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When the term “disintegrin” was first coined in 1990, it described a family of
naturally occurring proteins with low molecular weights and highly conserved
sequences, both in their cysteine arrangements and adhesive Arg-Gly-Asp (RGD)
motifs. Another common characteristic was the inhibitory potential these proteins
demonstrated in interacting with cell-surface integrin receptors. Measurement of
the effect by disintegrins on the interaction between the platelet receptor o 1IbB 3
and its ligand, fibrinogen, has become a hallmark assay for comparing the ac-
tivities of members of this increasingly diverse family discovered in the past two
decades. This review focuses on the inhibitory profiles, based on platelet function,
of the monomeric and heterodimeric disintegrins described to date, as well as the
informative contributions of disintegrin mutations in our understanding of the
structure—function relationships between ligand and oIIbB 3. The challenge of
naming future examples of these proteins is also addressed.
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Introduction

The discovery of disintegrins in the early 1980s resulted from
the observation that something fundamentally different happened
when prey were bitten by sea snakes versus vipers. The animals
bitten by the former experienced neurological symptoms, while
those envenomed by the latter would hemorrhage. The bleeding
phenomenon suggested that the viper venom possessed either an
enzymatic component capable of digesting extracellular matrix
or blood vessel endothelial cells, or an anticoagulant thwarting
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the coagulation cascade, or an antiplatelet agent to prevent that
cell’s contribution to thrombus formation. It turned out that all
viper venoms studied thus far possess examples of all three types
of molecules. Some nonenzymatic proteins in the venom were
found to be low-molecular-weight, cysteine-rich, and very potent
inhibitors of platelet aggregation (Markland, 1998). Simultane-
ous to the study of these natural antiplatelet proteins in the 1980s
came research on the receptors present on the platelet surface that
mediate that aggregation: integrins. The aIIbB3 receptor’s inter-
action with fibrinogen was found to be the final common pathway
of platelet aggregation, regardless of agonist used (Calvete, 2004;
Huang and Hong, 2004; Shattil and Newman, 2004). The term “dis-
integrin” was coined in 1990 (Gould et al., 1990) to indicate that
these viper proteins could bind to, and interfere with the function
of, integrin receptors on cell surfaces. In those early days of disin-
tegrin research, platelets became a primary target of experimenta-
tion because of their clinical relevance and ease of procurement.
Since then, disintegrins have been used to study integrin function
in many diverse types of cells (McLane et al., 2004). In addition,
the definition of “disintegrin” has expanded to include molecules
found in many non-viper species (McLane et al., 2004). Platelets
remain, however, a significant functional model for describing the
activities of disintegrins, which, for this review, will be defined as
those low-molecular-weight, nonenzymatic soluble monomeric or
dimeric molecules from viper venom possessing an RGD-like motif
and a cysteine arrangement significantly homologous to others in
this protein family.

Variability in Potency

The ICjs is the concentration of ligand that inhibits a defined
cellular activity by 50%. A comparison of disintegrins by their an-
tiplatelet function is made complex by the variety of agonist types
and concentrations used. In addition, one must note that inves-
tigators have utilized platelets from species as diverse as human,
mouse, and buffalo, and may have processed such platelets by fil-
tering, washing, or diluting prior to analysis. The most common ag-
onist/platelet combination used is adenosine diphosphate (ADP)
and platelet-rich plasma (PRP). Some authors standardized the
platelet concentration used (Huang et al., 1991d; Marrakchi et al.,
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TABLE 1 Disintegrin Inhibition of Platelet Aggregation Induced by Collagen
(1-10 ug/mL)

50% Inhibitory concentrations (ICsp) within the range shown

<400 nM 400-1000 nM >1000 nM
Accutin (h) (Yeh etal., 1998) Bitistatin (h) Jarastatin (r) (Coelho
Applaggin (h) (Chao etal., 1989)  (Huang et al., etal., 1999)
Bitistatin (h) (Huang et al., 1991d)

1991d) Halysetin (h) (Liu
Cerastatin (h, r) (Marrakchi et al., 2000)

etal., 1997) Halysin (h) (Huang
Contortrostatin (h) (Kamiguti etal., 1991a)

etal., 1997)

Crotavirin (h) (Liu et al., 1995)

Echistatin (h) TW

Eristostatin (h) TW

Flavostatin (h) (Kawasaki et al.,
1996; Maruyama et al., 1997)

Gabonin (h) (Huang et al., 1992)

Jerdonatin (h) (Zhou et al.,
2004)

Kistrin (h) (Dennis et al., 1990)

Triflavin (h) (Huang et al.,
1991b)

Ussuristatin 1 (h) (Oshikawa and
Terada, 1999)

Ussuristatin 2 (h) (Oshikawa and
Terada, 1999)

Testing reported from human (h) or rabbit (r) platelets. Disintegrins in more than one
column showed differences based on the species or preparation of platelet used (washed,
gelfiltered, or plateletrich plasma). References in parentheses. TW = this work (present
study).

1997; McQuade et al., 2004), while most make no mention of this.
Tables 1 through 4 summarize disintegrin ICs values of platelet
aggregation induced by collagen, ADP, and other agonists, respec-
tively.

Collagen
Collagen from the extracellular matrix is one of the first agonists

to which platelets are exposed during an episode of blood vessel
damage (Farndale et al., 2004). Platelets bind collagen through
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their «281 integrin receptor and glycoprotein VI (Hynes, 2002)
and undergo a series of intracellular signaling events that lead
to the release of intracellular calcium, reorganization of the cy-
toskeleton, release of alpha and dense granule contents, and con-
formational activation of the fibrinogen integrin receptor allbg3
(Andrews and Berndt, 2004). The source of collagen used in the
study of disintegrin inhibition of collagen-induced platelet aggre-
gation (Table 1) is usually described as commercially available Type
I isolated from horse tendon. It has been noted, however, that
all collagens exhibit the ability to induce platelet aggregation n
vitro (Farndale et al., 2004). When experiments used 10 pug/mL
collagen, there was a significant difference in inhibitory potential
based on the animal species and platelet preparation used. Washed
human platelets showed an ICs¢ of 23 nM with crotavirin (Cro-
talus viridis) (Liu etal., 1995), 176 nM with accutin (Agkistrodon
acutus) (Yeh etal., 1998), and 360 nM with halysin (Agkistrodon
halys) (Huang et al., 1991a), while flavoridin (also called triflavin
from Trimeresurus flavoridis), applagin (Agkistrodon piscivorus pis-
civorus), and gabonin (Bitis gabonica) gave values of 64, 89, and
342, respectively, using human PRP (Chao etal., 1989; Huang
etal.,, 1991b, 1992). Huang etal. (1991c) compared the inhibi-
tion of collagen-induced platelet aggregation by arietin from Bitis
arietans (also known as bitan [Dennis et al., 1990] and bitistatin
[Shebuski et al., 1989]) using human washed platelets versus PRP
and found ICsq values of 300 and 800 nM, respectively. Cerastin
(Cerastes cerastes) was more potent in inhibiting collagen-induced
aggregation using rabbit PRP (2.3 nM) than with human washed
platelets (40 nM) (Marrakchi et al., 1997). Interestingly, Oshikawa
and Terada (1999) used 2 ug/mL collagen for their studies using
human PRP and obtained values ranging from 33 nM to 220 nM,
for two disintegrins both found in Agkistrodon ussuriensisvenom, us-
suristatin 1 (amonomer) and ussuristatin 2 (adimeric disintegrin).
Coelho et al. (1999), using rabbit washed platelets, found jarastatin
from Bothrops jararaca to be minimally active in inhibiting collagen-
induced platelet aggregation, with an 1Csy of 1000 nM. Our lab-
oratory compared the ability of native eristostatin (Eristicophis
macmahoni) and recombinant echistatin (Wierzbicka-Patynowski
etal., 1999) to inhibit collagen-induced platelet aggregation and
found both to have comparable potencies, at 380 nM and 229 nM,
respectively.



Disintegrins from Viper Venom 439
ADP

Adenosine diphosphate (ADP) is the most common agonist used
to assess disintegrin biological activity, as shown in Table 2. ADP
is an important physiological activator of platelets (Andrews and
Berndt, 2004; Murugappan et al., 2004), although it is not the ini-
tiator of such activation during a thrombotic event. After exposure
of resting platelets to agonists, such as thrombin or collagen, the
resulting activation signaling events will culminate, among other
things, in the secretion of ADP from the platelets’ dense gran-
ules. This ADP will bind to platelet G protein-coupled receptors
P2Y; and P2Y)9, causing localized platelet activation and stable ag-
gregation (Andrews and Berndt, 2004). It has become a hallmark
of disintegrin characterization to determine their inhibitory po-
tency in ADP-induced platelet aggregation. As was seen with such
studies using the agonist collagen, investigators have used varying
amounts of ADP as well as different species and preparations of
platelets, so IC5p comparisons may not be straightforward. Over-
all, the data in Table 2 show that monomerics and homodimer-
ics have significant inhibitory potency (less than 400 nM), while
most heterodimerics show ICsy values greater than this, suggest-
ing that monomeric disintegrins are more potent than dimerics
in preventing fibrinogen from interacting with its «IIbg3 recep-
tor. It has long been established that a tripeptide motif, found at
the tip of a flexible loop at the C-terminus, is responsible for the
adhesive properties of disintegins (McLane et al., 2004). For 50 of
the 58 monomeric disintegrins listed by McLane et al. (2004), that
tripeptide is arginine-glycine-aspartic acid (RGD). For three of the
remaining disintegrins, arginine is replaced by lysine, forming a
KGD motif demonstrated to impart not only potency but also se-
lectivity for the allbB3 receptor (Kang et al., 1999; Scarborough
etal., 1991). An exception to this pattern is the RGD-containing
monomeric adinbitor from Gloydius blomhoffi brevicaudus, with an
1C50 0f 6,000 nM in ADP-induced platelet aggregation (Wanget al.,
2004). This 89-residue disintegrin is comparable in size to the
largest disintegrins, such as bitistatin (McLane et al., 2004), but
in contrast to these, adinbitor has only 12 cysteines rather than 14.
This suggests that its disulfide pattern, which is critical to disinte-
grin function, must be significantly different, and nonoptimal, to
render this disintegrin protein virtually inactive.
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Dimeric disintegrins were first described in 1994 with the
characterization of contortrostatin (Trikha et al., 1994b). This
disintegrin was found to be potent in inhibiting ADP-induced
platelet aggregation (Trikha et al., 1994a), with an ICsy of 49 nM.
Marcinkiewicz et al. isolated additional dimerics, including EC3
(Marcinkiewicz et al., 1999a) and EMF10 (Marcinkiewicz et al.,
1999b), but these did not show significant potency with allbg3,
making platelet aggregation a less sensitive method for analytical
comparison (Calvete et al., 2003). These investigators developed
a microplate cell adhesion inhibition assay, using Chinese ham-
ster ovary (CHO) cells stably transfected with allbB3, called Ab
cells (O’Toole etal., 1990). Figure 1 graphically emphasizes the
difference in inhibitory potency of the first dimerics tested in this
system compared with monomerics. Eristostatin (IC5p =5 nM) was
most potent, and echistatin (ICs9 =50 nM) was the least potent of

100'
80 |
60 1
40 |
20
0 |

10 100 1 000
Concentratlon of Disintegrins (nM)

Percent Inhibition

FIGURE 1 Effects of various concentrations of monomeric and heterodimeric
disintegrins (x-axis, in nM) on adhesion of A5 CHO cells stably transfected with
allbB3 to immobilized fibrinogen (y-axis, in percent inhibition). Fluorescently
labeled cells (10° cells/well) were mixed with disintegrins, added to 96-well plates
coated overnight with the relevant ligand, incubated at 37°C for 30 min, and
washed. Bound cells were lysed in 0.5% Triton X-100, fluorescence was measured,
and percent inhibition of adhesion was calculated in comparison to fluorescence
of adherent cells in the absence of disintegrins. Data are the mean &+ S.E. of atleast
three experiments. EC6 o; EC3 e; eristostatin [J; kistrin A; flavoridin A; EMF10
v; echistatin WM. (Reprinted from J. Biol. Chem. 2000 Oct 13; 275(41):31930-31937
with permission.)
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TABLE 3 Comparison of Adhesive Tripeptide Sequences in Monomeric and
Dimeric Disintegrins and the Inhibitory Effect on o IIb83 Activity

Tripeptide
Disintegrins Sequence* ICH, Reference
CC8 RGD/RGD 11 2 Calvete et al., 2002
Contortrostatin  RGD/RGD 49 Trikha et al., 1994b
Eristostatin RGD 59 5 Marcinkiewicz et al., 1999b
Piscivostatin RGD/KGD 102 Okuda and Morita, 2001
Echistatin RGD 136 48 Marcinkiewicz et al., 1999b;

Smith et al., 2002

Ocellatusin RGD 168 77 Smith et al., 2002
VLO4 RGD/RGD 115 Calvete et al., 2003
EO4 RGD/RGD 118 Calvete et al., 2003
VA6 RGD/RGD 144 Calvete et al., 2003
Lebein 1 RGD/RGD 160 Gasmi et al., 2001
Ussuristatin 2 KGD/KGD 290 Oshikawa and Terada, 1999
EMSI11 MLD /unknown 350 Calvete et al., 2003
EC6 MLD/RGD 420 Marcinkiewicz, 2004
VB7 RGD/KGD 420 Calvete et al., 2003
EC3 VGD/MLD 1000 500 Marcinkiewicz et al., 2000
EMF10 RGD/MGD 1600 500 Marcinkiewicz et al., 1999b
VLO5 MLD/VGD 1600 760 Calvete et al., 2003
EOb5 MLD/VGD 1800 980 Calvete et al., 2003
Obtustatin KTS 10000 Kisiel et al., 2004
Viperistatin KTS 10000 Kisiel et al., 2004

*Dimeric sequences are those found in the alpha and beta chains, respectively, summa-
rized in Calvete et al. (2003).

*50% inhibitory concentration is mean reported in literature cited. Note that the ICs
values measured are ADP-induced aggregation of platelets (left column) or A5 cell adhesion
(right column).

the monomerics, similar to what is seen in ADP-induced platelet
aggregation. EC3, EC6, and EMF10 had comparable potencies at
approximately 450 nM. Of the dimerics recently tested in this mul-
tiwell plate system (Table 3), EO4 from Echis ocellatus (Calvete et al.,
2003) and VLO4 from Vipera lebetina obtusa (Calvete et al., 2003)
showed the greatest inhibitory potential of «IIbB3/fibrinogen in-
teraction, while EOb, also from Echis ocellatus (Calvete et al., 2003),
was least potent. Reviewing the motif presentin the “RGD” location
within the dimeric disintegrins reveals that these structures possess
a greater variety of tripeptide motifs in place of RGD in their se-
quences. It is interesting to note that those dimeric disintegrins
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that contain R/KGD within each of their chains show aIlIbB3 in-
hibitory activity comparable to monomeric disintegrins (Table 3),
while there is decreasing potency if the disintegrin possesses se-
quences other than R/KGD. This has also been suggested as an ex-
planation for their greater potency with other integrins like av3,
alpl, 4pB1, abB1, and 981 (Calvete et al., 2003; Marcinkiewicz
etal., 1999a, 2000). Interestingly, obtustatin and viperistatin, both
monomers (Kisiel et al., 2004), are even less potent in this system
than are the dimeric disintegrins (Table 3). The authors propose
that the KTS tripeptide, replacing RGD in their adhesive loop, is
responsible for these disintegrins’ lack of interaction with aIIbg3
and selectivity for the 181 integrin.

Platelet Agonists Other than Collagen and ADP

Platelet aggregation inducers other than ADP and collagen have
also, to a lesser extent, been used to test disintegrin inhibi-
tion of platelet aggregation. Thrombin is a very strong activa-
tor of platelets (Hirsh and Weitz, 1999), and disintegrins inhibit
thrombin-induced platelet aggregation with potency similar to
that when platelets are activated with collagen or ADP (Table 4).
Noteworthy among those disintegrins tested are the two proteins
isolated from Agkistrodon ussuriensis venom, ussuristatin 1 and
ussuristatin 2. As with ADP and collagen-induced platelet aggrega-
tion described above, the monomer is about 10-fold more potent
than the dimer in its inhibitory potency, with thrombin as the
agonist. Using the thrombin-receptor-activating peptide (TRAP,
also known as protease-activating peptide-1, PAR-1 [Selnick et al.,
2003]), Maruyama et al. (1997) and Kawasaki et al. (1996) showed
the disintegrin flavostatin ( Trimeresurus flavoridis) to have an ICs of
59 nM, which is similar to its potency in ADP-induced aggregation.

When platelets have become activated, the resulting intracel-
lular signaling may cause production and release of a number of
chemicals that will further activate additional platelets. Throm-
boxane A2 is formed from arachidonic acid and released from
platelets activated by collagen and thrombin, but not by low levels
of ADP (FitzGerald, 1991). It has a short half-life (Roth and Calver-
ley, 1994) and is partly responsible for the second wave of aggre-
gation observed in aggregation tracings (Larson, 2004) . U46619
(9,11-dideoxy-11a,9a-epoxymethanoprostaglandin Fy, ) is a stable



"92IN0S 2INJLINT YIed ul papiaoxd sueow oy axe sanfep ewsed yorrapreld = L ‘s1991e[d Paysem = g\ (pPIsn SUONLBIAIQQY,

BUWIOUIDIRD
BGEET T8 10 Suery) 001 15891q /~-IDIN urwreaSiy,
BUIOUIDILD
©ge6T “Te 10 SueryD 0¢ 188914 £-IDIN uLnsIy
BUIODILS0IISO
qg661 “Te 10 Suery) 0€ Z-s0eg uLnsTy
G661 T8 19 BISIAOg 1, 9SNON BWIOURRW ()[19Td une)soISLIy
G661 T8 19 BIS1AdY FL osnop vwouepPW 011914 unesiyey
G661 “Te 12 erdaag 9F 9SNON rwouepPwW () 1914 urmogqJreg
G661 “Te 10 eI[S1aag G9[ Isnoy ewouePW (11914d uLqe[oqry
S[[92 Jowmy,
q1661 “Tv 10 Sueng ¥8 WnF e
0661 “Te 10 stuuag g1 T /Su 001 umsTy[
BI661 “Te 10 Sueny 0031 NN uisAfey
3661 “Te 10 Sueny 38¢ paynads JoN uruoqen)
G661 “Te 3o nry 311 AN [ ULIIARION)
POI66T “Tv 19 Sueny 009 041 AN ¢-1 uneisnig
8661 “Te 12 X 301 AL unnody
6199%N
6661 ‘EPEISL pUE BMENIUSO 0¢6 Tu/N g G unesunss
6661 ‘EPRIIL PUE BMENIYSO 83 /0 g [ upwisumss()
q1661 T 12 Sueny 8¢ Tw/N 10 utaeLy
6661 “Te 19 04[20) 008 1qqey pagmads joN uneysere[
BI661 “Te 10 Sueny 01g Tw/N 10 wis{[eH
G661 “Te 32 NIy P11 Tw/N g0 ULIIABIOX)
L661 “Te 19 1Y RLIR ¢'g1qqey (Uid Tw/0 %00 unelseran)
POTG6T “Te 19 Sueny 091 Tw/n0 170 uneisnig
6861 “Te 12 ovy) 831 Tw/3n og ui88eddy
8661 812 Yax 193 /0 10 unnody
Jod «ddd +dM «ddd «dM urquioayJ, uLIgayuIsI([
[ewruy [ewtuy uewny uewny pasn istuoly

paredtpuy 2d47, 19ppred PIm
(JU) uonenuaduoy) AI0NqIUUY %0G

sistuody 19O Ag poonpuy uone3arssy 19[a1e[d JO uonqIyu] uLSAUISIq ¥ TIIV.L

446



Disintegrins from Viper Venom 447

thromboxane A2 analog that leads to platelet activation and ex-
posure of the fibrinogen binding site of «lIbB3 (Mazurov et al.,
1984). Of the disintegrins tested using these agonist conditions,
accutin (Yeh etal., 1998) and halysin (Huang et al., 1991a) were
the most and least potent, respectively, in inhibiting platelet aggre-
gation (Table 4).

Platelet-activating factor (PAF-acether) is released from ac-
tivated polymorphonuclear neutrophils (PMN) during inflamma-
tory episodes and has the ability to activate platelets, thus inducing
aggregation (Benveniste and Chignard, 1985). Lee et al. (1999)
investigated the ability of triflavin from Trimeresurus flavoridis to in-
hibit rabbit platelet aggregation in this system. When used alone,
triflavin was minimally able to inhibit PMN-induced platelet aggre-
gation (ICsp = 1,000 nM). In contrast, when 260 nM triflavin was
used with varying concentrations of BN52521, an antagonist to the
PAF receptor, platelet aggregation was completely inhibited. The
authors hypothesized that the use of inhibitors to alIbf3 and the
PAF receptor may be of benefit in the treatment of ischemic disor-
ders. In contrast, Marrakchi et al. (1997) tested the medium-length
disintegrin cerastatin, from Cerastes cerastes, with both human and
rabbit washed platelets, and found significant potency with both
species (100 and 2.3 nM, respectively) in inhibiting PAF-acether-
induced aggregation.

Perhaps the most unique agonists used to induce platelet ag-
gregation are tumor cells (Table 4). Beviglia et al. (1995) tested
four disintegrins on murine platelets and found eristostatin to be
the most potent and albolabrin the least potent (IC5) = 7 and
165 nM, respectively) in inhibiting B16F10 mouse melanoma cell-
induced aggregation. Chiang et al. (1995a,b) assessed kistrin’s an-
tiplatelet activity using Saos-2 osteocarcinoma or MCF-7 breast
carcinoma cell-induced human platelet aggregation and found
comparable ICsps at 30 nM. In the latter system, trigramin was
threefold less potent than kistrin (Chiang etal., 1995a). Sheu
etal. (1994) described the effect of triflavin on J-5 hepatoma cell-
induced platelet aggregation, with a potent inhibition of 20 nM.

There are a number of disintegrins for which amino acid se-
quences are available online but for which no platelet aggregation
information is yet available (Figure 2). Based on the disintegrin
structure—function studies done thus far, it can be predicted that
all of the RGD-containing monomeric and dimeric disintegrins,
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brevicaudins 1a, 1b, 2b . (Terada, 2000), CTF-I and II (Yamakawa
etal.,, 1991), gabonin 1 (Francischetti etal., 2004), schistatin
(Bilgrami et al., 2004), and halystatin-2 (Fujisawa et al., 1994), will
have significant inhibitory potencies, while gabonin-2 (Francis-
chetti etal., 2004), containing MLD, will instead be selective for
a4B1 and 981, similar to EC3 (Coelho et al., 2004).

Disintegrin Binding Sites on allb33

When disintegrins were first characterized as being antiplatelet
molecules, it became obvious that they were notspecific for aIIbg3,
and they were still antigenic when infused into animals. Signif-
icant effort in the past two decades has been spent toward the
development of disintegrin analogs that possess both aIIbg3 speci-
ficity and low antigenicity. A successful drug thus created is epti-
fibatide (Integrelin®) (Harrington, 1997), a cyclic heptapeptide
based on the sequence of the KGD-containing disintegrin bar-
bourin (Scarborough et al., 1991). Finding the molecular mech-
anism for this specificity, however, has awaited the crystallization
of the ligand-bound integrin. Great strides toward this happened
when Xiong et al. (2001, 2002) described the crystal structure of
the extracellular segment of avB3 in complex with a pentapep-
tide RGD ligand, Arg-Gly-Asp-[D-Phe]-[ N-methyFVal-]. The authors
stated that the main chain conformation of the RGD motif in
the pentapeptidewas almost identical to that of the RGD tripep-
tide in the naturalligand echistatin, suggesting thatthe crystal
structure presented from their research could serve as a basis
for understandingthe interaction of integrins with other RGD-
containingligands. The ligand-binding area was proposed to con-
sist of a seven-bladed B-propeller from av and a BA domain from
B3, forming a narrow groove (Xiong et al., 2001). The ligand Arg
and Asp side chains contact the integrin propeller and BA do-
mains, respectively. Integrin residues most involved in the ligand
binding include Asp150 and Asp 218 (for Arg), Arg216 (for Gly),
while the side chain of the ligand Asp interacts with a divalent
cation in the MIDAS (metal ion-dependent adhesion site ) in BA
as well as with B3 residues Tyr122, Arg214, and Asn215.

Xiao et al. (2004) have taken integrin structural studies one
step further in their description of crystals of ollbf3 and in a
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proposed hypothesis for ligand selectivity for this integrin ver-
sus avf3. Recall that Lys-Gly-Asp (KGD) disintegrins are highly
selective for allbB3. The hydrophobic component of Lys is one
methylene longer than that of Arg in RGD. A comparison of the
B-propeller of allb and av reveals Phe231 in place of Arg218. This
change favors the hydrophobic contacts provided by Lys but not
the shorter side chain in Arg. In addition, Asp224 (available for
hydrogen bonding) in «Ilb is more deeply buried than Asp150
and Asp218 in av, requiring a longer side chain to reach it. These
studies have tremendously helped in our understanding of why
disintegrins containing KGD are selective for allbB3. Future stud-
ies need to address how the KGD motif functions when it is present
in one or both chains of a dimeric disintegrin.

Functional Information from Disintegrin Mutations

Mutations of disintegrins have been informative on ligand struc-
tural requirements for interaction with allbB3 (reviewed in
McLane et al., 1998,2004). In general, these studies have suggested
that (1) increased constraints within the disintegrin RGD loop
enhance their inhibitory activity (Chang etal., 2001; Lee et al.,
1993; Yamada and Kidera, 1996); (2) the arginine of the disinte-
grin RGD motif'is a critical amino acid for disintegrin interaction
with ¢IIbg3 (Dennis et al., 1993; Garsky et al., 1989; Tselepis et al.,
1997; Wierzbicka-Patynowski et al., 1999); (3) the C-terminus of
disintegrins plays a crucial role in determining potency of inhi-
bition (Marcinkiewicz et al., 1997; Wright et al., 1993; Xiao et al.,
2004); (4) the binding for disintegrin RGD sequences to aIIbf3 is
influenced by the residues flanking the RGD motif (Rahman et al.,
1995, 1998, 2000; Wierzbicka-Patynowski et al., 1999); (5) a disin-
tegrin’s C-terminus binds aIIbB3 at a location distinct from where
the RGD sequence binds (Marcinkiewicz et al., 1997). Eristostatin
is a potent small monomeric disintegrin, with an ICsy of 79 nM in
its inhibition of ADP-induced platelet aggregation. The author has
performed alanine mutagenesis on residues within eristostatin in
order to compare the molecular mechanism this disintegrin is us-
ing for this inhibition compared with its ability to inhibit cancer cell
metastasis in a hematogenous mouse model. Functional character-
ization using the recombinant alanine mutants shows that residues
Ql, P4, V25, and G49 are not critical for eristostatin’s inhibition
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of ADP-induced platelet aggregation, Because all possess similar
IC5¢ of about 100 nM. In contrast, alanine mutation of residues
R24, N31, and N48 resulted in significantly less potency, with ICs
of about 500 nM. The glycine within the RGD motif is even more
critical, because G28A showed no activity.

Most recently, Hantgan et al. (2004) used two forms of re-
combinant echistatin to study the paradox that small RGD lig-
ands can bind to resting allbf3, while larger ligands cannot.
Full-length echistatin with a single mutation within its RGD loop
[Ech(1-49)M28L], and a truncated form [Ech(1-40)M28L] were
used in a series of experiments involving sedimentation veloc-
ity/equilibrium and dynamic light scattering to examine the dis-
integrin’s effect on an allbB3 structure examined by transmission
electron microscopy. Both full-length and truncated echistatin per-
turbed oIlbB3’s solution conformation, but only Ech(1-49) M28L
inhibited aIIbB3 function. This suggested that the C-terminus of
echistatin is needed for binding to the receptor, but it is not in-
volved in stabilizing the receptor conformation in solution.

One unique type of disintegrin mutation created and charac-
terized has been functional hybrids, where the disintegrin is fused
to the C-terminus of another protein. Zhou et al. expressed con-
tortrostatin with an IgG heavy chain, and the resulting fused re-
combinant molecule inhibited ADP-induced platelet aggregation
with an ICsp of 250 nM, which was four-fold less potent than the
native molecule (Zhou et al., 2000). Butera et al. (2003) created
an alkaline phosphatase (ALP)-fused eristostatin that showed se-
lectivity for the alIbB3 integrin that matched the native disinte-
grin, while still possessing ALP enzymatic function. These same
investigators have developed a fusion between eristostatin and en-
hanced green fluorescent protein (Butera et al., 2005) that shows
promise for maintaining inhibitory potential with «IIbB3 and ease
of visualizing the disintegrin’s binding on platelets. Yang et al.
(2001) fused the 13-residue RGD loop of eristostatin to an inac-
tive proinsulin moiety, producing a chimera that inhibited ADP-
induced plateletaggregation (ICs) = 200 nM), which is less potent
than the native molecule. Chang et al. (1999) expressed rhodos-
tomin (kistrin) as a fusion with glutathione-S-transferase (GST)
and used this to investigate platelet intracellular signaling accom-
panying shape change. Not only did platelet shape change resultin
pp125FAK phosphorylation, but platelets spread on immobilized
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GST-kistrin at a rate double that observed when using immobilized
fibrinogen.

The Challenge of Nomenclature

Viper venoms have been shown to contain a pharmacopeia of bi-
ologically active compounds, with at least 25 separate classes de-
scribed in Markland (1998). Efforts to standardize the naming
of these molecules by structure and function have been reported
for prothrombin activators (Kini et al., 2000; Pirkle and Stocker,
1991). For these, the recommended naming criteria is to attach “
arin” or “-activase” to prefixes derived from the Latin names of
species, plus a designation of A, B, C, or D based on cofactor
requirements, followed by a number for any isoforms. No such
agreement has been made for the nomenclature and classification
of disintegrins. Of the 73 disintegrins named since 1987 (Table 5),
80% have the suffix “in”, 36% called “-tin” (and half of those
being “statin”), and the remaining 43% placing the “-in” after
some combination of genus, species, or both. Twenty percent of
all disintegrins do not have “in” for their name, with 17% being
named according to the eluted fraction number they had dur-
ing high-performance liquid chromatography (HPLC) purifica-
tion and 3% using an acronym based on genus and species, plus a
number to indicate isomers of the same protein. Only 1% of all dis-
integrins use the suffix “-or” in the name. Some of the challenges
faced when recommending a universally accepted nomenclature
method for disintegrins include the following realities. “Statin”
as a suffix is now commonly used for naming a class of HMG-CoA
reductase inhibitors for controlling cholesterol blood levels (Ovbi-
agele et al., 2005). Discovery of subspecies has caused taxonomic
renaming of some snakes, while disintegrins already isolated from
the snake were named based on the previous genus and species
designation. Probably the best example of this is the disintegrin
echistatin, originally described as being isolated from Echis cari-
natus (Gan etal., 1988). In subsequent years, however, multiple
isoforms of this disintegrin have been discovered in this species,
and the species expressing the classical echistatin is now called
Echis carinatus sochurecki (Okuda et al., 2001). The naming systems
for these isoforms over the years have employed Greek letters (for
example, echistatin y) or variations based on the genus and species
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TABLE 5 Disintegrins Discovered 1988-2004, Arranged Alphabetically By

Species name

Species Disintegrin Ref.

Agkistrodon (Gloydius) halys Halystatin Fujisawa et al., 1994

Agkistrodon acutus Accutin Yeh etal., 1998

Agkistrodon contortrix Contortrostatin Trikha et al., 1994b
conlortrix

Agkistrodon contortrix Acostatin Okuda et al., 2002
contortrix

Agkistrodon halys Halysin Huang etal., 1991a

Agkistrodon halys Halysetin Liu et al., 2000

Agkistrodon halys brevicaudus Salmosin Kang et al., 1998

Agkistrodon piscivorus Applaggin Chao et al., 1989
piscivorus

Agkistrodon piscivorus Piscivostatin Okuda and Morita 2001
piscivorus

Agkistrodon rhodostoma Kistrin Dennis et al., 1990

Aghkistrodon ussuriensis

Agkistrodon ussuriensis

Bitis arietans

Bitis arietans

Bitis gabonica

Bitis gabonica

Bitis gabonica

Bothrops asper

Bothrops atrox

Bothrops cotiara

Bothrops jararaca

Bothrops jararaca

Calloselasma rhodostoma

Cerastes cerastes

Cerastes cerastes

Cerastes cerastes

Cerastes cerastes cerastes

Crotalus atrox

Crotalus basilicus

Crotalus durissus durissu

Crotalus molossus molossus

Crotalus viridis

Crotalus viridis cereberus

Crotalus viridis lutosus

Crotalus viridis viridis

Echis carinatus

Echis carinatus (unknown
subspecies)

Echis carinatus leakyi

Ussuristatin 1
Ussuristatin 2
Bitistatin
Arietin
Gabonin
Gabonin 1
gabonin 2
Bothrasperin
Batroxostatin
Cotiarin
Jararacin
Jarastatin
Rhodostomin
Cerastatin
CCh

CGC8

Cerastin
Crotatroxin
Basilicin
Durissin
Molossin
Crotavirin
Cereberin
Lutosin
Viridin
Schistatin
Echistatin a2

Echistatin g8

Oshikawa and Terada, 1999
Oshikawa and Terada, 1999
Shebuski et al., 1989
Huang etal., 1991c
Huang et al., 1992
Francischetti et al., 2004
Francischetti et al., 2004
Pinto et al., 2003
Rucinski et al., 1990
Scarborough et al., 1993
Scarborough et al., 1993
Coelho et al., 1999
Huang et al., 1987
Marrakchi et al., 1997
Calvete et al., 2002
Calvete et al., 2002
Scarborough et al., 1993
Scarborough et al., 1993
Scarborough et al., 1993
Scarborough et al., 1993
Scarborough et al., 1993
Liu et al., 1995
Scarborough et al., 1993
Scarborough et al., 1993
Scarborough et al., 1993
Tomar et al., 2001
Dennis et al., 1990

Chen et al., 1995
(Continued on next page)
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TABLE 5 Disintegrins Discovered 1988-2004, Arranged Alphabetically By

Species Name (Continued)

Species

Disintegrin

Ref.

Echis carinatus leaky:

Echis carinatus leukogaster

Echis carinatus leukogaster

Echis carinatus
multisquamatus

Echis carinatus
multisquamatus

Echis carninatus sochurecki

Echis carninatus sochurecki

Echis carninatus sochurecki

Echis ocellatus

Echis ocellatus

Echis ocellatus

Echis ocellatus

Echis pyramidum

Eristicophis macmahoni

Eristicophis macmahoni

Evristicophis macmahoni

Gloydius blomhoffi brevicaudus

Gloydius halys brevicaudus

Gloydius saxatilis

Lachesis mutus

Sistrurus catenatus tergeminus
Sistrurus miliarius barbour
Trimeresurus albolabris
Trimeresurus elegans
Trimeresurus flavoridis
Trimeresurus flavoridis
Trimeresurus flavoridis
Trimeresurus flavoridis
Trimeresurus flavoridis
Trimeresurus gramineus
Trimeresurus jerdonii
Vipera ammodytes

Vipera berus

Vipera lebetina obtusa
Vipera lebetina obtusa
Vipera lebetina obtusa

Vipera palestinae

Echistatin y
Leukogastin A
Leukogastin B
Multisquamatin

EMS 11

Echistatin
EC3

EC6
Ocellatin
Ocellatusin
EO4

EO5
Pyramidin
Eristostatin
Eristocophin
EMF10
Adinbitor*
Brevicaudin 1a, 1b,

2b

Saxatilin
Lachesin
Tergeminin
Barbourin
Albolabrin
Elegantin
Flavoridin
Triflavin
CTF-LII
Flavostatin
Trimestatin
Trigramin
Jerdonatin
VA6

VB7

VLO4
VLO5
Obtustatin

Viperostatin

Chen et al., 1995
Okuda et al., 2001
Okuda et al., 2001
Trikha et al., 1994b

Calvete et al., 2003

Gan et al., 1988
Marcinkiewicz et al., 1999a
Marcinkiewicz et al., 2000
Okuda et al., 2001

Smith et al., 2002

Calvete et al., 2003

Calvete et al., 2003

Okuda et al., 2001

Gould et al., 1990
Scarborough et al., 1991
Marcinkiewicz et al., 1999b
Wang et al., 2004

Terada, 2000

Hong et al., 2002
Scarborough et al., 1993
Scarborough et al., 1991
Scarborough et al., 1991
Williams et al., 1990
Williams et al., 1990
Musial et al., 1990
Huang et al., 1991b
Yamakawa et al., 1991
Kawasaki et al., 1996
Okuda and Morita, 2001
Huang et al., 1987
Zhou et al., 2004
Calvete et al., 2003
Calvete et al., 2003
Calvete et al., 2003
Calvete et al., 2003
Moreno-Murciano et al.,
2003
Kisiel et al., 2004

*Adinbitor is noted in PubMed Protein (www.ncbi.nlm.nih.gov/entrez) as coming from
Gloydius blomhoffi brevicaudus rather than Agkistrodon halys brevicaudus stejneger as described

in Wang et al., (2004).
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(schistatin, carinatin, EC3) with no hint of an ordered scheme for
naming future discoveries from the same snakes.

Multiple disintegrins, both monomers and dimers, are be-
ing isolated each year from the snakes in the family Viperidae,
and we can anticipate this to continue as the venoms of hereto-
fore untested species are being characterized. Use of a standard
nomenclature system will lessen confusion as well as assist in valid
comparisons of purified disintegrin activities.

Conclusions

For two decades, naturally occurring proteins from vipers and pit
vipers have provided structural and functional information about
the platelet fibrinogen integrin, aIIbg3. With fewer than 40% of all
Viperidae subfamily members having been characterized for the
presence of disintegrins, much work remains to be done. Because
disintegrins have the proven ability to be selective for this integrin,
and long-term success with antiplatelet agents such as eptifibatide
has been disappointing (Bennett, 2001; Coller, 2001), it remains
possible that a disintegrin may yet be found that can be a molecular
model for an effective drug with aIIbg3.
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