal tail is not anymore positioned in

between the integrin loop and the N-terminal tail, as in

Obtustatin. The displacement of the C-terminal tail leads to

a slightly reduced distance between the integrin loop and the

N-terminal tail. The RMSF of the backbone atoms calculated

on the MD trajectory of Lebestatin is shown in Figure 2B.

While similar fluctuations to those in Obtustatin are

observed for the residues belonging to the loop regions (resi-

dues 10–30), higher fluctuations in the N- and C-terminal

regions are observed for Lebestatin.

The essential dynamics (ED) analysis (see Methods sec-

tion) on the Ca atoms was used as a tool to analyze and visu-

alize the overall motions in the simulations. The trace of the

covariance matrix, which accounts for the overall amount of

motion, is 0.62 and 1.01 nm for the Obtustatin and Lebesta-

tin simulations, respectively. As already put in evidence by

the RMSF analysis, this confirms that the overall motions are

more restricted in Obtustatin than in Lebestatin. To estimate

the significance of the overlap between the essential subspa-

ces in Obtustatin and Lebestatin, we evaluated the root mean

FIGURE 2 RMSD from the NMR starting structure as a function

of time (panel A) and RMSF (panel B) of the backbone atoms in

the MD simulations of Obtustatin (black) and Lebestatin (gray).

In panel B, the RMSF of the 20 best NMR-derived configurations of

Obtustatin is shown in black, dashed line. On top of the figure, a

comparison of the amino acid sequences is shown.
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square inner product (RMSIP) between the first four eigen-

vectors of the two systems (see Methods section). The RMSIP

was 0.27, showing that the equilibrium fluctuations of the

two systems proceed along very different directions.

To characterize and visualize the principal motions, the

first eigenvector was further analyzed. The superimposition

of 10 configurations obtained projecting the Ca motion

along the first eigenvector of the trajectory of Obtustatin

(top) and Lebestatin (bottom) is reported in Figure 4. The

dominant motion mainly involves the integrin binding loop

and C-terminal tail for Obtustatin, and the integrin binding

loop and both the N- and C-terminal tails for Lebestatin.

The arrows in the figure show the dynamical behavior of the

three-dimensional correlated motion of the involved regions.

Although in the two systems, there is a partial overlap of the

regions participating to the principal collective motions, the

directions and magnitude of the motions are quite different.

In particular, the amplitude of the fluctuations is higher in

Lebestatin, the eigenvalue associated to the first eigenvector

being 0.20 nm2 (32% of the trace of the covariance matrix)

and 0.52 nm2 (51% of the trace of the covariance matrix) for

Obtustatin and Lebestatin, respectively. In Obtustatin, the

C-terminal tail and the integrin binding loop move in a con-

certed manner and in opposite directions, in agreement with

the hypothesis put forward in Ref. 12. Instead, in Lebestatin

also the N-terminal tail undergoes large fluctuations and

their direction is opposite to that of the C-terminal tail and

the integrin loop, which move in a concerted manner along

the same direction.

Taken together these results show that Obtustatin and

Lebestatin exhibit rather different principal directions of

motions with different amplitudes. In particular, the motions

FIGURE 3 Central structure of the most populated cluster sampled in the MD simulations of

Obtustatin (top) and Lebestatin (bottom). The KTS motif, the N-terminal and C-terminal tails are

highlighted in black. The configurations on the left have the same orientation as the NMR structure

shown in Figure 1, while the configurations on the right have been rotated about the x-axis by 1808.
In Lebestatin, a displacement of the C-terminal tail from the integrin binding loop and the N-termi-

nal tail can be observed.
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of Obtustatin have restricted amplitude. While in both sys-

tems the essential motions involve the C-terminal tail and

the integrin binding loop, in Lebestatin also the N-terminal

tail is involved.

In what follows, we analyze the side chain packing in Leb-

estatin and its variations with respect to Obtustatin. The

analysis was performed using a difference contact matrix

(DCM) as explained in the methods section (see Figure 5). A

gray spot indicates that a contact that is present in Obtusta-

tin, is lost in Lebestatin, whereas a black spot indicates

that the contact is still present in Lebestatin. It can be seen

that many of the side chain contacts present in Obtustatin

are lost in Lebestatin. Of particular relevance is the loss of

contacts involving the C-terminal tail that harbors residue

38, one of the two mutation sites. While in Obtustatin Leu38

is tightly packed in between the N-terminal tail (residues 1,

2, 6, and 10, box A in Figure 5) and part of the integrin bind-

ing loop (residues 26, 28, and 29, box B in Figure 5), these

contacts are lost in Lebestatin, in which Leu38 is replaced by

a serine. Interestingly, while alternative contacts between the

C-terminal and N-terminal tails are formed in Lebestatin

(red spots in Figure 5), contacts between the C-terminal tail

and the integrin binding loop are not recovered. Hence, in

Lebestatin the region-spanning residue 24–29 of the KTS-

loop is less buried, and thus more available to interacting

with the biological partner, than in Obtustatin.

To test the reproducibility of the results for Lebestatin, for

which no experimental data are available, we performed a

new set of MD simulations. In particular, four independent

MD simulations, each 25 ns long, starting from four struc-

tures randomly extracted from the equilibrated portion of

the initial 150 ns-long simulation were carried out. The

RMSD of the backbone atoms from the NMR structure,

shown in Figure 6A, ranges from �0.40 to �0.55 nm and the

backbone RMSF, averaged over the four simulations, shows a

FIGURE 4 Superimposition of 10 configurations obtained by

projecting the Ca motion onto the first eigenvector of fluctuation of

Obtustatin (top) and Lebestatin (bottom). The arrows show the dy-

namical behavior of the three-dimensional correlated motions of

the regions involved.

FIGURE 5 DCM showing the differences between the values of

the contact matrix of Lebestatin and the corresponding values of the

reference contact matrix of Obtustatin. The contacts present in both

the reference and Lebestatin matrices are shown in black; the con-

tacts present in the reference matrix, but that is lost in Lebestatin,

are shown in gray. The contacts not present in the reference matrix

are shown in white; the new contacts formed in Lebestatin, and thus

missing in Obtustatin, between the N- and C-terminal tails are

shown in red.
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trend very similar to the RMSF evaluated on the original 150

ns-long simulation (see Figure 6B). The ED analysis was per-

formed on the new set of simulations and the results com-

pared with the ED analysis carried out on the initial 150 ns-

long simulation. The RMSIP between the two essential sub-

spaces was calculated and turned out to be very high (0.82),

showing that the principal motions in the two sets of simula-

tions are very similar.

CONCLUSIONS
Two KTS-disintegrins, namely Obtustatin and Lebestatin,

were here studied by means of MD simulations. While the

solution structure of Obtustatin has been resolved by 2D-

NMR, experimental data on the structure of Lebestatin are

missing. The two systems were found to exhibit both struc-

tural and dynamical differences. The major structural differ-

ence is in the relative position of the integrin binding loop,

the C-terminal tail and N-terminal tail. In particular, in Leb-

estatin a displacement of the C-terminal tail from the KTS-

loop is observed, which leads to an increase of the solvent

accessibility of part of the binding loop. This structural

change makes the KTS-loop more suited for establishing pro-

ductive interactions with residues within the ligand-binding

site of the a1b1 integrin.
From a mechanical-dynamical point of view our results

show that Obtustatin and Lebestatin exhibit rather different

principal directions of motions with different amplitudes.

While in both systems the essential motions involve the C-

terminal tail and the integrin binding loop, in Lebestatin also

the N-terminal tail is involved. Moreover, the motions of

Lebestatin have greater amplitude. Previous studies on other

proteins15 have shown that higher flexibility is observed in

regions that form many different protein-protein interfaces,

suggesting that concerted fluctuations, implying reduced

entropic cost, might explain the high physiological affinities

of the flexible regions.16 In light of this, it may be hypothe-

sized that the higher flexibility observed in Lebestatin, along

with a higher solvent exposure of the KTS-loop, may contrib-

ute to the higher experimentally determined binding affinity

of Lebestatin relative to Obtustatin. However, because no

free-energy calculations were performed to compute the

binding affinity of these peptides for their biological part-

ners, it is unclear from this work as to how the observed flex-

ibility can translate into their weaker/stronger binding affin-

ities.

METHODS

MD Simulations
MD simulations of Obtustatin and Lebestatin were performed in

water using the GROMACS software package17 and the OPLS-AA

force field.18 Water was represented with the simple point charge

model.19 The starting coordinates for the MD simulation of Obtus-

tatin were taken from the 2D-NMR structure (pdb code: 1MPZ).

The starting structure for the MD simulation of Lebestatin was

modeled with MODELLER20 using the 2D-NMR structure of

Obtustatin as template. The quality of a homology model used as

starting configuration for MD simulation is in general a crucial

point. However, in the case of Lebestatin and Obtustatin a high

probability of success of the model structure is to be expected

because the sequence homology is very high, that is, [95% (the

sequence of Lebestatin differs from that of Obtustatin at position

24, Arg/Leu, and 38, Ser/Leu). In fact, a study performed by the

SwissModel group (http://www.proteinstructures.com/Modeling/

Modeling/model-quality2.html) on a series of homology models

showed that when the sequence identity between the model and the

template was [90–95%, a high percentage of the models (80%)

showed a RMSD of the homology model from the experimental

structure of the same protein\2 Å. Moreover, Lebestatin is a rather

FIGURE 6 RMSD from the NMR starting structure as a function

of time (panel A) and RMSF (panel B) of the backbone atoms in the

four 25 ns-long MD simulations of Lebestatin (black). In panel B,

the backbone RMSF evaluated on the initial 150 ns-long MD simu-

lation of Lebestatin is shown in gray for comparison (the curve is

the same as the gray curve in Figure 2, panel B).
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small protein (41 residues) and long timescale simulations, such as

the ones performed here, allow for an extensive phase space sam-

pling, also involving large conformational changes. Hence, we

believe that the details of sidechain packing of the two mutated resi-

dues in the starting model might not be crucial in determining the

final ensemble of Lebestatin that is populated by configurations very

different from the starting model.

For each protein, one molecule was placed in a periodic rhombic

dodecahedral box large enough to contain the protein and at least 1

nm of solvent on all sides. A standard protocol was adopted for ini-

tiating the simulations. Following a mechanical solute optimization

and subsequent solvent relaxation, the system was gradually heated

from 50 to 298 K using short (20 ps) MD simulations. Each

trajectory was then propagated at 289 K in a NVT ensemble and the

isokinetic temperature coupling21 was used to keep the temperature

constant. All bond lengths were constrained using the LINCS algo-

rithm22 and a time step of 2 fs for numerical integration was used.

Periodic boundary conditions were applied to the simulation box

and the long-range electrostatic interactions were treated with the

Particle Mesh Ewald method23 using a grid spacing of 0.12 nm com-

bined with a fourth-order B-spline interpolation to compute the

potential and forces in between grid points. The real space cut-off

distance was set to 1.0 nm. The protonation state of the N-terminal

and C-terminal ends of the proteins, and of the sidechains, was con-

sistent with the low pH (pH 5 3–4) used in the experiments.10,11

Seven and six negative counter ions (Cl2) were added to the simula-

tion box of Lebestatin and Obtustatin, respectively, for ensuring

electrical neutrality.

Simulation lengths of the two systems were 100 and 150 ns for

Obtustatin and Lebestatin, respectively. The first 10 and 60 ns of the

MD trajectory of Obtustatin and Lebestatin, respectively, were

excluded from the analysis to ensure proper equilibration.

Side Chain Packing
The analysis of the side chain packing was performed using a

DCM.24 In a contact matrix, for each couple of residues, the mini-

mum distance between the atoms belonging to the respective side

chains is reported. Two residues are considered in contact if this

minimum distance is\0.55 nm. Using this criterium, two contact

matrices were generated: a reference matrix of the 20 NMR struc-

tures of Obtustatin and a matrix for Lebestatin evaluated over the

equilibrated portion of the simulation. The differences between the

values of the contact matrix of Lebestatin and the corresponding

values of the reference contact matrix of Obtustatin provide the

DCM. A positive difference in the DCM indicates a loss of the con-

tact, whereas a negative or a null value indicates that the contact is

still present (only the contacts present in the reference matrix are

considered).

ED Analysis
Quantitative characterization of the dynamical properties relied on

a principal component analysis of the covariance matrix of the posi-

tional fluctuations of the Ca atoms.25,26 This matrix was built from

the equilibrated portion of the trajectories and its diagonalization

yielded the principal directions of the large-amplitude concerted

motions (essential eigenvectors) that characterize the essential sub-

space of a protein internal dynamics. In particular, the first four

eigenvectors were taken to define the essential subspace because

they contribute to the overall mean square fluctuation for 70 and

76% in Obtustatin and Lebestatin, respectively. The RMSIP between

the essential subspaces of the two simulated systems is here used as

a method to assess their dynamical similarity.26 The ED analysis was

performed with the tool available in the GROMACS software pack-

age.
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