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ABSTRACT: Disintegrins are potent inhibitors of both platelet aggregation and integrin-dependent cell
adhesion. A new disintegrin, salmosin, isolated from the venom of the Korean Agiistrodon halys
brevicaudus has been characterized by mass spectrometry and NMR spectroscopy, and its in vitro biological
activity has been assessed. Theol@alue of the purified salmosin was determined to be 2.2 nM in an
assay for the inhibition of glycoprotein lIb-llla/fibrinogen interaction. Salmosin also inhibited the bovine
capillary endothelial cell proliferation induced by bFGF in a dose-dependent manner. The NMR solution
structures were well converged with a root-mean-square deviation of 0.76 A for backbone atoms among
the 20 lowest energy structures, except for the arginylglycylaspartic acid (RGD) loop. The structure revealed
that the conserved RGD maotif with an unusual finger shape is distal from the rigid core of the C-terminal
domain. Furthermore, even though the RGD motif did not interact with the hydrophobic core of the protein,
it was stabilized by a network of molecular contacts through a small antipgaiiebet comprising residues

of lle46—Ala50 and Asp54 Tyr58. Last, the electrostatic charge distribution on the surface of salmosin
differs dramatically from that of other disintegrin proteins in that there is a cluster of negatively charged
residues in close proximity to the RGD loop.

Salmosin, a component of the venom of the Korean snakeadhesive proteins for the recognition of integrin-type surface
Agkistrodon halys brgcaudus belongs to a family of  receptors. These molecules are involved in a variety of
cysteine-rich proteins derived from the venom of various biochemical processes including platelet aggregation, cell
vipers (L—3). The primary sequence of salmosin represents migration, metastasis, tissue remodeling, osteoclast activity,
a novel family of small- to medium-sized disintegrins with and regulation of embryogenesis 2, 14). The snake venom
molecular masses of 546@000 Da (Figure 1). It was proteins are also potent inhibitors of fibrinogen activity by
recently reported that a new disintegrin, salmosin, signifi- virtue of their ability to bind to the platelet glycoprotein Ilb-
cantly inhibited bovine capillary endothelial cell proliferation, Illa (GP llb-llla) integrin, which inhibits aggregation of
induced by a basic fibroblast growth factor without affecting activated platelets6j. Since platelet aggregation is a key
normal cell growth at all %, 3). step in thrombus formation, therapeutic intervention at this

Disintegrins containing the Arg-Gly-Asp (RGPmotif level could be of importance for the treatment of diseases
bind to integrin receptors on the surface of both blood related to arterial thrombosis.
platelets and other cells, and their biological roles have been It has been reported that other adhesive proteins including
studied extensively4—13). The tripeptide RGD sequence fibrinogen, fibronectin, vitronectin, and von Willebrand
has also been shown to act as the principal element in allfactor, can bind to GP llb-Illal2). The high abundance of
fibrinogen in blood plasma leads us to suggest that it might
T This study was supported by the Ministry of Science and Technol- play an important role in platelet aggregation. A number of
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¥ The atomic coordinates for 20 final simulated annealing structures proximately 3 orders of magnitude lower than those of the

and the restrained-energy minimized average structure together with ___. ‘o : : =
experimental restraints and NMR chemical shifts have been deposited@tive disintegrin proteinslo—19). Therefore, the overall
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Ficure 1: Amino acid sequences of the disintegrin family. The solid lines indicate the location of disulfide bonds.

conformation of full-length salmosin is deemed to be of
importance for biological activity. In this paper, we present
the NMR solution structure of salmosin and a detailed
structure-function analysis of this novel disintegrin.

EXPERIMENTAL PROCEDURES
Sample Preparation for Biological Assa®latelet GP Ilb-

(Sigma-Aldrich Chemical Co.) at a protein:enzyme ratio of
50:1 (w/w) by incubation for 18 h at 37C. The trypsin
digests were heat deactivated at 1@ for 5 min, and
porcine pancreatic elastase (Sigma-Aldrich) was titrated into
the solution, yielding a final protein-to-enzyme ratio of up
to 25:1 (w/w). The enzyme mixture was further incubated
for 12 h at 37°C. Elastase was heat deactivated again by

llla was prepared using the method described by Pytela etincubation at 100C for 5 min. Finally, the remaining salt

al. (20) and stored frozen{80°C) in TACTS (20 mM Tris-
Cl, pH 7.5/0.02% Nai2 mM CaC}/0.05% Tween 20/150
mM NacCl). The pentapeptide Gly-Arg-Gly-Asp-Ser-Pro

was removed by a vacuum dryer. The molecular mass of
the digest products was determined using a Voager DE-STR
MALDI-TOF mass spectrometer (PerSeptive Biosystems,

(GRGDSP) for biological assay was synthesized using fmoc INnc).
chemistry and purified on a reversed-phase C18 column using Sample Preparations for NMR Spectroscofgalmosin

a 0.1% trifluoroacetic acid/acetonitrile gradient. The primary
culture of bovine capillary endothelial (BCE) cells was
obtained from bovine adrenal tissuzly.

Fibrinogen/GP IIb-Illa ELISA.Fibrinogen/GP llb-llla
ELISA was performed by a modified method of Nachman
and Leung 22). Microtiter plates were coated with purified
human fibrinogen (10 g/mL). After blockage with 1% bovine
serum albumin in TACTS solution for 1 h, both the protein
and synthetic peptide were loaded immediately onto the
washed plate by addition of purified GP llb-llla (40 mg/
mL) in TACTS containing 0.5% bovine serum albumin. After

incubation for 2 h, the plate was washed again and mouse

anti-human GP llla antibody was added. After an additional
hour of incubation and washing, goat anti-mouse IgG

conjugated with horseradish peroxidase was treated. The plat

was further washed prior to developing. Finally, the plate
was incubated for 10 min to allow for development. The
reaction procedure was controlled wi8 M HCI and the
absorbance measured at 492 nm.

BCE Cell Proliferation AssayThe cells were maintained
in Dulbecco’s minimum essential medium (DMEM) contain-

previously @3). The BCE cells were plated onto 24
gelatinized culture plates and incubated at@7n 5% CQ
for 24 h. After immediate incubation, the cells were treated
with salmosin by replacing the media with 0.25 mL of
DMEM containing 5% fetal calf serum. After incubation for
20 min, the cells were treated with bFGF (1 ng/mL) dissolved
in the media. After an additional 72 h of incubation, the cells
were treated with trypsin and counted.

Identification of Disulfide BondsSalmosin (2 mg/mL in
100 mM NHHCO;, pH 8.0) was digested with TPCK-trypsin

was purified from theA. halys breicaudussnake venom as
previously reported3). The sample for NMR measurements
was prepared by dissolving the protein in 90%QOHL0%
D,0 or 99.9% DBO at pH values of 4.67.4 in a 50 mM
sodium phosphate buffer. The concentration of the NMR
samples was approximately-2 mM.

NMR SpectroscopNMR experiments were performed on
Bruker DRX600 and DRX500 spectrometers equipped with
a triple-resonance probe head and a triple-axis gradient coil.
All NMR data were collected at temperatures of-13¥ °C
to resolve resonance overlap. The strong solvent resonance
was suppressed by water-gated pulse sequences combined
with pulsed field gradients (PFGs). Nuclear Overhauser effect

gpectroscopy (NOESY) experiments were performed with

mixing times of 56-400 ms. Total correlation spectroscopy
(TOCSY) (4) data were recorded in both,&8 and QO
solutions with mixing times of 39.3 and 69.7 ms, using
MLEV17 spin lock pulsesZb). Vicinal coupling constants
were determined using the double-quantum-filtered COSY
experiment 26). All data were recorded in the phase-

¢ sensitive mode using the time-proportional phase increment
O(TPPI) method 27), with 2048 data points in the domain

and 256 points in th& domain. Slowly exchanging amide
protons were identified by lyophilization of a fully protonated
sample in HO solution to dryness, resuspension in a 99.99%
D,0 solution, and immediate acquisition of a series of 2D
NOESY spectrad8). The DQF-COSY data were processed
to 8192 x 1024 data matrixes to obtain maximum digital
resolution for coupling constant measurements.

All NMR data were processed using Bruker XWIN-NMR
(Bruker Instruments) software on a SGI Indigeorkstation
and analyzed by Sparky 3.60 softwar29), The proton



14410 Biochemistry, Vol. 42, No. 49, 2003 Shin et al.

A 100 A B 100 4

80 - 5 84
=
g

X —m— Salmosin 5‘_: 604

= 60 |

) —e— GRGDSP g
2 El

o = 40
40 - )
2
S
=]
d

20 S 204

0.1 1 10 100 1000 10000 0 20 40 60 80 100
Conc. of disintegrins (nM) Conc. of salmosin(pg/ml)

Ficure 2: (A) Inhibition of GP llb-llla binding to immobilized fibrinogen, measured by the solid-phase ELISA assay described in the
Materials and Methods. Concentration is plotted on a log scale. ThevHlues of salmosin and GRGDSP were 2.2 nM and/AVR
respectively. (B) Inhibition profile of bovine capillary endothelial cell proliferation. The BCE cells were treated with recombinant salmosin
for 72 hin the presence of 1 ng/mL bFGF. The bFGF-induced proliferation assay was carried out according to the concentration of salmosin.

chemical shifts were referenced to a sodium 2,2-dimethyl- salmosin. The specific activity of salmosin was also deter-
4-silapentane-1-sulfonate (DSS) internal standard. mined using a solid-phase inhibition assay. The typical

Structure CalculationsStructure calculations were per- concentratiorresponse curves (Figure 2A) yielded andC
formed using CNS 1.030) on an SGI Indigdworkstation. value of 2.2 nM for the GP llb-llla/fibrinogen interaction,
Solution structures were calculated by the hybrid distance Which is considerably stronger than that of the synthetic
geometry and simulated annealing (SA) proto&i1-+{34). pentapeptide with a GRGDS sequencet€ 4.2uM). This
The protocol used for salmosin is basically the same as result suggests that the s_truc_tural integrity of_ t_he protein is
previously reported 32), employing four stages: initial O Importance for enhancing Its optimum activity.
regulation and annealing to satisfy experimental constraints, Inhibition of BCE Cell Proliferation.We employed the
regulation and refinement for the ideal geometry and BCE cell proliferation to measure the inhibition of angio-
constraints, a prolonged cooling procedure for final struc- genesis, which is well established for tumor angiogenesis
tures, and 5000 steps of energy minimization. In all of the (2). Salmosin inhibited the basic FGF, induced by BCE cell
stages except the last one, the valukf, is slowly changed ~ Proliferation in a dose-dependent manner. Half-maximal
from a very low value (0003 or 001) t0 4.0, a||owing atoms inhibition of the basic FGF, induced by BCE cell prollfera—
to easily pass each other during molecular dynamics. tion, was also observed at protein concentrations between 1

The potential energy function consisted of covalent, and 2ug/mL, corresponding to activity ranges of £3070

repulsion, NOE, and torsion angle terms. The target functionsmvI (F|gur.e 23)' o o )

used for NOE and torsion angle restraints were the same as Détermination of Disulfide Bond3he disulfide bonding
those used by Driscoll et al3§). A total of 1005 distance  Pattern of salmosin was determined by combined the use of
and 45 torsion angle constraints were used for structure €nZyme digestion and the MALDI-TOF mass spectrometry
calculations. NOE distance constraints were classified as@nalysis. Peptide fragments, digested by both trypsin and
strong (1.8-2.7 A), medium (1.8-3.3 A), weak (1.8-5.0 elastase, were analyzed by MALDI-TOF mass spectrometry.
A), or very weak (1.8-6.0 A), on the basis of the intensities | e molecular masses of the digested products showed that
derived from the NOESY spectrum at 2%, pH 7.4. the six disulfide-linked cysteine pairs are Cys6/Cys15,
Corrections for pseudoatom representations were used forCYS8/Cys16, Cys21/Cys35, Cys29/Cys59, Cys34/Cys38, and
nonstereospecifically assigned methylene, methyl group, andCYS47/Cys66 (Figure 3).

tyrosine ring protonsA7). Backbone dihedral angle restraints ~ Sequential Resonance Assignm&gsonance assignment
were derived froniJuy-_n. coupling constants in DQF-COSY  was achieved by 2D DQF-COSY and TOCSY data and
spectra in HO solution (35). Backbone dihedral restraints complemented with connectivity information for neighboring
were used as-55° + 45°(3June < 6 Hz) and—120° + residues derived from the NOESY experime38)( The spin
50°(3June > 8 Hz). Each of the six disulfide bonds were systems of the individual amino acids were assigned by
represented by three distance constraimigj-sg = 2.0 + analysis of the TOCSY and DQF-COSY spectra in botdH
0.1A, resi-sg = 3.0+ 0.1 A, andrsg)-csp = 3.0+ 0.1 A and DO solutions. Eight glycine residues were identified
The final structures were analyzed using PROCHECK and from the characteristics AX spin system patterns and large
displayed using Insight Il (Biosym/Molecular Simulations, active coupling constants in the DQF-COSY spectrai®D

Inc.) and the MOLMOL programa3g). solution, which were confirmed by the characteristic NH/
C*H cross-peak patterns in the TOCSY spectra. Seven of
RESULTS the eight alanine and two threonine spin systems were easily

identified by their characteristic relayed connectivities of side
Antagonism of GP llb-lllaThe interaction of GP IIb-llla chains in the TOCSY spectra. Five long-chain aliphatic
with immobilized fibrinogen was directly inhibited by amino acids (two lle and three Leu residues) were also
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Ficure 3: MALDI-TOF mass spectra of salmosin fragments digested by trypsin and elastase.

Table 1: Structural Statistics for the 20 Final Simulated Annealing Structures of Salmosin

[SAQ [5A
(A) RMSD from Experimental Distance Restraints (A)
all (1005) 0.02947 0.02801
sequential |f — j| = 1) (302) 0.02923 0.028642
medium range (¥ |i —j| < 5) (84) 0.03021 0.042049
long range (i — j| > 5) (354) 0.03565 0.042049
intraresidue (247) 0.00615 0.005513
hydrogen bond (18) 0.038755 0.019694
(B) RMSD from Experimental Dihedral Restraints (A)
dihedral angle restraints (45) 0.524112 0.331264
(C) Energies (kcal/mol)
Enoe 4514+ 4.75 38.55
Ecdin 1.343+ 0.654 0.475
Erepel 21.87+ 1.339 14.02
(D) Deviation from Idealized Covalent Geometry
bonds (A) 0.003391 0.003472
angles (deg) 0.580829 0.604315
impropers (deg) 0.421012 0.45403
(E) RMS Deviation of the Structural Segment for 20 FifBAL Structures vs th@& Structure

backbone (Gly3-Ala50, Asp54-Pro70) (A) 0.76+ 0.09
heavy atom (Gly3-Ala50, Asp54-Pro70) (A) 1.31+0.10

assigned by their relayed connectivities in th®Hand DO Description of the Structuré total of 1005 distance, 45
TOCSY spectrum. Five proline residues were assigned duringtorsion angle, 18 hydrogen bond, andyA%ngle constraints

the sequential resonance assignment procedure by thelerived from NMR data were used for structure calculations
dos(i,i+1) NOE connectivity, combined with the character- (Table 1). NOE constraints were composed of 302 sequential,
istic coupling pattern in the TOCSY spectrum. Two phen- 84 medium-range, 354 long-range, and 247 intraresiude
ylalanine residues, one tyrosine residue, and one histidineconstraints (Figure 4). A total of 90 distance geometry (DG)
residue were identified as AMX spin systems and confirmed structures served as starting structures for simulated annealing
by sequential resonance assignment. Stereospecific assignealculations 81—34). The 20 lowest energy structures
ments for the 18-methylene protons were also obtained ([BAL) with no constraint violations greater than 0.5 A for
using standard procedure39j. distances and°For torsion angles were selected for detailed
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Ficure 4: Interresidue NOE contacts for salmosin. (A) Backbehackbone (black boxes) and side chaside chain (gray boxes) and
(B) backbone-side chain NOEs were displayed.

structural ana|ysis' The average Struc&@@) was cal- structure of salmosin. The overall t0p0|Ogy of salmosin is
culated from the geometrical average of BA[] structure  that of a compact globular molecule with an asymmetric
coordinates and subjected to a restrained energy minimizationcharge distribution (Figure 6). The RGD loop (Arg51-Gly52-
(REM) to correct covalent bond and angle distortion. The Asp53) is unstructured due to the limited number of structural
energy and structural statistics of the final simulated anneal- constraints; however, its relative orientation is stabilized by
ing structures are listed in Table 1. The deviations from the & short S-sheet comprising residues lle48la50 and
idealized geometry were very small, indicating that all the Asp54-Tyr58 as shown in Figure 5. An irregular turn,
final structures satisfy an ideal geometry. A best fit backbone comprising residues 1le62Gly65, enables a molecular
superposition of all 20 findlBAL] structures with respect to contact between the C-terminal region and the RGD motif.

the [BAL} structure is shown in (Figure 5). The fin@AL
structures converged well with a root-mean-square deviation
of 0.76 A, for all backbone atoms, with the exception of the ~ An analysis of salmosin using the the DALI program
RGD loop region. PROCHECK analysis indicated that 95% (40—42) suggested that the protein would have a topology
of the residues except Cysl6, Alal8, and Arg39 were similar to those of kistrin and flavoridin. Our solution NMR
distributed in the allowed region of the Ramachandran map. structure indicates that salmosin has a topology similar to
Although there is no evidence of any regular secondary that of kistrin, even though the two molecules have entirely
structure, the NOE data and amide hydrogen exchangedifferent disulfide bonding patterns (Figure 1). Conversely,
experiments suggest that salmosin exists in a compactflavoridin has a different molecular topology, yet it bears
globular conformation. The detection of strong sequential the same disulfide bonding pattern as salmosin. Echistatin,
dan(i,i+1) NOEs together with large values &y, for another snake venom disintegrin, has a relatively disordered
residues in the RGD loop (R43A50, D54-D56) indicates structure despite the presence of six disulfide boad@s1(8).
that this region forms @-sheet conformation. In addition, The solution structure of albolabrin also reveals a higher
several long-rangedyn, don, and d,, NOEs were also proportion of loops and turns instead of regular secondary
observed to prove a folded structure as shown in Figure 4.structure elementsl®). Here we showed that salmosin is
The six disulfide bonds were further confirmed by charac- also composed of a number of tight turns and irregular loops
teristicdgg(i,j) anddys(i,j) NOESs between cysteine pairs. All - comprising residues Gly3Gly9, Cys15-Cys21, Lys22-
four prolines were determined as being in thens confor- Lys27, Leu33-Leu38, Gly44-lle46, and Gly62-Gly65 and
mation on the basis of the intensities of thg(i,i+1) NOEs. that these loops are stabilized by an array of disulfide bonds
Like other disintegrin proteins, salmosin is composed of a (Cys/Cys15, Cys8/Cys16, and Cys21/Cys35) (Figures 4 and
number of tight turns and loops (Figure 5C), and its 5C). Although the disintegrins share high sequence homology
molecular shape is well defined by a number of medium- and in some cases similar disulfide bonding patterns, it is
and long-range NOEs (Figure 4). In addition, the six disulfide surprising to find that their molecular topologies are quite
bonds play an important role in generating the globular different. Despite these different global conformations, all

DISCUSSION
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Ficure 5: (A, B) Backbone superposition of 20 final simulated annealing structures for-&g870. The two structures are rotated 90
about the vertical axis. (C) Ribbon diagram of the REM average structure displaying a number of turns and loops. The side chain atoms
for the RGD motif and six disulfide bridges are also displayed. The figure was generated using the Insight Il program.

disintegrins share a common functional matif in the solvent- sequence, other flanking residues which interact with the
exposed RGD loop, which mediates recognition of the target RGD loop might also contribute to activity. As sequences
molecule. Given these findings, we anticipated that the three-bearing little or no homology among the disintegrins are also
dimensional structures of the venom-derived disintegrins found in various locations throughout these molecules, such
could be used, at least in part, to explain receptor specificity. residues might also be involved in regulating specificity. The
This hypothesis has been partly supported by a number ofglobal fold and differing electrostatic surface potentials of
structure-function studies using synthetic RGD peptides disintegrins suggest that the unique molecular topology of
(43—45). disintegrin proteins containing the RGD sequence might
It has been observed that cyclic RGD peptides with rigid allow its specific binding to different receptors as shown in
conformations demonstrated higher biological activities than Figure 7. Therefore, it is plausible that this conformational
those of analogue linear, flexible peptides. Salmosin showeduniqueness among disintegrins is a major contributing factor
a 500-1000-fold increase in receptor binding as compared for receptor selectivity, in addition to the RGD sequence,
to that of the shorter synthetic RGD peptide (Figure 2A). which is necessary for biological activity. A deletion mutant
This suggests that the structural topology of salmosin is an study for the echistatin protein showed that the C-terminal
important factor in enhancing its biological activity as related domain was involved in its ability to inhibit platelet ag-
to receptor binding. gregation 46). The dramatic change in inhibition activity
Although the binding activities of disintegrin proteins are of the deletion mutant might originate from the structural
believed to originate primarily from the RGD recognition instability of the RGD adhesion motif upon deletion of
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Ficure 6: (A) Electrostatic potential surface of salmosin. The negative electrostatic potential is represented in red, the positive in blue, and
the neutral in white. The RGD residues are annotated on the potential surface. (B) Backside of the salmosin rot&teddoyn@@he
vertical axis. The Delphi program (Biosym/Molecular Simulation Inc.) generated the potential surface.

A

Ficure 7: Electrostatic potential surfaces of four known disintegrin proteins: (A) salmosin, (B) kistrin (PDB code 1kst), (C) flavoridin
(PDB code 1fvl) (D) echistatin (PDB code 2ech). The negative electrostatic potential is represented in red, the positive in blue, and the
neutral in white. The potential surface was calculated using the Delphi program. RGD recognition motifs for different disintegrin proteins
are labeled and displayed in the same orientation.

stabilizing residues within the RGD loop. Therefore, we of the major contributing factors in determining the receptor
propose that the three-dimensional topology could be one affinity of snake venom disintegrins. The structural similarity
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of the conserved C-terminal active sites found in echistatin, 13.
kistrin, flavoridin, and salmosin supports this hypothesis,
even though three-dimensional structures of these disintegrins 14
are quite different (Figure 7). We also note that there are
dramatic differences in the electrostatic charge distributions 15.
among the four disintegrins salmosin, kistrin (PDB code
1kst), flavoridin (PDB code 1flv), and echistatin (PDB code
2ech). Salmosin has a patch of negatively charged residues
proximal to the RGD loop which is not found in other
disintegrins. On the other hand, a large positive charged
pocket near the RGD loop was found in kistrin. Flavoridin
and ecchistatin have a mixture of hydrophilic and hydro-
phobic residues on the protein surface. We have also shown
that salmosin does not interact solely with the GP llb-llla
receptor but instead binds, with high affinity, to several
members of the integrin receptor family, ). In this paper,

we propose that the global fold of salmosin, in addition to 23
the simple RGD motif, plays a critical role in mediating
receptor specificity. Further studies on topics such as receptor 54
binding mechanism using RGD peptide analogues and
mutagenesis of salmosin might provide more insight into a 25.
detailed structurefunction role for receptor selectivity, and
this work is currently under way.
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