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RESUMO

O presente trabalho aborda alguns aspectos de processos biológicos
essenciais à vida, como o sistema hemostático, integridade de membranas
biológicas e a termoestabilidade de proteínas. Ferramentas cristalográficas
combinadas com estudos in silico e caracterizações bioquímicas e espectroscópicas
permitiram acessar informações a nível molecular dos mecanismos e vias de
ativação ou inibição desses processos biológicos. Baseado em estudos com toxinas
isoladas de vermes, serpentes, carrapatos, sanguessugas, aranhas e outros
animais peçonhentos foi caracterizada uma nova molécula anti dermonecrótica
no tratamento de acidentes ofídicos, que não apresenta efeitos tóxicos secundários
e revelou um papel chave do sítio ativo nominal no enigmático mecanismo de
ação das Lys49 fosfolipases A2. Estudos com as proteínas anticoagulantes do
verme hematófago Ancylostoma caninum NAPc2 e NAP5 demonstraram um novo
sítio do fator Xa, que é importante para o reconhecimento de substratos
macromoleculares e inibição, que serve como uma nova plataforma para o
desenho de drogas. Outra toxina hemostaticamente ativa estudada foi protac ,
que tem habilidade de ativar a proteína C por uma via alternativa, independente
do cofator fisiológico trombomodulina, onde o perfil eletrostático (básico) em
torno do sítio ativo e o posicionamento estratégico dos três grupos de
carboidratos na região interfacial são essenciais no reconhecimento, interação e
ativação da proteína C. Além disso, foi determinada a primeira estrutura
tridimensional a resolução de 1.75 Å usando o método “quick cryo soaking” de
uma enzima pertencente à família das esfingomielinases D, somente encontradas
no veneno de aranhas do gênero Loxosceles e algumas bactérias patogênicas do
gênero Corynebacterium. Baseados nesses resultados e com estudos comparativos
com fosfolipase D e DNase I, foi proposto o mecanismo de ação da enzima, o qual
foi posteriormente confirmado por estudos de mutação sítio dirigida.

Palavras chave: Difração de raios X, processos biológicos, mecanismos de ação e
inibição.



ABSTRACT

This work presents some features of essential biological processes such as
the haemostatic system, integrity of biological membranes and thermostability of
proteins. Crystallographic, spectroscopic and in silico tools have been used to
obtain information at the molecular level of macromolecular complexes, action
mechanisms and inhibition pathways. Worms, snakes, ticks, leeches and spiders
produce a variety of proteins, which interfere in the regulation of these systems.
Different toxins isolated from these organisms were characterized providing
necessary information for the development of a new anti myonecrotic molecule
and reveal a new factor Xa exosite that is important for macromolecular
substrates recognition and inhibition. The first crystal structure of a member of
the sphingomyelinases D family was determined by the ‘quick cryo soaking’
technique and the catalytic mechanism was proposed, which involves a
magnesium binding site and two catalytic histidines. An alternative activation of
the protein C pathway that does not require thrombomodulin was structurally
characterized and revealed the dual role of the elestrotatic surface charge around
the active site and the three strategically positioned carbohydrate moieties in the
approach, recognition and activation of protein C.

Keywords: X ray diffraction, biological processes, action mechanisms and
inhibition.
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1) Overview

A genômica no início dos anos 90 recebeu grandes incentivos sendo a
promessa de cura de diversas moléstias congênitas e adquiridas. Porém, após a
corrida do mapeamento do genoma humano, as perguntas a serem respondidas
continuaram sem solução e serviram como berço para a proteômica, isto é, o
estudo das moléculas que expressam as informações contidas no material
genético, as proteínas. As proteínas na natureza estão destinadas, através de uma
pressão seletiva, a exercer funções específicas numa enorme gama de
bioprocessos e suas propriedades funcionais dependem de suas estruturas
tridimensionais. Com a técnica do DNA recombinante, o número de seqüências
protéicas aumentou exponencialmente e permitiu um grande avanço nos estudos
estruturais de proteínas. Atualmente, mais de 40.000 estruturas protéicas foram
determinadas principalmente por métodos cristalográficos, que teve um incrível
avanço tecnológico e metodológico, principalmente nos últimos dez anos, que
impulsionou a biologia estrutural. Hoje estamos em mais uma nova fase na
ciência, onde não basta estudar estas biomoléculas de forma isolada, mas sim
inserida no seu sistema biológico (systems biology) o que requer uma grande
interatividade entre pesquisadores e a palavra chave é a multi disciplinaridade.

Nesta tese, três sistemas biológicos foram abordados, o hemostático, a
integridade de membranas biológicas e a termoestabilidade de proteínas, por
métodos cristalográficos, in silico, bioquímicos e fisiológicos utilizando infra
estrutura e colaboração intelectual de diversos grupos de pesquisa da USP/RB,
USP/SC, Centro de Toxinologia Aplicada – CEPID, SMOLBNet, Instituto
Butantan e LNLS.
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2) Sistemas Abordados

a. Hemostasia

A hemostasia é o conjunto de mecanismos desencadeados pelo organismo
para manter o sangue fluído no interior dos vasos, impedindo a formação de
trombos em vasos intactos e desencadeando uma série de reações que resultam
no fechamento de lesões na parede vascular impedindo, assim, uma hemorragia
prolongada (Colman et al. 1994). O mecanismo envolvido para essa manutenção
depende de inúmeros fatores, tais como plaquetas, plasma e vasos sangüíneos. A
integridade dos vasos sangüíneos garante a liberação de componentes inibidores
da coagulação e agregação plaquetária.

Quando ocorre injúria vascular, a hemostasia primária é realizada por uma
combinação de vasoconstricção, adesão e agregação plaquetária. Na ação
primária, as plaquetas aderem se á superfície lesada liberando componentes
essenciais para o desenvolvimento da hemostasia. Além disso, suas membranas
são importantes para adsorção e concentração dos fatores plasmáticos, acelerando
a coagulação, com a formação de fibrina, que reforça o tampão plaquetário. A
hemostasia secundária é marcada pela formação de fibrina, que resulta na
coagulação sangüínea iniciada por dois mecanismos diferentes, o processo de
ativação por contato e a ação do fator tissular (TF). Esses dois processos, também
chamados de vias intrínseca e extrínseca da coagulação respectivamente, ativam
uma outra via conhecida por via comum ou via do FX (Colman et al. 1994).

No plasma sangüíneo, existem os fatores de coagulação na forma de
zimogênios que são ativados durante o desenvolvimento do sistema de
coagulação. Esses fatores, quando ativados, convertem o precursor na sua forma
ativa. Essas seqüências de transformações zimogênio à enzima são representadas
pela cascata da coagulação (figura 1) (Neurath, 1984).

O evento iniciador para a coagulação sangüínea é a exposição do TF
provocado por algum trauma vascular. O TF, na “via extrínseca”, em combinação
com FVIIa e fosfolipídios (PL) ativam os fatores IX e X. A “via intrínseca” inclui a
ativação do fator XI pelo complexo cininogênio de alto peso molecular
(HMWK)/FXIIa. O FXIa também ativa o FIX, que por sua vez, em combinação
com FVIIIa, PL e íons cálcio (complexo tenase) converte FX em FXa. Porém, in
vivo, essa divisão não ocorre, pois o complexo TF/FVIIa é um potente ativador de
FIX e FX , fazendo com que a coagulação se desenvolva rapidamente (Colman et
al., 1994; Mann, 1999).
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Figura 1: Esquema da cascata de coagulação sangüínea. Desencadeamento pela
via extrínseca (vermelho), via intrínseca (azul), via alternativa (verde). Atividade
proteolítica da trombina (roxo); proteólise (preto); sistema fibrinolítico (marrom)
e inibição pela proteína C (preto tracejado).

Na via comum, FXa mais o FVa, PL e íons cálcio formam o complexo
protrombinase, que converte a protrombina em trombina (FIIa). Esse FIIa
formado, hidrolisa o fibrinogênio liberando os fibrinopeptídeo A e B e mudando
suas cargas, permitindo a ligação entre as moléculas e formando a fibrina solúvel.
O FXIII, ativado pelo FIIa, estabiliza o coágulo de fibrina através da reação de
transaminação, formando ligações cruzadas de dímeros de fibrina que é insolúvel
e mais resistente a degradação pelo sistema fibrinolítico (Bithell TC, 1998).
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Para que sejam recanalizados os vasos sangüíneos lesados, o sistema
fibrinolítico é o principal meio fisiológico de descartar a fibrina formada. A
fibrinólise resulta da conversão do plasminogênio plasmático, em plasmina. Essa
conversão é feita pela liberação do ativador tissular de plasminogênio (t PA)
presente no endotélio. Estímulos vasoativos fisiológicos e patológicos (exercícios,
choque elétrico, estresse, adrenalina, histamina, pirógenos bacterianos, isquemia,
hipóxia, trombina, FXa e substâncias liberadas de plaquetas) levam a liberação de
ativadores endoteliais que provocam a liberação dos ativadores de
plasminogênio. A plasmina formada pode seguir quatro vias possíveis de reação:
(a) ser inibida pela 2 AP inibindo a fibrinólise, (b) ativar pro uroquinase a
uroquinase (u PA) e (c) ativar t PA reforçando o sistema fibrinolítico e (d)
degradar o coágulo de fibrina restabelecendo a fluídez do sangue. A u PA
liberada pelo endotélio, células renais e vários tumores, e a estreptoquinase (SK)
presente no extrato de estreptococos hemolíticos, também são ativadores de
plasminogênio. Atividades do t PA e do u PA, são inibidas pelo inibidor de
ativador de plasminogênio (PAI) (Halkier, 1991). A plasmina cliva ligações de
arginina e lisina dos hormônios, componentes do complemento, cininas, vários
fatores de coagulação e fibrinogênio. A ação proteolítica da plasmina sobre a
fibrina ou fibrinogênio leva à formação de fragmentos protéicos solúveis. Quando
a fibrina insolúvel é lisada pela plasmina produz um produto de degradação
específico de fibrina, chamado de dímero D (Halkier, 1991), terminando, assim, o
processo de coagulação e seu sistema de auto regulação.

Várias proteínas agem como inibidores naturais retardando a coagulação
como inibidor C1 do sistema de complemento, que também neutraliza os FXIa,
FXIIa, plasmina e calicreína e o inibidor da via do fator tissular (TFPI) que
bloqueia o complexo TF/FVIIa. Diversas proteínas exógenas produzidas por
carrapatos, vermes, sanguessugas, serpentes, lagartos e insetos também são
potentes inibidores da coagulação sangüínea e vem sendo extensivamente
estudados para aplicações clinicas em doenças cardiovasculares (Colman et al.,
1994; Halkier, 1991). Nesse capítulo, serão abordados diferentes aspectos
estruturais dos mecanismos de inibição ou ativação de vias do sistema
hemostático.
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i. NAPs

Os vermes hematófagos Ancylostoma caninum produzem uma variedade de
pequenas proteínas anticoagulantes. Duas das quais despertam interesse devido
seus aspectos funcionais. Uma delas é NAPc2 que apresenta um potente efeito
inibitório (Ki = 8,4 pM) sobre o complexo FVIIa/TF. NAPc2 possui um mecanismo
em duas etapas onde primariamente forma um complexo binário com FX/FXa
usando um exosite distante e remoto do sítio ativo e, então, atingindo seu alvo
principal que é o complexo FVIIa/TF, bloqueando sítio ativo do FVIIa (Stanssens,
1996) (esquema ilustrativo da inibição na Figura 2). O complexo FVIIa/TF é a
essencial na ativação da via extrínseca da coagulação sangüínea além de acelerar
a via intrínseca. Outra NAP5 se liga diretamente no sítio ativo do FXa com um
constante de inibição 43 pM, o mais potente inibidor natural de FXa conhecido até
então. Ambas compartilham os mesmos elementos estruturais e apresentam alta
homologia seqüencial, apesar dos diferentes mecanismos de inibição da formação
de trombina.

As estruturas cristalográficas de NAPc2 e NAP5 complexada com FXa sem
o domínio rico em resíduos modificados carboxi glumático foram determinadas
a resolução de 2.2 Å e 3.1 Å, respectivamente, o que revelou um novo exosítio no
FXa importante para reconhecimento macromolecular e formação de trombina.
Esse novo exosítio do FXa é fisiologicamente relevante para o reconhecimento de
substratos macromoleculares e inibição do FXa, fornecendo um motivo estrutural
inédito para o desenvolvimento de uma nova classe de inibidores para o
tratamento de doenças trombóticas.

Figura 2: Esquema da inibição da via extrínseca da coagulação sangüínea pela
NAPc2. Neste modelo FXa (verde) é inibido por NAPc2 (azul) e posteriormente
forma um complexo quaternário com TF e FVIIa.
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20 NAPc2, an anticoagulant protein from the hematophagous nematode
21 Ancylostoma caninum evaluated in phase-II/IIa clinical trials, inhibits the
22 extrinsic blood coagulation pathway by a two step mechanism, initially
23 interacting with the hitherto uncharacterized factor Xa exosite involved in
24 macromolecular recognition and subsequently inhibiting factor VIIa
25 (Ki=8.4 pM) of the factor VIIa/tissue factor complex. NAPc2 is highly
26 flexible, becoming partially ordered and undergoing significant structural
27 changes in the C terminus upon binding to the factor Xa exosite. In the
28 crystal structure of the ternary factor Xa/NAPc2/selectide complex, the
29 binding interface consists of an intermolecular antiparallel β-sheet formed
30 by the segment of the polypeptide chain consisting of residues 74–80 of
31 the NAPc2 with the residues 86–93 of factor Xa that is additional
32 maintained by contacts between the short helical segment (residues 67–73)
33 and a turn (residues 26–29) of NAPc2 with the short C-terminal helix of
34 factor Xa (residues 233–243). This exosite is physiologically highly relevant
35 for the recognition and inhibition of factor X/Xa by macromolecular
36 substrates and provides a structural motif for the development of a new
37 class of inhibitors for the treatment of deep vein thrombosis and
38 angioplasty.
39 © 2006 Published by Elsevier Ltd.

40
*Corresponding authors

41 Keywords: factor Xa exosite; nematode anticoagulant protein; selectide
42 inhibitor; factor VIIa/tissue factor complex; inhibition
4344

45Introduction

46Vascular injuries prompt the activation of an
47intricate and balanced cascade of reactions that
48involve a number of serine proteases and macro-
49molecular cofactors ultimately culminating in the
50formation of a stable, cross-linked clot to stem blood
51loss. Factor Xa (fXa) plays a pivotal and central role
52in the coagulation cascade by uniting the intrinsic
53and extrinsic pathways and also by participating in
54the formation of the prothrombinase complex
55(prothrombin/fXa/factor Va/cellular surface/Ca+2)
56that converts prothrombin to thrombin by limited
57proteolysis.1 Thrombin subsequently reacts with
58fibrinogen to produce the fibrin network. The factor
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59 X (fX) light chain consists of an N-terminal Gla
60 domain (post-translationally modified γ-carboxy-
61 glutamate residues)2 and two epidermal-growth-
62 factor-like (EGF) domains.3,4 The heavy chain, which
63 harbors the serine protease catalytic domain, shares
64 extensive structural and sequential homology with
65 other vitamin K-dependent serine proteases.5
66 Thrombosis, abnormal blood coagulation, occurs
67 in a variety of cardiac disorders including angina,
68 pulmonary embolism, atrial fibrillation, post myo-
69 cardial infarction, and stroke. Nematode anticoagu-
70 lant proteins (NAPs) from the hematophagous
71 nematode Ancylostoma caninum inhibit blood coa-
72 gulation and have been targeted as potential
73 therapeutic agents for the control and regulation of
74 thrombosis.6,7 The NAPs, specifically NAP5, NAP6
75 and NAPc2, are small (75–84 amino acid residues)
76 disulfide linked proteins that preferentially inhibit
77 fXa and factor VIIa (fVIIa). NAP5 inhibits the
78 amidolytic activity of fXa with a Ki=43 pM; the
79 only other natural inhibitor of fXa comparable to
80 NAP5 is tick anticoagulant peptide (TAP) (Ki=59
81 pM).8 NAP6, a highly homologous member of the
82 family, inhibits the catalytic activity of fXa with a Ki
83 ∼1.0 nM. TAP, NAP5 and NAP6, inhibit thrombin
84 formation by direct association at the catalytic site of
85 fXa. NAPc2 only partially inhibits the amidolytic
86 activity of fXa and prevents the formation of α-
87 thrombin by binding to a site distinct and remote
88 from the active site, thus representing the basis for
89 the development of a promising new class of fXa
90 exosite inhibitors. The resultant binary complex
91 inactivates the tissue factor (TF)-fVIIa complex
92 with a Ki=8.4 pM.7 Isothermal titration calorimetry
93 and fluorescence experiments indicate that the
94 COOH terminus of the heavy chain of human fXa
95 contributes to the high affinity interaction with
96 NAPc2 however; the structural details of this
97 interaction have not been characterized.9 NMR
98 results of NAPc2 indicate that the core is principally
99 stabilized by five-disulfide bridges and two β
100 sheets, each composed of two short antiparallel
101 strands and that the molecule is highly flexible,
102 exhibiting large amplitude structural variations at
103 both the N and C termini and in the reactive-site
104 binding loop.
105 Current clinical strategies for the control of blood
106 coagulation are primarily based on molecules
107 derived from coumarins that inhibit the post-
108 translational γ-carboxylation of glutamate residues
109 on vitamin K-dependent coagulations factors and
110 heparin analogues that enhance inhibition of
111 thrombin and fXa by antithrombin III. These
112 anticoagulants drugs are non-selective and display
113 therapeutic limitations in their ability to maintain
114 the balance of the haemostatic system, thus
115 providing the impetus for the search and develop-
116 ment of new exosite anticoagulants with high
117 macromolecular selectivity and low harmful side
118 effects. NAPc2 represents a new class of the TF/
119 fVIIa pathway inhibitors that is significantly more
120 potent and specific than low molecular weight
121 heparins and it is undergoing clinical trials to eva-

122luate their utility as anticoagulants. NAPc2 is in
123Phase II clinical trials for the treatment and
124prevention of deep vein thrombosis following
125orthopedic surgery and in Phase IIa trials in
126angioplasty patients.
127The crystal structure of human Gla-domainless
128fXa (des-fXa) complexed with recombinant NAPc2
129determined at 2.2 Å resolution demonstrates that
130NAPc2 binds in a shallow surface depression at the
131COOH terminus of fXa that is parallel to the β-
132strand (β5) of the barrel, extending to the 60s-loop.
133This novel exosite on fXa could serve as a platform
134for the design of new drugs for the treatment of
135haemostatic disorders.

136Results and Discussion

137Overall structure of the ternary complex

138Crystallographic refinement of the ternary com-
139plex fXa-NAPc2-selectide at 2.2 Å resolution con-
140verged to a crystallographic residual of 22.1%
141(Rfree=26.7%). The asymmetric unit contains one
142des-fXa molecule (catalytic and EGF2 domains), one
143NAPc2 molecule, a selectide inhibitor (TyrD-Ile-Arg-
144Leu-PrN), one Na+, three acetate and six PO4

2– ions.
145Analysis of the stereochemistry of the final model
146indicates that the main-chain dihedral angles for all
147residues are located in the permitted regions of the
148Ramachandran diagram and that the root mean
149square deviations (r.m.s.d.) from ideal values are
150distributed within the expected ranges for well-
151refined structures (Table 1). Except for a few side-
152chains, which are present on the surface, the C-
153terminal EGF2 domain and the catalytic domain of
154des-fXa are well defined in the final (2Fo–Fc) electron
155density map. The entire N-terminal EGF1 domain,
156and its leading pentapeptide, which is flexibly
157disordered in other des-fXa structures10–12 was not
158located in the electron density maps. As observed in
159other inhibited fXa structures,11–13 there are no
160apparent cleavages in the autolysis loop region of
161the ternary complex (His145–Thr153) as reported for
162the native structure.10 Optimal superpositioning of
163the Cα positions of the catalytic and EGF2 domains
164of the ternary complex on those of the native fXa
165(PDB code 1HCG) results in a r.m.s.d. of 0.46 Å for
166256 of a total of 292 Cα atoms; a shift is observed in
167the 72–80 loop and additional deviations are
168principally located in the autolysis loop region.
169The sodium-binding site first characterized in
170fXa14 was subsequently identified in thrombin15

171and activated protein C.16 In the structures of fXa
172and thrombin, the Na+ is sandwiched between the
173184–189 and 221–225 loops.17 Similarly, the Na+ in
174the ternary complex structure is penta-coordinated
175by the carbonyl oxygen atoms of Tyr184 (3.05 Å),
176Lys186 (3.22 Å), Arg222 (2.94 Å), Lys224 (3.09 Å) and
177a water molecule, 43W (2.89 Å). Interestingly, each
178of the opposite faces of the 184–189 and 221–225
179loops are coordinated by a PO4

2– (Figure 1(a)). In the
180184–189 loop, the PO4

2– is coordinated by main-

2 Crystal Structure of fXa Complex
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181 chain amide N–H groups of residues Asp185A
182 (phosphate O1 atom, 2.69 Å), Thr185B (phosphate
183 O3 atom, 2.53 Å), Lys186 (phosphate O2 atom,
184 2.94 Å) and a water molecule 57W (phosphate O4
185 atom, 3.22 Å) (Figure 1(a)). In the 221–225 loop, the
186 PO4

2– occludes the entrance to the sodium-binding
187 site by interacting with Glu187NE2 (phosphate O3
188 atom, 3.12 Å), Lys223 (phosphate O3 atom, 2.47 Å)
189 and solvent molecules 146W and 415W (phosphate
190 O4 atom, 2.89 and 2.63 Å, respectively). As in
191 fVIIa,18 factor IXa19 and trypsin,20 fXa also possesses
192 a calcium-binding site in the catalytic domain
193 formed by the 70–80 loop, however, no electron
194 density that could be attributed to the presence of
195 the Ca2+ was observed in this region.

196Interactions between fXa and the selectide
197inhibitor

198The selectide inhibitor represents a new class of
199fXa inhibitors and is formed by a penta-peptide
200containing a N-terminal D-tyrosine, followed by
201isoleucine, arginine, leucine and terminates with a
202modified proline possessing a carboxamide group
203instead of a carboxyl group. The selectide inhibitor
204binds in the active-site cleft occupying the S1, S2 and
205acyl binding sites. Despite the high specificity of fXa
206for arginine residues in the S1 specificity pocket,
207TyrD1 occupies this sub-site and the hydroxyl group
208of TyrD1 interacts via a water molecule with the
209carbonyl oxygen of Ile227 and the side-chain
210carboxylate oxygen of Asp189OD1 (Figure 1(b)).
211Additionally, TyrD1N is hydrogen bonded to the

Figure 1. Interactions formed in: (a) the sodium-
binding site (carbon in gray; sodium in green; phosphate
in pink and red); and (b) the active-site pocket of fXa
(carbon in gray) by the selectide inhibitor (carbon in
yellow).

Table 1t1:1 . Data collection and refinement statisticst1:2

t1:3 Crystal preparation
t1:4 Cryoprotectant solution 20% glycerol
t1:5 Soaking time 20 s
t1:6
t1:7 Data collection
t1:8 Wavelength (Å) 1.00
t1:9 Temperature (K) 100
t1:10 Detector MARCCD
t1:11 Synchrotron radiation source Advanced Photon

Source-IMCA-CAT beamline
t1:12 Space group P212121
t1:13 Unit cell parameters (Å) a=48.95, b=86.41, c=145.89
t1:14 Resolution (Å) 40.0–2.2
t1:15 N° molecules in the

asymmetric unit
1 fXa+ 1 NAPc2+ 1 selectide

t1:16 Solvent content (%) 66.9
t1:17 VM (Å3Da−1) 3.7
t1:18 N° reflections 498,336
t1:19 N° unique reflections 32,280 (2.27)
t1:20 I/σ<I> 21.5 (7.5)
t1:21 Multiplicity 7.5 (7.0)
t1:22 Completeness (%) 100.0 (99.7)
t1:23 Rmerge

a (%) 6.8 (22.2)
t1:24
t1:25 Structure refinement statistics
t1:26 Rfactor (%) 21.9
t1:27 Rfree (%) 26.9
t1:28 r.m.s.d. bond distances (Å) 0.024
t1:29 r.m.s.d. bond angles (°) 2.14
t1:30 Average B-factors (Å2) 45.4
t1:31
t1:32 Ramachandran plot Analysis
t1:33 Residues in most favored

regions (%)
81.4

t1:34 Residues in allowed regions (%) 14.7
t1:35 Residues in generously allowed

regions (%)
3.9

t1:36 Residues in disallowed regions (%) 0
t1:37 Number of non-glycine residues 285
t1:38
t1:39 Final model
t1:40 Number of amino acid residues 326
t1:41 Number of modeled water

molecules
260

t1:42 Number of phosphate ions 6
t1:43 Number of acetate ions 3
t1:44 Number of sodium ions 1

Statistical values for the highest resolution shells are given in
parentheses.t1:45

a Rmerge=Σ∣I(h)I–{I(h)}|/Σ{I(h)}, where Ih is the observed
intensity of the ith measurement of reflection h and {I(h)} is the
mean intensity of reflection h calculated after scaling.t1:46

3Crystal Structure of fXa Complex
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212 carbonyl oxygen of Ser214 and interacts with
213 His57NE2 and Ser195OH via a water molecule
214 (Figure 1(b)). Arg3NH2 of the selectide inhibitor
215 also participates in a water-mediated interaction
216 with the carbonyl oxygen of Ile174. The plane of the
217 positively charged guanidinium group of Arg3
218 stacks parallel to the π-electron face of Phe174 of
219 fXa (contacts <3.5 Å) leading to a cation-π electron-
220 mediated interaction or ion-quadrupole attrac-
221 tion,21–24 which appears to be unique to fXa (Figure
222 1(b)).11,12,25,26 The phenyl group of Phe174 is slightly
223 displaced by the encroaching guanidinium group of
224 Arg3 of selectide compared to native fXa. Two other
225 aromatic residues in the vicinity (Tyr99, Trp215)
226 have also been implicated to play a role in the cation
227 recognition interaction by fXa.11,24,26 Additional
228 contacts that occur between fXa and the selectide
229 inhibitor are presented in Table 2.

230 Binding and conformational changes of NAPc2

231 NMR results indicate that NAPc2 is extremely
232 flexible and it has been suggested that it is likely to
233 become structured upon binding to fXa.27 The β-
234 strands and the two turns of α-helix are fairly well-
235 defined in all 18 different NMR structures of NAPc2.
236 Our crystallographic results indicate that NAPc2
237 only becomes partially structured after binding to
238 fXa. Based on the electron density maps, we were
239 able to construct the 6–13 and 21–30 regions and the
240 C-terminal extension (50–83 residues) of NAPc2
241 (Figure 2(a) and (b)). The rest of the molecule is
242 highly disordered and the electron density maps are

243characterized by diffuse electron density. The first
244residue observed is Cys6 that forms a disulfide
245bridge with Cys50. The next disordered region
246encompasses Cys14 to Glu20. Cys15 forms a
247disulfide bridge with Cys46; Cys46 is also part of a
248large, disordered region of NAPc2, which encom-
249passes residues Glu31 to Asp49. The C-terminal
250region is mostly ordered and a dramatic conforma-
251tional change occurs at the C terminus of NAPc2
252when bound to fXa compared to the relative
253orientation of the C terminus observed in the NMR
254structure of NAPc2 (Figure 2(a)). The binding inter-
255face consists of an intermolecular antiparallelβ-sheet
256formed between the segments comprised of residues
25786–93 of fXa (residue numbering based on
258chymotrypsinogen)28 and the C terminus (residues
25974–80) of NAPc2 (Figure 3(c)) and additionally
260involves interactions between the 61–65 segment of
261fXa and the C-terminal extension (residues 81–83) of
262NAPc2. Other important contacts forming hydrogen
263bonds involve the 26–29 turn and the 67–73 helix
264fromNAPc2 with the short C-terminal helix of fXa (a
265complete list of contacts is presented in Table 2). The
266interactions formed between NAPc2 and fXa are
267principally restricted to the well-ordered regions

Table 2t2:1 . Hydrogen bond interactions formed between
NAPc2 and fXa, and selectide and fXat2:2

t2:3 NAPc2 fXa Distance (Å)

t2:4 Asp27OD1 Arg125NH2 2.38
t2:5 Asp27OD2 Trp237N 3.02
t2:6 Asp27OD2 Leu235N 3.28
t2:7 Asp27OD2 Lys236N 2.94
t2:8 Asp27OD2 Arg125NH2 2.96
t2:9 Gly28O Asn178ND2 2.86
t2:10 Glu68OE2 Lys243NZ 2.79
t2:11 Asp69OD2 Arg240NH1 3.07
t2:12 Asp73O Asn9ND2 2.99
t2:13 Asn74OD1 Arg93NE 3.35
t2:14 Asn74O Asn92N 2.86
t2:15 Asn74O Trp237NE1 3.18
t2:16 Asp76N Lys90O 3.31
t2:17 Asp76O Lys90N 2.90
t2:18 Ile78N Val88O 3.25
t2:19 Ile78O Val88N 2.66
t2:20 Gly81O Lys62O 2.65
t2:21 Thr82N Lys62O 2.52
t2:22 Arg83N Ala61O 2.97
t2:23 Arg83N Tyr60O 2.54
t2:24
t2:25 Selectide fXa Distance (Å)

t2:26 TyrD1N Ser214O 3.10
t2:27 TyrD1N His57NE2 3.16
t2:28 TyrD1O Gly216N 3.24
t2:29 Arg3N Gly216O 2.79
t2:30 Arg3NH1 Glu97O 2.85

Figure 2. Overlays of the NAPc2 crystallographic
structure (red) on (a) the NMR-derived average structure
(gray); and (b) crystallographic structure of NAP5 (gray;
J.R.S. and A.T., unpublished results).

4 Crystal Structure of fXa Complex
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268 observed in the NMR structures and the C-terminal
269 region of NAPc2.
270 Despite the high sequential (>54%) and structural
271 homology between NAPc2 and NAP5 the mechan-
272 ism of inhibition of fXa is different for NAP5 (active
273 site inhibition, Figure 4(c)) and NAPc2 (Figure 4(a)
274 and (c)).7 Analogous to the reactive-site NAP5 P1

275residue Arg40, NAPc2 contains an arginine at
276position 44 that likely interacts with the active site
277of fVIIa.
278Interestingly, in the crystal structure of the binary
279complex of fXa/NAP5, a similar interaction is
280observed with relation to a symmetry-related fXa
281molecule, wherein the C terminus of NAP5 inter-

Figure 3. (a) Surface representation of the model of the complex TF (green), fVIIa (catalytic domain in pink and
EGF1, EGF2 and Gla domains in yellow), fX (catalytic domain in gray and EGF1, EGF2 and Gla domains in blue).
NAPc2 is in red (ribbon representation), yellow circle and arrow indicate the position of the insertion-loop
containing the P1 (Arg44) residue. (b) Same as (a) but with the fXa re-positioned to permit the simultaneous binding
of NAPc2 to the fXa exosite and the fVIIa active site. (c) Ribbon representation of the fXa-NAPc2 complex. The
yellow circle indicates the antiparallel β-strand interactions between NAPc2 (red) and fXa (dark blue). (d) Surface
charge of fVIIa with the modeled peptide fragment of the NAPc2 insertion-loop containing Arg44 in the active site
cavity.

5Crystal Structure of fXa Complex
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282 acts with this exosite (Figure 4(b)) (unpublished
283 results).

284 Insights into the inhibition of the TF/fVIIa/fXa
285 complex

286 The ternary complexes TF/fVII/fXa, TF/fVIIa/
287 fX, and TF/fVIIa/fXa are of interest as targets for
288 the inhibition of both the coagulation and cell-
289 signaling pathways that are pivotal in cardiovascu-
290 lar disease and inflammation. In order to elucidate
291 the mode of inhibition of TF/fVIIa by NAPc2 bound
292 to fXa, the missing regions of NAPc2 were com-
293 pleted using the diffuse electron density and the
294 NMR models as guides, since the important inser-
295 tion-loop (31–49 loop) that contains the scissile bond
296 Arg44–Val45 is disordered in the fXa-NAPc2-selec-
297 tide complex. The interaction of NAPc2 with the
298 catalytic site of fVIIa results in the insertion of the
299 31–49 loop that contains the cleavage site formed by
300 Arg44. This loop region of the inhibitor was
301 predicted to form the reactive sequence based on
302 the sequence of analogous domains in similar small
303 protein inhibitors of serine proteases7 and compared
304 with the structure of the NAP5-fXa complex (J.R.S.
305 and A.T., unpublished results).
306 The proposed theoretical model of the TF/fVIIa/
307 fXa complex built based on the available structures
308 of the TF/fVIIa complex and fXa by protein–protein
309 docking calculations and site-directed mutagenesis
310 indicates that the fXa model adopts an extended
311 conformation, similar to that of fVIIa in the TF/fVIIa
312 complex, forming extensive interactions with TF
313 and the protease domain of fVIIa. All four domains
314 of fXa are involved in the interaction and the
315 residues Glu51 and Asn57 in the EGF1 domain,
316 Asp92 and Asp95 in the EGF2 domain and Asp185,
317 Lys186, and Lys134 in the serine protease domain of

318fXa participate in the interaction with TF/fVIIa
319(PDB entry: 1NL8).29

320Superpositioning the atomic coordinates of the
321NAPc2/fXa complex on the coordinates of the
322theoretical model of the TF/fVIIa/fXa complex
323indicates that the position of the NAPc2 insertion-
324loop containing the P1 (Arg44) residue is located
325more than 20 Å from the active-site pocket of fVIIa,
326thus being unable to simultaneously inhibit fVIIa
327and fX/Xa (Figure 3(a)). In order to obtain a more
328compatible model, the serine protease domain of fXa
329was re-positioned to permit the simultaneous inter-
330action of NAPc2 with both the exosite of fXa and the
331active site of fVIIa (Figure 3(b)) without altering the
332interactions formed between the EGF and Gla
333domains of fXa with TF. In the absence of the crystal
334structure of the ternary complex fXa/fVIIa/TF that
335would precisely delineate the interface involved, the
336insertion-loop containing the P1 (Arg44) residue
337was modeled at the active site of fVIIa based on the
338crystal structure of the binary complex fXa-NAP5
339( J.R.S. and A.T., unpublished results; Figure 3(d)). In
340this model, the side-chain of Arg44 occupies the S1
341specificity site of fVIIa adopting an extended
342conformation and forming a N–O salt-bridge
343through its guanidium group and carboxylate
344oxygen atoms of Asp189. Val43, the P2 residue, is
345in close proximity to His57 and Lys60. Additionally,
346Leu42 is positioned optimally at the P3 position of
347the substrate forming hydrophobic contacts with
348Trp215 of fVIIa. Another valine residue (Val45)
349occupies the P1′ position followed by Cys46 at the
350P2′ position.

351Bovine fXa versus human fXa

352A weaker interaction (Kd=260–500 nM) has been
353reported for the binding of NAPc2 with bovine fXa,

Figure 4. Active and exosite interactions: fXa (gray), EGF2 (green), selectide (yellow), NAPc2 (red) and NAP5 (blue).
(a) The model of the fXa-NAPc2-selectide complex indicating the relative position of the exosite in relation to the active
site. (b) The similar interaction of NAP5 with a symmetry-related fXa molecule at the exosite (J.R.S. and A.T., unpublished
results). (c) Exosite binding of NAPc2 and active site binding of NAP5.

6 Crystal Structure of fXa Complex
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354 but the high affinity was restored to a recombinant
355 chimeric bovine fX derivative containing 25 residues
356 from the COOH terminus of the serine proteinase
357 domain of human fX, suggesting that this region is
358 responsible for species selectivity.9 The lower
359 affinity interaction between NAPc2 and bovine fXa
360 is correlated with a more rapid elimination half-life
361 of ∼87 min in this species versus days in humans.
362 Significant differences between the C terminus of
363 bovine and human fXa are observed in the
364 C-terminal region (244 to 251), which is structurally
365 highly flexible in human fXa. This motif is ordered
366 in only one structure of human fXa10 (PDB entry:
367 1HCG) that is similar to bovine fXa. Upon NAPc2
368 binding to human fXa, the C-terminal region of fXa
369 adopts a different conformation, by moving out-
370 wards as observed in the crystal structure (1HCG).
371 Superpositioning the structures of bovine and
372 human fXa (PDB entry: 1HGC) with the structure
373 of human fXa bound to NAPc2 indicates the
374 presence of several short contacts between the
375 C-terminal regions (244–251) of bovine fXa and
376 human fXa and the C-terminal extension of NAPc2.
377 Sequence alignments of both bovine and human fXa
378 indicate a high degree of sequence homology in the
379 region 237 to 244, the exception being Ile241 in the
380 bovine enzyme that is changed to Ser241 in the hu-
381 man enzyme. Ser241 does not participate in the
382 binding of NAPc2 to human fXa, but the substitu-
383 tion of serine by isoleucine would prevent the
384 approach and binding of NAPc2, resulting in steric
385 clashes with Leu72, Met75 and Phe77. Another
386 significant difference is observed in the 245–251
387 region of the C terminus; human fXa possesses
388 predominantly positively charged residues (Gly-
389 Leu-Pro-Lys-Ala-Lys), whereas this region in bovine
390 fXa is mainly hydrophobic (Ala-Gly-Ala-Ala-Gly-
391 Ser). Since this region does not participate in the
392 binding of NAPc2 and is flexible, it likely does not
393 play an important role in the binding of NAPc2 in
394 either human or bovine fXa.

395 Functional implications and concluding remarks

396 The fVIIa/TF complex is an attractive target for
397 the development of new anticoagulant drugs due to
398 its strategic position in the blood coagulation
399 cascade. Since NAPc2 binds to catalytically active,
400 inhibited and a mutant of zymogen fX with similar
401 affinities it represents a new class of fX/Xa and
402 fVIIa/TF complex inhibitors with potential applica-
403 tions in the prevention and treatment of venous and
404 arterial thrombosis and in the control of dissemi-
405 nated intravascular coagulopathies.
406 The crystal structure of the ternary fXa-NAPc2-
407 selectide complex in conjunction with the biochem-
408 ical results currently available; provide further
409 insights in understanding its unique mechanism
410 for fVIIa/TF inhibition. NMR and crystallographic
411 results indicate that NAPc2 is extremely flexible
412 even after binding to fXa, however, the C-terminal
413 region becomes structured after binding to fXa and a
414 large conformational change occurs resulting in the

415formation of an antiparallel β-sheet formed by
416residues 87–93 in the C-terminal region of fXa and
417residues 74–80 of NAPc2.
418Despite the high specificity of fXa for arginine
419residues in the S1 specificity pocket, TyrD1 and not
420Arg3 occupies this position in the selectide inhibitor.
421TyrD1 does not directly interact with Asp189 but
422occludes the entrance of the S1 specificity pocket
423maintained by water-mediated interactions between
424the hydroxyl group of TyrD1 with the carbonyl
425oxygen of Ile227 and the carboxylate group of
426Asp189OD1.
427These structural results and the delineation of the
428till now elusive exosite shed light on the direct
429inhibition of fXa and suggest modes for the indirect
430inhibition of VIIa.

431Materials and Methods

432Preparation and crystallization of the ternary complex

433Human des-fXa30 was purchased from Haematologic
434Technologies, Inc. Recombinant NAPc231 and the selectide
435inhibitor (TyrD-Ile-Arg-Leu-Prn; SEL2060) were provided
436by Corvas International, Inc and Selectide Corp., respec-
437tively. A molar ratio of 1.2:1.2:1 of NAPc2 and selectide to
438des-fXa was equilibrated overnight at 4 °C, dialyzed to
439remove excess ligands and concentrated to 10 mg/ml in
44050 mM Tris-HCl, 20 mM NaCl buffer (pH 7.5). Single
441crystals of the ternary complex were obtained by the
442hanging-drop vapour-diffusion crystallization method
443where 1 μl of the complex was mixed with an equal
444volume of the reservoir solution containing 0.05 M
445potassium dihydrogen phosphate, 0.1 M sodium acetate
446(pH 5.6) and 16% (w/v) polyethylene glycol 8000.

447Data collection, processing, structure determination
448and refinement

449X-ray diffraction data were collected from cryo-pro-
450tected crystals at 100 K at the Advanced Photon Source
451(IMCA-CAT beamline, Argonne National Laboratory)
452where the wavelength was set to 1.0 Å, a MAR-CCD
453detector was used to record the diffraction intensities and
454the data were reduced and scaled using the DENZO/
455SCALEPACK suite of programs.32 The crystals belong to
456the orthorhombic space group P212121 with cell dimen-
457sions a=48.94, b=86.41 and c=145.89 Å. The orientation
458and position of the catalytic and EGF2 domains of des-fXa
459were determined with the program AMoRe33 using the
460coordinates of the same modules of native des-fXa10 (PDB
461code 1HCG) stripped of solvent molecules. Examination
462of the (2Fo–Fc) and (Fo–Fc) difference electron density
463maps revealed density corresponding to segments of the
464NAPc2 molecule bound to the C terminus and β-strand
465(B5) of fXa and the selectide inhibitor bound at the active-
466site cleft. However, no electron density was present to
467account for the EGF1 domain as reported previously for
468both the native10 and inhibited des-fXa structures.12,13 The
469NAPc2 structure was determined by manual iterative
470interpretation of the electron density maps. The residues
4711–5, 15–20 and 34–49 are highly disordered and were not
472included in the model during the refinement. In the final
473stages, the complete structure of NAPc2 was modeled
474based on the NMR structures using regions characterized
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475 by diffuse density as a guide. Positional and restrained
476 isotropic B-factor refinements were performed using
477 REFMAC5,34 all model building was carried out utilizing
478 TURBO-FRODO35 and PROCHECK36 was utilized to
479 evaluate the stereochemistry of the final structural
480 model. Statistics of the intensity data processing and
481 refinement are presented in Table 1.

482 Protein Data Bank accession code

483 The atomic coordinates and structure factors of human
484 Gla-domainless factor Xa complexed with the antic-
485 oagulant protein NAPc2 from the hematophagous nema-
486 tode Ancylostoma caninum and selectide inhibitor have
487 been deposited with the RCSB Protein Data Bank, entry
488 code 2H9E, Research Collaboration for Structural Bioin-
489 formatics, Rutgers University, New Brunswick, NJ†.

490 Acknowledgements

491 We are grateful to Dr G. Vlasuk for the NAPc2
492 samples used in this study and for reading the
493 manuscript critically. This work was supported by
494 grants from FAPESP (04/13082-3; 04/11258-0),
495 CAPES/PROBRAL/DAAD (186/04), SMOLBNet
496 (01/07537-2), CNPq (473097/2004-4; 501500/2005-
497 7) and CAT/CEPID to R.K.A.; Michigan Economic
498 Development Corp. to A.T. and J.H.G. and NIH
499 grant HL43229 to A.T. M.T.M. is the recipient of a
500 FAPESP (04/13054-3) fellowship.

501 References

502 1. Mann, K. G., Nesheim, M. E., Church, W. R., Haley, P.
503 & Krishnaswamy, S. (1990). Surface-dependent reac-
504 tions of the vitamin K-dependent enzyme complexes.
505 Blood, 76, 1–16.
506 2. Suttie, J. W. (1985). Vitamin K-dependent carboxylase.
507 Annu. Rev. Biochem. 54, 459–477.
508 3. McMullen, B. A., Fujikawa, K., Kisiel, W., Sasagawa,
509 T., Howald, W. N., Kwa, E. Y. & Weinstein, B. (1983).
510 Complete amino acid sequence of the light chain of
511 human blood coagulation factor X: evidence for
512 identification of residue 63 as beta-hydroxyaspartic
513 acid. Biochemistry, 22, 2875–2884.
514 4. Fernlund, P. & Stenflo, J. (1983). Beta-hydroxyaspartic
515 acid in vitamin K-dependent proteins. J. Biol. Chem.
516 258, 12509–12512.
517 5. Davie, E. W., Fujikawa, K. & Kisiel, W. (1991). The
518 coagulation cascade: initiation, maintenance, and
519 regulation. Biochemistry, 30, 10363–10370.
520 6. Cappello, M., Vlasuk, G. P., Bergum, P. W., Huang, S.
521 & Hotex, P. (1995). Ancylostoma caninum antic-
522 oagulant peptide: a hookworm-derived inhibitor of
523 human coagulation factor Xa. Proc. Natl Acad. Sci.
524 USA, 92, 6152–6156.
525 7. Stanssens, P., Bergum, P. W., Gansemans, Y., Jespers,
526 L., Laroche, Y., Huang, S. et al. (1996). Anticoagulant
527 repertoire of the hookworm Ancylostoma caninum.
528 Proc. Natl Acad. Sci. USA, 93, 2149–2154.

5298. Waxman, L., Smith, D. E., Arcuri, K. E. & Vlasuk, G. P.
530(1990). Tick anticoagulant peptide (TAP) is a novel
531inhibitor of blood coagulation factor Xa. Science, 248,
532586–593.
5339. Buddai, S. K., Toulokhonova, L., Bergum, P. W.,
534Vlasuk, P. & Krishnaswamy, S. (2002). Nematode
535anticoagulant protein c2 reveals a site on factor Xa
536that is important for macromolecular substrate bin-
537ding to human prothrombinase. J. Biol. Chem. 277,
53826689–26698.
53910. Padmanabhan, K., Pdmanabhan, K. P., Tulinsky, A.,
540Park, C. H., Bode, W., Huber, R. et al. (1993). Structure
541of human des(1–45) factor Xa at 2.2 A resolution.
542J. Mol. Biol. 232, 947–966.
54311. Brandstetter, H., Kuhne, A., Bode, W., Huber, R., von
544der Saal, W., Wirthensohn, K. & Engh, R. A. (1996). X-
545ray structure of active site-inhibited clotting factor Xa.
546Implications for drug design and substrate recogni-
547tion. J. Biol. Chem. 271, 29988–29992.
54812. Wei, A., Alexander, R. S., Duke, J., Ross, H., Rosenfeld,
549S. A. & Chang, C. H. (1998). Unexpected binding
550mode of tick anticoagulant peptide complexed to
551bovine factor Xa. J. Mol. Biol. 283, 147–154.
55213. Kamata, K., Kawamoto, H., Honma, T., Iwama, T. &
553Kim, S.-H. (1998). Structural basis for chemical
554inhibition of human blood coagulation factor Xa.
555Proc. Natl Acad. Sci. USA, 95, 6630–6635.
55614. Orthner, C. L. & Kosow, D. P. (1978). The effect of
557metal ions on the amidolytic acitivity of human factor
558Xa (activated Stuart-Prower factor). Arch. Biochem.
559Biophys. 185, 400–406.
56015. Orthner, C. L. & Kosow, D. P. (1980). Evidence that
561human alpha-thrombin is a monovalent cation-acti-
562vated enzyme. Arch. Biochem. Biophys. 202, 63–75.
56316. Steiner, S. A., Amphlett, G. N. & Castellino, F. J. (1980).
564Stimulation of the amidase and esterase activity of
565activated bovine plasma protein C by monovalent
566cations. Biochem. Biophys. Res. Commun. 94, 340–347.
56717. Zhang, E. & Tulinsky, A. (1997). The molecular
568environment of the Na+ binding site of thrombin.
569Biophys. Chem. 63, 185–200.
57018. Strickland, D. K. & Castellino, F. J. (1980). The binding
571of calcium to bovine factor VII. Arch. Biochem. Biophys.
572190, 687–692.
57319. Bajaj, S. P., Sabharwal, A. K., Gorka, J. & Birktoft, J. J.
574(1992). Antibody-probed conformational transitions
575in the protease domain of human factor IX upon
576calcium binding and zymogen activation: putative
577high-affinity Ca(2+)-binding site in the protease
578domain. Proc. Natl Acad. Sci. USA, 89, 152–156.
57920. Bode, W. & Schwager, P. (1975). The refined crystal
580structure of bovine beta-trypsin at 1.8 A resolution. II.
581Crystallographic refinement, calcium binding site,
582benzamidine binding site and active site at pH 7.0.
583J. Mol. Biol. 98, 693–717.
58421. Dougherty, D. A. & Stauffer, D. A. (1990). Acetylcho-
585line binding by a synthetic receptor: implications for
586biological recognition. Science, 250, 1558–1560.
58722. Stauffer, D. A., Barrans, R. E. & Dougherty, D. A.
588(1990). Concerning the thermodynamics of molecular
589recognition in aqueous and organic media. Evidence
590for significant heat capacity effects. J. Org. Chem. 55,
5912762–2767.
59223. Schwabacher, A. W., Zhang, S. & Davy, W. (1993).
593Directionality of the cation-π effect: a charge-mediated
594size selectivity in binding. J. Am. Chem. Soc. 115,
5956995–6996.
59624. Lim, Z. & Johnson, M. E. (1995). Proposed cation-π
597mediated binding by factor Xa: a novel enzymatic†http://www.rcsb.org/

8 Crystal Structure of fXa Complex

ARTICLE IN PRESS
13



UN
CO

RR
EC

TE
D P

RO
OF

598 mechanism for molecular recognition. FEBS Letters,
599 370, 1–5.
600 25. St. Charles, R., Padmananbhan, K., Arni, R. K.,
601 Padmanabhan, K. P. & Tulinsky, A. (2000). Structure
602 of tick anticoagulant peptide at 1.6 Å resolution
603 complexed with bovine pancreatic trypsin inhibitor.
604 Protein Sci. 9, 256–272.
605 26. Mochalkin, I. & Tulinsky, A. (1999). Structures of
606 thrombin retro-inhibited with SEL2711 and SEL2770
607 as they relate to factor Xa binding. Acta Crystallog. sect.
608 D, 55, 785–793.
609 27. Duggan, B. M., Dyson, H. J. & Wright, P. E. (1999).
610 Inherent flexibility in a potent inhibitor of blood
611 coagulation, recombinant nematode anticoagulant
612 protein c2. Eur. J. Biochem. 265, 539–548.
613 28. Harley, B. S. & Shotton, D. M. (1971). In The Enzymes
614 (Boyer, P. D., ed), 1st edit., pp. 323–373. Academic
615 Press, New York.
616 29. Norledge, B. V., Petrovan, R. J., Ruf, W. & Olson,
617 A. J. (2003). The tissue factor/factor VIIa/factor Xa
618 complex: a model built by docking and site-
619 directed mutagenesis. Proteins: Struct. Funct. Genet.
620 53, 640–648.
621 30. Morita, T. & Jackson, C. M. (1986). Preparation and
622 properties of derivatives of bovine factor X and factor

623Xa from which the gamma-carboxyglutamic acid
624containing domain has been removed. J. Biol. Chem.
625261, 4015–4023.
62631. Laroche, Y., Storme, V., De Meutter, I., Messens, J. &
627Lauwereys, M. (1994). High-level secretion and very
628efficient isotopic labeling of tick anticoagulant peptide
629(TAP) expressed in the methylotrophic yeast, Pichia
630pastoris. BioTechnology, 12, 1119–1124.
63132. Otwinoski, Z. & Minor, W. (1997). Processing of X-ray
632diffraction data collection in oscillation mode.Methods
633Enzymol. 276, 307–326.
63433. Navaza, J. (1993). AMoRe: an automated package for
635molecular replacement. Acta Crystallog. sect. D, 49,
636588–591.
63734. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. (1997).
638Refinement of macromolecular structures by the
639maximum-likelihood method. Acta Crystallog. sect. D,
64053, 240–255.
64135. Roussel, A. & Cambillau, C. (1989). Turbo-Frodo. In
642Silicon Graphics Geometry Partner Directory (Silicon
643Graphics, ed), pp. 77. Mountain View, CA.
64436. Laskowski, R. A., MacArthur, M. W., Moss, D. S. &
645Thorton, J. M. (1993). PROCHECK: a program to
646check the stereochemical quality of protein structures.
647J. Appl. Crystallog. 26, 283–291.648

649 Edited by R. Huber

650 (Received 7 August 2006; received in revised form 4 November 2006)
651

9Crystal Structure of fXa Complex

ARTICLE IN PRESS
14



ii. Serino Proteases de Venenos de Serpentes

Serino proteases de venenos de serpentes pertencem à subfamília das
tripsinas/quimotripsinas, que apresentam alta identidade seqüencial e estrutural
(50 70%), apesar de serem altamente específicas e seletivas para substratos
macromoleculares, tais como os fatores da coagulação sangüínea. Essas enzimas
interferem no controle e regulação do sistema hemostático em diferentes níveis
desde a cascata de coagulação sanguínea até o sistema anticoagulante e
fibrinolítico (Tu, 1991), sendo caracterizadas como ativadoras do sistema
fibrinolítico, procoagulantes, anticoagulantes e agregadoras de plaquetas (Marsh
e Willian, 2005). A proteína ativadora de plasminogênio isolada do veneno de
Trimeresurus stejnegeri (TSV PA) converte plasminogênio em plasmina pela
clivagem da ligação peptidica Arg561 Val562 com alta especificidade e resistência
de inibição (Zhang, et al., 1997). Batroxobin, uma trombina símile isolado do
veneno de Bothrops atrox, usada para o tratamento de doenças trombóticas,
converte fibrinogênio em fibrina pela clivagem do fibrinopeptídeo na região N
terminal da cadeia A do fibrinogênio. Esse processo resulta na formação de um
coágulo fraco que é rapidamente removido do sistema circulatório pelo
mecanismo fibrinolítico resultando num efeito defibrinogenante. A ativadora de
proteína C (PC) isolada do veneno de Agkistrodon contortrix contortrix,
comercialmente referida como protac®, especificamente converte o zimogênio de
PC em PC ativada pela clivagem da ligação peptídica Arg169 Leu170,
independente de trombomodulina (Kisiel et al., 1987) (Figura 3). Protac® é
clinicamente usado em ensaios de quantificação de proteína S e testes de
funcionalidade de PC in vivo (Gempler Messina et al., 2001). Nesse trabalho,
resolvemos à estrutura de protac® no estado nativo e inibido e foi observado o
fator duplo de cargas positivas em torno do sítio ativo e do posicionamento
estratégico de três grupos de carboidratos na região interfacial no reconhecimento
e ativação da PC.

Figura 3: Via anticoagulante da proteína C. Acima: via alternativa iniciada por
protac®. Abaixo: via fisiológica iniciada pelo complexo FIIa/Trombomodulina.
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Abstract

A fibrinogen-clotting enzyme, Jararacussin-I, was purified from the venom of Bothrops jararacussu by a combination of ion

exchange chromatography using Resource 15S resin and affinity chromatography using Benzamidine Sepharose 6B resin.

Jararacussin-I displays a molecular mass of 28 kDa as estimated by sodium dodecyl sulphate–PAGE and possesses an

isoelectric point of 5.0. The coagulant specific activity of the enzyme was determined to be 45.8 NIH U/mg using bovine

fibrinogen as the substrate and the esterase specific activity was determined to be 258.7 U/mg. The protease inhibitors,

benzamidine and DTT inhibited the esterase specific activity by 72.4 and 69.7%, respectively. The optimal temperature and pH

for the degradation of both chains of fibrinogen and esterase specific activity were determined to be 37 8C and 7.4–8.0,

respectively. The enzyme was inactivated at both 4 and 75 8C. Single crystals of Jararacussin-I were obtained and complete

three-dimensional X-ray diffraction data was collected at the Brazilian National Synchrotron Source (LNLS) to a resolution of

2.4 Å. q 2002 Published by Elsevier Science Ltd.

Keywords: Bothrops jararacussu snake venom; Thrombin-like enzyme; Fibrinogen-clotting enzyme; Purification; Characterization and

crystallization

1. Introduction

Snake venoms are rich sources of serine and metallo-

proteases and many of these proteases have been purified

and characterized (Markland, 1991, 1998; Pirkle, 1998;

Matsui et al., 2000). The complete amino acid sequences of

approximately 40 of these proteases have been determined

by protein sequencing or deduced from their cDNA. Some

of these proteases are particularly interesting since they

interfere with the control and regulation of the haemostatic

systems of their prey and activate or inactivate various

enzymes which participate in the blood coagulation cascade.

Recently, the three-dimensional structures of five venom

proteases, four of which are metalloproteases (Matsui et al.,

2000) and one serine protease (Parry et al., 1998) have been

determined at high resolution by X-ray crystallography

providing us with a structural basis for understanding the

steric requirements for the activities of these enzymes.

A number of serine proteases have been identified in

snake venoms, for example, Calloselasma rodhostoma

Ancrod (Burkhart et al., 1992), Bothrops atrox moojeni

Batroxobin (Itoh et al., 1987), Bothrops jararaca Bothrom-

bin (Nishida et al., 1994), Crotalus atrox Calobin (Halton,

1973), Crotalus adamanteus Crotalase (Henschen-Edman

et al., 1999), Trimeresurus flavoviridis Flavoxobin (Shieh

0041-0101/02/$ - see front matter q 2002 Published by Elsevier Science Ltd.

PII: S0041 -0101 (02)00140 -X
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et al., 1988) and have been shown to share high sequence

identity with each other and to a lesser degree with

mammalian serine proteases such as trypsin and thrombin.

These venom proteases are often referred to as thrombin-

like enzymes due to their ability to cleave fibrinogen,

releasing fibrinopeptide A, fibrinopeptide B or both. Some

of these venom serine proteases also participate in diverse

biological processes such as activation of plasminogen,

protein C, factors V and X, fibrinolysis, blood coagulation

and platelet aggregation. They serve as important tools and

are used clinically for clotting assays, diagnosis, determi-

nation of protein C, protein S, plasma fibrinogen, study of

platelet function, as defibrinogenating agents, to investigate

desfibrinogenemias, test the contractile system of platelets

and for defibrinogenation of plasma.

Alignments of the amino acid sequence of these serine

proteases indicate that the residues forming the catalytic

triad His57, Asp102 and Ser195 are conserved in analagous

positions as in the mammalian serine proteases (Matsui

et al., 2000, 1998; Burkhart et al., 1992). Venom serine

protease are inhibited by many of the commonly used serine

protease inhibitors such diisopropyl fluorophosphate (DFP)

and phenylmethylsulfonyl fluoride (PMSF). The venom

thrombin-like serine proteases preferentially release either

fibrinopeptide A or B from fibrinogen to produce abnormal

fibrin clots composed of short polymers, thus interfering

with the blood coagulation system of their prey (Markland,

1998; Pirkle, 1998; Ouyang et al., 1992; Tu, 1996).

This communication describes the isolation, biochemical

and structural characterization of Jararacussin-I, a clotting

factor of the thrombin-like enzymes (TLE) type from

Bothrops jararacussu snake venom. Elucidation of the

three-dimensional structure by X-ray diffraction techniques

is currently in progress and will provide information which

will be useful to understand the structure-function relation-

ship of this enzyme.

2. Materials and methods

2.1. Materials

Desiccated B. jararacussu venom was obtained from a

local serpentarium. Benzamidine Sepharose 6B (Amersham

Pharmacia Biotech), Resource 15S (Amersham Pharmacia

Biotech) and bovine fibrinogen were purchased from Sigma

Chemical Co. Molecular mass standards (Amersham

Pharmacia Biotech) were bovine serum albumin (66 kDa);

ovoalbumin (44 kDa), carbonic anhydrase (30 kDa), soy-

bean trypsin inhibitor (20.1 kDa) and a-lactalbumin

(14.4 kDa).

2.2. Purification

Crude desiccated venom (400 mg) was dissolved in 3 ml

of 0.02 M pH 7.8 phosphate buffer and centrifuged at

20,000 g to remove insoluble materials. A Pharmacia FPLC

system was used for the chromatographic experiments. The

clear supernatant was filtered and applied to a column

packed with Resource 15S resin which had been pre-

equilibrated with a 0.02 M phosphate buffer (pH 7.8). The

column was washed at a flow rate of 3 ml/min with the

aforementioned phosphate buffer and the unbound protein

fractions were collected. The bound fractions were eluted

using a linear NaCl gradient which ranged from 0 to 1.0 M

in the above buffer (total elution volume was 250 ml) at a

flow rate of 3 ml/min. Bovine fibrinogen was used as a

substrate to test the fractions for their clotting activity. Only

the fraction that did not bind to the column demonstrated

clotting activity. This fraction was subsequently applied to a

Benzamidine Sepharose 6B affinity column which had been

pre-equilibrated with a 0.02 M phosphate buffer (pH 7.8).

Unspecifically bound protein was eluted by washing with

the above buffer which additionally contained 0.5 M NaCl.

Once the baseline had stabilized, the tightly bound

Jararacussin-I was eluted by rapidly changing the pH to

3.2 using a 0.02 M glycine–HCl buffer. The protein was

immediately dialyzed against the 0.02 M phosphate buffer

(pH 7.8), concentrated and stored at 280 8C.

2.3. Biochemical characterization

The molecular mass estimation was carried out by SDS–

PAGE both with and without the inclusion of a reducing

agent (Laemmli, 1970). Isoelectric focusing was carried out

according to method of Vesterberg (1972). Buffalyte, pH

range 3.5–9.5 (Pierce, IL) was used to generate the pH

gradient. Neutral carbohydrate analysis was performed as

previously described (Dubois et al., 1956). Protein concen-

tration was determined by the method of Bradford (1976)

using lysozyme as the standard.

2.4. Enzyme assay

Esterase activity was determined using 0.01 M Na-P-

tosyl-L-arginine-methyl ester (TAME) as the substrate in a

solution containing 0.15 M KCl at pH 8.0 and 37 8C as

described by Ehrempreis and Scheraga (1957). For the

potentiometric titration, a 0.0448N KOH solution was

dispensed from a Gilmont microburet. One unit of esterase

activity was defined as the amount of enzyme capable of

releasing 0.1 mmol of acid per 10 min at 37 8C. Clotting

activity, was carried out using purified bovine fibrinogen

(Sigma Chem. Co.) and was determined according to the

method of Ware and Seegers (1949). One unit of coagulant

activity was considered to be equivalent to one NIH

thrombin unit.

2.5. Fibrinogenolytic activity

The method of Rodrigues et al. (2000) was used with

R.K. Bortoleto et al. / Toxicon 40 (2002) 1307–13121308
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some modifications. Samples of 50 ml of bovine fibrinogen
(1 mg/ml PBS) were incubated with different amounts of

enzyme (0.1–4.0 mg) at 37 8C for 24 h, pH 8.0. The reaction

was terminated with 25 ml of 0.05 M, pH 8.8, Tris–HCl

buffer containing 10% (v/v) 2-mercaptoethanol, 2% (v/v)

SDS, and 0.05% (w/v) bromophenol blue. The samples were

then analyzed by SDS–PAGE gels (13.5%, w/v). Analo-

gously, 1.0 mg of enzyme was incubated with 50 mg of

fibrinogen for different periods of time (60 min to 48 h).

2.6. Heat, pH stability and enzyme inhibitors

Enzyme (2 mg) in 0.1 M Tris–HCl buffer, pH 8.0 was

incubated for 60 min at different temperatures (4, 28, 37, 45

and 75 8C) and pHs (3.5, 5.0, 7.4, 8.0 and 9.5). Inhibition of

esterase and fibrinogenolytic activities were assayed after

preincubation of 2 mg of enzyme in 0.1 M Tris–HCl buffer,

pH 8.0 for 30 min at 37 8C containing one of the following

inhibitors: 10 mM PMSF, 10 mM Aprotinin, 10 mM b-

mercaptoethanol, 10 mM ditiothreitol (DTT), 10 mM eth-

ylene diaminetetraacetic acid (EDTA), 10 mM ethylene-

glycol-bis(b-amino ethyl ether)tetra acetic acid (EGTA) and

100 IU/ml Heparin, as previously described.

2.7. Crystallization

The serine protease sample was concentrated to

16 mg ml21 in micro concentrators, (Amicon, Centripep)

and stored in a 0.02 M pH 7.8 phosphate buffer at 280 8C.
Crystallization was performed by the hanging-drop vapor-

diffusion method using 24-well tissue-culture plates (Jancarik

and Kim, 1991). Typically, 1 ml drops of protein solution

were mixed with an equal volume of the screening solution

and equilibrated over a reservoir containing 1 ml of the latter

solution. Once initial crystallization conditions had been

determined, they were optimized and large single crystals

(,0.2 mm in each dimension) were obtained when a 2 ml

protein droplet was mixed with an equal volume of reservoir

solution consisting of 0.1 M sodium cacodylate (pH 6.5),

0.2 M calcium acetate and 12% polyethylene glycol 8000.

The crystals were flash frozen after being transferred to a

solution containing 20% glycerol. X-ray diffraction data was

collected at the Brazilian National Synchrotron Source

(LNLS, Campinas-Brazil) (Polikarpov et al., 1998). The

wavelength of the radiation source was set to 1.54 Å and a

total of 90 images with an oscillation range of 18 were

collected using a MAR 345 imaging plate detector (Mar

Research). The raw intensities were scaled and reduced

using the HKL suite of programs (Otwinowski and Minor,

1997).

3. Results

The protein fractions of B. jararacussu venom which

were eluted from the Resource 15S column (results not

shown) were concentrated and the fractions which possessed

clotting activity were further purified on a Benzamidine

Sepharose column. Fig. 1(A) presents the elution profile of

Jararacussin-I which was carried out by rapidly changing the

pH to 3.2. On SDS–PAGE gels under reduced conditions,

the purified Jararacussin-I migrated as a single protein band

corresponding to a molecular mass of ,28 kDa (Fig. 1(B)).

In isoelectric focusing gels the enzyme migrated as a

diffuse protein band corresponding to a pI , 5.0. Neutral

sugar determination revealed that the enzyme was glycosy-

lated with 5.4 mg carbohydrate/100 mg enzyme (5.4%

carbohydrate content) (results not shown).

Jararacussin-I presented a coagulant specific activity of

45.8 NIH U/mg using bovine fibrinogen as the substrate,

whereas the esterase specific activity was 258.7 U/mg

(Table 1).

The purified enzyme degraded the Aa and Bb chains of

fibrinogen, in a dose-time-dependent manner (Fig. 2). The

optimal temperature and pH for the degradation of both

chains of fibrinogen (results not shown) and esterase specific

activity were determined to be 37 8C and 7.4–8.0,

respectively (Table 1). The enzyme was inactivated at

both 4 and 75 8C.

Table 1 presents the effects of protease inhibitors on the

esterase activity of Jararacussin-I. The serine protease

inhibitors PMSF and benzamidine inhibited the esterase

activity of the enzyme by 29.2 and 76.7%, respectively. The

Table 1

Effects of variation of temperature, pH and the addition of inhibitors on the esterase activity of Jararacussin-I (B. jararacussu )

Temperature (8C) Esterase activity (U/mg) pH Esterase activity (U/mg) Inhibitors Esterase activity (U/mg)

Control 258.72 ^ 7.88 Control 258.72 ^ 7.88 Control 258.72 ^ 7.88

4 65.87 ^ 2.13 3.5 167.34 ^ 9.23 PMSF 179.55 ^ 5.89

28 255.67 ^ 6.45 5.5 189.45 ^ 5.76 Benzamidine 78.42 ^ 2.35

37 259.91 ^ 6.21 7.4 241.89 ^ 4.68 Aprotinin 255.98 ^ 6.77

45 198.34 ^ 9.84 8.0 260.34 ^ 7.12 b-mercaptoethanol 114.57 ^ 3.98

75 38.25 ^ 4.67 9.5 202.85 ^ 8.16 DTT 71.22 ^ 2.61

EDTA 261.22 ^ 6.85

EGTA 259.13 ^ 5.76

Heparin 258.93 ^ 7.09
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esterase activity of the enzyme was also inhibited by b-

mercaptoethanol (45.1%) and DTT (66.5%). As expected,

the enzymatic activity was not affected by EDTA, EGTA,

aprotinin and heparin.

Large single crystals which were suitable for X-ray

diffraction analysis were obtained from a solution contain-

ing 0.1 M sodium cacodylate (pH 6.5), 0.2 M calcium

acetate and 12% PEG 8000 (Fig. 3). Processing of the

579,596 observations to 2.28 Å, resulted in an Rmerge of

5.9% for 65,695 independent reflections. Examination of the

systematic absences indicated that the crystals belong to the

space group P212121 with unit cell parameters of

a ¼ 94.63 Å, b ¼ 116.04 Å and c ¼ 155.78 Å. Calculation

of the Matthews coefficient resulted in a VM of 2.54 Da21

assuming the existence of six molecules of Jararacussin-I

(molecular mass ¼ 28 kDa) in the asymmetric unit, this

represents a solvent content of 51%.

4. Discussion

Reports describing TLEs from snake venoms indicate

that some of them display thrombin-like coagulant activity,

whereas others possess a wide range of activities (Markland,

1991, 1998; Pirkle, 1998; Matsui et al., 2000) and sequence

alignments demonstrate that these enzymes are highly

homologous.

Fig. 1. (A) Chromatographic profile of Jararacussin-I on a Benzamidine Sepharose 6B affinity column. Unbound protein fractions were eluted

by washing with 0.02 M, pH 7.8 phosphate buffer. Initial elution was performed by including 0.5 M NaCl in the same buffer (arrow 1).

Jararacussin-I was eluted by using a 0.02 M, pH 3.2 glycine–HCl buffer (arrow 2). (B) SDS–PAGE: Lane A—molecular mass standards were

bovine serum albumin (66 kDa); ovoalbumin (44 kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20 kDa) and lactalbumin

(14.4 kDa): Lane B—Jararacussin-I.

Fig. 2. SDS–PAGE at 13.5% (w/v) of bovine fibrinogen after incubation with Jararacussin-I. Samples of 50 ml fibrinogen (1 mg/ml) were

incubated with the enzyme in different conditions as follows: (A) varying enzyme concentration (incubation time, 24 h). Lanes: (1) Fibrinogen

control, (2) 0.1 mg, (3) 0.25 mg, (4) 0.5 mg, (5) 1.0 mg, (6) 2.0 mg, (7) 3.0 mg and (8) 4 mg; and (B) varying incubation time (enzyme

concentration, 1 mg, pH 8.0). Lanes: (1) fibrinogen control, (2) 1 h, (3) 4 h, (4) 6 h, (5) 12 h, (6) 24 h, (7) 30 h and (8) 48 h.
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Jararacussin-I, a serine protease with fibrinogen con-

verting and clotting activities was isolated and purified from

the snake venom of B. jararacussu by a combination of ion-

exchange and affinity chromatography. The enzyme was

pure as indicated by PAGE and additionally by the fact that

the protein readily formed single crystals. The heterogeneity

of purified Jararacussin-I as observed by isoelectric focusing

can probably be attributed to different levels glycosylation.

Some physiological and biochemical properties of the

proteases were similar to those of TLEs purified from the

venoms of other snake species such as Trimeresurus

flavaviridis (Shieh et al., 1985), Lachesis muta (Aragon-Or-

tiz and Gubensek, 1993; Aguiar et al., 1996), B. jararacussu

(Zaganelli et al., 1996; Andriao-Escarso et al., 1997) and

Agkistrodon acutus (Huang et al., 1983).

Like the TLEs from the venoms of Bitis gabonica

(Gaffney et al., 1973) and Cerastes vipera (Farid and Tu,

1989), Jararacussin-I was able to cleave fibrinogen releasing

both FPA and FPB in vitro, and its proteolytic activity was

inhibited by PMSF, benzamidine, 2-mercaptoethanol and

DTT, but not by heparin, EDTA or EGTA. The inability of

heparin to inhibit the esterase activity of Jararacussin-I is

interesting and indicates that significant structural differ-

ences exist between this enzyme and thrombin.

The crystal structures of many mammalian and bacterial

serine proteases both in the native state and with bound

inhibitors, substrates and substrate analogs have been

determined. However, the only crystal structure of a

venom serine protease currently available is that of the

snake venom plasminogen activator TSV-PA (Parry et al.,

1998).

Results of our structural study of Jararacussin-I isolated

from the venom B. jararacussu should provide us with an

insight into the mechanism by which this enzyme converts

fibrinogen into fibrin and its ability to produce abnormal

fibrin clots. This ability of these enzymes to form fibrin clots

made up of short polymers has potential therapeutic

application for the treatment of patients with occlusive

arterial or venous thrombotic diseases without stimulating

the endogenous fibrinolysis system (Markland, 1998;

Ouyang et al., 1992; Farid and Tu, 1989).

Detailed high resolution structural information of these

unique snake venom proteases should also provide useful

information for the rational design of drugs that could be

applied in the medical and pharmacological fields of

homeostasis and thrombosis.
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(jararacuçu) venom. Toxicon 35, 1043–1052.

Aguiar, A.S., Alves, C.R., Melgarejo, A., Giovanni-de-Simone, S.,

1996. Purification and partial characterization of a thrombin-

like/gyroxin enzyme from bushmaster (Lachesis muta rhom-

beata ) venom. Toxicon 34, 555–565.

Aragon-Ortiz, F., Gubensek, F., 1993. A thrombin-like enzyme

from bushmaster (Lachesis muta stenophyrs ) venom. Toxicon

31, 1435–1443.

Bradford, M.M., 1976. A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the

principle of protein dye binding. Anal. Biochem. 72, 248–254.

Burkhart, W., Smith, G.F., Su, J.L., Parikh, I., Levine, H., 1992.

Amino acid sequence determination of ancrod, the thrombin-

like a-fibrinogenase from the venom of Agkistrodon rhodos-

toma. FEBS Lett. 297, 297–301.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F.,

1956. Colorimetric method for determination of sugars and

related substances. Anal. Chem. 28, 350–356.

Ehrempreis, S., Scheraga, H.A., 1957. Observations on analysis for

thrombin and the inactivation of fibrin monomer. J. Biol. Chem.

227, 1043–1061.

Farid, T.M., Tu, A.T., 1989. Characterization of cerastobin, a

thrombin-like enzyme from the venom of Cerastes vipera

(Sahara sandviper). Biochemistry 28, 371–377.

Gaffney, P.J., Marsh, N.A., Whaler, B.C., 1973. A coagulant

enzyme from gaboon vipera venom: some aspects of its mode of

action. Biochem. Soc. Trans. 1, 1208–1209.

Halton, M.W.C., 1973. Studies on the coagulant enzyme from

Agkistrodon rhodostoma venom. Isolation and some properties

of the enzyme. Biochem. J. 131, 799–807.

Henschen-Edman, A.H., Theodor, I., Edwards, B.F.P., Pirkle, H.,

1999. Crotalase, a fibrinogen-clotting snake venom enzyme:

primary structure and evidence for a fibrinogen recognition

exocite different from thrombin. Thromb. Haemostasis 81,

81–86.

Huang, Q.Q., Teng, M.K., Niu, L.W., 1983. Purification and

characterization of two fibrionogen-clotting enzymes from five-

pace snake (Agkistrodon acutus ) venom. Toxicon 37,

999–1013.

Itoh, N., Tanaka, N., Mihashi, S., Yamashina, I., 1987. Molecular

cloning and sequence analysis of cDNA for batroxobin, a

Fig. 3. Photomicrograph of single crystals of Jararacussin-I (B.

jararacussu ). Approximate maximum dimension 0.2 mm.

R.K. Bortoleto et al. / Toxicon 40 (2002) 1307–1312 1311

20



thrombin-like snake venom enzyme. J. Biol. Chem. 262,

3132–3135.

Jancarik, J., Kim, S.-H., 1991. Sparse matrix sampling: a screening

method for crystallization of proteins. J. Appl. Crystallogr. 24,

409–411.

Laemmli, U.K., 1970. Cleavage of structural proteins during the

assembly of head of bacteriophage T4. Nature 227, 680–685.

Markland, F.S. Jr., 1991. Inventory of a and b fibrinogenases from

snake venom. Thromb. Haemostasis 65, 438–443.

Markland, F.S., 1998. Snake venoms and the hemostatic system.

Toxicon 36, 1749–1800.

Matsui, T., Sakurai, Y., Fujimura, Y., Hayashi, I., Oh-Ishi, S.,

Suzuki, M., Hamako, J., Yamamoto, Y., Yamazaki, J.,

Kinoshita, M., Titani, K., 1998. Purification and amino acid

sequence of halystase from snake venom of Agkistrodon halys

blomhoffii, a serine protease that cleaves specifically fibrinogen

and kininogen. Eur. J. Biochem. 252, 569–575.

Matsui, T., Fujimura, Y., Titani, K., 2000. Snake venom proteases

affecting hemostasis and thrombosis. Biochim. Biophys. Acta

1477, 146–156.

Nishida, S., Fujimura, Y., Miura, S., Ozeki, Y., Usami, Y., Suzuki,

M., Titani, K., Yoshida, E., Sugimoto, M., Yoshioka, A., Fukui,

H., 1994. Purification and characterization of bothrombin, a

fibrinogen-clotting serine protease from the venom of Bothrops

jararaca. Biochemistry 33, 1843–1849.

Otwinowski, Z., Minor, W., 1997. Processing of X-ray diffraction

data collected in oscillation mode. Meth. Enzymol. 276,

307–326.

Ouyang, C., Teng, T.F., Huang, T., 1992. Characterization of snake

venom components acting on blood coagulation and platelet

function. Toxicon 30, 945–966.

Parry, M.A., Jacob, U., Huber, R., Wisner, A., Bon, C., Bode, W.,

1998. The crystal structure of the novel snake venom

plasminogen activator TSV-PA: a prototype structure for

snake venom serine proteinases. Structure 6, 1195–1206.

Pirkle, H., 1998. Thrombin-like enzymes from snake venoms: an

updated inventory. Thromb. Haemostasis 79, 675–683.

Polikarpov, I., Perles, L.A., de Oliveira, R.T., Oliva, G., Castellano,

E.E., Garratt, R.C., Craievich, A., 1998. Set-up and experimen-

tal parameters of the protein crystallography beam line at the

Brazilian National Synchrotron Laboratory. J. Synchrotron Rad.

5, 72–76.

Rodrigues, V.M., Soares, A.M., Guerra-Sá, R., Rodrigues, V.,
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Received 8 June 2005; received in revised form 30 July 2005; accepted 6 August 2005

Available online 19 August 2005

Abstract

The protein C pathway plays an important role in the control and regulation of the blood coagulation cascade and prevents the propagation

of the clotting process on the endothelium surface. In physiological systems, protein C activation is catalyzed by thrombin, which requires

thrombomodulin as a cofactor. The protein C activator from Agkistrodon contortrix contortrix acts directly on the zymogen of protein C

converting it into the active form, independently of thrombomodulin. Suitable crystals of the protein C activator from Agkistrodon contortrix

contortrix were obtained from a solution containing 2 M ammonium sulfate as the precipitant and these crystals diffracted to 1.95 Å

resolution at a synchrotron beamline. The crystalline array belongs to the monoclinic space group C2 with unit cell dimensions a =80.4,

b =63.3 and c =48.2 Å, a =c =90.0- and b =90.8-.
D 2005 Elsevier B.V. All rights reserved.

Keywords: Protein C activator; Serine proteinase; Agkistrodon contortrix contortrix venom; X-ray diffraction analysis

The protein C (PC) pathway comprises the major

physiological anticoagulant mechanism that regulates and

controls blood coagulation. Protein C, a vitamin K-depend-

ent glycoprotein, circulates in the plasma as an inactive

zymogen and is activated on the surface of endothelial cells

by the thrombin–thrombomodulin complex [1], a process

that can be further enhanced when protein C binds to its

membrane receptor, the endothelial-cell protein C receptor

[2]. The activated protein C (APC) subsequently binds

protein S and inhibits the propagation of blood coagulation

by degrading FVIIIa and FVa on the surface of negatively

charged phospholipid membranes and by stimulating

fibrinolytic activity [3,4]. Deficiencies or defects in the PC

anticoagulant pathway are associated with the increased risk

of venous thromboembolism (VTE) [5]. The PC pathway

also plays an important role in inflammatory processes and

APC has been implicated in anti-apoptotic and neuro-

protective activities [6].

Several PC activators have been purified from snake

venoms, mainly from Agkistrodon ssp. [7–12]. The snake

venom PC activators, unlike the activators present in the

physiological system, act directly on the zymogen of PC

releasing APC independently of additional co-factors such

as thrombomodulin. The PC activators can be divided in

two groups: low molecular weight (<40 kDa) PC activators

from new world species of the genus Agkistrodon with

optimal activity at basic pH, and high molecular weight

(>40 kDA) PC activators from old world species of the genus

Agkistrodon with optimal activity at acid pH [11]. Several

types of assays have been established with snake venoms PC

activators, such as immunological assays for total protein S

(PS), immunological assays for free PS and PS functional

assays [13–18]. The most widely used PC activator is

Protac\, a commercial preparation of PC activator isolated

from Agkistrodon contortrix contortrix venom [19–21]. The

pharmacological activities and amino acid sequence have

been determined, however, the structural determinants for
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specificity is unknown, since the three-dimensional structure

has not yet been determined.

Dynamic light scattering (DLS) experiments were

performed using a broad range of pH for Protac\ that

indicates a monodispersive state in the pH range between

6.0 and 8.0. The hydrodynamic radius at pH 7.0 extrapoled

from the diffusion coefficient using the Stokes–Einstein

equation was determined to be 3.2T0.01 nm with a

corresponding molecular weight of 28.3 kDa, estimated

using a calibration curve based on the diffusion coefficients

of globular proteins. However, the protein is composed of

231 amino acids with a calculated molecular weight of

25,095 Da. This discrepancy can be attributed to the high

carbohydrate content (approximately 20%). Similar effects

are observed in the electrophoresis experiments, which

indicates an estimated molecular weight of 37 kDa [20].

Crystallization experiments were carried out with Protac\

purified from crude venom without treatment for the

removal of carbohydrate groups.

Crystallization trials were performed by the hanging-

drop vapor diffusion method at 20 -C. Micro crystals were

initially obtained from a solution containing 2.4 M

ammonium sulfate and 0.1 M sodium cacodylate buffer at

pH 6.5. Screening in the monodispersive range of pH

observed in the DLS experiments lead to the formation of

single crystals after 7 days by mixing 1 AL of the protein (10

mg/ml) and 1 AL of the solution containing 2.0 M

ammonium sulfate and 0.1 M HEPES buffer at pH 7.3

(Fig. 1).

X-ray diffraction data were collected at the CPr beam

line at the Laboratório Nacional de Luz Sı́ncrotron (LNLS,

Brazil). A single crystal with a maximum dimension of 0.3

mm was flash-frozen in the crystallization solution to

which was added 15% glycerol (v/v). The data were

integrated with the program DENZO and scaled with

SCALEPACK at 1.95 Å resolution [22]. The crystal

belongs to the monoclinic space group C 2 with unit cell

parameters of a =80.4, b =63.3 and c =48.2 Å, a =c =90.0

and b =99.8-. The calculation of the Matthew’s coefficient

based on the molecular weight of 25,095 kDa results in a

VM of 2.2 Å3Da�1 and a solvent content of 43.8%, which

corresponds to the presence of one molecule in the

asymmetric unit [23]. The statistics of the data processing

are summarized in Table 1.

Molecular replacement (MR) was carried out with the

program AMoRe [24] using the atomic coordinates of

Trimeresurus stejnejeri venom plasminogen activator

(TSV-PA, PDB code: 1BQY) [25] as a search model.

Rigid-body refinement of the best MR solution in the

resolution range of 40.0 to 3.0 Å resulted in a correlation

coefficient of 63.7% and an R-factor of 43.7%. Isotropic

and restrained refinement with REFMAC5 [26] and

manual model building using TURBO FRODO [27] is

currently in progress. Similar to the TSV-PA and others

trypsin-like serine proteinases, the structure of ACC-C

consists of two domains, each containing a six-stranded h-
barrel, various surface turns, loops and two short a-helices.
The two h-barrel domains are inter-connected by three

trans segments, and the catalytic site is situated in a cleft

located at the junction between these two domains with the

catalytic triad conserved. This work represents the first

crystallization report of a protein C activator from snake

venom and the determination of the three-dimensional

structure of the Protac\ should be useful for structure-

based drug design of inhibitors which should be useful for

the treatment of venous thromboembolism and other

disorders in the PC pathway.
Fig. 1. Microphotograph of a Protac\ crystal. Maximum dimensions:

0.3�0.2�0.1mm.

Table 1

Data collection and structure determination statistics

Data collection

Temperature (K) 100

Synchrotron source Laboratório Nacional de Luz

Sı́ncrotron Campinas, Brazil

Wavelength used (Å) 1.438

Detector MARCCD

Space group C 2

Unit cell parameters (Å, -) a =80.4, b =63.3 and c =48.2;

a =c =90.0 and b =99.8
Resolution range (Å) 40.0–1.95

No. of observed reflections 107,105

Data completeness (%) 97.8 (95.7)

No. of unique reflections 17,060

I/sigma(I) 26.8 (11.4)

*Rmerge (%) 5.6 (13.5)

Vm (Å3Da�1) 2.2

Solvent content (%) 43.8

Molecules per asymmetric unit 1

Molecular replacement

Correlation coeffecients (%)

Rotation 31.2

Translation 49.4

Rigid body refinement 63.7

Rigid body refinement R-factor (%) 43.7

Values in parentheses are for the high-resolution bin (1.97–1.95 Å).

*Rmerge=~ |I(h)I�{I(h)}|/~{I(h)}, where Ih is the observed intensity of

the i-th measurement of reflection h and {I(h)} is the mean intensity of

reflection h calculated after scaling.
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Protein C activation initiated by the thrombin-thrombomodulin
complex forms the major physiological anticoagulant pathway.
Agkistrodon contortrix contortrix proteinC activator, a glycosylated
single-chain serine proteinase, activates protein C without relying
on thrombomodulin. The crystal structures of native and inhibited
Agkistrodon contortrix contortrix protein C activator determined at
1.65 and 1.54 Å resolutions, respectively, indicate the pivotal roles
played by the positively charged belt and the strategic positioning of
the three carbohydrate moieties surrounding the catalytic site in
protein C recognition, binding, and activation. Structural changes
in the benzamidine-inhibited enzyme suggest a probable function
in allosteric regulation for the anion-binding site located in the
C-terminal extension, which is fully conserved in snake venom ser-
ine proteinases, that preferentially binds Cl1� instead of SO4

2�.

Hemostasis, a complex system responsible for maintaining the fluid-
ity of blood under physiological conditions, is primed to react rapidly to
vascular injury, stemming blood loss by locally sealing the injured vessel
wall (1). The highly regulated hemostatic system functions in equilib-
rium between two extremes: coagulation and fibrinolysis (2). On one
hand by initiating the coagulation cascade, which comprises a network
of highly, correlated and controlled reactions and is triggered either by
the extrinsic (tissue factor) or the intrinsic pathways (Factor XIa), acti-
vating thrombin to generate cross-linked fibrin polymers (1). On the
other hand, in the fibrinolytic system, the protein C pathway comprises
the major physiological anticoagulant mechanism and is activated on
the surface of endothelial cells by the thrombin-thrombomodulin com-
plex (3). Activated protein C subsequently binds protein S and inhibits
coagulation by degrading FVIIIa and FVa on the surface of negatively
charged membranes by stimulating fibrinolytic activity (4, 5). Deficien-
cies or defects in the protein C (PC)3 anticoagulant pathway are associ-

ated with the increased risk of venous thromboembolism (6). The PC
pathway also plays an important role in inflammatory processes and
activated PC has been implicated in anti-apoptotic and neuroprotective
activities (7).
Snake venom serine proteinases belong to the trypsin subfamily of

enzymes, share significant sequence identity (50–70%), and display high
specificity toward macromolecular substrates. These enzymes interfere
in the control and regulation of the hemostatic system at different key
points ranging from the coagulation cascade to the fibrinolytic feedback
system (8) and are characterized as activators of the fibrinolytic system
(plasminogen activators), procoagulant (thrombin-like enzymes), anti-
coagulant (PC activators), and platelet-aggregating enzymes (9). Trim-
eresurus stejnegeri venom plasminogen activator converts plasminogen
to plasmin by cleavage of the peptide bond Arg561–Val562 with high
substrate specificity and is resistant to inhibition (10, 11). Batroxobin, a
thrombin-like enzyme from Bothrops atrox venom used for the treat-
ment of thrombotic diseases (12), converts fibrinogen to fibrin by cleav-
ing fibrinopeptide A (A� 1–16) at the N-terminal portion of the
A�-chain forming a non-cross-linked “soft clot” that is rapidly removed
from the circulatory system by the fibrinolytic mechanism resulting in a
defibrinogenerating effect. The PC activator from Agkistrodon contor-
trix contortrix venom, commercially referred to as Protac�, specifically
converts PC to activated PC by hydrolyzing the Arg169–Leu170 bond,
functioning independently of plasmatic factors in comparison to the
physiological activation of PC by thrombin which is dependent on the
participation of thrombomodulin (13). The PC activator, from A. con-
tortrix contortrix venom, induced zymogen activation is clinically used
in assays of functional PC determination, total protein S content, and
other protein S functional assays (14) in plasma, since catalytically active
PC can easily be detected by coagulation tests or by utilizing chromo-
genic substrates.
We present the first crystal structures of the PC activator from the

venom of the copperhead snake A. contortrix contortrix (ACC-C), a
single-chain glycosylated serine proteinase that is a fast-acting PC acti-
vator, both in the native and inhibited states at 1.65 and 1.54 Å resolu-
tions, respectively. These results provide information at the molecular
level concerning the alternative PC activation pathway that is independ-
ent of thrombomodulin, the central physiological barrier against
thrombosis and could serve as a basis for the structure-based design of
clinically useful molecules and in the treatment of thromboembolism.
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MATERIALS AND METHODS

ACC-C, provided by Pentapharm (Basel, Switzerland), was dissolved
to a concentration of 10 mg/ml in a 20 mM Hepes (pH 7.5) buffer that
also contained 10mM sodium chloride and 1mMdithiothreitol. Crystals
were obtained at 18 °C by equilibration of the protein solution (1 �l)
against a reservoir solution containing 2.0 M ammonium sulfate and 100
mM sodium acetate (pH 4.6) utilizing the hanging-drop vapor diffusion
method. The benzamidine-inhibited ACC-C complex was obtained by
soaking crystals for 45 s in a cryo-protectant solution (20% (v/v) glyc-
erol) that additionally contained 50 mM benzamidine. Dose-dependent
x-ray diffraction data were collected from cryo-protected crystals at
100 K at a synchrotron radiation source (CPr Beamline-Laboratório
Nacional de Luz Sı́ncrotron, Campinas, Brazil) where the wavelength
was fixed at 1.438 Å, diffraction intensities were measured utilizing a
Mar CCD165 detector (Mar Inc.), and the diffraction intensities were
reduced and scaled using the DENZO/SCALEPACK suite of programs
(15). Both the native and benzamidine-inhibited crystals are isomor-
phous, belong to the monoclinic space group C2, and contain one pro-
tein molecule in the asymmetric unit. The crystal structure of ACC-C
was solved by molecular replacement (AMoRe) (16) initially using the
atomic coordinates of T. stejnegeri venom plasminogen activator (Pro-
tein Data Bank entry: 1BQY) (11) as a search model. Positional and
restrained isotropic B-factor refinements were performed using REF-

MAC5 (17), all model building was carried out utilizing TURBO-
FRODO (18), and PROCHECK (19) was utilized to evaluate the stereo-
chemistry of the final models. The data collection, processing, and
refinement statistics are presented in TABLE ONE.

RESULTS

The crystal structures of both native and benzamidine-inhibited
ACC-C have been refined at 1.65 and 1.54 Å resolutions to crystallo-
graphic residuals of 16.7% (Rfree � 19.6%) and 16.7% (Rfree � 19.1%),
respectively. An analysis of the stereochemistry of the final models indi-
cates that the main-chain dihedral angles for all residues are located in
the permitted regions of the Ramachandran diagram and that the root
mean square (r.m.s.) deviations from ideal values are distributed within
the expected ranges for well refined structures (TABLE ONE).
In analogy to the structures of trypsin-like serine proteinases, the

structure of ACC-C consists of two domains (S and S�) each containing
a six-stranded �-barrel and two short �-helices (residues: 165–173 and
235–244, sequence numbering is based on chymotrypsinogen) (20) (Fig.
1,A andB). The catalytic triad (His57, Asp102, and Ser195) is located at the
junction of both barrels and is surrounded by the conserved 70-, 148-,
and 218-loops, and the non-conserved 37-, 60-, 99-, and 174-loops (Fig.
1, A and B).
ACC-C contains 16% carbohydrate, including glucosamine, neura-

TABLE ONE

Data collection and refinement statistics
Statistical values for the highest resolution shells are indicated in parentheses. LNLS, Laboratório Nacional de Luz Sı́ncrotron.

Native state Inhibited state

Crystal preparation
Cryoprotectant solution Mother liquor � 20% glycerol Mother liquor � 20% glycerol � 50 mM

benzamidine
Soaking time 30 s 45 s

Data collection
Wavelength (Å) 1.438 1.438
Temperature (K) 100 100
Detector MARCCD MARCCD
Synchrotron radiation source CPr beamline/LNLS-Brazil CPr beamline/LNLS-Brazil
Space group C 2 C 2
Unit cell parameters (Å, °) a � 79.87, b � 63.30, and c � 48.24; � � 99.80 a � 80.52, b � 63.46, and c � 48.22; � �

99.85
Number of molecules in the asymmetric unit 1 1
Solvent content (%) 42.4 41.7
VM (Å3/Da) 2.15 2.12
Number of reflections 487,208 409,068
Number of unique reflections 28,664 (2835) 35,447 (5817)
�I/�(I)� 20.0 (2.9) 18.3 (3.5)
Multiplicity 7.8 (7.5) 6.4 (5.8)
Completeness (%) 99.8 (99.6) 99.9 (99.8)
Rmerge

a (%) 9.0 (64.5) 8.4 (49.2)
Refinement statistics
Rfactor (%) 16.7 16.7
Rfree (%) 19.6 19.1
r.m.s. deviation bond distances (Å) 0.011 0.010
r.m.s. deviation bond angles (°) 1.492 1.453
Average B-factors (Å2) 21.2 17.3

Ramachandran plot analysis
Most favored regions (%) 83.9 82.8
Allowed regions (%) 15.1 16.1
Generously allowed regions (%) 1.0 1.0

a Rmerge � ��I(h)I � {I(h)}�/�{I(h)}, where Ih is the observed intensity of the ihmeasurement of reflection h, and {I(h)} is themean intensity of reflection h calculated after scaling.
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minic acid, and neutral hexose (13, 21), the consensus signal sequence
for the attachment of carbohydrate moieties to asparagines (Asn-X-
Thr/Ser, whereX represents any amino acid) was identified at positions
38, 96A, and 148. In both the structures, clear electron density was
observed for the N-acetyl-D-glucosamine monosaccharide, which is
N-linked to Asn96a and Asn148; however, themoiety linked to Asn38 was
inserted based on the presence of diffuse electron density (Fig. 1B). The
three carbohydratemoieties are strategically positioned at the tips of the
37-, 99-, and 148-loops, which form the entrance to the active-site
pocket (Fig. 1B) and modulate the selectivity toward macromolecular
substrates (discussed below). Two snake venom serine proteinase iso-
forms, AaV-SP-I and AaV-SP-II, from Agkistrodon acutus, also posses
an N-linked carbohydrate group (Asn35) that is considered to interfere
with the binding of macromolecular inhibitors (22). In contrast, T. stej-
negeri venom plasminogen activator (TSV-PA) has a unique glycosyla-
tion site at Asn178 located on the opposite face (23) and apparently does
not play a role in the binding macromolecular substrates at the interfa-
cial site.
The electron density (2 � level) for the benzamidine molecule bound

to the carboxylate oxygen atoms of Asp189 is clearly defined (Fig. 2A)
and indicates amode of interaction similar to that observed in the struc-
tures of benzamidine-inhibited trypsin-like enzymes (24). A sulfate ion
is coordinated by His57, Arg60, Gly193, Ser195, and two water molecules
both in the native state and benzamidine-inhibited states (Fig. 2B),
which suggests that the catalytic triad is unaffected by benzamidine
binding and could account for the residual amidolytic activity observed
in benzamidine-inhibited ACC-C toward small substrates (25).
The binding of benzamidine at the S1 subsite results in significant,

structural modifications in the C-terminal extension (244–245e),
99-loop (Cys91, Leu92, and Asn93), 174-loop, and in the 37-loop (r.m.s.
deviations up 2.97Å) (Figs. 1B and 3). The anion-binding pocket formed
between the highly conserved C-terminal extension and the 99-loop,
stabilized by a disulfide bridge (Cys91–Cys245e) and a salt bridge
(between Pro245g and Lys101), binds either SO4

2� or Cl1� ions depending
on the presence or absence of a benzamidine molecule at the active site

(Figs. 1B and 3). In native ACC-C, Arg82# (# indicates amino acids from
a symmetry equivalent molecule) also participates in the coordination
of the sulfate ion by forming a hydrophilic pocket (between Arg82#,
Arg83#, and Phe84#, Fig. 3) and binds a water molecule. In benzamidine-
inhibited ACC-C, Arg82# also coordinates the Cl1� ion but adopts a
different conformation thereby modifying the Arg82#, Arg83#, Phe84#

loop. The phenyl ring of Phe84# functioning as a lid moves inwards
creating a local hydrophobic environment that prevents the binding of
the fore mentioned water molecule. These structural changes suggest
the possible existence of an allosteric mechanism functioning between
the active-site pocket and the C-terminal extension that preferentially
binds Cl1� instead of SO4

2� in response to substrate or inhibitor binding
at the S1 subsite.
Superpositioning of the structure of ACC-C with TSV-PA results in

179 topologically equivalent C� positions with r.m.s. deviations of 0.54
Å, indicating a high degree of structural similarity in agreement with the
observed sequence identity of 75% (Fig. 1A). The S domain is highly
conserved and the notable structural differences are in the surface loops
surrounding the active-site pocket, mainly, the 37-, 60-, and 99-loops
which form the S� domain (Fig. 4). The 37-loop located at southeast
corner of the S� domain, is stabilized by a disulfide bridge (Cys42–Cys58),
presents a single deletion at position 37 and a N-linked Asn at position
38, which results in the formation of a truncated loop when compared
with TSV-PA (r.m.s. deviation up 5.5 Å). The 60-loop is positively
charged in ACC-C due to Arg60 and Arg64, whereas in TSV-PA it is
negatively charged (Fig. 4). The positioning of Arg60 and Asp189 creates
a polar environment between the S and S� domains (Fig. 5). Thus, zwit-
terzonic inhibitors, such as 4-(4-amidinephenyl)butanoic acid, that
contain a guanidine head group and a carboxylic tail could bind simul-
taneously to Asp189 and Arg60 blocking the S1 subsite and restricting
access to the catalytic triad.
Dansyl-Glu-Gly-Arg-chloromethyl ketone (dansyl-EGR-cmk) and

D-Phe-Pro-Arg-cmk rapidly inhibit both the amidolytic and anticoagu-
lant activities of ACC-C (13). The structure of ACC-C was superim-
posed on the structure of the human single-chain tissue plasminogen

FIGURE 1. Ribbon representations of the superimposed crystal structures of ACC-C and TSV-PA (A), highliting the loops that are different in ACC-C (red) and TSV-PA (blue), the amino
acids that form the catalytic triad are atom color-coded (white, carbon; red, oxygen; and blue, nitrogen). B, the superimposed structures of ACC-C in the native and benzamidine-
inhibited states. The carbohydrate moieties are color-coded (yellow, carbon; red, oxygen; and blue, nitrogen) and the catalytic triad, sulfate ion, and benzamidine molecule are
color-coded as described for A. The structural changes between native and inhibited ACC-C are colored in blue and red, respectively.

Thrombomodulin-independent Activation of the Protein C Pathway

NOVEMBER 25, 2005 • VOLUME 280 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 39311

27



complexed with dansyl-EGR-cmk (Protein Data Bank entry: 1BDA)
(26), and the relative position of dansyl-Glu-Gly-Arg-cmk was sub-
jected to energy minimization. This indicates that the interaction
between Arg4 from dansyl-Glu-Gly-Arg-cmk and Asp189 at the S1 sub-
site is maintained by hydrogen bonds formed between the carbonyl
oxygen of Gly3, Lys192Ne, and the carboxylate group of Glu2 and
Asn218N�2. The dansyl naphthalene ring forms hydrophobic interac-
tions with the side chains of Trp99, Leu172, and Val215. These interac-
tions could account for the efficient inactivation of ACC-C by Arg-
chloromethyl ketone derivatives.
Binding of natural macromolecular inhibitors (bovine pancreatic

trypsin inhibitor and soybean trypsin inhibitor) would be prevented by
the steric clash caused by the indole ring of Trp99 in ACC-C and by the
phenyl ring of Phe193 in TSV-PA (Fig. 5). Interactions of these inhibitors
would also be restricted by the carbohydrate moieties present on the

interfacial surface of ACC-C (Fig. 1B) and AaV-SP-I/II from Agkistro-
don acutus venom (22).
Another significant feature of ACC-C, apart from the three carbohy-

drate moieties distributed strategically around the active-site pocket, is
the significant positive charge present on the interfacial surface (Fig. 6A)
due to the presence of several arginine residues exposed to the bulk
solvent that could bind polyanionic compounds. The amidolytic activity
of ACC-C is almost completely (98%) inhibited by heparin (13) probably
as a result of binding at this site. This site is negatively charged in
TSV-PA (Fig. 6B) and may account for the role of electrostatic interac-
tions in the selectivity of snake venom serine proteinases.
Under physiological conditions, the primary binding site of the 37-

and 70-loops of PC zymogen in the thrombin-thrombomodulin com-
plex is formed by a number of polar and charged side chains, which form
an extended solvent-exposed region on thrombomodulin epidermal
growth factor-like domains 4 and 5 (TME45) (27). The negatively
charged activation peptide (sequence QVDPRLIDGK) of PC was mod-
eled based on the crystal structure of Gla-domainless activated PC (Pro-
tein Data Bank entry: 1AUT) (28) and the interactions formed by nem-
atode anticoagulant protein 5 fromAncylostoma caninium (NAP5)with
factor Xa. In this model, electrostatic interactions formed between the
positively charged surface of ACC-C created by the eight arginine resi-
dues (at positions 56, 60, 65, 82, 83, 107, 110, and 113) and the acidic
residues of the activation peptide and the interaction ofArg60 (discussed
above) that forms the P3� subsite with Asp172 (P3�) are crucial (Fig. 6, C
and D).
Additionally, the three carbohydrate moieties that form prongs on

the interfacial surface of ACC-C are probably important in the recog-
nition and orientation of PC zymogen during activation. In physiologi-
cal PC activation, the carbohydrate moieties are not considered to be
important and are not required either for thrombin binding or for co-
factor activity as indicated by the activity of thrombomodulin expressed
in Escherichia coli (29, 30).

DISCUSSION

The vitaminK-dependent enzymePC (31) is physiologically activated
by cleavage of theArg169–Leu170 bond by the thrombin/thrombomodu-

FIGURE 2. Electron densities and interactions observed for the benzamidine molecule (A) and the sulfate ion at the S1 subsite and the catalytic site (B), respectively. The
electron densities (blue cages) are contoured at the 1 � level in the 2Fo � Fc map; interrupted lines and numbers indicate hydrogen bonds and distances, respectively.

FIGURE 3. Stereo view of the anion-binding site for the superimposed native (white,
carbon) and inhibited (yellow, carbon) states. The sulfate ion is color-coded (red, oxy-
gen and orange, sulfur), and the chloride ion is represented by a green sphere. The hydro-
gen bonds (broken lines) formed between the sulfate ion and the amino acids residues in
native-ACC are colored red, and the hydrogen bonds between the chloride ion and the
amino acid residues in inhibited ACC-C are in black. Atoms belonging to a symmetry
equivalent molecule are indicated by a # following the number.
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lin complex and functions as an anticoagulant enzyme by deactivating
factors Va and VIIIa (32). Functional assays of PC activation are com-
plicated either by incomplete activation by thrombin or by the interfer-
ence of thrombin in chromogenic assays. The ACC-C commercialized
by Pentapharm as Protac® does not rely on other plasmatic factors and is
clinically used for PC assays by the direct chromogenic method, by the
indirect chromogenic method based on activated partial thromboplas-
tin time, or by a functional clotting assay (13, 14). Since the activation
product of ACC-C is not influenced by the inhibitory effect of PC inhib-
itors, time-consuming adsorption steps to separate PC are not required
(14).
Analysis of the crystal structures of native and inhibited ACC-C indi-

cates that binding of benzamidine does not involve the residues of the

catalytic triad, which could account for the residual amidolytic activity
observed when benzamidine and benzamidine derivatives are used as
inhibitors (25). However, benzamidine binding induces significant
structural changes: (i) the 37-loop adopts a different conformation, (ii)
the anion-binding site located at the extended C terminus formed by
Cys91, Leu92, Asn93, Cys245e, Thr245d, and Arg82# (from a symmetry
equivalent molecule) preferentially binds Cl1� instead of SO4

2�, and (iii)
when the N� and N�2 atoms of Arg82# coordinate the SO4

2� ion, the
phenyl ring of Phe84# shields the hydrophobic micro-environment
formed between Arg82# and Phe84#. However, when the N�1 and N�2

atoms of Arg82# coordinate the Cl1� ion, the phenyl ring of Phe84# flips
out and the resulting altered geometry at this site creates a hydrophilic
microenvironment, which permits the binding of a water molecule.

FIGURE 4. Multiple sequence alignment of
ACC-C (A. contortrix contortrix protein C activa-
tor, GenBankTM accession code P33588), both-
rombin (thrombin-like enzyme from Bothrops
jararaca, GenBankTM accession code P81661),
batroxobin (thrombin-like enzyme from B.
atrox, GenBankTM accession code CAA31240),
TSV-PA (T. stejnegeri venom plasminogen acti-
vator, GenBankTM accession code Q91516),
and GHV-PA (Gloydius halys venom plasmino-
gen activator, GenBankTM accession code
AAD01624). The numbering scheme refers to
chymotrypsinogen. Residues colored in light gray
are identities and in dark gray are highly con-
served, and the loops discussed in the text are
boxed.

FIGURE 5. Stereo view of the active-site pocket
for the superimposed structures of ACC-C
(white, carbon) and TSV-PA (yellow, carbon).
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These structural changes indicate the possible existence of an allosteric
mechanism.
The polar character of the ends of the active site observed in the

crystal structure of ACC-C indicates that zwitterzonic inhibitors such
as 4-(4-amidinephenyl)butanoic acid would bind optimally with the
guanidine and carboxylic sections interacting with Asp189 and Arg60,
respectively, thus contributing to substrate specificity. The potent
inhibitory effects on both amidolytic and anticoagulant activities
induced by D-Phe-Pro-Arg-cmk and derivatives such as dansyl-Glu-
Gly-Arg-cmk and dansyl-Gly-Gly-Arg-cmk are mainly due to the
hydrogen bonds formed to Lys192 and Asn218 and hydrophobic interac-
tions with Trp99, Leu172, and Val215, which simultaneously occupy the
S1 subsite and modulate access to the catalytic site.
The two significant differences between ACC-C and TSV-PA are: (i)

the positively charged surface surrounding the catalytic site and (ii) the
three carbohydrate moieties that protrude on the surface of ACC-C,
which probably play a pivotal role in macromolecular substrate recog-
nition or specificity. Both ACC-C and TSV-PA share a long circulating
half-life and demonstrate high resistance to protein-type macromolec-
ular inhibitors, making them interesting targets for drug design. Mac-
romolecular substrates such as bovine pancreatic trypsin and soybean
trypsin inhibitors are unable to bind to TSV-PA due the positioning of
the phenyl ring of Phe193 and in AaV-SP-I/II due to the presence of
extendedN-linked carbohydrate groups in the 37-loop. In ACC-C, both
these strategies are utilized simultaneously, whereas position 193 is
occupied by a glycine, the indole of Trp99 and theN-linked oligosaccha-
rides are positioned to prevent interaction with these macromolecular
inhibitors.

Under physiological conditions, thrombin depends on thrombo-
modulin to switch between functioning as a coagulant or anticoagulant
enzyme and the TME45 domains form the primary binding site of the
PC zymogen, permitting the hydrolysis of the scissile bond between
Arg169 and Leu170. In the thrombomodulin-independent activation of
PC by ACC-C the positive charge present on the interfacial surface and
carbohydrate moieties are important features that could play crucial
roles in PC recognition/binding/activation.

Acknowledgment—We are grateful to Dr. T. Schreier (Pentapharm, Basel) for
providing the samples of ACC-C (Protac�).

REFERENCES
1. Colman, R. W., Marder, V. J., Salzman, E. W., and Hirsh, J. (1994) inHemostasis and

Thrombosis: Basic Principles and Clinical Practice (Colman, R. W., ed) 3rd Ed.,
pp. 3–18, J. B. Lippincott Company, Philadelphia

2. Davie, E. W., Fujikawa, K., and Kisiel, W. (1991) Biochemistry 30, 10363–10370
3. Esmon, C. T., and Fukudome, K. (1995) Semin. Cell Biol. 6, 259–268
4. Walker, F. J., Sexton, P. W., and Esmon, C. T. (1979) Biochim. Biophys. Acta 571,

333–342
5. Fulcher, C. A., Gardiner, J. E., Griffin, J. H., and Zimmerman, T. S. (1984) Blood 63,

486–489
6. Schwarz,H. P., Fischer,M.,Hopmeier, P., Batard,M.A., andGriffin, J. H. (1984)Blood

64, 1297–1300
7. Griffin, J. H., Zlokovic, B., and Fernandez, J. A. (2002) Semin. Hematol. 39, 197–205
8. Tu, A. T. (1991) in Handbook of Natural Toxins (Tu, A. T., ed) 1st Ed., pp. 827–830,

Marcel Dekker, New York
9. Marsh, N., and Williams, V. (2005) Toxicon 45, 1171–1181
10. Zhang, Y., Wisner, A., Maroun, R. C., Choumet, V., Xiong, Y., and Bon, C. (1997)

J. Biol. Chem. 272, 20531–20537
11. Parry, M. A., Jacob, U., Huber, R., Wisner, A., Bon, C., and Bode, W. (1998) Structure

FIGURE 6. Surface charge distribution of the channel leading to the catalytic site in ACC-C (A) and TSV-PA (B) in the same relative orientation. The S1 subsites are indicated by yellow
arrows. C, surface charge of protein C zymogen; the yellow ring indicates the position of the modeled activation peptide. D, stereo view of the proposed interactions of the modeled
activation peptide of protein C (stick model) in the active site cleft (charged surface).

Thrombomodulin-independent Activation of the Protein C Pathway

39314 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 280 • NUMBER 47 • NOVEMBER 25, 2005

30



(Camb.) 6, 1195–1206
12. Stocker, K. (1978) in Handbook of Experimental Pharmacology (Markwardt, F., ed)

1st Ed., pp. 451–484, Springer-Verlag, Berlin
13. Kisiel., W., Kondo, S., Smith, K. J., McMullen, B. A., and Smith, L. F. (1987) J. Biol.

Chem. 262, 12607–12613
14. Gempeler-Messina, P. M., Volz, K., Bühler, B., andMuller, C. (2001)Haemostasis 31,

266–272
15. Otwinowski, Z., and Minor, W. (1997)Methods Enzymol. 276, 307–326
16. Navaza, J. (1994) Acta Crystallogr. Sect. A 50, 157–163
17. Murshudov,G.N., Vagin, A. A., andDodson, E. J. (1997)ActaCrystallogr. Sect. DBiol.

Crystallogr. 53, 240–255
18. Jones, T. A. (1985)Methods Enzymol. 115, 157–171
19. Laskowski, R. A., MacArthur, M.W., Moss, D. S., and Thornton, J. M. (1993) J. Appl.

Crystallogr. 26, 283–291
20. Harley, B. S., and Shotton, D. M. (1971) in The Enzymes (Boyer, P. D., ed) 1st Ed.,

pp. 323–373, Academic Press, New York
21. McMullen, B. A., Fujikawa., J., and Kisiel, W. (1988) Biochemistry 28, 674–679

22. Zhu, Z., Liang, Z., Zhang, T., Zhu, Z., Xu, W., Teng, M., and Niu, L. (2005) J. Biol.
Chem. 280, 10524–10529

23. Zhang, Y., Wisner, A., Xiong, Y., and Bon, C. (1995) J. Biol. Chem. 270, 10246–10255
24. Bode, W., and Schwager, P. (1975) J. Mol. Biol. 98, 693–717
25. Sturzebecher, J., Neumann, U., and Meier, J. (1991) Toxicon 29, 151–155
26. Renatus, M., Engh, R. A., Stubbs, M. T., Huber, R., Fischer, S., Kohnert, U., and Bode,

W. (1997) EMBO J. 16, 4797–4805
27. Fuentes-Prior. P., Iwanaga, Y., Huber, R., Pagila, R., Rumennik, G., Seto, M., Morser,

J., Light, D. R., and Bode, W. (2000) Nature 404, 518–525
28. Mather, T., Oganessyan, V., Hof, P., Huber, R., Foundling, S., Esmon, C., and Bode,W.

(1996) EMBO J. 15, 6822–6831
29. Nagashima,M., Lundh, E., Leonard, J. C.,Morser, J., and Parkinson, J. F. (1993) J. Biol.

Chem. 268, 2888–2892
30. Adler, M., Seto, M. H., Nitecki, D. E., Lin, J. H., Light, D. R., and Morser, J. (1995)

J. Biol. Chem. 270, 23366–23372
31. Stenflo, J. (1976) J. Biol. Chem. 251, 355–363
32. Esmon, C. T. (1989) J. Biol. Chem. 264, 4743–4746

Thrombomodulin-independent Activation of the Protein C Pathway

NOVEMBER 25, 2005 • VOLUME 280 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 39315

31



iii. Convulxina

Convulxina (CVX), uma lectina tipo C, isolada do veneno da serpente
Crotalus durissus terrificus, causa distúrbios cardiovasculares e respiratórios e é
uma potente ativadora de plaquetas via interação com glicoproteína VI (Vargaftig
et al., 1980). A estrutura cristalina de CVX mostrou que sua estrutura quaternária
é formada por 4 heterodímeros ( )4 ligados por pontes disulfeto formando uma
estrutura cíclica, o que explica seu comportamento hidrodinâmico atípico. Outra
peculiaridade da CVX é não ser capaz de ligar cálcio como nas proteínas de
ligação de FIX e flavocetina A devidas mutações locais que interferem no perfil
eletrostático do sítio de ligação de cálcio. A sobreposição da CVX sobre outras
lectinas tipo C do veneno de serpentes estruturalmente homólogas, mostra que
CVX unicamente não interage com fator von Willebrand, pois apresenta deleções
no laço de interação com fator von Willebrand, que está localizado na região entre
as cadeias e da estrutura heterodimérica. Outras lectinas tipo C de venenos de
serpentes também ativam a agregação plaquetária, porém dependem da prévia
complexação com fator von Willebrand e posterior interação com glicoproteina
Ib Estes estudos comparativos e espalhamento de raios X a baixos ângulos
estão atualmente sendo usados para compreender seu modo de funcionamento.

Figura 4: Sobreposição das estruturas de CVX (cinza) sobre a botrocetin (azul)
complexada com fator von Willebrand (laranja). As diferenças estruturas no sítio
de interação com fator von Willebrand está evidenciado em vermelho.
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Abstract

Convulxin (CVX), a C-type lectin, isolated from the venom of the South American rattlesnake Crotalus durissus terrificus, causes

cardiovascular and respiratory disturbances and is a potent platelet activator which binds to platelet glycoprotein GPVI. The

structure of CVX has been solved at 2.4�AA resolution to a crystallographic residual of 18.6% (Rfree ¼ 26.4%). CVX is a disulfide

linked heterodimer consisting of homologous a and b chains. The heterodimers are additionally linked by disulfide bridges to form

cyclic a4b4heterotetramers. These domains exhibit significant homology to the carbohydrate-binding domains of C-type lectins, to

the factor IX-binding protein (IX-bp), and to flavocetin-A (Fl-A) but sequence and structural differences are observed in both the

domains in the putative Ca2þand carbohydrate binding regions.

� 2003 Elsevier Inc. All rights reserved.

Keywords: C-type lectin; Platelet activation factor; Snake venom; Crotalus durissus terrificus; Crystal structure; Cyclic a4b4heterotetramer

Convulxin (CVX), a glycosylated C-type lectin iso-

lated from the venom of the South American rattlesnake

Crotalus durissus terrificus [1], does not display phos-

pholipase, esterolytic or amidolytic activities and does

not interfere with the plasmatic factors. CVX is a potent

platelet activation factor (PAF) [1–5] which causes car-

diovascular and respiratory disturbances. CVX stimu-

lates thrombocytes resulting in aggregation and the
release of ADP, and interacts with the platelet glyco-

protein GPVI [6]. CVX activates mammalian platelets

through a mechanism that involves binding and clus-

tering of GPVI receptors [4]. This clustering of GPVI

receptors results in the activation of Src kinases [7],

phosphorylation of the Fc receptor, and activation of

p72SYK which are considered to play a role in down-

stream activation of platelets [4]. CVX functions via a
Ca2þ dependent mechanism which is independent of

galactose or mannose, fibrinogen, and ADP [2]. Aspirin

(100 lM) does not interfere with activity, indicating that

thromboxane A2 synthesis which is stimulated by

CVX is independent of cyclooxygenase. Fibrinogen,

a-thrombin, RGDS peptides [8], and adrenaline do not

inhibit the high affinity (Kd ¼ 30 pM) binding of CVX to

the collagen receptor GPVI [9]. CVX activity can be

reversed by the inclusion of EDTA or protacyclin and
prostaglandins are strong inhibitors of CVX-induced

aggregation. Doses of 0.001–0.1 lg/mL result in about

50% activation of washed platelets [10]. Small doses of

CVX do not cause lysis of the platelet membrane,

whereas intravenously administered larger doses (3 lg/
kg) may be cytolytic as evidenced by the liberation of

serotonin and biogenic amines [11].

CVX is a disulfide linked heterodimer composed of
two homologous subunits CVXa (13.9 kDa) and

CVXb (12.6 kDa) [12] which also display significant

homology to the carbohydrate recognition domain

(CRD) of the C-type lectin family [13], but lack the

*Corresponding author. Fax: +55-17-221-22-47.
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consensus sequence for both carbohydrate and Ca2þ

binding [12].

We present here the crystal structure of CVX which is

the first structure of a protein isolated from the venom

of C. d. terrificus using high-resolution X-ray crystallo-

graphic techniques.

Materials and methods

CVX was purified and crystallized as described previously [14].

Briefly, crude lyophilized venom was obtained from a local serpen-

tarium and 250mg was dissolved in 5ml of a 20mM Tris–HCl (pH 8.0)

buffer. This solution was then applied on a benzamidine–Sepharose

(CL6B) affinity column to remove the thrombin-like enzyme giroxin.

The unbound fraction which contained CVX was pooled and further

purified on a Sephacryl S300 column. The sample was then concen-

trated to 10mgml�1 in Centricon micro-concentrators (Amicon).

Silver stained SDS gels (9%) indicated the presence of a ladder-like

distribution attributed to various states of aggregation of the a and b
chains. However, dynamic light scattering (Dynapro 801) conducted at

18 �C indicated the presence of a single mono-dispersive population

with an estimated molecular mass of 100,000 kDa.

Crystals were obtained when a 10mgml�1 protein solution of CVX

was equilibrated against a reservoir solution of 100mM sodium acetate

buffer containing 200mM CaCl2, pH 4.6, and 14% of 2-methyl-2,4-

pentanediol [14].

X-ray diffraction data were collected using a Rigaku RU300 ro-

tating anode generator operating at 50 kV and 80mA equipped with

osmic mirrors and a MAR345 (MAR Research) imaging plate detec-

tor. A single crystal with a maximum dimension of 0.1mm was

transferred to a cryoprotectant solution which contained 20% glycerol

and flash-frozen and diffraction data were collected at 100K. The

crystals belong to the space group I4 with unit cell parameters

a ¼ b ¼ 131:55�AA and c ¼ 112:91�AA and diffraction was observed to a

maximum resolution of 2.2�AA; however, data beyond 2.4�AA were weak

and were not used. The data were indexed and reduced using the

DENZO/SCALEPACK [15] suite of programs (Table 1).

The molecular masses of the a- and b-subunits of CVX are 13.9 and

12.6 kDa, respectively, resulting in a combined molecular mass of

26.5 kDa for the ab-heterodimer. Matthews parameter values [16] of

4.8 and 3.2 were obtained for the presence of two or three heterodimers

in the asymmetric unit which correspond to solvent contents of 73.2%

and 59.8%, respectively.

The crystal structure was solved using the atomic coordinates of the

C-type lectin Fl-A [17; PDB Code 1C3A] stripped of solvent molecules.

Molecular replacement using the program AMoRe [18] provided a

clear solution for the two ab-heterodimers in the asymmetric unit using

data in the resolution range 30.0–3.0�AA, confirming the existence of two

heterodimers in the asymmetric unit with a corresponding solvent

content of 73.2%. Rigid body refinement of this solution resulted in a

correlation coefficient of 41.5% and an R-factor of 50.3%. Refinement

was carried out imposing non-crystallographic symmetry restraints

and following the simulated annealing (3000K) and positional refine-

ment procedures as incorporated in the program CNS [19]. The re-

finement was interspersed with successive rounds of model building

using TURBO FRODO (Biographics, Marseille, France) and resulted

in an R-factor of 27.3% (Rfree ¼ 33.1%). TLS and restrained refinement

was carried out with Refmac5 [20] as implemented in the CCP4

package [21] and the refinement converged to a R-factor of 18.4%

(Rfree ¼ 25.7%) for all data between 30.0 and 2.4�AA without utilizing

either a r or an intensity cutoff (Table 1).

The stereochemistry of the final model was examined using PRO-

CHECK [22] (Table 1) and indicated that the model possessed excel-

lent stereochemistry. As much as 99.1% of the residues are located in

the favoured region in the Ramachandran plot [23]. The only excep-

tions are amino acids Asp12a and Asp12b in both molecules in the

asymmetric unit which form a turn.

Results

Sequence alignments of the a- and b-subunits of CVX
with the corresponding subunits of IX-bp and Fl-A

from the venom of Trimeresurus flavoviridis indicate

high sequence homology (Fig. 1). The disulfide bonding
pattern is highly conserved except that counterparts of

the C-terminal cysteine (Cys135) of the a-subunit and

N-terminal cysteine (Cys3) of the b-subunit in CVX are

present in Fl-A but are absent in IX-bp.

Quatenary structure

The a- and b-subunits of CVX are linked by a

disulfide bridge formed between Cys81a and Cys77b
(Fig. 2) and these ab-heterodimers are structurally

similar to the heterodimers reported in the crystal

structures of the IX-bp [24] and Fl-A [17] from

T. flavoviridis.

A number of studies have indicated that CVX exists

as an a3b3 protein based on its hydrodynamic behav-

iour. However, the presence of an additional disulfide

bridge formed between neighbouring ab-heterodimers
(Cys135a and Cys3bÞ results in the generation of a

cyclic a4b4 tetramer in the structures of CVX (Fig. 3)

and Fl-A [17]. The crystal structure of Fl-A contains a

single disulfide linked cyclic a4 b4 tetramer in the

asymmetric unit [17]. In CVX, two ab-heterodimers are

Table 1

Data collection and refinement statistics

Data collection

Space group I4
Unit cell dimensions (�AA) a ¼ b ¼ 131:55; c ¼ 112:91

Max. resolution (�AAÞ 2.4

No. of unique reflections 36,900

Rmerge (%) (last shell) 6.1 (40.4)

Completeness (%) (last shell) 97.6 (98.8)

I/rI (last shell) 12.1 (1.9)

Refinement

Resolution range (�AA) 30.0–2.4

R (%) 18.4

Rfree (%) 25.7

No. of non-hydrogen atoms 4318

No. of solvent molecules 197

Mean B-value protein atoms (�AA2) 47.3

Mean B-value solvent atoms (�AA2) 45.9

r.m.s. deviations from ideal values

Bond lengths (�AA) 0.032

Bond angles (�) 2.639

Torsion angles (�) 8.429
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present in the asymmetric unit each forming cyclic a4b4

tetramers which are stacked on each other and reflect

the I4 space group symmetry (Fig. 2). Thus, the

anomalous behaviour of CVX in size exclusion chro-

matography and in native gels suggesting that it is an

a3b3 can be attributed to the presence of the large

solvent channel with a mean diameter of approximately
70�AA (Fig. 2).

Putative Ca2+-binding site

In the a-subunit of IX-bp, the calcium ion is coor-

dinated by Ser43, Glu45, Glu49, and Glu130 (amino

acid numbering based on homology with CVX). In

CVXa, the sequence in this region is Ser43, Lys45,

Glu49, and Lys130. In both Fl-A and CVX, the sub-
stitution of Glu130 by Lys results in the Nf atom oc-

cupying the position of the calcium ion in IX-bp

(Fig. 3A). In the b-subunit of IX-bp, the Ca2þ ion is

coordinated by Ser43, His45, Glu49, and Glu122. In Fl-

A and CVX, this site contains Ser43, His45, Glu49, and

Lys122 (Fig. 3B). Thus, the a- and b-subunits of Fl-A

and CVX do not bind Ca2þ.
CVX is a potent inducer of platelet aggregation

that binds to and acts predominantly via p62/GPVI

[4]. Binding to GP receptors by oligomeric proteins

which consist of four copies of the ab-heterodimer has

been suggested to be more efficient than proteins made

up of single copies of the ab-heterodimer due to

cooperative binding utilizing the multiple binding

sites [17].

The crystal structure of CVX determined at 2.4�AA
demonstrates that the a- and b-subunits are linked

by a disulfide bond to form a heterotetramer which

is linked by an additional disulfide bond to form a

cyclical a4b4heterotetramer as in the structure of Fl-

A [17]. The subunits of CVX do not bind Ca2þ due

to amino acid sequence and structural changes in

the putative calcium binding loop. The unique

structure and properties of CVX reported here
should be useful to further our understanding of the

mechanism of platelet aggregation and activation via

the p62/GPVI component of the platelet collagen

receptor.

Fig. 2. Ribbon representation of the CVX a4b4 cyclic tetramer. The a
and b chains are presented in blue and green, respectively. Inter-chain

and intra-chain disulfide bonds (Ca, Cb, and ScÞ are in pink. Figure

generated using RIBBONS [26]. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version

of this paper.)

Fig. 1. Sequence alignment of the a and b chains of CVX, Fl-A, and IX-bp. This figure was produced using MULTIALIGN [25].
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b. Disrupção de Membranas Biológicas

As membranas biológicas são conjuntos de proteínas, lipídios e glicídios,
dispostos em uma bicamada, que circundam as células, suas organelas e seus
produtos de secreção (Figura 5). Altamente reativas e com uma capacidade
enorme de adquirir as mais diversas conformações espaciais, as membranas
celulares constituem os limites das diversas organelas no interior celular e da
própria célula, cabendo à membrana plasmática essa última função. A membrana
plasmática pode ser considerada como a entidade reveladora dos estados
metabólicos celulares, uma vez que é responsável pelas relações intercelulares ou
aquelas realizadas entre a célula e o seu meio. Seu funcionamento e integridade
dependem fundamentalmente da reposição de seus elementos constituintes,
principalmente de proteínas e lipídios. Qualquer alteração, portanto, dos sistemas
celulares de produção de lipídios ou de proteínas afeta a membrana celular pela
mudança em sua composição bioquímica. Desse modo, as funções da membrana
plasmática ficam comprometidas, fato extremamente crítico para a manutenção
da vitalidade celular.

Nesse capítulo, diversas toxinas responsáveis pela hidrólise de diferentes
componentes lipídicos de membranas biológicas foram caracterizadas
estruturalmente, tais como esfingomielinases D e fosfolipases A2 são
apresentadas.

Figura 5:Modelo mosaico fluido de membranas biológicas.
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i. Esfingomielinase D

Esfingomielinase D é o principal componente tóxico do veneno de aranhas do
gênero Loxosceles responsáveis pela manifestação de dermonecrose, hemólise
intravascular e falha renal aguda, sendo que alguns casos podem resultar em
morte. Essas enzimas catalisam a hidrólise de esfingomielina (Figura 6), um
componente de membranas biológicas semelhante aos fosfolipídios (Figura 6)
resultando na formação de ceramida 1 fosfato e colina ou na hidrólise de
lisofosfatidil colina gerando acido lisofosfatídico.

Nesse trabalho, a primeira estrutura cristalina de um membro da família das
esfingomielinases D foi resolvida pelo método de “quick cryo soaking” (Dauter et
al., 2000), sendo as fases obtidas a partir de um único derivado de iodo e os dados
coletados em um anodo rotatório. As esfingomielinases D têm uma estrutura
( / )8 e um sítio ativo conjugado a um sítio de ligação de magnésio. Baseados
nesses dados estruturais, o mecanismo de ação ácido base foi proposto e,
posteriormente, confirmado por Lee & Lynch (2005). Outro resultado interessante
foi encontrar o mesmo sítio ativo na enzima glicerofosfodiester fosfodiesterase,
considerada enzima chave no metabolismo do glicerol em mamíferos. Estudos
comparativos, análises estruturais e mecanismo de ação estão detalhados nos
trabalhos a seguir.

Figura 6: Representação esquemática de um fosfolipídio (esquerda) e um
esfingolipídio (direita).
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Sphingomyelinases D (SMases D) from Loxosceles spi-
der venom are the principal toxins responsible for the
manifestation of dermonecrosis, intravascular hemoly-
sis, and acute renal failure, which can result in death.
These enzymes catalyze the hydrolysis of sphingomye-
lin, resulting in the formation of ceramide 1-phosphate
and choline or the hydrolysis of lysophosphatidyl cho-
line, generating the lipid mediator lysophosphatidic
acid. This report represents the first crystal structure of
a member of the sphingomyelinase D family from Loxos-
celes laeta (SMase I), which has been determined at
1.75-Å resolution using the “quick cryo-soaking” tech-
nique and phases obtained from a single iodine deriva-
tive and data collected from a conventional rotating
anode x-ray source. SMase I folds as an (�/�)8 barrel, the
interfacial and catalytic sites encompass hydrophobic
loops and a negatively charged surface. Substrate bind-
ing and/or the transition state are stabilized by a Mg2�

ion, which is coordinated by Glu32, Asp34, Asp91, and
solvent molecules. In the proposed acid base catalytic
mechanism, His12 and His47 play key roles and are sup-
ported by a network of hydrogen bonds between Asp34,
Asp52, Trp230, Asp233, and Asn252.

Envenomation by arachnids of the genus Loxosceles (brown
spider), endemic to temperate and tropical regions of the Amer-
icas, Africa, and Europe, leads to local dermonecrosis and also
to serious systemic toxicity. Three principal Loxosceles species
of medical importance are encountered in Brazil (Loxosceles
laeta, Loxosceles intermedia, Loxosceles gaucho), and more
than 2,000 cases of envenomation by L. intermedia alone are
reported each year. In the United States, six Loxosceles species
(including Loxosceles reclusa, brown recluse) are responsible
for numerous incidents (1). L. laeta, possibly the most toxic and
dangerous of all the species, is widely distributed and is en-
countered as far north as Canada (2, 3) and is endemic primar-
ily in South and Central America.

The site of envenomation, which initially causes only minor
discomfort, begins as an expanding area of erythema and
edema. A centrally located necrotic ulcer often forms 8–24 h
after envenomation (4, 5). Extensive tissue destruction follows,
with the ulcer taking many months to heal, and in extreme
cases requires debridement or skin grafting. The lesions are
remarkable considering that Loxosceles spiders inject only a
few tenths of a microliter of venom containing no more than 30
�g of protein.

Mild systemic effects induced by envenomation, such as fe-
ver, malaise, pruritus, and exanthema are common, whereas
intravascular hemolysis and coagulation, sometimes accompa-
nied by thrombocytopenia and renal failure, occur in �16% of the
victims (1, 6–11). Although systemic loxoscelism is less common
than the cutaneous form, it is the main cause of death associated
with Loxosceles envenomation. Most of the deaths occur in chil-
dren and are related to the South American species L. laeta (1).
Due to our limited understanding of the venom’s mechanism of
action, effective treatment is currently not available.

The recombinant sphingomyelinases (SMases)1 D of L. laeta
and L. intermedia retain all the local and systemic effects
observed in the whole venom, inducing dermonecrosis in rab-
bits and rendering human erythrocytes susceptible to lysis by
complement (12–15). In a mouse model of Loxosceles enveno-
mation, they also induce intravascular hemolysis and pro-
voke a cytokine response, which resembles that observed in
endotoxic shock (16). SMases facilitate activation of the al-
ternative pathway of complement on human erythrocytes by
removal of glycophorins as a consequence of the activation of
an endogenous metalloproteinase (17) and activation of the
classical pathway of complement, possibly by disruption of
the membrane asymmetry (18). SMases D are not encoun-
tered elsewhere in the animal kingdom; however, a similar
enzyme is produced as an exotoxin by some pathogenic bac-
teria, notably Corynebacterium pseudotuberculosis, Coryne-
bacterium ulcerans, and Arcanobacterium (formerly Coryne-
bacterium) hemolyticum (19–21). C. pseudotuberculosis
causes lymphadenitis in animals and is also pathogenic to
humans, whereas C. ulcerans and A. hemolyticum are patho-
gens of pharyngitis and other human infections (22). The
SMase D from C. pseudotuberculosis, also named sphingomy-
elin (SM)-specific phospholipase D (PLD), is an essential
virulence determinant that contributes to the persistence
and spread of the bacteria within the host (23).

The Loxosceles and bacterial SMases D possess similar mo-
lecular masses (31–35 kDa) but share only limited sequence
homology (13, 24). In model systems, the Loxosceles and
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article were defrayed in part by the payment of page charges. This
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SP 15054-000, Brazil. Tel.: 55-17-2212460; Fax: 55-17-2212247; E-mail:
arni@df.ibilce.unesp.br.

1 The abbreviations used are: SMase, sphingomyelinase; SM, sphin-
gomyelin; PLD, phospholipase D.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 280, No. 14, Issue of April 8, pp. 13658–13664, 2005
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org13658

46



C. pseudotuberculosis enzymes provoke similar pathophysio-
logical effects, including platelet aggregation, endothelial hy-
perpermeability, complement-dependent hemolysis, and neu-
trophil recruitment (13–15, 25–28).

Of the four major phospholipids present in the outer leaflet of
the mammalian plasma membranes, only sphingomyelin is
hydrolyzed by bacterial PLD and spider toxins, resulting in the
formation of ceramide-1-phosphate (Cer-1-P or N-acyl-sphingo-
sine-1-phosphate) (13, 25, 26).

In the presence of Mg2�, spider and bacterial SMases D cata-
lyze the release of choline from lysophosphatidylcholine but not
from phosphatidylcholine (24). Plasma lysophosphatidylcholine
is tightly bound to albumin, and removal of its choline headgroup
yields lysophosphatidic acid, a potent lipid mediator with numer-

ous biological activities in many different cell types (29, 30). The
crystal structure of SMase I (sphingomyelin phosphodiesterase;
E.C. 3.1.4.12), one of the sphingomyelinase D isoforms from
L. laeta venom (determined at 1.75 Å), provides a structural basis
for understanding the role of the metal ion binding and the
acid-base catalytic mechanism.

EXPERIMENTAL PROCEDURES

Sphingomyelinase Expression—L. laeta SMase I (GenBankTM acces-
sion number AY093599) was expressed in Escherichia coli strain BL21
(DE3) as a fusion protein composed of the mature SMase with an
N-terminal extension containing a His6 tag (15). Recombinant SMase I
was purified from the soluble fraction of cell lysates on a Ni(II)-chelat-
ing-Sepharose Fast Flow column (Amersham Biosciences). Recombi-
nant protein was eluted (elution buffer: 100 mM Tris-HCl, pH 8.0, 300

FIG. 1.Stereo ribbon representation of the structure of L. laeta SMase I viewed along the axis of the (�/�)8 barrel. The N and C
termini are labeled, and the functionally important His12, Glu32, Asp34, His47, Asp91, and the Mg2� ion (green sphere) are included. The catalytic
loop B (blue), the variable loop E (green), and the flexible loop F (red) are indicated. The �-strands and �-helices are labeled as in Fig. 3. Figs. 1,
2A, 4, and 6 were generated using Pymol (DeLano, www.pymol.org).

FIG. 2. A, stereo view of the amino acids
and hydrogen bonding in the catalytic and
metal ion binding (green sphere) sites; the
electron density (blue) in the 2Fo � Fc
map is contoured at 2.0�. B, schematic
representation of the principal hydrogen
bonds to the sulfate and metal ion.
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mM NaCl, 0.8 M imidazole) at 	95% purity and dialyzed against phos-
phate-buffered saline, pH 7.2 (10 mM sodium phosphate, 150 mM NaCl).
Dynamic light-scattering experiments carried out in the above buffer at
293 K (DynaPro 801-Protein Solutions) indicated that the protein was
monomeric in solution.

Crystallization, Heavy Atom Derivative, and Data Collection—Initial
crystals of L. laeta SMase I were obtained by the hanging drop vapor
diffusion method in which 2-�l drops containing 1 �l of the protein
solution (5 mg ml�1 in 25 mM Hepes, pH 7.5) were equilibrated against
a reservoir solution containing 8 mM Hepes and 0.9 M trisodium citrate
(pH 7.5) (31). Subsequently, crystals obtained from 2.7 M ammonium
sulfate (pH 5.6) were easier to reproduce and were used for structure
determination. Cryo-conditions included the addition of 20% (w/v) glyc-
erol to the reservoir solution. The native crystals belong to the space
group P65 with cell parameters of a � b � 139.82 Å and c � 113.46 Å,
and the asymmetric unit contains four molecules with a solvent content
of 52% (VM � 2.6 Å3 Da�1). The iodine derivative for the “quick cryo-
soaking” method was prepared by soaking a single crystal in the cryo-
solution, which additionally contained 0.5 M iodine chloride, for 20 min.
Diffraction intensities for the native crystal were measured by a
MARCCD detector at the protein crystallography beam line at the
Brazilian National Synchrotron Light Source (LNLS, Campinas,
Brazil), and the derivative diffraction data were collected using x-rays
generated by a Rigaku RU300 rotating anode source equipped with
Osmic confocal mirrors. Diffraction intensities were measured using a
MAR 345 imaging plate detector. Data were scaled and reduced using
DENZO/SCALEPACK (32); the data collection and processing statistics
are presented in Table I.

Structure Determination and Refinement—The quick cryo-soaking
method (33, 34) was used for derivatization and phasing. The structure
was determined at 1.95 Å using the single isomorphous replacement
anomalous dispersion method, and the anomalous differences were
used to locate 41 iodine sites with the SHELXD program (35) by inte-
grated-direct and Patterson methods. These heavy atom positions were
used without further refinement to estimate phases that were subse-
quently extended to 1.75-Å resolution applying the sphere of influence
algorithm as incorporated in the SHELXE program (35), and the elec-
tron density was improved by solvent flattening with SOLOMON (36).
The deduced amino acid sequence based on the L. laeta SMase I gene
(GenBankTM accession number AAM21154) was utilized for automatic
model building into the 1.75-Å resolution electron density map with the
ARP/wARP program (37), which was able to trace 97% of the molecule.
The refinement was initiated at a 2.0-Å resolution with an R-factor of
22.2% (Rfree � 26.4%). Initial cycles of refinement involved translation,
libration, and screw rotation, a restrained and overall B-factor refine-
ment that was carried out by REFMAC5 (38) with the inclusion of

non-crystallographic restraints. After each cycle of refinement, the
model was inspected and manually adjusted to correspond to the com-
puted �A-weighted (2Fo � Fc)- and (Fo � Fc)-type electron density maps
using the program TURBO FRODO (Biographics, Marseille, France). In
the later cycles, the non-crystallographic restraints were relaxed, and
individual isotropic B-factors were refined. Solvent water molecules
were added manually at the position of positive peaks (	3�) in the
difference Fourier maps, taking into consideration hydrogen bonding
potential. In the final cycles of refinement, additional density was
observed in the difference electron density maps, which was attributed
to the presence of Mg2�, sulfate ions, and Hepes molecules.

RESULTS

The refinement of the structure of SMase I from L. laeta con-
verged to a crystallographic residual of 18.6% (Rfree � 22.5% for 5%
of the data) for all data between 30.0 and 1.75 Å (no � or intensity
cutoff; 99.5% data completeness). The residual electron density that
was observed was attributed to the presence of a Mg2� ion based on
the temperature factor (B-factor � 7.5 Å2) and coordination (Figs. 1
and 2A). Because the concentration of the phosphate in the dialysis

FIG. 3. Topology schematic of L. laeta SMase I. The �-strands
(arrows) and �-helices (cylinders) forming the (�/�)8 barrel are labeled
A–H and 1–8 respectively. The �-strands and �-helices not belonging to
the core are primed. The positions of the catalytic loop B (blue), variable
loop E (green), flexible loop F (red), and the disulfide bridge (S–S) are
indicated. The approximate relative positions of the amino acids in-
volved in catalysis and Mg2� ion binding are indicated.

TABLE I
Data collection and refinement statistics of SMase I

Native-SMase I Iodine-SMase I

Crystal preparation
Cryprotectant solution Mother liquor � 20% glycerol Mother liquor � 20% glycerol � 0.5 M NaI
Soaking time 60 s 20 min

Data collection
Wavelength (Å) 1.43 1.54
Space group P65 P65
Unit cell parameters (Å) a � b � 139.82, c � 113.46 a � b � 142.59, c � 115.36
Resolution (Å) 30.0–1.75 (1.79–1.75) 30.0–2.10 (2.15–2.10)
No. of molecules in arbitrary units 4
Solvent content (%) 52
Vm (Å3Da�1) 2.6
No. of reflections 2,578,417 1,580,276
No. of unique reflectionsa 125,875 151,663
I/�(I) 22.0 (3.4)c 11.3 (2.4)c

Multiplicity 20.5 (6.5) 10.4 (3.5)
Completeness (%) 99.5 (99.5) 99.0 (98.2)
Rmerge

b (%) 6.4 (43.9) 10.8 (48.3)
Structure refinement statistics

Rfactor (%) 18.6
Rfree (%) 22.5
Root mean square deviation bond distances (Å) 0.013
Root mean square deviation bond angles (°) 1.549
Average B-factors (Å2) 24.2

a Multiplicities of the derivative data sets were calculated with the Friedel-related reflections treated separately. Multiplicity of the native data
set was calculated with the Friedel pairs treated as equivalent.

b Rmerge � 
�I(h)I � {I(h)}�/
{I(h)}, where Ih is the observed intensity of the ith measurement of reflection h and {I(h)} is the mean intensity of
reflection h calculated after scaling.

c Statistical values for the highest resolution shells are given in parentheses.
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buffer (10 mM) was lower than the sulfate concentration (2.6 M)
used in crystallization, the tetrahedrally shaped residual density
observed in close proximity to the Mg2� binding site was considered
to represent an SO4� ion (Fig. 2A). Although hydrolytic activity is
Mg2�-dependent and this site is surrounded by highly conserved
amino acids, it is considered to represent the active site, and the
SO4� ion likely mimics the binding of the phosphate group of the
substrate.

The refined model of SMase I contains 1140 amino acid
residues, 4 Mg2� ions, 23 sulfate ions, 3 Hepes, and 1018
solvent water molecules. An analysis of the stereochemistry
(PROCHECK) (39) of the final model indicates that the main-
chain dihedral angles for all residues are located in the permitted
regions of the Ramachandran diagram and that the root mean
square deviations from ideal values are distributed within the
expected ranges for a well refined structure (Table I).

The fundamental structural unit of SMase I is formed by a
distorted triose phosphate isomerase or (�/�)8 barrel (surface
area � 11,254 Å2) with the insertion of additional �-strands
and �-helices (Figs. 1 and 3). The N and C termini flank one
side of the barrel, and the N terminus leads directly to the first
�-strand, whereas the C terminus contains a short helix (8�)
and a �-strand (H�) and caps the torus of the barrel (Figs. 1 and
3). The asymmetric unit contains four molecules and can be
considered to be made up of two dimers. The monomers forming
the dimer are related by a 2-fold axis of rotation perpendicular
to the barrel (Fig. 4) and results in 3402 Å2 (or 33%) of the
surface area of each monomer being buried. Dimerization is
likely an artifact of the crystal packing interactions, because
the dynamic light-scattering experiments indicate that the pro-
tein is monomeric in solution.

The opposite face of the barrel is surrounded by a ring of
negatively charged amino acids and hydrophobic loops (Fig. 1).
The active site pocket contains His12, Glu32, Asp34, Asp91,
His47, Asp52, Trp230, Asp233, and Asn252, which are fully con-
served in the Loxosceles species SMases D isoforms (Fig. 5).
Mutagenesis studies of Mg2�-dependent neutral SMase (40)
and the crystal structure of phospholipase D (41) indicate the
involvement of two histidine residues that are in close proxim-
ity to the metal ion binding site in the acid-base catalytic
mechanism. Based on the structural results, His12 and His47 of
SMase D have been identified as the key residues for catalysis
and are assisted by a hydrogen bond network that involves
Asp52, Asn252, and Asp233. The metal ion is coordinated by
Glu32, Asp34, Asp91, and solvent molecules.

His12 is located at the tip of the first �-strand (strand A, Figs.
1 and 3), and N�2 forms a hydrogen bond to O2 of the bound
sulfate ion. His12N�1 is hydrogen bonded to Asn252O�1 and

Asn252N�2 is further hydrogen bonded to Asp52O�2, and
Asp233O�2 (Fig. 2).

The catalytic loop (loop B, residues 46–60) is stabilized at
the tip by a disulfide bridge (Cys51-Cys57, Figs. 3 and 6), which
is a conserved feature of all spider SMases D (Fig. 5), and His47

is located at the base of the loop. Multiple hydrogen bonds are
formed between Arg55NH1 and the main-chain carbonyl oxygen
of His12 and Arg55NH2 and Met13O (Fig. 6), and additionally
Arg55NH1 also bonds Asp252O�1. A structural sulfate ion binds
via O1 to Arg55N� and the main chain amide nitrogen of Asp56.
O4 of the sulfate ion binds two solvent molecules, both of which
are hydrogen bonded to Arg59NH1. Arg59N� binds a molecule of
Hepes, the latter interacting with the indole of Trp60 located at
the base of the catalytic loop (loop B) on the external surface of
the barrel. This network of bonds ensures the orientation of the
catalytic loop in relation to the active site. His47N�2 is hydrogen
bonded to O1 and O3 of the sulfate ion located in the catalytic
site, and His47N�1 interacts with the carbonyl oxygen atom of
Gly48 (Fig. 2B).

The bound Mg2� ion (Fig. 2) is octahedrally coordinated
(mean Mg2�–O distance of 1.98 Å), equatorially by carboxylate
oxygens from the side chains of Glu32, Asp34, and two water
molecules and apically by the side-chain carboxylate oxygen
atoms of Asp91 and a water molecule, which is additionally
hydrogen bonded to Glu32O�1. The sulfate ion is coordinated by
three solvent molecules, two of which also coordinate the Mg2�

ion, His12N�2, His47N�2, and Trp230N�1. Trp230 is located in loop
G (Fig. 1), which is structurally adjacent to the flexible loop
(loop F) and is strictly conserved in bacterial and spider
SMases D. The indole ring is partially disordered in three of the
four molecules in the asymmetric unit, is aligned along the axis
of the barrel, and could be involved in stabilizing the choline
headgroup of the substrate.

DISCUSSION

The branching pathways of sphingolipid metabolism mediate
either apoptotic or mitogenic responses, depending on the cell
type and the nature of the stimulus (42). Events involving SM
metabolites include proliferation, differentiation, and growth
arrest, as well as the induction of apoptosis.

Loxosceles spiders and Corynebacteria SMases D catalyze the
hydrolysis of sphingomyelin in a Mg2�-dependent manner,
with the concerted action of two histidines producing ceramide
1-phosphate and choline, and also display intrinsic lysophos-
pholipase D activity toward lysophosphatidylcholine producing
lysophosphatidic acid, a known inducer of platelet aggregation,
endothelial hyperpermeability, and pro-inflammatory re-
sponses. However, sequence alignments indicate that SMases

FIG. 4. Ribbon representation of
the dimer. The amino acids His12, Glu32,
Asp34, His47, and Asp91 are represented
by balls and sticks, and the Mg2� ion is
represented as a green sphere. Residues in
the catalytic (loop B), variable (loop E),
and the flexible (loop F) loops are blue,
green, and red, respectively. The N and C
termini are labeled and are brown.
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D lack the conserved HKD sequence motif characteristic of the
PLD superfamily (43), indicating different catalytic site
architectures.

The Mg2� binding site is strictly conserved in spider and
C. pseudotuberculosis SMases D (Fig. 5), and enzymatic activ-
ity is absolutely dependent on Mg2�. In the crystal structure,
the Mg2� ion is octahedrally coordinated by the carboxyl oxy-
gens of Glu32, Asp34, Asp91, and three solvent molecules. The
Mg2� ion positions the two equatorial solvent molecules, which
in turn could orient the phosphate group of the substrate or
could participate in the stabilization of the reaction intermedi-
ate. Trp230, which is fully conserved in SMases D, could also
play a role in orienting the phosphate moiety, permitting nu-
cleophilic attack, and also in stabilizing the transition state.
Lys93, located in the catalytic pocket, is also highly conserved
and may play a crucial role in balancing the charge during
catalysis or in orienting the bound substrate.

Although mammalian desoxyribonuclease I and bacterial
SMases C share �10% sequence identity, the two enzymes are
considered to be evolutionarily related, and the structure of
desoxyribonuclease I (44, 45) (Protein Data Bank code 3DNI)
has been used as a template to model the structure of Bacillus
cereus SMase C (46). Based on the results of modeling and
site-directed mutagenesis, an acid-base mechanism has been
suggested for bacterial and mammalian Mg2�-dependent neu-
tral sphingomyelinases (40, 46), where His296 activates a
neighboring water molecule, which in turn attacks the scissile
phosphodiester bond of SM. The electron then transfers to the
general acid (His151) through the penta-covalent intermediate,
resulting in the release of ceramide from SM. The intermediate
is then stabilized by Mg2� liganded by Glu53, Asp195, and
Asp295, which suggests that the latter play dual roles by main-
taining the appropriate pKa and relative orientation of His151

and His296. Mutation of either His136 or His272 in rat neutral

sphingomyelinase or Asp195 and His296 in B. cereus (40) sphin-
gomyelinase entirely abolished hydrolytic activity. The
His1513Ala and His1513Gln mutants of the B. cereus enzyme
retained partial activity (40).

We are now able to infer the catalytic mechanism of SMase
D, which is based on the direct nucleophilic attack of water in
a fashion analogous to the mechanisms proposed for desoxy-
ribonuclease I (44, 45, 47), PLD (41–48), and for B. cereus
SMase C (46). In this model (Fig. 7), the concerted action of two
histidines (His12 and His47) is required for catalysis. His12

FIG. 5. Structure-based multiple sequence alignments of the SMases D isoforms performed using three-dimensional Coffee 2004
(49). L. laeta: SMase I, H10, and H13 (GenBankTM accession numbers AY093599, AY093600 and AY093601, respectively) (15); L. intermedia: P1
and P2 (accession numbers AY304471 and AY304472, respectively) (14); L. reclusa: Lr1 and Lr2 (accession numbers AY559846 and AY559847,
respectively) (19); Loxosceles boneti: Lb1 and Lb3 (accession numbers AY559844 and AY559845, respectively) (50) and C. pseudotuberculosis: PLD
(accession number L16586) (21). Residues involved in catalysis or metal ion coordination are shaded gray. Amino acids in loops B, E, and F are
boxed. Sequence numbers indicated are for L. laeta SMase I.

FIG. 6. Network of hydrogen bonds (dashed red lines) partici-
pating in the stabilization of the catalytic loop (loop B). The
structural SO4� ion, disulfide bridge (yellow bond), and solvent mole-
cules (red spheres) are also included.

Structure and Activity of SMase D13662
50



functions as the nucleophile that initiates the attack on the
scissile phosphodiester bond of the SM substrate. This is fol-
lowed by the formation of a short-lived penta-coordinated co-
valent intermediate, which is subsequently destabilized by the
donation of a hydrogen atom by His47 to produce choline. The
resulting tetrahedral reaction intermediate is stabilized by a
covalent bond formed to His12N�2. Because His47 donates a
proton to the group first to leave, it is now able to (partially)
deprotonate a nearby water molecule that initiates a nucleo-
philic attack on the stable covalent histidine intermediate,
thereby resulting in the formation of the second product, cer-
amide 1-phosphate, which also proceeds via the formation of a
short-lived, penta-coordinated phosphorus intermediate, cul-
minating in a second inversion of the configuration of the
phosphorus atom and a return to the initial state.

In this proposed model, His12 functions as the nucleophile,
which is assisted by a network of hydrogen bonds formed to the
carboxylate oxygen of Asn252, which in turn is hydrogen bonded
through N�2 to Asp52O�2 and Asp233O�2. Additionally, His12N�1

is also hydrogen bonded to Asp52O�2. His47N�1 is hydrogen
bonded to the carbonyl oxygen atom of Gly48 (distance � 2.7 Å)
and thus cannot serve as a proton donor in this orientation
(Fig. 2B). To overcome this, a rotation of the imidazole ring
around �1 and �2 would be required and would permit
His47N�1 to interact with the only possible proton donor in the
vicinity, which is Asp34O�2. Asp34 could exist in the protonated
state because of its configuration around the metal ion binding
site, transferring the proton to His47 during catalysis.

Loxosceles spider venom SMases D share high sequence ho-

mology, and the amino acids considered to be involved in ca-
talysis are strictly conserved. Structure-based alignment (Fig.
5) and modeling indicate that the five deletions in all other
Loxosceles sp. SMases D, except in SMase I from L. laeta
venom, result in a shortened surface loop (variable loop or loop
E). Additionally, the disulfide bond formed between Cys53 (lo-
cated in the catalytic loop B) and Cys201 (located in the flexible
loop F), present in other Loxosceles sp. SMases D, probably
serve as a bridge and bring loops B and F closer together (Figs.
1, 3, and 5).

In conclusion, in bacterial and spider SMases D, interfacial
catalysis is mediated by metal ion binding, and two histidine
residues are involved in hydrolyzing sphingomyelin and lyso-
phosphatidylcholine via acid base catalysis. Mg2�-dependent
SMases probably share a common catalytic mechanism regard-
less of the species. These results provide structural data im-
portant in further dissecting the mechanism of SMases D, in
particular, and Mg2�-dependent neutral SMases, in general.
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Abstract

Spider venom sphingomyelinases D catalyze the hydrolysis of sphingomyelin via an Mg2+ ion-dependent acid–base catalytic mech-
anism which involves two histidines. In the crystal structure of the sulfate free enzyme determined at 1.85 Å resolution, the metal ion is
tetrahedrally coordinated instead of the trigonal–bipyramidal coordination observed in the sulfate bound form. The observed hyperpo-
larized state of His47 requires a revision of the previously suggested catalytic mechanism. Molecular modeling indicates that the funda-
mental structural features important for catalysis are fully conserved in both classes of SMases D and that the Class II SMases D contain
an additional intra-chain disulphide bridge (Cys53–Cys201). Structural analysis suggests that the highly homologous enzyme from Lox-

osceles bonetti is unable to hydrolyze sphingomyelin due to the 95Gly fi Asn and 134Pro fi Glu mutations that modify the local charge
and hydrophobicity of the interfacial face. Structural and sequence comparisons confirm the evolutionary relationship between sphing-
omyelinases D and the glicerophosphodiester phosphoesterases which utilize a similar catalytic mechanism.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Sphingomyelinase D; Catalytic mechanism; Mg2+-binding site; Hydrodynamic behavior; Crystal structure; Glycerophosphodiester phospho-
diesterases

Sphingomyelinases D (SMases D) (sphingomyelin phos-
phodiesterase D; E.C. 3.1.4.41) catalyze the hydrolysis of
sphingomyelin resulting in the formation of ceramide
1-phosphate (C1P) and choline or the hydrolysis of lyso-
phosphatidyl choline, generating the lipid mediator lyso-
phosphatidic acid (LPA) [1]. C1P is implicated in the
stimulation of cell proliferation via a pathway that involves
inhibition of acid sphingomyelinase and the simultaneous
blocking of ceramide synthesis [2]. LPA is known to induce

various biological and pathological responses such as
platelet aggregation, endothelial hyperpermeability, and
pro-inflammatory responses by signaling through three
G-protein-coupled receptors [3,4]. SMases D, the main
components of spider venoms of the genus Loxosceles,
induce severe local dermonecrosis, acute renal failure,
thrombocytopenia, platelet aggregation, and systemic
intravascular haemolysis, which, in rare cases, lead to
death [5].

Surprisingly, SMase D activity is not encountered else-
where in the animal kingdom, but is present in strains of
pathogenic Corynebacterium. The bacterial and spider
venom SMases D possess similar molecular masses
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(31–35 kDa) but display low sequence identity and are con-
sidered to have originated from a common ancestor, the
glycerophosphodiester phosphodiesterases (GDPD; E.C.
3.1.4.46). GDPDs are ubiquitous enzymes, encountered
in bacteria and eukaryotes, display a wide specificity and
are involved in glycerol metabolism since they catalyze
the reaction of glycerophosphodiester and water to alcohol
and sn-glycerol-3-phosphate.

We have recently reported the results of the first crystal
structure of a SMase D from Loxosceles laeta (SMase I) in
the presence of a bound sulfate ion [6] and described the
acid–base catalytic mechanism involving two histidine res-
idues, His12 and His47, and the role of the Mg2+ ion. We
now report the crystal structure of SMase I determined in
the absence of the sulfate ion. In the light of which, the pre-
viously suggested mechanism has been revised and we
extend this mechanism to encompass the structurally relat-
ed GDPDs that also utilize a similar catalytic mechanism.

Materials and methods

Protein expression and purification. SMase I (GenBank� Accession No.
AY093599) was expressed in Escherichia coli strain BL21 as a fusion
protein of SMase I with an N-terminal extension containing a His6 tag [7].
Recombinant SMase I was purified from the soluble fraction of cell lysates
on a Ni(II)-chelating-Sepharose Fast Flow column (Amersham Biosci-
ences). Recombinant protein was eluted with a buffer solution containing
100 mM Tris–HCl, pH 8.0, 300 mM NaCl, and 0.8 M imidazole and
dialyzed against phosphate-buffered saline, pH 7.2 (10 mM sodium
phosphate, 150 mM NaCl).

Dynamic light scattering. Dynamic light scattering (DLS) measure-
ments were performed using a DynaPro-801 Instrument (Protein Solu-
tions, Inc., Charlottesville, VA) equipped with a 25 mW, 780 nm solid-
state lazer and a peltier cell. The protein samples were prepared at a
concentration of 5 mg/mL in 5 mM Hepes buffer, containing 0.02 M
NaCl, pH 7.0, at 20 �C and were loaded in a 20 lL quartz flow cell. The
scattered photons were detected by an avalanche photodiode at a fixed
scattering angle of 90� and 30 measurements were carried out in a time
interval of 30 s. The hydrodynamic radii of gyration, molecular masses,
and degree of sample polydispersity were calculated based on the auto-
correlation function using the manufacturer’s software wherein the radius
of gyration (Rg) is extrapolated via the Stokes–Einstein equation. The
apparent molecular mass was derived from a standard curve of molecular
weights versus measured values of the translational diffusion coefficient
obtained from a set of calibrated standard values.

Small angle X-ray scattering. Small angle X-ray scattering (SAXS)
experiments were performed at the SAS1 beamline, Laboratório Nacional
de Luz Sı́ncrotron (LNLS, Campinas, Brazil). To minimize aggregation
effects, the protein concentration used was 2 mg/mL and all experiments
were conducted at 20 �C. The wavelength was set to 1.48 Å and the
sample-to-detector distance was fixed at 1.07 m. The vertical linear-sen-
sitive position detector was translated upwards in relation to the incident
beam so that the scattered intensities for higher scattering angles could be
measured and three frames with exposure times of 600 s were recorded.
Background scattering was measured before and after each protein sample
using the corresponding buffer solution (50 mM Hepes, pH 7.0, 150 mM
sodium chloride) and this contribution was subsequently subtracted from
the protein scattering patterns after normalization and correction. The Rg

and intensity values were obtained by utilizing the Guinier approximations
and the theoretical Rg values were calculated based on the atomic coor-
dinates of the model using the program CRYSOL [8].

Crystallization and data collection. Crystals of sulfate ion free SMase I
were obtained by the hanging-drop vapour-diffusion method. Equal
volumes (1 lL) of protein and mother solution were mixed over wells

containing 2.4 M trisodium citrate that was titrated to pH 9.0, using a
0.1 M sodium hydroxide solution. Crystals were soaked in the mother
solution which additionally contained 25% glycerol as a cryoprotectant
and were cooled to 100 K in a nitrogen-gas stream (Oxford Cryosystems).
Diffraction intensities were recorded at the Consortium Beamline X13 at
HASYLAB/DESY–Hamburg equipped with an imaging plate detector
(MAR345). Integration, scaling and merging of the intensities were carried
out using DENZO and SCALEPACK [9]. Analysis of the structure factors
using SFCHECK [10] indicated a twinning fraction of 0.373. The twin-
related reflections (h, �h�k, �l) were treated using DETWIN [11] and the
detwinned data display residual twinning of 0.035 with an overall
completeness of 83.5%.

Structure determination and refinement. The crystal structure of the
sulfate free form of SMase I was solved by molecular replacement using
the atomic coordinates of the sulfate bound form (PDB entry: 1XX1) [6] as
a search model and the program AMoRe [12] as implemented in the CCP4
suite of programs. Initial cycles of restrained refinement were carried out
by REFMAC5 [13] and non-crystallographic restraints were imposed. The
model was inspected and manually adjusted based on the 2Fo�Fc and
Fo�Fc electron density maps using the programs TURBO FRODO [14]
and COOT [15]. In the later cycles, the non-crystallographic restraints
were relaxed and individual isotropic Bfactors were refined. Solvent mole-
cules, added automatically using ARP/wARP [16], were checked by visual
inspection and retained by taking hydrogen bonding potential into con-
sideration. The quality of the model was assessed using PROCHECK [17],
data collection and refinement statistics are presented in Table 1. The
structure factors and atomic coordinates have been deposited with the
Protein Data Bank and have been assigned the code 2F9R.

Table 1
Data collection and refinement statistics

PDB code 2F9R

Data-collection statistics

Space group P65
Unit-cell parameters (Å) a = b = 140.5, and c = 113.6
Resolution range (Å) 20.0 � 1.85 (1.89 � 1.85)
Unique reflections 101,876
Redundancy 6.1 (5.8)
Completeness (%) 93.9 (96.6)
I/r (I) 25.5 (5.2)
Rmerge (%)a 5.7 (27.9)
VM (Å3 Da�1) 2.34
Solvent content (%) 47.04

Refinement statistics

Rfactor (%)b 18.7
Rfree value (%)c 23.4
No. of protein atoms 9380 (4 · 285 amino acid residues)
No. of solvent molecules 510
No. of Hepes molecules 3
Mean temperature factor (Å2)d 24.2
r.m.s.d. bond lengths (Å) 0.011
r.m.s.d. bond angles (�) 1.340

Ramachandran plot

Most favored region (%) 89.7
Additionally allowed regions (%) 10.3
Generously allowed regions (%) 0.0
Disallowed regions (%) 0.0

Values in parentheses are for the highest resolution shell.
a Rmerge = 100 ·

P
|I (h) � ÆI (h)æ|/

P
I (h), where I (h) is observed intensity

and ÆI (h)æ is mean intensity of reflection h over all measurements of I (h).
b Rfactor = 100 ·

P
|Fo � Fc|/

P
(Fo) the sums being taken over all

reflections with F/r (F) > 2 cutoff.
c Rfree = Rfactor for 5% of the data, which were not included during

crystallographic refinement.
d B values are average B values for all non-hydrogen atoms.
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Molecular modeling. The atomic coordinates of SMase I (PDB
Accession code: 1XX1) [6] served as the template for generating
structural models of both the active and inactive SMases D from L.

bonetti by restraint-based modeling as implemented in the MOD-
ELLER program [18]. The overall model was improved enforcing
the proper stereochemistry using spatial restraints and CHARMM
energy terms, followed by conjugate gradient simulation based on
the variable target function method [18]. The loops were optimized
using ModLoop [19] taking into consideration the satisfaction of
spatial restraints, without relying on a database of known protein
structures.

Results and discussion

Hydrodynamic behavior of SMases D

DLS experiments indicate that SMase I (Class I) pos-
ses a hydrodynamic radius of 3.43 ± 0.03 nm with a cor-
responding molecular weight of the monomer of
approximately 34.2 kDa in solution. The SAXS experi-
ments carried out with the P1 enzyme (Class II) at low
protein concentrations in the presence of 150 mM sodi-
um chloride indicate a Rg of 17.4 Å that is in good
agreement with the theoretical Rg calculated from the
atomic coordinates of the modeled structure using CRY-
SOL [8] of 17.7 Å. These results indicate that both the
enzymes are monomeric in solution and that the dimeric
form encountered in the crystal structure of SMase I
could represent an artifact as a result of the high protein
and salt concentrations used in the crystallization
experiments.

Crystal structure of SMase I

The refinement converged to a crystallographic residual
of 18.7% (Rfree = 23.4%), the asymmetric unit comprises of
two dimers (285 residues in each monomer), 3 Hepes (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) molecules,
4 Mg2+ ions, and 510 solvent water molecules. The quality
of the model assessed by PROCHECK [17] indicates that
all the stereochemical parameters lie within the expected
range (Table 1). The Ramachandran diagram [20] indicates
that 89.7% of the main-chain dihedral angles of all non-gly-
cine and non-proline residues are located in the energetical-
ly most favored regions and only 10.3% lie in the permitted
region. Superpositioning of the atomic coordinates of the
sulfate free and sulfate bound forms indicates that the flex-
ible loop regions (residues 198–210), which are disordered
and are characterized by diffuse electron densities, adopt
different conformations.

Overall structure of SMases D

SMase D folds to form a distorted (a/b)8 barrel with the
insertion of additional b-strands, a-helices, and several
connecting loops [6]. The catalytic loop (blue), variable
loop (green), and flexible loop (red) along with other short
hydrophobic loops form the interfacial face (i-face) of the
enzyme where the active site is located in a shallow cleft
(Fig. 1A). The catalytic loop (residues 46–60) which con-
tains the catalytically important residue, His47, is fully

Fig. 1. (A) Ribbon representation of SMase I. The amino acids involved in metal-ion binding and catalysis are presented in atom colors (PDB code:
1XX1, chain A). The catalytic, flexible, and variable loops are colored blue, red, and green, respectively. (B) Differences in the catalytic, flexible, and
variable loops in class I (blue), IIa (red), and IIb (green) SMases D. The disulphide bridges are presented by yellow ball and sticks. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this paper.)
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conserved in all SMases D, forms a hairpin due to the pres-
ence of a disulphide bridge (Cys51–Cys57) and a network
of hydrogen bonds ensures the correct relative orientation
of the hairpin with respect to the core of the protein.

Mg2+-binding site

The Mg2+-binding site residues along with Trp230,
Ly93, and the two catalytic histidine residues (His12 and
His47) form the active-site pocket that is strictly conserved
in both spider and bacterial SMases D [6]. In the structure
of the sulfate bound SMase I determined at pH 5.5, the
Mg2+ ion (Bfactor of �7.5 Å2 and a mean Mg–O bond dis-
tance of �2.01 Å) is hexacoordinated by a trigonal–bipyr-
amid formed by the carboxyl oxygens of Glu32, Asp34,
Asp91, and three water molecules (Fig. 2A). The latter bind
the sulfate ion that is considered to represent the phosphate
head group of the sphingomyelin substrate, suggesting a
key role for the Mg2+ ion in the coordination and stabiliza-
tion of the phosphonate of sphingomyelin during hydroly-
sis. In the crystal structure of the sulfate free SMase I
determined at pH 9.0, the Mg2+ ion is coordinated tetrahe-
drally by the same three residues (Glu32, Asp34, and
Asp91) and a single water molecule (Fig. 2B).

Catalytic mechanism of SMases D

The catalytic mechanism proposed for SMases D based
on an acid–base reaction combined with metal ion stabil-
ization [6] involves two histidines, His12 and His47, the
former assisted by a hydrogen bond network formed
between the carboxylate oxygens of Asp52, Asp233, and
Asn252 and the latter by a short bond to Gly48O (dis-
tance = 2.7 Å, Figs. 3A and B). In the earlier model, we
suggested that His12 functions as the nucleophile that ini-
tiates the attack on the scissile phosphodiester bond of
the sphingomyelin substrate and His47, after undergoing
a rotation of 180� around j2, functions as the proton

donor destabilization a short-lived penta-coordinated
covalent intermediate to produce choline [6].

In the structure of SMase I determined in the absence of
SO4�, the position previously occupied by a tetrahedral ion
is now occupied by a single water molecule which is simul-
taneously bound to His12 (His12NE2–O = 3.3 Å) and His
47 (His47NE2–O = 2.7 Å) (Fig. 3B). The shorter bond dis-
tance observed between His47NE2 and the water molecule
indicates that His47 is present in a hyperpolarized state due
to the short bond formed between His47ND1 and Gly48O.
Thus, indicating that the roles of the two histidines are
reversed, i.e., His47 behaves as the nucleophile which initi-
ates the process of hydrolysis by attacking the scissile phos-
phodiester bond of the substrate, that is subsequently
followed by the formation of a short-lived penta-coordinat-
ed intermediate. Donation of a hydrogen atom by His12
leads to the formation of choline and the resulting tetrahe-
dral reaction intermediate is stabilized by a covalent bond
formed to His47NE2. The previously deprotonated His12
is now able to abstract a proton from a solvent water mol-
ecule that initiates a nucleophilic attack on the reaction
intermediate, thus resulting in the formation and release
of ceramide 1-phosphate followed by a return to the initial
state (Fig. 4). In this modified schematic, the energetically
highly unfavorable rotation of His47 around j2 would
not be a prerequisite.

Structural classification of SMases D

All spider venom SMases D sequenced to date [8,21,22]
display a significant level of sequence homology and thus
likely possess the same (a/b)8 or TIM barrel fold (Figs.
1A and B). In this family of enzymes, the amino acids
essential for metal-ion binding and catalysis are strictly
conserved (Fig. 5), however, minor sequence differences
result in decreased activity levels or, in the complete
absence of hydrolytic activity upon sphingomyelin. Based
on the sequence alignment, biochemical and structural

Fig. 2. Coordination sphere of the Mg2+ ion (A) in the presence of sulfate ion and (B) in the absence of sulfate ion.
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data, we propose a classification of spider venom SMases
D. The class I enzymes represented by SMase I, a SMase
D from L. laeta and the H13 isoform possess a single disul-
phide bridge and contain an extended hydrophobic loop
(Fig. 1B; green, amino acid sequence Pro-Tyr-Leu-Pro-
Ser). All other SMases D belong to class II, which contains
an additional intra-chain disulphide bridge that links the
shortened flexible loop (red) with the catalytic loop (blue)
(Figs. 1B and 5), and the shortened flexible loop unwinds
partially and is involved in dislocating the catalytic loop
thus, further shielding the catalytic site.

The class II enzymes can be further subdivided into class
IIa and class IIb depending on whether they are capable of
hydrolyzing sphingomyelin or not, respectively. In both the

class IIa and class IIb SMases D, all the structural elements
for metal-ion coordination and catalytic activity are fully
conserved, which do not clarify the observed lack of activ-
ity of the Class IIb SMases D on sphingomyelin. A detailed
structural analysis of a sphere with a radius of 10Å posi-
tioned around the active site reveals that all residues impor-
tant for catalysis are conserved in both sub-classes, except
for the dual substitutions at positions 95 (Gly fi Asn) and
134 (Pro fi Glu), which result in the generation of a hydro-
philic environment at the entrance to the active site (Fig. 6)
and the presence of a carboxylate group near the active site
results in a modification of the local charges maintained
mainly by the Mg2+ ion. The former region is important
in modulating and controlling the approach and also in

Fig. 4. Catalytic mechanism of SMases D.

Fig. 3. Network of hydrogen bonds in the active-site pockets of (A) sulfate bound form of SMase I, (B) sulfate free form of SMase I, and (C) GDPD from
Escherichia coli (PDB code: 1YDY).
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the stabilization of the substrate hydrocarbon tail during
the catalysis event. Thus, the modifications of the local
charge and hydrophobicity on the i-face, in the vicinity of
the entrance to the active site could account for the
observed lack of activity upon sphingomyelin by class IIb
SMases D.

Common features of the catalytic mechanisms of SMases D

and GDPDs

GDPDs encountered in bacteria, higher eukaryotes, and
humans are involved in glycerol metabolism and catalyze
the reaction of glicerophosphodiester and water to alcohol
and sn-glycerol-3-phosphate. Structure based sequence

alignments indicate that the SMases D and GDPDs are
structurally related as pointed out earlier [23] and that
the catalytic sites are highly conserved, suggesting that they
evolved from a common ancestor and share a similar cata-
lytic mechanism. SMases D are Mg2+-dependent enzymes
whereas GDPDs are Ca2+-dependent enzymes due to the
substitution of Asp91 by Glu in the latter enzymes
(Fig. 7). SMases D bind Mg2+ both in the presence and
absence of substrate analogues, however, the GDPDs only
bind the metal ion simultaneously with the substrate as in
the case of the bacterial neutral SMase C [24]. The catalytic
mechanism of GDPDs also depend on the acid–base

Fig. 5. Multiple alignment of SMase I (GenBank Accession No. AY093599 and PDB code: 1XX1), Lb1, and Lb3 SMases D from Loxosceles bonetti

(Accession Nos. AY559844 and AY559845, respectively) and GDPD from Thermotoga maritima (PDB code: 1O1Z). Amino acids involved in metal-ion
binding and catalysis are boxed in light gray and cysteines are boxed in yellow. The numbers represent the SMase I sequence. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this paper.)

Fig. 6. Amino acid differences at the entrance to the active-site pocket of
SMase D Class IIa (carbon atoms in white) and IIb (carbon atoms in
yellow). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this paper.)

Fig. 7. Amino acid differences in the metal-ion binding and active sites of
SMases I (carbon atoms in white; three letter code) and in GDPD from
Escherichia coli (PDB code:1YDY) (carbon atoms in yellow; one-letter
code). Yellow-orange and green spheres represent the Ca2+ and Mg2+

ions, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this paper.)
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reactions of two His residues (His6 and His48, based on the
numbering of PDB code: 1O1Z) which are assisted by a
network of hydrogen bonds in a fashion similar to that
observed in the SMases D (Fig. 3C). His47 in the SMase
D is hyperpolarized by a short bond to the carbonyl oxy-
gen atom of Gly48, whereas, His48 in GDPD is hyperpo-
larized by an analogous bond to Asp49 OD1 (Fig. 3C).
The proton donor His12 in SMase D is supported by
hydrogen bonds to Asp233 and Asn252, whereas His6 in
GDPD is hydrogen bonded to Asn195 and Asp213
(Fig. 3C). Additionally, the residues surrounding the cata-
lytic site are conserved between the two enzymes except for
the substitution of Met13 by Arg7 which occupies the same
relative position (Fig. 7).

Conclusion

SMases D are the principal components responsible for
the significant toxicity exhibited by spider venoms of the
genus Loxosceles. These enzymes belong to the family of
phosphodiesterases and serve as structural models to
understand lysosomal acid and plasma membrane-bound
neutral sphingomyelinases that are encountered in mam-
malian cells. These two important classes of phosphodies-
terases form the principal pathway for sphingomyelin
degradation following a reaction analogous to the reaction
catalyzed by phospholipases C that yields ceramides and
phosphocholine. Whereas SMases D are encountered only
in spider venoms and in some bacteria being conspicuously
absent in the animal kingdom, the GDPDs are widely dis-
tributed in both prokaryotes and eukaryotes and these two
functionally different enzymes use the same basic structural
and catalytic motifs to hydrolyze different substrates.
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Abstract

Envenomation by arachnids of the genus Loxosceles leads to local dermonecrosis and serious systemic toxicity mainly

induced by sphingomyelinases D (SMase D). These enzymes catalyze the hydrolysis of sphingomyelin resulting in the

formation of ceramide–phosphate and choline as well as the cleavage of lysophosphatidyl choline generating the lipid mediator

lysophosphatidic acid. We have, previously, cloned and expressed two functional SMase D isoforms, named P1 and P2, from

Loxosceles intermedia venom and comparative protein sequence analysis revealed that they are highly homologous to SMase I

from Loxosceles laeta which folds to form an (a/b)8 barrel. In order to further characterize these proteins, pH dependence

kinetic experiments and chemical modification of the two active SMases D isoforms were performed. We show here that the

amino acids involved in catalysis and in the metal ion binding sites are strictly conserved in the SMase D isoforms from L.

intermedia. However, the kinetic studies indicate that SMase P1 hydrolyzes sphingomyelin less efficiently than P2, which can

be attributed to a substitution at position 203 (Pro–Leu) and local amino acid substitutions in the hydrophobic channel that could

probably play a role in the substrate recognition and binding.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Envenomation by spiders belonging to the genus

Loxosceles commonly results in impressive local necrotic

skin lesions and more rarely causes systemic effects,

including profound intravascular hemolysis (Barreto et al.,

1985; Schenone et al., 1989, Ginsburg and Weinberg, 1988;

Sezerino et al., 1998; Gendron, 1990; Futrell, 1992; White

et al., 1995; Bey et al., 1997). The predominant clinical sign

is a cutaneous reaction characterized by the appearance of

necrosis around the wound, resulting in ulceration. Mild

systemic effects induced by envenomation, such as fever,

malaise, pruritus and exanthema are common, while

intravascular haemolyses and coagulation, sometimes

accompanied by thrombocytopenia and renal failure, occur

in approximately 16% of the victims (Barreto et al., 1985;

Schenone et al., 1989; Ginsburg and Weinberg, 1988;

Sezerino et al., 1998; Gendron, 1990; Futrell, 1992; White

et al., 1995; Bey et al., 1997).

We have recently purified, characterized, cloned and

expressed the toxins from Loxosceles intermedia venom that

are responsible for all the local and systemic effects induced

by whole venom (Tambourgi et al., 1995, 1998, 2004). Two

highly homologous proteins, termed P1 and P2, with Mr

35 kDa, endowed with sphingomyelinase activity, were both
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able to induce dermonecrosis in rabbits, and rendered

human erythrocytes susceptible to lysis by complement (C)

(Tambourgi et al., 1998, 2000).

Comparative analysis of the P1 and P2 translated protein

sequences reveals approximately 85% identity at the level of

amino acid and DNA sequence (Tambourgi et al., 2004).

Additional comparative analysis between L. intermedia P1

and P2 proteins with the SMase I from Loxosceles laeta

spider venom (Accession number: AY093599; Fernandes

Pedrosa et al., 2002), ‘sphingomyelinase like proteins H13

and H10’ (Accession numbers: AY093600 and AY093601;

Fernandes Pedrosa et al., 2002), ‘sphingomyelinase D

dermonecrotic enzyme precursor’ from Loxosceles arizo-

nica (Accession number: AF512953; unpublished) and

SMase D isoforms from Loxosceles reclusa (referred to as

Lr1 and Lr2) and Loxosceles bonetti venoms (referred to as

Lb1 and Lb3; Acession numbers: AAT66075 and

AAT66074, respectively; Ramos-Cerrillo et al., 2004)

revealed percentages of identity at the amino acid level of

40–85% between and within species.

Spider SMases D catalyze the hydrolysis of sphingo-

myelin (the major constituent in the outer leaflet of the lipid

bilayer of plasma membranes) to yield choline and ceramide

1-phosphate (N-acylsphingosine 1-phosphate) (Forrester

et al., 1978; Kurpiewski et al., 1981) while mammalian

sphingomyelinases converts sphingomyelin (SM) in phos-

phocholine and ceramide. Previous studies also demon-

strated that Loxosceles SMase D has an intrinsic

lysophospholipase D activity toward lysophosphatidyl cho-

line (LPC). LPC hydrolysis yields the lipid mediator

lysophosphatidic acid (LPA), a known inducer of platelet

aggregation, endothelial hyperpermeability and proinflam-

matory responses (van Meeteren et al., 2004).

The crystal structure of a member of the sphingomye-

linase D family from L. laeta (SMase I: accession number

AY093599) has been solved recently and this protein shown

to belong to the (a/b)8 barrel class of enzymes (Murakami

et al., 2005). Structural results indicate that interfacial

catalysis is mediated by metal ion binding and that two

histidine residues are involved in the stabilization and

hydrolysis of sphingomyelin and lysophosphatidyl choline

via an acid–base catalytic mechanism.

In the present study, we report the substrate specificity,

the kinetic parameters of sphingomyelin hydrolysis and the

involvement of histidines residues in the catalytic function

of active SMases D isoforms from L. intermedia spider

venom.

2. Material and methods

2.1. Chemicals, reagents and buffers

Bovine sphingomyelin, bovine phosphatidylcholine,

choline oxidase, horseradish peroxidase, 3-(4-hydroxy-

phenyl propionic acid) were purchased from Sigma

(St Louis, MO, USA). Diethylpyrocarbonate (DEPC) was

from Aldrich (St Louis, MO, USA). The BCA kit was from

Pierce (Rockford, IL, USA). Buffers were: PBS (phosphate

buffered-saline) pH 7.2, 10 mM Na Phosphate, 150 mM

NaCl; HBS (HEPES buffered saline) pH 7.4, 140 mMNaCl,

5 mMKCl, 1 mMCaCl2, 1 mMMgCl2, 10 mMHepes; TBS

(Tris-buffered saline) pH 7.4, 20 mM Tris, 0.15 M NaCl.

2.2. Recombinant protein expression and purification

Recombinant proteins were produced as described

previously (Tambourgi et al., 2004). In brief: pRSETB-L.

intermedia P1 or P2 cDNAs transformed Escherichia coli

BL21 (DE3) (Invitrogen, Carlsbad, California, USA) cells

were inoculated in 50 mL of 2YT/amp and grown overnight

at 37 8C and induced with IPTG. Recombinant proteins (rP1

and rP2) were harvested from the pellet by French pressure

and purified on a Ni (II) Chelating Sepharose Fast Flow

column (Pharmacia, Sweden, 1.0!6.4 cm). The fractions

containing rP1 or rP2 were pooled and concentrated using

Centricon-10 (10,000-mw cutoff; Amicon, Inc., Beverly,

MA, USA) and rechromatographed on a Superose 12 HR

column (HR 10/30, Pharmacia), equilibrated and eluted with

TBS at flow rate of 0.4 mL/min. The protein content of the

samples was evaluated by the BCA protein kit assay,

following the manufacturer’s protocol (Pierce, Rockford,

USA).

2.3. Sphingomyelinase activity

The SMase enzymatic activity was estimated by

determining choline liberated from lipid substrates, using

a modified fluorimetric assay (Tokumura et al., 2002). In the

standard assay, the lipids were diluted in HEPES-buffered

saline (HBS; 140 mM NaCl, 5 mM KCl, 1 mM CaCl2,

1 mMMgCl2, 10 mMHepes, pH 7.4). SM and PC substrates

(50 mM) were applied as liposomes. After SMase D

addition, the reaction was developed for 20 min at 37 8C.

After incubation, a mixture composed by 1 unit/mL choline

oxidase, 0.06-unit/mL of horseradish peroxidase and 50-mM
of 3-(4-hydroxy-phenyl) propionic acid in HBS was added

and incubated for 10 min. The choline liberated was

oxidised to betaine and H2O2 and this product determined

by fluorimetry at emZ405 nm and exZ320 nm, using a

Perkin–Elmer Spectrofluorimeter. Calculations of Km and

kcat were performed using the Michaelis–Menten equation

with GraFit Data Analysis Software.

2.4. pH dependence of the recombinant SMases D

The pH-dependence of the sphingomyelinase activity of

rP1 and rP2 was determined at 37 8C over a range of pH

from 4.5 to 9.5 (in 20 mM citrate buffer for pH 4.5–5.0; in

20 mM phosphate buffer for pH 5.5–7.5 and in Tris buffer

for pH 8.0–9.0). The pH dependent ionizations were

determined by a fit of the steady-state parameters according
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to Eq. (1), where v is the observed rate of the reactions, C is

the pH-independent rate, [H] is the concentration of

hydrogen ions, and Ka and Kb reflect the ionization constants

of the acid and base species, respectively.

vZC=ð1C ½H�=Ka CKb=½H�Þ (1)

2.5. Treatment of rP1 and rP2 with diethylpyrocarbonate

(DEPC)

In order to inactivate the sphingomyelinase activity, rP1

and rP2 (16 nM) were incubated with increasing concen-

trations of DEPC in 50 mM sodium phosphate (20–100 mM
from a DEPC stock solution diluted in 3% ethanol) at pH 7.4

and room temperature. DEPC was quenched from the

samples by using imidazole (250 mM). Control mixtures

contained an equivalent amount of ethanol; the amount of

ethanol added was less than 3% of the total volume and did

not significantly affect the enzymatic activity of rP1 and rP2.

The time course of inactivation was determined by

monitoring the enzymatic activity retained after determined

time interval. Alternatively, rP1 and rP2 (16 nM) were

incubated with DEPC (100 mM) in the presence of

increasing concentrations of PC and SM (0–2.5 mM) for

20 min at 37 8C. DEPC was quenched and the samples were

additionally incubated with SM (50 mM) for 10 min at

37 8C, and the remained sphingomyelinase activity esti-

mated by the fluorimetric method of Tokumura et al. (2002).

2.6. Sequence alignment and structure analysis

Sequences were aligned using Clustal program

(Thompson et al., 1994). The rP1 and rP2 structural models

were obtained using the webbased utility SWISSMODEL

(http://www.expasy.ch/swissmod/SWISS-MODEL.html)

and the structure of SMase I from L. laeta (PBD 1XX1) as

template. The models were selected based on the overall

stereochemical quality and subjected to relaxation and

energy minimization of the structures using GROMACS

molecular dynamics (Lindahl et al., 2001).

3. Results and discussion

3.1. Sphingomyelinase activity

The recombinant sphingomyelinases P1 and P2 were

purified from the soluble fraction of cell lysates by Ni2C

chelating chromatography and eluted from the resin in an

extraction buffer containing 0.8 M imidazole as the initial

purification step. The enzymes were further purified by gel

filtration and eluted using a Tris buffer pH 7.4, NaCl 0.15 M.

As shown in Fig. 1, the purified recombinant proteins P1

and P2 catalyze choline release from SM, but not from PC.

The recombinant SMases P1 and P2 were assayed at various

substrate concentrations to determine the kinetic parameters

kcat and Km. As presented in Table 1, the Km value

determined for rP1 are 1.76 times higher than rP2 and the

kcat was two times lower than rP2, thus demonstrating that

rP2 hydrolyzes sphingomyelin with higher catalytic

efficiency than rP1.
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Fig. 1. Choline release from phospholipids induced by recombinant SMase D isoforms from Loxosceles intermedia. Choline release was

determined fluorimetrically in HEPES-buffered saline, pH 7.4 at 37 8C (see Section 2). SMases rP1 and rP2 were used at 16 nM. ‘Control’

denotes no enzyme addition. Hydrolysis was determined using 50 mM of PC or SM as multilamellar vesicles (liposomes). Data points are the

mean of two independent experiments each performed in triplicate. Error bars represent SD values.

Table 1

Comparison of kinetic parameters for rP1 and rP2 sphingomyeli-

nases from Loxosceles intermedia

SMases Sphingomyelin

kcat (minK1) Km (mM) Kcat/Km (minK1 mMK1)

rP1 3.50 113G0.03 30097.4

rP2 7.10 64G3.0 110937.8

Rates of choline release from SM are plotted against increasing

concentration of the substrate. Data were fitted to the Michaelis–

Menten equation, yielding the indicated apparent Km values. Data

points are the mean of two independent experiments each performed

in triplicate. Error bars represent SD values.
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3.2. Alignment and prediction of SMase structure

The primary sequence comparison indicates that residues

involved in the SMase I catalysis mechanism are completely

conserved in L. intermedia SMase isoforms (Fig. 2).

Previous studies of the secondary structure of the Loxosceles

SMases D suggest that under physiological conditions the

secondary structure elements of rP1, rP2 and SMase I

measured by circular dichroism are very similar (Andrade et

al., 2005) and agree fairly well with the tertiary structure of

SMase I, recently solved by X-crystallography (Murakami

et al., 2005). Given the high degree of sequence identity and

secondary structure, rP1 and rP2 could adopt a tertiary

structure similar to that of SMase I and, therefore, the

structures of the rP1 and rP2 were modeled using the SMase

I structure as template. Stereochemical parameters of the

modeled structure were at or higher than 95% confidence

level and no residues were found in the disallowed regions

of the Ramachandran plot.

As shown in Fig. 3, rP1 and rP2 also display the (a/b)8
barrel fold as described for SMase I (Murakami et al., 2005)

with the active site formed by two histidines and the amino

acid residues involved in the metal ion coordination and

several connecting loops, which support a part of the active

site and form the entrance to the catalytic pocket. The major

loops are the catalytic loop (which contains the catalytic

residue His47-numbering from SMase I), and the flexible

loop. However, in this region, rP1 and rP2 have an

additional disulfide bridge formed between the tip of

catalytic loop and the flexible loop. In the first model the

residues Cys53 and Cys201 (numbering from SMase I), were

initially 15 Å apart from each other. After energy

minimization and molecular dynamics calculations, the

flexible loop region containing Cys53 and Cys201 was

conformationally modified to allow the disulfide bond

formation in the catalytic loop at 2.03 Å of the distance in

our final model.

The superpositioning of the predicted structures of rP1

and rP2 result in 265 topologically equivalent Ca positions

with root mean square (rms) deviation of 0.27 Å, which

indicates high structural identity. The major deviations are

observed in the flexible loop, which contains a substitution

of Pro (rP1) by Leu (rP2) at position 203. The rigidity

induced by the presence of an additional disulphide bridge at

tip of the loop and the presence of a proline residue at

position 203 reduces the accessibility to the active site and

could destabilize the enzyme–substrate complex, which

could be account for our kinetic results. Additionally, in rP1,

the substitution Leu/Lys and Trp/Tyr at positions 58

and 60 reduces the hydrophobicity in the channel composed

by Tyr44, Tyr46, Leu58 and Trp60 (numbering from SMase I).

Thus, minor structural modifications, such as substitutions

on the surface loops, can affect the hydrolytic activity upon

sphingomyelin, suggesting that besides of the active site,

these SMases have other structural regions that participate

in the recognition, binding and hydrolysis of the substrate.
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The parameters of the sphingomyelin hydrolysis by rP1

and rP2 and the assessment of the role of histidine residues

in the substrate binding and catalysis were studied by

chemical modification and pH dependence to validate the

predictions made from the structural homology.

3.3. Effects of pH on kinetic parameters of sphingomyelin

hydrolysis by rP1 and rP2

An acid–base mechanism dependent of Mg2C ion has

been proposed for the SMase I from L. laeta (Murakami et

al., 2005). The SMase I mechanism involves two histidines,

His12 and His47, where His12 functions as the nucleophile

that initiates the attack on the scissile phosphodiester bond

of the sphingomyelin substrate and the His47 acts as proton

donor destabilizating a shortlived penta-coordinated

covalent intermediate to produce choline.

To understand the role of these residues in the

interaction of L. intermedia SMases rP1 and rP2 to the

substrate (SM), the kinetic pH dependent analysis was

performed at 37 8C using the substrate at a concentration

equivalent to twice the Km value of the toxins. Based on

the acidic limb of the profiles, pK1 of 6.2G1.2 and 5.8G

0.5 to rP1 and rP2 were determined and the basic limb of

the profiles shows an ionization pK2 of 9.5G1.0 and 9.6G

0.7. These results indicate that the pK values where the

enzymes are inactive are similar to the ionization values

for histidine groups (Table 2), which agrees with the

catalytic mechanism proposed previously for SMase I

(Murakami et al., 2005).

3.4. Chemical modification of the histidines

The kinetic pH dependence of the sphingomyelinases

rP1 and rP2 indicates the involvement of histidines residues

in their catalytic function. To confirm the functional

significance of the histidine(s) for rP1 and rP2, the specific

modification of these residues by Diethylpyrocarbonate

(DEPC) was accomplished. As shown in Fig. 4(A) and (B)

the enzymes were fully inhibited by DEPC at concentrations

ranging from 20 to 100 mM. These results indicate that

chemical modification of the accessible reactive histidine

residues may alter the conformation of both proteins or

blocked substrate access to the active site and, thereby,

affecting SM hydrolysis.

Since the constant rate of inactivation with DEPC is

similar for both rP1 and rP2, it can be suggested that the

same histidines are involved in sphingomyelin hydrolysis.

However, as both recombinant proteins contain seven

Fig. 3. Stereo-ribbon representation of the overlapped structures of L. intermedia active SMase D isoforms, P1 and P2, viewed along the axis of

the (a/b)8 barrel. The super positioning of the predicted structures of rP1 and rP2 indicates high structural identity. (A) The functionally

important His12, Glu32, Asp34, His47 and Asp91 are included. The major deviations are observed in the flexible loop, which contains a

substitution of Pro (rP1) by Leu (rP2) at position 203. (B) Additionally, in rP1, the substitution Leu/Lys and Trp/Tyr at positions 58 and 60

reduces the hydrophobicity in the channel (gray area) composed by Tyr44, Tyr46, Leu58 and Trp60.

Table 2

pH dependent ionizations of rP1 and rP2 enzymes

Parameter Measured

value

rP1 rP2

Vmax pK1 6.2G1.2 5.8G0.5

pK2 9.5G1.0 9.6G0.7

The sphingomyelinasic activities of rP1 and rP2 were determined at

37 8C, using the substrate at a concentration equivalent to twice the

Km value of the toxins, over a range of pH from 4.5 to 9.5 (in 20 mM

citrate buffer for pH 4.5–5.0; in 20 mM phosphate buffer for pH 5.

5–7.5 and in Tris buffer for pH 8.0–9.0). Data points are the mean of

two independent experiments each performed in triplicate.
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histidine residues, it is also possible that the reactive

histidines are not the histidines present in the active site and

that they might be necessary for stability. To confirm that

essential catalytic histidine residues are within the active

site of rP1 and rP2, both proteins were preincubated with

DEPC in the presence of increasing concentrations of SM

and PC (Fig. 5). In the presence of SM substrate, protection

of the enzyme against DEPC inactivation was observed, but

under the same condition, no protection was obtained with

PC, which is not a substrate for this enzyme as demonstrated

in this work.

These results demonstrate that the essential DEPC-

sensitive histidine residues are present in the active site. Our

structural studies indicate that at least two histidines (His12
and His47) are close to the active site(s) and the kinetic pH

dependence studies demonstrate that the pK values, where

the enzymes lose their activity, are similar to the ionization

values for histidine groups. These results suggest that these

histidine residues are essential for rP1 and rP2

sphingomyelinase activity. The importance of histidine

residues was also, recently, demonstrated by Lee and Lynch

(2005) through site-directed mutagenesis of a L. reclusa

recombinant SMase D isoform.

In conclusion, we show here that the amino acids

involved in the catalysis and in the metal ion binding sites

are strictly conserved in the SMase D isoforms from

L. intermedia and that SMase P1 hydrolyzes sphingomyelin

less efficiently than P2, which can be attributed to a

substitution at position 203 (Pro–Leu) and local amino acid

substitutions in the hydrophobic channel which could

probably play a role in the substrate recognition and

binding.
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Fig. 4. Effect of chemical modification of histidine on the enzyme activity. SMase D isoforms rP1 and rP2 (16 nM) were preincubated with

increased concentrations of DEPC for 20 min at 37 8C and the remaining sphingomyelinase activity was determined fluorimetrically using SM

as substrate. Control tubes were prepared in the absence of DEPC or enzyme. Data points are the mean of two independent experiments each

performed in triplicate. Error bars represent SD values.
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Fig. 5. Substrate protection against the inactivation by DEPC treatment. SMase D isoforms rP1 and rP2 (16 nM) were incubated with DEPC

(100 mM) in the presence of increasing concentrations of SM or PC, for 20 min at 37 8C. After this period, SM (50 mM) was added and the

remaining sphingomyelinase activity was determined fluorimetrically. Control tubes were prepared in the absence of DEPC or enzyme. Data

points are the mean of two independent experiments each performed in triplicate. Error bars represent SD values.
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ii. Fosfolipases A2

As fosfolipases A2 (PLA2s) ainda representam um paradigma para os
toxinologistas, apesar da vasta caracterização bioquímica e estrutural, devido a
sua gama de propriedades farmacológicas contidas no mesmo motivo estrutural.
Recentemente, estudos demonstraram que as Lys49 PLA2s são potentes
supressores do fator de crescimento do endotélio vascular e seu receptor KDR
(kinase domain containing receptor), um sistema chave na regulação e formação
de vasos sanguíneos (Yamazaki et al., 2005) (Figura 7).

O alvo desse projeto foi delinear os determinantes estruturais da atividade
miotóxica de Lys49 PLA2s através de estudos bioquímicos in vitro e in vivo e
resolução de estruturas tridimensionais de complexos de Lys49 PLA2s com
substâncias polianiônicas como suramina, derivados de heparina e extratos de
plantas, as quais são efetivas na inibição da atividade miotóxica. Esse projeto
envolveu a atuação de diversos colaboradores como Prof. Dr. Christian Betzel
(University of Hamburg / European Molecular Biology Laboratory, Alemanha) e o Prof.
Dr. Paulo A. Melo (Universidade Federal do Rio de Janeiro). Os resultados
provenientes desses estudos estão detalhados em um artigo de revisão e outros
manuscritos tratando de diversos aspectos da multi funcionalidade dessas
proteínas.

Como resultado final desse trabalho, foi caracterizada uma potente
molécula anti dermonecrótica que tem aplicação como tratamento complementar
ou alternativo para acidentes ofídicos com serpentes do gênero Bothrops.

Figura 7: Modo proposto de interação de Lys49 PLA2 (verde) com receptor KDR
(superfície eletrostática) da angiogênese.

67



A structure based model for liposome disruption and the role

of catalytic activity in myotoxic phospholipase A2s

M.T. Murakami, R.K. Arni*
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Abstract

Venom phospholipase A2s (PLA2s) display a wide spectrum of pharmacological activities and, based on the wealth of

biochemical and structural data currently available for PLA2s, mechanistic models can now be inferred to account for some of

these activities. A structural model is presented for the role played by the distribution of surface electrostatic potential in the

ability of myotoxic D49/K49 PLA2s to disrupt multilamellar vesicles containing negatively charged natural and non-

hydrolyzable phospholipids. Structural evidence is provided for the ability of K49 PLA2s to bind phospholipid analogues and

for the existence of catalytic activity in K49 PLA2s. The importance of the existence of catalytic activity of D49 and K49 PLA2s

in myotoxicity is presented.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Phospholipases A2s (PLA2, EC 3.1.1.4) are small

(,14 kDa), stable, soluble enzymes that are found in a

variety of biological fluids and cells, such as synovial fluid,

macrophages, platelets, pancreatic secretion, spleen, smooth

muscle and placenta. Additional rich sources of PLA2s are

saliva and the venoms of bees, lizards and snakes. The

interest in these enzymes stems from the fact that they

catalyze the hydrolysis of the sn-2 ester bonds of

phospholipids, liberating free fatty acids and lysopho-

spholipids (van Deenen and de Haas, 1963) which

subsequently serve as second messengers or as precursors

in a variety of inflammatory reactions (Kudo et al., 1993;

Dennis, 1994).

The pharmacological activities exhibited by snake

venom PLA2s vary widely and include neurotoxic, cardio-

toxic, haemolytic, myotoxic, anticoagulant, convulsant,

hypotensive and oedema-inducing effects (Harris, 1991;

Mukherjee et al., 1994). The ability of these proteins to

exhibit such a diverse spectrum of activities is intriguing

since they share significant sequence and structural

homology and since these activities originate from a single

structural scaffold (Arni and Ward, 1996).

Structure–function relationships of PLA2s are important

to further our understanding of the stereochemical determi-

nants that are involved in the expression of these activities.

There have been a number of attempts to delineate the

region or regions critical for the expression of these

activities, especially regarding neurotoxicity and myotoxi-

city. These efforts have been based on sequence homology

(Krizaj et al., 1989; Heinrickson, 1991; Ward et al, 1998;

Selistre de Araujo et al., 1996), charge distribution (Kini and

Iwanaga, 1986; Kini and Evans, 1989; Lomonte et al.,

1994b), hydropathy profiles (Kini and Iwanaga, 1986),

chemical modification (Dijkstra et al., 1984; Dı́az-Oreiro

and Gutiérrez, 1997; Andrião-Escarso et al., 2000), peptide

synthesis (Lomonte et al., 1999; Núnez et al., 2001), site-

directed mutagenesis (Chioato et al., 2002) and structural

(Scott and Sigler, 1994) studies.

The catalytic mechanism of PLA2s have been elucidated

based on structural analyses of class I, II and III enzymes in

the native state and complexed with transition state

analogues (Verheij et al., 1980; Scott et al., 1990). The

enzymatic activity of PLA2s can be inhibited by the addition

of chelating agents such as EDTA or p-bromophenacyl-

bromide (BPB), which alkylates His48 (Volwerk et al.,

1974; Renetseder et al., 1988; Soares et al., 2000).
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Based on structural data of non-myotoxic D49 PLA2s

and myotoxic D49/K49 PLA2s, we have calculated the

surface electrostatic charge distribution of PLA2s and

suggest that this plays an important role in the ability of

myotoxic PLA2s to disrupt the integrity of liposomes

containing negatively charged phospholipids without con-

comitant hydrolysis. Based on structural data, we propose

that myotoxic K49 PLA2s are catalytically active and that

hydrolytic activity is important for the expression of

myotoxicity by venom class II PLA2s.

2. Venom myotoxic proteins

2.1. Myotoxic proteins in snake venoms

Myotoxicity has been defined as the ability of proteins to

induce skeletal muscle necrosis (myonecrosis) in vivo, upon

intramuscular injection, or in vitro, upon incubation with

differentiated skeletal muscle (Gutiérrez and Lomonte,

1997). Three distinct groups of proteins are responsible

for myotoxic activity in snake venoms (Mebs and Ownby,

1990; Mebs, 1998):

(1) Basic, enzymatically inactive short peptides with 42–

45 amino acids, exemplified by crotamine from

Crotalus durissus terrificus and myotoxin a from

Crotalus viridis viridis.

(2) Longer chain (60–62 amino acid) cardiotoxins and

cytotoxins from some elapid venoms, particularly of

Naja species.

(3a) Highly toxic, presynaptic PLA2s that either consist of a

single chain or are complexed with other domains or

subunits.

(3b) Less toxic PLA2s which hydrolyze (D49 PLA2s) or do

not hydrolyze (K49 PLA2 homologues) natural

phospholipids.

2.2. Classification of PLA2s

A number of schemes have been proposed to classify the

PLA2s (Renetseder et al., 1985; Dufton and Hider, 1983;

Dennis, 1994). From the point of view of studying secretory

PLA2s, venom PLA2s belong to one of the three principal

classes based on amino acid sequence, secondary structure,

insertions, deletions and disulfide bonding pattern (Renet-

seder et al., 1985; Arni andWard, 1996; Kini, 1997) (Fig. 1).

Fig. 1. Ribbon representation of the Class IIA PLA2, SIISIIB from Bothrops jararacussu (unpublished results). Included in the figure are the

amino acids important for catalysis (His48, Asp49, Tyr52 and Asp99). The shaded sphere represents the bound calcium ion and thin lines

represent disulfide bridges. Sections of the loop (E1 and E2) and ‘calcium binding’ loop (C1, C2 and C3) are labelled and presented in the

discussion.
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The discussion in this manuscript is restricted to Class IIA

myotoxic PLA2s found in snake venoms.

2.3. The basic structural motif of class II PLA2s

The structural aspects of PLA2s have been reviewed

thoroughly (Scott et al., 1990; Arni and Ward, 1996; Scott,

1997) and the following presentation is a brief summary of

the principal structural features. Class II PLA2s contain

seven disulfide bridges and between 120 and 125 amino

acids. The principal structural feature of class II PLA2s is a

platform formed by the two long anti-parallel disulfide

linked a-helices (helices 2 and 3, residues 37–54 and 90–

109) with a mean distance of 10 Å between the helical axes

(Arni and Ward, 1996). These helices do not display a clear

amphiphatic character, as the hydrophilic amino acids are

exposed and the hydrophobic amino acids are shielded from

the solvent. The amino acids considered important for

hydrolysis (His48, Asp49, Tyr52 and Asp99) are located on

this structural feature. This structural motif is highly

conserved in all class I/II PLA2s and superpositioning of

this region results in a root mean square deviation of only

about 0.4 Å.

Other conserved structural features which, however,

adopt different relative orientations are the N-terminal helix

and reverse turn, the b-wing region, the calcium binding

loop, the ‘elapid’ or ‘pancreatic loop’ (E-loop), the short

helix and the C-terminal extension which is stabilized by a

disulfide bond to helix 2.

Class II PLA2s can be further subdivided into at least

two subclasses depending on whether they are D49-PLA2s

or K49-PLA2 analogues (Ownby et al., 1999). The most

abundant protein in some Viperidae snake venoms is a

natural mutant where Asp49 previously considered

invariant and essential is changed either to Lys (Mar-

aganore and Heinrickson, 1986; Francis et al., 1991;

Homsi-Brandenburgo et al., 1988), Ser (Krizaj et al.,

1991) or Ala (Liu et al., 1991). The Ser49 PLA2s have

been shown to retain their ability to bind calcium (Polgar

et al., 1996). The Asp49 to Lys mutation prevents calcium

binding (Maraganore and Heinrickson, 1986); however,

the His48/Asp99 diad and the residues Tyr 52 and Tyr73,

which form hydrogen bonds to Asp99 and ensure its

proper orientation, are considered to form the catalytic

network, being strictly conserved (Arni et al., 1999; de

Azevedo et al., 1999). These K49 mutants are capable of

destroying the integrity of membranes and provoke marker

release from liposomes in the absence of calcium without

detectable lipid hydrolysis (Rufini et al., 1992) and there

exists controversy as to whether these enzymes possess

hydrolytic activity (Maraganore and Heinrickson, 1986;

Ward et al., 2002).

3. Myotoxicity

A number of reports have attempted to correlate

biochemical and biophysical characteristics such as

sequence homology (Krizaj et al., 1989; Selistre de Araujo

et al., 1996; Ward et al, 1998), charge distribution (Kini and

Iwanaga, 1986; Kini and Evans, 1989; Lomonte et al.,

1994a,b), hydrophobicity profiles (Kini and Iwanaga, 1986),

results of chemical modification (Dı́az-Oreiro and Gutiér-

rez, 1997; Andrião-Escarso et al., 2000; Soares et al., 2001)

and structural aspects (Arni and Ward, 1996) of PLA2s that

induce myotoxicity. We briefly summarize the conclusions

arrived at in these studies and present details of these

structural features.

3.1. N-terminus and reverse turn

The N-terminus of PLA2s, which includes the short helix

and the reverse turn (residues 1–17), forms part of the

hydrophobic collar surrounding the hydrophobic channel

which provides access to the active site in classes I and II

PLA2s. This region, specifically amino acids at positions

7 and 10 in class I PLA2s, form the interfacial recognition

site and are considered to be involved in substrate binding

(Scott and Sigler, 1994; Han et al., 1997).

In the myotoxic K49 PLA2s, this region is highly

conserved with the sequence SLFELGKMILQETGKN.

However, some degree of substitution is observed, for

example F3Y, E4Q and G6W in myotoxin I (Bothrops

godmani) (de Sousa et al., 1998). Lys7, Glu12, Thr13 and

Lys15 have been suggested to play a role in myotoxicity

(Selistre de Araujo et al., 1996).

Cleavage of the N-terminal octapeptide of B. asperMTII

with cyanogen bromide reduces the myotoxic activity to a

third (Dı́az et al., 1994; Soares et al., 2001). This region is

important for the maintenance of a functional catalytic site

(Yang, 1997). As pointed out by Fletcher et al. (1997),

the effect of this cleavage on the structural integrity of the

protein was not reported (Dı́az et al., 1994). Cleavage of the

N-terminal octapeptide in B. pirajai PrTX-1, a K49 PLA2,

resulted in a wavelength shift in the first minimum to

207 nm and a decreased minimum value at 222 nm in the

circular dichroism spectra (Soares et al., 2001), which

indicates that structural modification is associated with this

cleavage. Cleavage of this octapeptide would expose the

amino acids located on helix 3, especially Asp99, which is

shielded from the solvent. The short helix would probably

not be held in position since class II PLA2s lack a disulfide

bridge in this region. Additionally, loop E2 (Fig. 1) would

be destabilized since the hydrogen bonds formed between

this region and the N-terminus would be absent. Thus,

cleavage of the N-terminal octapeptide could result in a

drastic structural re-organization, which may account for its

reduced myotoxic activity.
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3.2. The short helix

The short helix (Fig. 1), which differs considerably in its

relative orientation, is a structurally conserved feature in

class II PLA2s (Arni and Ward, 1996). Except for Tyr21,

which is fully conserved and forms a hydrogen bond with

the amino acids at the C-terminus of helix 3, there is no

charge or sequence pattern that is the exclusive premise of

myotoxic PLA2s and no role in myotoxicity has been

attributed to this region.

3.3. The calcium binding loop

Calcium binding is considered to be essential for

catalytic activity in D49 PLA2s, since the calcium ion

forms bonds to the bound phospholipid and stabilizes the

transition state intermediate (Scott et al., 1990). In the D49

PLA2s, this region is invariant with the consensus sequence

Y25-G-C-Y/F-C-G-X-G-G33. In the K49 PLA2s, this region

does not bind calcium, has a different sequence, and has

been observed to adopt different conformations (Scott et al.,

1992; Arni et al., 1995, 1999; Arni and Ward, 1996; de

Azevedo et al., 1998, 1999; ). No role in myotoxic activity

has been attributed to this region.

3.4. b-Wing region

The b-wing region (residues 74–84) is structurally

conserved and its relative orientation is preserved by two

disulfide bridges in class I PLA2s and only one disulfide

bridge in class II PLA2s. This region adopts different

conformations and participates in the formation of dimers in

the class II K49 PLA2s (Arni et al., 1995; da Silva Giotto

et al., 1998).

Lys78 and Lys80 in class II myotoxic K49 PLA2s are

conserved and are spatially close to the N-terminal region.

Based on molecular modeling of ACL myotoxin (from the

venom of Agkistrodon contortrix laticinctus), it has been

proposed that the amino acids Lys7, Glu12 and Thr13 in

myotoxic K49 PLA2s, which are clustered on the surface of

the molecule and are in close proximity to the conserved

residues Lys78, Lys80, Lys115 and Lys116, could play a

role in determining myotoxicity (Selistre de Araujo et al.,

1996).

3.5. Helix 3

Kini and Iwanaga (1986) compared the sequences of a

number of neurotoxic and myotoxic PLA2s with neurotoxic/

non-myotoxic PLA2s. They reported that approximately 15

amino acids in the region between the b-wing and helix 3

were strongly cationic in myotoxic PLA2s and suggested

that this region could form the myotoxic site.

3.6. C-terminus

The C-terminal region (residues 115–134) of myotoxic

K49 PLA2s forms a cationic site which has been implicated

in the mediation of electrostatic interactions with negatively

charged lipids, forming a cytolytic motif (Lomonte et al.,

1994b; Gutiérrez and Lomonte, 1997). Synthetic peptides

corresponding to residues 115–129 of B. asperMTII induce

cytolysis and interfere with the interaction between heparin

and B. asper MTII (Lomonte et al., 1994b). However,

intramuscular injection of 250 mg of this peptide failed to

induce myotoxicity in mice (Gutiérrez and Lomonte, 1997).

It has been suggested that along with other sites, this could

form the molecular region that penetrates and disorganizes

membranes (Gutiérrez and Lomonte, 1997; Lomonte et al.,

1999; Núnez et al., 2001; Angulo et al., 2002). Selistre de

Araujo et al. (1996) also proposed that Lys115 and Lys116

form part of the myotoxic site in K49 PLA2s. Site directed

mutagenesis specifically of cationic and aromatic residues in

the C-terminal region (positions 115–129) and substitution

of lysines and arginines in the region 117–122 with alanine,

except for Lys122, resulted in a significant reduction in

myotoxicity (Chioato et al., 2002).

4. Discussion

As presented, various attempts have been made to

correlate sequence and structural aspects with myotoxicity

in snake venom PLA2s. However, some of these results

contradict each other and no clear picture has emerged

concerning the structural basis for the disruption of

negatively charged liposomes, the role of hydrolytic activity

and the region or regions responsible for myotoxicity in both

K49 and D49 PLA2s.

4.1. Surface charge distribution

The results of the electrostatic surface charge distri-

bution calculations using GRASP (Nicholls, 1993) and

potentials in the kT range 24.0 to 4.0 are shown in Fig.

2(a)–(f), with the molecule positioned in the same relative

orientation as in Fig. 1. The surface principally encompasses

the N-terminal helix, the short helix, the calcium binding

loop (C1, C2 and C3), the elapid loop (E1 and E2), the b-

wing region, the C-terminal extension and the area around

the active site cleft which together form the interfacial

activation face or i-face.

Calculations performed in the absence of the calcium ion

for the non-myotoxic D49 PLA2 (PDB ID: 1UMV,

Murakami et al., unpublished results of this laboratory)

indicate that a large part of the surface is uncharged in this

PLA2 and isolated positive regions are observed at the tip of

the b-wing and at the end of the C-terminus (Fig. 2(a)). The

area around the active site forms a deep channel that is
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negatively charged. An additional highly charged pocket is

observed to the left of this region, in the vicinity of the

calcium-binding loop. When the calcium ion, which is

coordinated by Asp49 and the putative calcium binding loop

(Arni et al., 1995), is included in the calculation, the

positively charged region spreads to include the surface of

the calcium-binding loop and the region around the active

site (Fig. 2(b)).

Fig. 2. Electrostatic surface potentials calculated in the same orientation as in Fig. 1 using GRASP (Nicholls, 1993) in the kT range 24.0

to þ 4.0. Non-myotoxic D49 PLA2 from B. jararacussu (PDB ID: 1UMV, unpublished results) in the absence (a) and presence (b) of the bound

calcium ion. Myotoxic D49 PLA2 from A. p. piscivorus (PDB ID:1VAP) in the absence (c) and presence (d) of the bound calcium ion. Monomer

(e) and dimer (f) of B. asper MTII K49 PLA2 (PDB ID:1CLP).
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Similar calculations performed in the absence of the

calcium ion with a myotoxic D49 PLA2 (PDB ID: 1VAP;

Han et al., 1997) indicate the presence of a broad positively

charged surface in the b-wing region and more noticeably in

the loop following the short helix (loop C1), in the calcium

binding loop (loop C2) and in loop C3. The negative charge

is restricted to the region around the active site cleft.

Inclusion of the calcium ion in the calculation (Fig. 2b)

dramatically increases the area of the positively charged

region, which now spreads to include the major part of the i-

face. Correspondingly, the negatively charged region

shrinks to include, principally, the interior of the active site.

The charge distributions of the K49 PLA2s from B. asper,

B. jararacussu and B. nummifer are strikingly different

when compared to the D49 PLA2s. The positive charge

presented for B. asper MTII (PDB ID:1CLP; Arni et al.,

1995) encompasses the entire i-face of the molecule (Fig.

2(e)). Negative charges are not present on the i-face and are

limited to part of the loop that connects helix 3 to the b-wing

region. Formation of the dimer results in a dramatic increase

in the area of the positively charged surface (Fig. 2(f)).

Calculations performed based on the crystal structures of

other myotoxic K49 PLA2s (Arni et al., 1999; de Azevedo

et al., 1999) result in a similar pattern of charge distribution.

In the non-myotoxic D49 PLA2, access to the active site

is through a narrow channel. This channel is much wider in

the myotoxic D49 PLA2, and Trp31 is positioned to enable it

to function as a flap to modulate access. In the myotoxic

K49 PLA2, this function is carried out by Phe3 and the

amino acids located in loop E2 or Phe102 (Liu et al., 2003)

which restricts access to the catalytic site.

These electrostatic potential calculations indicate that in

the case of non-myotoxic D49 PLA2s the predominantly

neutral and negatively charged surfaces present on the i-face

do not permit the approach to negatively charged mem-

branes. However, the myotoxic D49 PLA2s possess a

relatively large positively charged surface, whose area

increases significantly with the inclusion of the calcium ion.

In the K49 myotoxic PLA2s, the i-face is almost completely

positively charged. The large positive surface charge

distribution in myotoxic PLA2s probably plays an important

role in the recognition of the muscle membranes and,

consequently, in the expression of myotoxic activity.

Similar electrostatic surface analysis have been conducted

on viperid mytoxins (Falconi et al., 2000).

Liposomes have been used as model systems for the

interaction of myotoxins with membranes and the ability of

PLA2s to disrupt negatively charged liposomes that contain

markers has been reported (Dı́az et al., 1991; Rufini et al.,

1992). Catalytically active D49 non-myotoxic PLA2s

hydrolyze lipids only in the presence of calcium with

concomitant marker release, and inclusion of EDTA inhibits

this activity (Rufini et al., 1992). Myotoxic D49 PLA2s also

require calcium, and the inclusion of EDTA results in a

reduction of liposome disrupting activity (Dı́az et al., 1991).

The myotoxic K49 PLA2s, on the other hand, disrupt

the integrity of liposome in the absence of calcium without

concomitant phospholipid hydrolysis (Dı́az et al., 1991;

Rufini et al., 1992). B. asper MTII is also capable of

releasing entrapped dyes from liposomes comprised of

nonhydrolyzable analogues of phospholipids (Pedersen

et al., 1994), and enzymatic activity has been considered

non-essential for some myotoxic D49 PLA2s to lyse

liposomes, although it does enhance lytic activity (Dı́az

et al., 1991; Bultrón et al., 1993).

This liposome disrupting effect by K49 PLA2s has been

observed predominantly for negatively charged phospholi-

pids (Dı́az et al., 1991; Rufini et al., 1992; Gutiérrez and

Lomonte, 1997). The charge distribution analysis presented

above supports the hypothesis that electrostatic interaction

between positively charged surfaces on the protein and the

negatively charged phospholipids play a crucial role in the

disruption of liposomes (Gutiérrez and Lomonte, 1997;

Falconi et al., 2000). This would also explain the fact that

B. asperMTII is capable of disrupting liposomes comprised

of negatively charged, nonhydrolyzable phospholipd ana-

logues (Pedersen et al., 1994; Gutiérrez and Lomonte,

1997).

4.2. Is catalytic activity important for myotoxicity?

Based on BPB modification of His48, it has been

demonstrated that hydrolytic activity is important for the

expression of myotoxicity in D49 PLA2s (Dı́az-Oreiro and

Gutiérrez, 1997). In the crystal structure of the acidic class

IIA PLA2 from Agkistrodon halys pallas (i.e. Agkistrodon

blomhoffii brevicaudus) (Zhao et al., 1998; PDB ID: 1BK9),

BPB binds to His48 Nd1 in an analogous manner to that of

bovine pancreatic PLA2 (Renetseder et al., 1988). However,

the specific interactions vary considerably (Zhao et al.,

1998). In the pancreatic PLA2, upon inhibitor binding, the

‘pancreatic loop’ adopts a significantly different confor-

mation and Tyr69 forms extensive contacts while Leu31

does not form contacts with the inhibitor. In the class IIA

structure, the shortened, more rigid loop does not change

conformation upon BPB binding, and Lys69 does not form

contacts whereas Trp31 interacts extensively with the

inhibitor.

In the model for catalytic activity of D49 PLA2s, the

calcium ion is essential for the stereospecific orientation of

the substrate and it also serves as an electrophile (Scott and

Sigler, 1994; Scott, 1997). Exclusion of the calcium ion in

D49 PLA2s results in absence of lipid hydrolysis. There

exists considerable controversy as to whether myotoxic K49

PLA2s possess catalytic activity, since the substitution of

Asp49 by Lys prevents Ca2þbinding.
In primary cultures of human skeletal muscle, under

conditions relevant to myotoxicity, K49 PLA2s have been

shown to be enzymatically active (Rodrigues-Simioni et al.,

1995; Fletcher et al., 1996). Highly purified ACLMT was

shown to possess significant PLA2 activity at concentrations

relevant to cytotoxicity (Fletcher et al., 1997). It has been
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reported that myotoxic K49 PLA2s are active for b-

arachidonoyl phospholipid bilayers (Yamaguchi et al.,

1997). However, it cannot be conclusively ruled out that

this enzymatic activity is due to trace contamination by D49

PLA2s or, in the case of cell culture experiments, to the

action of intracellular PLA2s.

Molecular modeling (Fig. 3) of the myotoxic K49 PLA2

myotoxin II from B. asper (Arni et al., 1995, PDB ID:1CLP)

with BPB indicates that a covalent bond is formed with

His48 Nd1, as in the structure of the class IIA acidic D49

PLA2 from Agkistrodon halys pallas (i.e. Agkistrodon

blomhoffii brevicaudus) (Zhao et al., 1998; PDB

ID:1BK9). The substitutions Phe5Leu, Trp31/Val, Ala102/

Val and Phe106/Leu in the structure of the D49 PLA2 (PDB

ID: 1BK9) when compared with the myotoxic K49 PLA2

from B. asper (PDB ID: 1CLP) result in a modification of

the hydrophobic pocket and in a significant perturbation of

the stabilizing interactions (Zhao et al., 1998) (Fig. 3).

D49 PLA2s are less susceptible to inactivation by BPB in

the presence of the Ca2þ ion due to the position of the

equatorial ligand water molecule which would form close

contacts with the phenacyl group of the inhibitor (Renetse-

der et al., 1988; Zhao et al., 1998). In the K49 PLA2s, Lys49

Nz occupies the position of the Ca2þion in D49 PLA2s (Fig.

3) and is coordinated by two main chain carbonyl oxygen

atoms and a solvent water molecule.

Depletion of Ca2þ, addition of EDTA or binding of an

active site inhibitor such as BPB in D49 PLA2s abolishes

hydrolytic and myotoxic activities. Alkylation of His48 in

B. asper mytoxin III (D49 PLA2) with BPB results in

reduced enzymatic and myotoxic activities (Bultrón et al.,

1993; Dı́az-Oreiro and Gutiérrez, 1997). Interestingly, only

30% of the myotoxic activity is retained upon binding of

BPB to myotoxic K49 PLA2s (Soares et al., 2000),

indicating that, as in the case of D49 PLA2s, K49 PLA2s

also require a fully accessible and functional catalytic site

for myotoxicity. The absence of stabilizing hydrophobic and

aromatic–aromatic interactions in K49 PLA2s (Fig. 3)

results in a weak and partial BPB binding. This reduced

binding of BPB could explain the existence of residual

myotoxicity in BPB-modified K49 PLA2s.

Structural studies of the complexes of K49 PLA2s with

phospholipids and fatty acids indicate that these molecules

bind at the active site in a manner analogous to the binding

of phospholipids in D49 PLA2s. In the crystal structure of

the dimeric myotoxic K49 PLA2 from B. moojeni

complexed with stearic acid (unpublished results), two

stearic acid molecules are bound in the active site. Based on

the structural superpositioning with phospholipd analogues,

the two stearic acid molecules can be considered to mimick

this binding by occupying the fatty acid and lysopho-

spholipid binding sites. The stearic acid molecules are

Fig. 3. Details of p-bromophenacylbromide (BPB) binding in the structure of A. h. pallas (PDB ID:1BK9) in blue. The bound calcium ion is

represented in blue and is highlighted by an enclosing mesh. In red, the results of modeling of the binding of BPB in the structure of B. asper

myotoxin II (PDB ID:1CLP). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article).
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hydrogen bonded to the carbonyl oxygen atom of Asn28, the

amide nitrogen of Gly30 and His48 Nd1. The stearic acid

molecules occupying the lysophospholipid binding site form

only few hydrogen bonds. However, both the fatty acid and

lysophospholipid molecules form numerous hydrophobic–

hydrophobic and hydrophobic–hydrophilic interactions.

Superpositioning of these two stearic acid molecules with

the transition state analogue (L-1-O-octyl-2-heptylphospho-

nyl-sn-glycero-3-phosphoethanolamine) bound to a cataly-

tically active class II human synovial PLA2 (Scott et al.,

1991; PDB ID:1POE) indicates that the stearic acid

molecules occupy a position similar to that of the

phospholipid analogue (Fig. 4). Stearic acid is an analogue

for arachidonic acid and modeling of the binding of b-
arachidonoyl indicates productive mode binding, suggesting

that hydrolysis could be possible. Ongoing unpublished

structural studies of the binding of dimyristoylphosphati-

dylcholine (DMPC) also support these results. This

indicates that, as in the case of D49 PLA2s, K49 PLA2s

are catalytically active and such activity is likely to

determine myotoxicity.

Rosenberg (1979, 1986, 1997) has pointed out that PLA2

activity has to be defined against a range of substrates to

obtain a clear understanding of the relationship between

phospholipid hydrolysis and pharmacological activities.

Thus, further studies of K49 PLA2s have to be conducted

and the catalytic activity of K49 PLA2s has to be determined

against different substrates, including phospholipids located

in cellular membranes.

In conclusion, we suggest that catalytic activity is

essential for myotoxicity in both D49 and K49 PLA2s and

that the surface distribution of charges is important for

interaction with membranes and for the disruption of

liposomes consisting of negatively charged phospholipids

and phospholipid analogues.

Acknowledgements

M.T.M. is the recipient of a FAPESP fellowship. This

research was supported by grants from FAPESP and CNPq

to RKA. We are grateful to J.R. Giglio, J. M. Gutiérrez,

B. Lomonte, A. C. O. Cintra and A. M. Soares for providing

us with valuable protein samples. We are also grateful to

L. Watanabe and M.R.M. Fontes for their contribution in the

crystallographic analysis.

References

Andrião-Escarso, S.H., Soares, A.M., Rodrigues, V.M., Angulo, Y.,

Dı́az, C., Lomonte, B., Gutiérrez, J.M., Giglio, J.R., 2000.

Myotoxic phospholipase A2 in Bothrops snake venoms: effect of

chemical modification on the enzymatic and pharmacological

properties of bothropstoxins from Bothrops jararacussu.

Biochimie 82, 755–763.

Angulo, Y., Olamendi-Portugal, T., Alape-Girón, A., Possani, L.D.,

Lomonte, B., 2002. Structural characterization and phylogenetic

Fig. 4. Ribbon representation of the structure of B. asper MTII (PDB ID:1CLP) including His48, Lys49 and the two stearic acid molecules

bound in the active site (green). The transition state analogue (L-1-O-octyl-2-heptylphosphonyl-sn-glycero-3-phosphoethanolamine) and His48

and Asp49 of the class IIA human synovial fluid PLA2 (PDB ID:1POE) are superimposed in light gray.

M.T. Murakami, R.K. Arni / Toxicon 42 (2003) 903–913910

75



relationships of myotoxin II from Atropoides (Bothrops)

nummifer snake venom, a Lys49 phospholipase A2 homologue.

Int. J. Biochem. Cell Biol. 34, 1268–1278.

Arni, R.K., Ward, R.J., 1996. Phospholipase A2—a structural

review. Toxicon 34 (8), 827–841.

Arni, R.K., Ward, R.J., Gutiérrez, J.M., Tulinsky, A., 1995.

Structure of a calcium-independent phospholipase-like myo-

toxic protein from Bothrops asper venom. Acta Cryst. D51,

311–317.

Arni, R.K., Fontes, M.R., Barberato, C., Gutiérrez, J.M., Dı́az, C.,

Ward, R.J., 1999. Crystal structure of myotoxin II, a monomeric

Lys49-phospholipase A2 homologue isolated from the venom of

Cerrophidion (Bothrops) godmani. Arch. Biochem. Biophys.

366 (2), 177–182.

de Azevedo, W.F. Jr, Ward, R.J., Canduri, F., Soares, A., Giglio,

J.R., Arni, R.K., 1998. Crystal structure of piratoxin-I: a

calcium-independent, myotoxic phospholipase A2-homologue

from Bothrops pirajai venom. Toxicon 36 (10), 1395–1406.

de Azevedo, W.F. Jr., Ward, R.J., Gutiérrez, J.M., Arni, R.K., 1999.

Structure of a Lys49-phospholipase A2 homologue isolated

from the venom of Bothrops nummifer (jumping viper). Toxicon

37 (2), 371–384.

Bultrón, E., Gutiérrez, J.M., Thelestam, M., 1993. Effects of

Bothrops asper (terciopelo) myotoxin III, a basic phospholipase

A2, on liposomes and mouse gastrocnemius muscle. Toxicon 31,

217–222.

Chioato, L., Oliveira, A.H.C., Ruller, R., Sá, J.M., Ward, R.J., 2002.
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Abstract

Acidic phospholipase A2 (PLA2) isoforms in snake venoms, particularly those from Bothrops jararacussu, have not been characterized.
This article reports the isolation and partial biochemical, functional and structural characterization of four acidic PLA2s (designated
SIIISPIIA, SIIISPIIB, SIIISPIIIA and SIIISPIIIB) from this venom. The single chain purified proteins contained 122 amino acid residues and
seven disulfide bonds with approximate molecular masses of 15 kDa and isoelectric points of 5.3. The respective N-terminal sequences were:
SIIISPIIA–SLWQFGKMIDYVMGEEGAKS; SIIISPIIB–SLWQFGKMIFYTGKNEPVLS; SIIISPIIIA–SLWQFGKMILYVMGGEGVKQ
and SIIISPIIIB–SLWQFGKMIFYEMTGEGVL. Crystals of the acidic protein SIIISPIIB diffracted beyond 1.8 Å resolution. These crystals
are monoclinic with unit cell dimensions of a = 40.1 Å, b = 54.2 Å and c = 90.7 Å. The crystal structure has been refined to a crystallographic
residual of 16.1% (Rfree = 22.9%). Specific catalytic activity (U/mg) of the isolated acidic PLA2s were SIIISPIIA = 290.3 U/mg;
SIIISPIIB = 279.0 U/mg; SIIISPIIIA = 270.7 U/mg and SIIISPIIIB = 96.5 U/mg. Although their myotoxic activity was low, SIIISPIIA,
SIIISPIIB and SIIISPIIIA showed significant anticoagulant activity. However, there was no indirect hemolytic activity. SIIISPIIIB revealed no
anticoagulant, but presented indirect hemolytic activity. With the exception of SIIISPIIB, which inhibited platelet aggregation, all the others
were capable of inducing time-independent edema. Chemical modification with 4-bromophenacyl bromide did not inhibit the induction of
edema, but did suppress other activities.

© 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Extracellular and intracellular phospholipases A2 (PLA2s)
have been extensively investigated during the last 10 years
since they induce a range of important biological effects,
some of them showing to be independent of catalytic activity.
Extracellular PLA2s are found in pancreatic tissue, as well as
in snake, bee and scorpion venoms. Catalytically active
PLA2s hydrolyze the 2-acyl ester bond of three sn-
phospholipids releasing fatty acids and lysophosphatides.
These PLA2s display molecular masses from 14 to 21 kDa

and have been classified as types I, II or III according to their
source, chain length and disulfide bond patterns [1]. Snake
venoms are rich in type I and II PLA2s.

The various pharmacological effects induced by PLA2s
include edema, hemorrhage and inhibition of platelet aggre-
gation, as well as neurotoxic, anticoagulant and myotoxic
effects.

It has been shown that myotoxic PLA2 homologues
which, although showing low or no enzymatic activity upon
artificial substrates, are able to produce extensive muscle
necrosis [2–4]. Experiments using endothelial and skeletal
muscle cells in vitro have revealed a cytolytic effect [5].
These myotoxins have an Asp residue at position 49 (D49)
showing catalytic activity, or Lys residue (K49), with low or
no apparent detectable activity upon artificial substrates.
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The presence of several PLA2 isoforms in the venom of a
single snake species has been shown to be a common feature
[6]. The presence of basic and acidic PLA2s was first reported
in the venom of Bothrops jararacussu in 1988 by Homsi-
Brandeburgo et al. [2], who isolated and partially character-
ized two of them, later referred to as bothropstoxin-I
(BthTX-I) and bothropstoxin-II (BthTX-II). These two basic
myotoxic PLA2s have been sequenced and were shown to be
K49 and D49, respectively [7,8]. An acidic platelet aggrega-
tion inhibitor and hypotensive PLA2 has also been isolated
from the same venom and sequenced up to the 51st amino
acid residue [9].

This article reports the isolation, N-terminal sequencing
and partial characterization of four new acidic PLA2s from
B. jararacussu snake venom, as well as structural details of
one of them (SIIISPIIB).

2. Materials and methods

2.1. Material

The B. jararacussu venom was purchased from Instituto
Butantan (São Paulo, SP, Brazil). Sephadex G-75, SP-
Sephadex C-25 and molecular weight markers were obtained
from Pharmacia Fine Chemical Company (St. Louis, USA).
All other chemicals and solvents were of analytical grade.
4-Bromophenacyl bromide (BPB) was obtained from Sigma
Chemical Company (St. Louis, USA). Male Swiss Wistar
mice were used for biological assays.

2.2. Purification procedure

Lyophilized crude venom from B. jararacussu (500 mg)
was extracted with 5 ml of 0.05 M ammonium bicarbonate
buffer, pH 8.0. It was then cleared by centrifugation for 5 min
at 480 × g and subjected to gel filtration on a Sephadex G-75
column (4.0 × 110.0 cm), which was previously equilibrated
and then eluted with the same buffer. Fractions of 5 ml/tube
were collected at a flow rate of 30 ml/h.

Fraction SIII (200 mg) from the gel filtration step was
dissolved in 3 ml of 0.1 M ammonium acetate buffer, pH 5.0,
then cleared by centrifugation as before. Subsequently, this
fraction was applied on a 3.0 × 60.0 cm column of SP-
Sephadex C-25 with a continuous buffer concentration gra-
dient up to 2.0 M at pH 5.0. Fractions of 5.0 ml were
collected at 18 ml/h. Absorbance was monitored at 280 nm
and conductivities were measured with a CD-20 (Digimed)
conductimeter and converted to concentration values by
means of a standard curve.

Pools were collected, dialyzed against water at 5 °C and
lyophilized. When necessary, pooled fractions were rechro-
matographed under the same conditions. Samples of 1 mg
were then dissolved in 0.05% (v/v) trifluoroacetic acid (TFA)
and rechromatographed on a Shimadzu C18 reversed-phase
(ODP-50) high performance liquid chromatography (RP-
HPLC) column (6.0 × 15.0 cm). Elution followed a 0–100%

(v/v) gradient of solvent A [0.05% TFA/acetonitrile (9:1)]
and solvent B [0.05% TFA/acetonitrile (4:6) (v/v)] at a flow
rate of 1.0 ml/min. All steps of the purification procedure
were carried out at room temperature (25 °C).

2.3. Biochemical characterization

Polyacrylamide gel electrophoresis (PAGE) for acidic
proteins and sodium dodecyl sulfate PAGE (SDS-PAGE)
followed the methods of Davis [10] and Laemmli [11], re-
spectively. Isoelectric focusing was performed according to
Vesterberg [12]. Buffalyte, pH range 5.0–8.5 (Pierce), was
used to generate the pH gradient. The following pI standards
were used: methyl-red pI 3.8; trypsin inhibitor pI 4.6; myo-
globin pI 6.8 and 7.2, lecithin pI 8.2, 8.6 and 8.8.

Sequencing of the N-terminal amino acid residues of the
toxins was performed using an Applied Biosystem se-
quencer, model C 477A.

For protein determination, the micro-biuret method devel-
oped by Itzhaki and Gill [13] was followed.

2.4. Crystallization of SIIISPIIB

A lyophilized sample of SIIISPIIB was dissolved in bid-
istilled water at a concentration of 10 mg/ml. Crystallization
was performed by the hanging-drop vapor diffusion method
using 24 well tissue culture plates. Initial trials were carried
out with a screen similar to the one described by Jancarik and
Kim [14]. Typically, 1 µl drops of protein solution were
mixed with an equal volume of the screening solution and
equilibrated over 1 ml of the latter as reservoir solution.
Large single crystals were obtained when a 2 µl protein
droplet was mixed with an equal volume of reservoir solution
consisting of 0.1 M sodium acetate (pH 4.6) and 28% poly-
ethylene glycol (PEG) 4000.

2.4.1. X-ray diffraction data collection and structure
determination

The crystals were flash frozen (15% glycerol) and diffrac-
tion data was collected at the Laboratório Nacional de Luz
Síncroton (Campinas, Brazil). Diffraction intensities were
measured using a MAR 345 imaging-plate detector and were
reduced and processed using the HKL suite of programs [15].
The crystal diffracted X-rays to a maximum resolution of
1.8 Å. Data-processing statistics are presented in Table 2.

The crystal structure was solved by molecular replace-
ment techniques using the atomic coordinates of the D49
PLA2 from Agkistron piscivorus piscivorus (PDB code
1VAP) [16] and the program AmoRe [17]. Refinement was
carried out using CNS [18] and REFMAC 5.0 as imple-
mented in the CCP4 package [19]. Model building and map
interpretation was performed using TurboFrodo.

2.5. Chemical modification

Modification of His48 with BPB from Sigma Chemical
Company was carried out as previously described by Díaz-
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Oreiro and Gutiérrez [20].Approximately 3 mg of the protein
was dissolved in 1 ml of 0.1 M ammonium bicarbonate buffer
containing 0.7 mM EDTA, pH 8.0, and then 150 µl of BPB
(1.5 mg/ml ethanol) was added. The mixture was incubated
for 24 h at 25 °C.

Excess reagent was removed from toxin preparations by
chromatography on a Shimadzu C18 reversed-phase (CLC-
ODS) RP-HPLC column (6.0 × 25.0 cm). Elution followed a
0–100% (v/v) gradient of solvent A (0.1% TFA, v/v) and
solvent B (60% acetonitrile, v/v) at a flow rate of 1.0 ml/min,
followed by lyophylization.

2.6. Phospholipase A2 activity

Phospholipase A2 activity was determined as described by
de Haas et al. [21], at pH 8.0 and 25 °C, using a lecithin
source of an emulsion of one chicken egg yolk/300 ml dis-
tilled water containing 3 mM sodium cholate and 6 mM
calcium cholate. Fatty acids were potentiometrically titrated

with 0.0818 N NaOH, using a Gilmont micro-biuret as-
sembled with an expanded scale pH meter (Digimed). Phos-
pholipase activity was expressed as the number of micro-
equivalents of fatty acids released/min at 25 °C.

2.7. Hemolytic activity

Indirect hemolytic activity was assayed as described by
Jeng et al. [22]. Red blood cells from freshly collected rat
blood were used for the assays. Activity was expressed as
percentage of hemolysis.

2.8. Anticoagulant activity

Sheep citrated plasma was centrifuged at 1000 × g at 4 °C
and the anticoagulant effect was assessed as described by
Gutiérrez et al. [23]. Subsequently, 0.25 ml aliquots of
plasma were incubated with the toxins dissolved in phos-
phate buffered saline (PBS, pH 7.5) for 10 min at 37 °C.
Then, 0.05 ml of a solution of 0.25 M CaCl2 was added and
the clotting time determined. Control tubes contained only
PBS incubated plasma, while CaCl2 was added as described
above.

2.9. In vivo myotoxicity

Groups of five Swiss mice (25–30 g body weight) received
an injection of 50 µg PLA2/50 µl PBS, in the right gastrocne-
mius muscle. Three hours later, blood was collected from the
inferior vena cava and centrifuged. The resulting plasma was
submitted to creatine kinase (CK) assay.

Control animals received injections of PBS. Activity was
expressed in U/l, 1 U defined as the amount of enzyme that
produces 1 µmol of NADH/min at 30 °C.

2.10. In vitro myotoxicity

Swiss mice were sacrificed by cervical dislocation and the
soleus muscle (red muscle) of each leg was immediately and

Table 1
Enzymatic and biological activity of crude B. jararacussu venom and isolated acidic PLA2 isoforms compared with myotoxins BthTX-I and -II

Sample Activity
Indirect hemolytic
(%) a

Catalytic
(U/mg) b

Anticoagulant
(min) c

Platelet aggregation inhibition
(%) d

Native Modified Native Modified Native Modified Native Modified
Crude venom 23.0 – 290.3 – – – ND ND
SIIISPIIA – – 279.0 – 21 min 10 s – – –
SIIISPIIB – – 270.7 – 26 min 13 s – 100 –
SIIISPIIIA – – 254.0 – 30 min 10 s – – –
SIIISPIIIB 95.4 – 96.5 – 10 min 15 s – – –
BthTX-I – ND – ND >45 min – – ND
BthTX-II 98.6 – 79.9 – >45 min – – ND

ND, not determined. –, no activity.
a Percentage hemolysis by 200 µg toxin incubated with rat erythrocytes (11 300 cells/ml).Control: 100% hemolysis, A540 nm = 0.470.
b Specific activity defined as µmol of acid released/min/mg of protein.
c To 250 µl of platelet poor plasma + 50 µl saline or toxin (1 mg/ml), incubated for 10 min at 37 °C, 50 µl of 0.25 M CaCl2 were added and time for clotting was
measured up to 45 min.
d Native and modified PLA2s were assayed for inhibitory effect on ADP induced aggregation by 50 µg of PLA2.

Table 2
Data collection and processing statistics

Space group C2221

Unit cell parameters (Å) a = 40.1, b = 54.2 and c = 90.7
Maximum resolution (Å) 1.8
Resolution of data set (Å) 19.6–1.8
Number of observations 28 979
Number of unique reflections 8959
Rmerge (%) a 4.9
Completeness (%) (1.85–1.79 Å) 92.9 (74.2)
VM (Å3/Da) 1.8
Number of molecules per
asymmetric unit

1

Refinement R-factor (%) 16.1
Refinement R-free (%) 22.9
Bond length deviation (Å) 0.02
Bond angle deviation (°) 2.0
a Rmerge = �|I(h)i – {I(h)}|/�{I(h)}; I(h) is the observed intensity of the ı
measurement of reflection h and ı{I(h)} is the mean intensity of reflection h
calculated after scaling.

985D.F.J. Ketelhut et al. / Biochimie 85 (2003) 983–991

81



carefully removed. Using a previously described technique,
the muscles were then fixed on an aluminum support by their
tendons so that their resting length was maintained and the
catabolic effect and alterations characteristic of anoxia oc-
curring in central muscle fibers were prevented [24]. The
Krebs–Ringer bicarbonate buffer incubation medium con-
taining 0.120 mol/l NaCl; 0.025 mol/l NaHCO3; 4.83 mol/l
KCl; 1.2 mol/l MgSO4; 1.2 mol/l KH2PO4 and 2.4 mol/l
CaCl2 was aerated for 20 min with 95% O2–5% CO2 (pH
7.3–7.4). The medium (3 ml) was then transferred to 25 ml
Erlenmeyer flasks and the isolated muscles were added. This
was followed by another 1-min aeration with 95% O2–5%
CO2 in a water bath at 37 °C for 1 h under constant agitation.

After an 1-h equilibrium period, the medium was changed
and the muscles were incubated for 2 h with either Krebs
(control) or toxins (20 µg/ml). Following the incubation
period, aliquots were refrigerated for 12 h for later CK
activity determination.

2.11. Edema-inducing activity

Groups of five Swiss mice (18–22 g) received, in the
subplantar region, injections of 50 µg/50 µl PBS containing
either native or treated PLA2. Control animals received PBS
injections only. At 0.5, 1, 2, 4, 24 and 48 h, the progression of
edema was evaluated with a low-pressure pachymeter (Mitu-
toyo, Japan).

The increase paw volume induced by PBS was considered
as 0% and the edema induced by toxins at 30 min was

considered as 100% in order to obtain the level of edemato-
genic activity inhibition after BPB treatment.

2.12. Platelet aggregation inhibition effect

The following experiments are identical to those carried
out and described by Fuly et al. [25]. Platelet-rich plasma
(PRP) was prepared from citrated human blood (0.31% w/v)
by centrifugation (360 × g for 12 min) at room temperature.
PRP samples obtained as above were centrifuged at 1370 × g
for 20 min, and the platelet pellets were suspended in a
calcium free Tyrode solution containing 0.35% (w/v) bovine
serum albumin (BSA) and 0.1 mM EDTA (final concentra-
tion), pH 6.5, and washed twice by centrifugation (1370 × g
for 20 min at 0 °C).

The final pellet was then suspended in Tyrode–BSA, pH
7.5, without EDTA. The suspension was adjusted to give
3–4 × 105 platelets/µl. Platelet aggregation was measured
turbidimetrically using a whole blood Lumi-aggregometer
(Chrono-log Corp.). Assays were performed at 37 °C in
siliconized glass cuvettes using 400 µl of PRP with stirring,
and aggregation was triggered after pre-incubation for 5 min
with 50 µl (50 µg) of the acidic PLA2 isoforms (native or
modified). Control experiments were performed using plate-
lets against ADP alone (50 µl).

Percentage of inhibition was evaluated considering the
control ADP (50 µl) as 100% aggregation and control PRP
(400 µl) as 0%.
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Fig. 1. (A) (Insert) Gel filtration of B. jararacussu venom (500 mg) on a 4 × 110 cm column of Sephadex G-75 equilibrated and eluted with 0.05 M ammonium
bicarbonate buffer, pH 8.0, flow rate: 30 ml/h. (B) Ion-exchange chromatography of fraction SIII (200 mg) from the above column, on a 3 × 60 cm of
SP-Sephadex C-25, previously equilibrated with 0.1 M, pH 5.0 ammonium acetate buffer and then eluted with a concentration gradient of the same buffer up to
2.0 M. Flow rate: 18 ml/h. Subfractions SIIISPIIA, SIIISPIIB, SIIISPIIIA and SIIISPIIIB were further purified by HPLC (not shown).
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2.13. Statistical analysis

Results were expressed as the arithmetic mean ± standard
deviation (S.D.). Differences between two groups in the
same experiment were analyzed by the Student’s t-test using
the Statsoft statistic, version 4.5. The level of significance
was P < 0.05.

3. Results

Fig. 1A (insert) presents the gel filtration profile of the
crude venom on Sephadex G-75. Fraction SIII, which
showed PLA2 activity, was further fractionated into five
subfractions on SP-Sephadex C-25 (Fig. 1B), which were
designated SIIISPI through SIIISPV. In subfractions SII-
ISPIIA to SIIISPIIIB (horizontal bar), PLA2 catalytic activ-
ity was detected. Subfractions SIIISPIIB and SIIISPIIIC
were shown to be platelet aggregation inhibitors, while SII-
ISPIV and SIIISPV were identified as BthTX-II and
BthTX-I, respectively, both known to be potent basic myo-
toxins [2,7,8]. Table 1 displays enzymatic and biological
activity data related to the four isolated acidic PLA2 isoforms
compared with myotoxins BthTX-I and -II. Subfractions
SIIISPIIA, SIIISPIIB and SIIISPIIIA showed very high
PLA2 catalytic activities when compared with BthTX-II,
namely: 279.0, 270.7 and 254.0 versus 79.9 U/mg, respec-
tively. The exception was SIIISPIIIB (96.5 U/mg).

In Fig. 2, PAGE and SDS-PAGE of SIII and the subse-
quent subfractions are presented. Evaluation of these sub-
fractions was performed after re-purification by reverse
phase chromatography on C18 HPLC column. All subfrac-
tions electrofocused at a pH of approximately 5.3. Their
homogeneity was further demonstrated by native-PAGE
(Fig. 2A), SDS-PAGE (Fig. 2B) and N-terminal sequencing
(Table 3).

SIIISPIIB crystals belong to space group C2221, with
unit-cell parameters a = 40.1 Å, b = 54.2 Å and c = 90.7 Å.
Assuming the presence of one molecule of SIIISPIIB in the
asymmetric unit, a Matthews parameter value [26] of
1.8 Å3/Da was obtained, with a corresponding solvent con-
tent of 30.6%. Processing of the 28 979 measured reflections
led to 8959 unique reflections with an Rmerge of 4.9% for the
data to 1.8 Å resolution (Table 2). The crystallographic
refinement converged to a residual of 16.1% (Rfree = 22.9%)
with excellent stereochemistry (Table 2) and no outliers in
the Ramachandran diagram. The structure presented in Fig. 3
where the disulfide bridges are drawn in thin lines demon-
strates that this protein is a group IIa PLA2 with Asp at
position 49 which coordinates the bound calcium ion.

The corresponding N-terminal sequences are presented in
Table 3. When compared with basic PLA2s (BthTX-I and -II)
from the same venom, the four isolated PLA2s showed low
myotoxic activity both in vivo and in vitro (Fig. 4A,B).

Compared to PBS-injected animals, those which received
subplantar injections of the native PLA2s (50 µg/paw) pre-
sented marked paw edema, with no visible hemorrhage

(Fig. 5). Maximal response was attained 30 min after injec-
tion and receded to normal levels after 4 h, with exception of
SIIISPIIB, whose response returned to normal levels after
48 h.

The results obtained with 50 µg/paw demonstrated that,
30 min after administration, SIIISPIIA, SIIISPIIB, SII-
ISPIIIA and SIIISPIIIB induced edema of 29.91%, 80.89%,
29.91% and 34.58%, respectively. After alkylation of His
48 with BPB, there was a reduction of edema: for SIIISPIIA
(29.91–23.11%); for SIIISPIIB (80.89–39.30%); for SII-
ISPIIIA (29.91–15.11%) and for SIIISPIIIB (34.58–
27.79%).

All of the PLA2 isoforms (with the exception of SII-
ISPIIIB) exhibited high PLA2 specific activity and low anti-
coagulant activity on platelet-poor plasma. In addition, none
(with exception of SIIISPIIIB) revealed any indirect
hemolytic activity. SIIISPIIB (50 µg/ml) inhibited 100% of

Fig. 2. (A) PAGE for acidic proteins on a 10% (w/v) gel, pH 8.3, 15 mA,
87 V for 3 h 10 min. Lane (1) SIII; (2) SIIISPIIA–HPLC; (3) SIIISPIIB; (4)
SIIISPIIB–HPLC; (5) SIIISPIIIA; (6) SIIISPIIIA–HPLC; (7) SIIISPIIIB;
(8) SIIISPIIIB–HPLC. Staining was performed with 0.2% (w/w) Coomassie
brilliant blue R-250 and destaining with 7% (v/v) acetic acid. (B) SDS-
PAGE on a 13.5% (w/v) gel polyacrylamide, containing 0.1% SDS. Lane (1)
Mr markers (phosphorylase b, 94 000; BSA 67 000; ovalbumin 43 000;
carbonic anhydrase 30 000; soybean trypsin inhibitor 20 100; a-lactalbumin
14 400). (2) SIIISPIIA; (3) SIIISPIIB; (4) SIIISPIIIA; (5) SIIISPIIIB.
Approximate Mr of the isolated toxins was 15 000.
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ADP-induced platelet aggregation. After alkylation with
BPB, no catalytic activity or indirect hemolytic activity was
observed in any of the four isolated PLA2s (Table 1).

4. Discussion

A previous study has shown that the occurrence of mul-
tiple PLA2 isoforms in snake venom is a common event [27].
This article reports the purification of four acidic PLA2s
isoforms, isolated from B. jararacussu venom using a com-
bination of gel filtration, ion-exchange chromatography and
HPLC. Evidence pointing to the presence of isoforms is

supported by high similarities in N-terminal sequences
(20 first aminoacid residues), molecular masses and pIs,
although significant differences were detected in their phar-
macological activities. Differences related to the chromato-
graphic behavior may be partially due to variances in the
distribution of aromatic residues on the isoform surfaces [28]
as well as probable extra charges provided by differences in
aminoacid composition.

Venom PLA2s usually show indirect hemolytic activity
because they promote hydrolysis of lecithins to lysolecithins
able to lyze red blood cell membranes. Only SIIISPIIIB
revealed indirect hemolytic activity, although its catalytic

Table 3
Amino terminal protein sequence of PLA2 acidic isoforms from B. jararacussu venom and comparison with PLA2 and myotoxins from various sources

PLA2 N-terminal sequence
1 10 ↓ 20

SIIISPIIA a S L W Q F G K M I D Y V M G E E G A K S
SIIISPIIB a S L W Q F G K M I F Y T G K N E P V L S
SIIISPIIIA a S L W Q F G K M I L Y V M G G E G V K Q
SIIISPIIIB a S L W Q F G K M I F Y E M T G E G V L
BthTX-I S L F E L G K M I L Q E T G K N P A K S
BthTX-II D L W Q W G Q M I L K E Y G K L P F P Y
(a) G L W Q F E N M I I K V V K K S G I L S
(b) G L W Q F E N M I I K V V K K S G I L S
(c) G L W Q F E N M I I K V V K K S G I L S
LM-PLA2-I H L L Q F E Q L I R K I A G R G F R Y Y
LM-PLA2-II H L L Q F G D L I D K I I A G R S G F W

BthTX-I and -II: B. jararacussu myotoxins I and II. (a, b, c): Trimeresurus flavoviridis isoforms of PLA2s. LM-PLA2-I and -II: PLA2 isoenzymes isolated from
Lachesis muta snake venom [35] and platelet aggregation inhibitors. Note: For homology studies, it is usual to introduce a gap between residues 13 and 14
(arrow). Therefore, numbering from this point is one unit higher and the last residue becomes 21.
a N-terminal sequence of PLA2 acidic isoforms as determined in this work.

Fig. 3. Ribbon representation of the structure of B. jararacussu SIIISPIIB. The amino acids considered important for catalysis and calcium ion binding (H48,
D49, Y52 and D99) are included. The large gray sphere represents the calcium ion. The disulfide bonds are drawn as thin lines.
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activity was relatively low. Lack of direct hemolytic activity
(not shown) is probably due to the inability of SIIISPIIIB to
hydrolyze erythrocyte membrane phospholipids. The fact
that SIIISPIIA, SIIISPIIB and SIIISPIIIA show high PLA2

activity upon artificial substrates, although deprived of indi-
rect hemolytic activity, suggests that phospholipids were not
hydrolyzed. Therefore, catalytic activity upon artificial sub-
strates is apparently not correlated with indirect hemolytic
activity.

In order to confirm this hypothesis, we assayed BthTX-I
and -II for indirect hemolytic activity. No catalytic or
hemolytic activity was observed in BthTX-I, thus simulating
an eventual dependence, but BthTX-II presented high
hemolytic activity and low catalytic activity, both of them
approximating those of SIIISPIIIB.

The four isolated PLA2s showed low myotoxic activity,
both in vivo and in vitro. Once again, this effect was not
correlated with the observed high catalytic activity. This
observation favors the hypothesis that myotoxicity is an
indirect consequence of the perturbing action of PLA2s,
which leads to increased permeability to Ca2+ ions and acti-
vation of extracellular proteases. This could explain why B.
jararacussu acidic PLA2s are less myotoxic than basic
PLA2s (BthTX-I and -II) although much more active on

artificial phospholipids. Acidic PLA2s are, as a rule, less
myotoxic despite being enzymatically more active than basic
PLA2s [29].

The four isolated PLA2s also induced edema, an activity
known to be characteristic of other venom PLA2s [30–32].
Development of edema is a common feature of the cutaneous
inflammatory response and is dependent on a synergism
between mediators that increase vascular permeability and
those that increase blood flow. This activity was time-
dependent and the most active were SIIISPIIB and SII-
ISPIIIB (the least catalytically active), suggesting that this
effect is again not correlated with catalytic activity. This
observation was confirmed by alkylation of His from the
active site, which completely suppressed PLA2 activity with
no significant change in the edema-inducing effect. Since
these four PLA2s showed low myotoxic activity, the possibil-
ity that edema appears in response to muscle fiber necrosis
seems improbable.

Daniele et al. [32] demonstrated that the inflammatory
response elicited by P3, one of the PLA2 isoforms from B.
neuwiedi venom, involves release of heparin and histamine
from mast cells. Heparin is known to interact in a non-
covalent way with basic PLA2s, provoking inhibition of their
enzymatic and biological activities, such as that caused by
bee venom or myotoxin II, a K49 PLA2 from B. asper, or
even by a neutral pancreatic PLA2 [33]. Since this is a charge
rather than a covalent type of interaction, it is not surprising
that acidic PLA2s lack this ability to be complexed by an
acidic polysaccharide such as heparin and this fact may, at
least in part, explain why acidic PLA2s have higher levels of
catalytic activity.

In addition to the potential role that snake venom PLA2

enzymes play in the digestion of prey, they exhibit a wide
variety of pharmacological effects, including platelet aggre-
gation.

Several platelet aggregation inhibitors have been purified
and characterized from the venom of various snakes, but data
on Bothrops snake venom with respect to platelet aggrega-
tion inhibitors are still scant. The acidic PLA2 SIIISPIIB is a
new antiplatelet agent. Its N-terminal sequence analysis
showed substitutions in the hydrophobic channel where
Trp18 (which is also reported to be part of the interfacial
binding surface) is replaced by a Val18 residue [34]. A
comparison of the N-terminal sequence of SIIISPIIB with
other snake venom class II PLA2s exhibiting platelet-
inhibiting activity showed a moderate degree of similarity
(68–72%).

In conclusion, isolation and N-terminal sequencing of,
four acidic PLA2s homologues from B. jararacussu snake
venom, in addition to the evaluation of their catalytic, indi-
rect hemolytic, edema inducing, anticoagulant and myotoxic
activities, made their partial characterization possible. These
results show that neither the hemolytic nor the myotoxic
effects can be correlated with the catalytic activity.

Fig. 4. Determination of blood plasma levels of CK released by PLA2s. (A)
In vivo assay, i.m., 50 µg PLA2/30 g body weight in 50 µl PBS, 3 h after
injection. 1, PBS; 2, SIIISPIIA; 3, SIIISPIIB; 4, SIIISPIIIA; 5, SIIISPIIIB;
6, BthTX-I; 7, BthTX-II. Control animals received buffer alone. (B) In vitro
assay in soleus muscle incubated with 20 µg PLA2/ml for 2 h. Same letters
were used for statistically equal groups (P < 0.05). (1) Krebs; (2) SIIISPIIA;
(3) SIIISPIIB; (4) SIIISPIIIA; (5) SIIISPIIIB; (6) BthTX-I; (7) BthTX-II.
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Abstract

Snake venom PLA2s have been extensively studied due to their role in mediating and disrupting physiological processes such as

coagulation, platelet aggregation and myotoxicity. The Ca2+ ion bound to the putative calcium-binding loop is essential for hydrolytic

activity. We report the crystallization in the presence and absence of Ca2+ and X-ray diffraction data collection at 1.60 2 (with Ca2+) and 1.36

2 (without Ca2+) of an Asp49 PLA2 from Bothrops jararacussu venom. The crystals belong to orthorhombic space group C2221. Initial

refinement and electron density analysis indicate significant conformational changes upon Ca2+ binding.

D 2004 Elsevier B.V. All rights reserved.
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Class II snake venom PLA2s have been the focus of

research due to their important role in several pharmaco-

logical effects such as anticoagulant, hypotensive, haemo-

lytic, platelet aggregation, convulsant, myotoxic, neurotoxic

and oedema-inducing effects [1,2]. Class II PLA2s can be

subdivided in two groups based on their activity: (i) Asp49

PLA2s, which specifically hydrolyze the sn-2 ester bond of

phospholipids releasing lysophospholipids and fatty acids

[3], and (ii) natural Lys49 PLA2s mutants, which display low

or no apparent hydrolytic activity. Calcium is an essential

cofactor in Asp49 PLA2s and residues 26–34 and 49 form

the calcium-binding loop. Amino acids Tyr28, Gly30, Gly32

and Asp49, which are directly involved in calcium binding,

are highly conserved in PLA2s [4–6]. Substitutions of Ca
2+

for other divalent ions such as Mg2+, Sr2+ and Ba2+ cause a

decrease in PLA2 activity [7]. These results indicate that the

binding of Ca2+ to PLA2s induces a conformational change

at the active and substrate-binding sites [8,9]. However, the

smaller atomic radius of Mg2+ or the larger atomic radius of

Sr2+ and Ba2+ could result in a significantly altered

conformation of this region, thus modifying the binding of

phospholipids to PLA2s [7]. Structural analysis of the same

Asp49 PLA2 in the presence and absence of Ca2+ should be

extremely useful in clarifying the conformational changes in

the catalytic site induced upon Ca2+ ion binding. We report

the crystallization of an acidic isoform (pI=5.3) of an Asp49

PLA2 from Bothrops jararacussu venom in the presence and

absence (with EDTA) of Ca2+ and the preliminary high

resolution X-ray diffraction analysis.

A lyophilized sample was dissolved in 20 mM Tris–HCl

(pH 8.0) at 10 mg ml�1. The protein was crystallized by the

hanging-drop vapor diffusion method at 18 8C. Small

crystals appeared in the initials crystallization trials with

the well solution containing 30% (w/v) PEG4000, 0.1 M

1570-9639/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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Tris–HCl (pH 8.0), 0.2 M CaCl2. Significant improvement

in the crystal quality was obtained by lowering the

molecular weight of the precipitant to PEG3350. The best

crystals were obtained from a solution containing 25% (w/v)

PEG3350, 100 mM Tris–HCl (pH 8.0), 200 mM CaCl2
(Fig. 1). The crystals grew to maximum dimensions of 0.1–

0.2 mm within 3 days. Calcium-free crystals were obtained

when CaCl2 was substituted by NaCl and 5 mM EDTAwas

included in the well solution.

The diffraction data were collected at a synchrotron

source (Laboratório Nacional de Luz Sı́ncrotron, Brazil)

where the wavelength was set to 1.427 2. Diffraction

intensities were recorded at 100 K using a MAR CCD

detector. X-ray diffraction data were collected at 1.6 2 (with

Ca2+) and at 1.36 2 (Ca2+-free). Data were processed and

scaled with the programs DENZO and SCALEPACK [10].

The crystals belong to the orthorhombic space group C2221
with unit cell dimensions a=39.09, b=53.05 and c=89.79 2
(with Ca2+) and a=39.61, b=53.21 and c=88.99 2 (Ca2+-

free). The asymmetric unit contains one molecule corre-

sponding to a VM [11] of 1.7 23 Da�1 (solvent content of

26.0%) in the presence of Ca2+ and 1.7 23 Da�1 (solvent

content of 25.4%) in the absence of Ca2+. The crystallo-

graphic parameters and data processing statistics are

summarized in Table 1. The crystal structures of this acidic

isoform of an Asp49 PLA2 were determined by molecular

replacement with the program AMoRe [12] and using the

atomic coordinates of the hypotensive PLA2 from B.

jararacussu (Murakami et al., unpublished data, PDB code

1UMR) as a search model. The rotation and translation

functions indicated the clear orientation of the molecules in

the asymmetric units. The positioning of the molecules was

improved by rigid body refinement that resulted in

correlation coefficients of 81.2 (80.4, Ca2+-free) and Rfactor

28.4% (29.5%, Ca2+-free) for data between 30.0 and 1.6 2
(30.0 and 1.36 2, without Ca2+). The crystallographic

refinement of both the structures is currently in progress.

The results of this study should provide detailed information

of the conformational changes induced upon Ca2+ ion

binding in Asp49 PLA2s.
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intensity of the ith measurement of reflection h and {I(h)} is the mean

intensity of reflection h calculated after scaling.

Fig. 1. X-ray diffraction pattern of the calcium-free crystal; inner and outer

patterns on different intensity scales represent the low-resolution and high-

resolution diffractions (inset: photomicrography of the crystal).

M.T. Murakami et al. / Biochimica et Biophysica Acta 1703 (2004) 79–8180

89



[7] L.S. Chang, S.R. Lin, C.C. Chang, The essentiality of calcium ion in

the enzymatic activity of Taiwan cobra phospholipase A2, J. Protein

Chem. 15 (1996) 701–707.

[8] D.N. Georgieva, C. Betzel, B. Aleksiev, N. Genov, Spectroscopic

investigation of calcium binding sites in the neurotoxin vipoxin and its

components—relation with the X-ray structure, Spectrochim. Acta, A

Mol. Biomol. Spectrosc. 56 (2000) 2811–2816.

[9] D.N. Georgieva, N. Genov, K. Hristov, K. Dierks, C. Betzel,

Interactions of the neurotoxin vipoxin in solution studied by dynamic

light scattering, Biophys. J. 86 (2004) 461–466.

[10] Z. Otwinowski, W. Minor, Processing of X-ray diffraction data

collected in oscillation mode, Methods Enzymol. 276 (1997)

307–326.

[11] B.W. Matthews, Solvent content of protein crystals, J. Mol. Biol. 33

(1968) 491–497.

[12] J. Navaza, AmoRe: an automated package for molecular replacement,

Acta Crystallogr. A50 (1994) 157–163.

M.T. Murakami et al. / Biochimica et Biophysica Acta 1703 (2004) 79–81 81

90



Short crystallization paper

Crystallization and preliminary X-ray diffraction analysis of suramin,

a highly charged polysulfonated napthylurea, complexed with a

myotoxic PLA2 from Bothrops asper venom

Mário T. Murakamia, Lisandra M. Gavaa, Sandro P. Zelaa, Emerson Z. Arrudab,

Paulo A. Melob, José M. Gutierrezc, Raghuvir K. Arnia,*
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Abstract

Suramin is a highly charged polysulfonated napthylurea that interferes in a number of physiologically relevant processes such as

myotoxicity, blood coagulation and several kinds of cancers. This synthetic compound was complexed with a myotoxic Lys49 PLA2

from Bothrops asper venom and crystallized by the hanging-drop vapor diffusion method at 18 8C. The crystals belong to the

orthorhombic space group P212121, with unit cell parameters a=49.05, b=63.84 and c=85.67 2. Diffraction data was collected to

1.78 2.
D 2004 Elsevier B.V. All rights reserved.

Keywords: Suramin; Myotoxicity; Snake venom; Lys49 PLA2s; X-ray diffraction

Suramin (Fig. 1) is a highly charged polysulfonated

napthylurea that was originally developed for the treatment

of African trypanosomiasis and onchocerciasis. It is

capable of binding a number of proteins such as platelet-

derived growth factors [1,2], fibroblast growth factors [3]

and other cellular receptors. Suramin also plays a role in

follicular lymphoma [4], angiogenesis [5], AIDS [6] and

several kinds of cancers such as prostate [7], renal cells [8]

and breast [9]. Suramin has received much attention

because of its ability to inhibit the myotoxic activity of

different Crotalidae venoms [10,11]. Basic Lys49 phos-

pholipases A2 (PLA2) induce skeletal muscle necrosis

(myonecrosis) in vivo, upon intramuscular injection, or in

vitro, upon incubation [12]. These Lys49 PLA2s exhibit a

wide spectrum of pharmacological activities such as

anticoagulant, hypotensive, haemolytic and oedema-induc-

ing effects [13,14]. There have been a number of attempts

to delineate the region or regions critical for the expression

of these activities based on sequence homology [15,16],

charge distribution [17,18], hydropathy profiles [17],

chemical modification [19,20], peptide synthesis [21,22],

site-directed mutagenesis [23] and structural [24,25]

studies. However, the mechanisms involved in the expres-

sion of these pharmacological activities are unclear,

particularly the myotoxic effect. The structural results of

the suramin-Lys49 PLA2 complex will serve as a model to

improve our understanding of the mechanism involved in

the expression and inhibition of myotoxicity. We report the

crystallization and X-ray diffraction data collection of the

complex of suramin with a myotoxic Lys49 PLA2 from

Bothrops asper venom.

The purified Lys49 PLA2 from B. asper at 10 mg ml�1 in

0.02 M HEPES at pH 7.5 was complexed with suramin at a

1570-9639/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.bbapap.2004.08.009
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molar ratio of 1:1.2. Crystallization trials were performed by

the hanging-drop vapor diffusion method at 18 8C.
Optimized crystallization conditions led to the formation

of a single crystal after 6 months when 2 Al of the complex

was mixed with 2 Al of a reservoir solution containing 0.1 M
sodium acetate at pH 4.6, 15% PEG 3350 and 20%

isopropanol (Fig. 2). In comparison, the native protein

was crystallized from a solution containing 0.1 M sodium

citrate (pH 5.6), 20% isopropanol, 20% PEG 4000 and 1

mM sodium azide.

X-ray diffraction data were collected at the protein

crystallography beamline (CPR) at the Laboratório Nacional

de Luz Sı́ncrotron, Brazil (Fig. 2). A single crystal with a

maximum dimension of 0.5 mm was transferred to a

solution containing 20% glycerol and flash-frozen at 100

K. The data were integrated with DENZO and scaled with

SCALEPACK [26] to a resolution of 1.78 2. The crystal

belongs to the orthorhombic space group P212121 with unit

cell parameters of a=49.05, b=63.84 and c=85.67 2.
Packing considerations based on the molecular weight of

14 kDa and the self-rotation function indicate the presence

of two monomers in the crystallographic asymmetric unit.

This corresponds to a Matthews’s coefficient Vm of 2.4 23

Da�1 and a solvent content of 48.2% [27]. The statistics of

the data processing are summarized in Table 1. Molecular

replacement was carried out with the program AmoRe [28].

A model based on the atomic coordinates of Myotoxin-II, a

Lys49 PLA2 from B. asper venom [29] (PDB code 1CLP)

and stripped of solvent molecules, was used for molecular

replacement. A clear solution was obtained for the

orientation of the two molecules present in the asymmetric

unit.

Rigid-body refinement of the solution using data in the

resolution range of 30.0–1.78 2 resulted in a correlation

coefficient of 80.1% and an Rfactor of 27.5%. An examina-

tion of the electron density maps indicated clear density for

the bound suramin molecule. Restrained refinement with

REFMAC5 [30] and model building using TURBO

FRODO (Biographics, Marseille, France) are currently in

progress.

This work presents the first structure of suramin

complexed with a protein as determined by X-ray crystal-

lography. The three-dimensional structure of the suramin–

PLA2 complex should be useful for structure-based drug

design and to understand the mechanism of inhibition of

myotoxicity in snake venom Lys49 PLA2s.

Fig. 1. Structure of suramin, a polysulfonated naphthylurea (molecular weight 1429).

Fig. 2. X-ray diffraction pattern obtained at the Laboratório Nacional de

Luz Sı́ncrotron using a MARCCD detector of the PLA2–suramin complex

crystal. Photomicrograph of the crystal (inset).

Table 1

Data collection and processing statistics

Data collection

Temperature (K) 100

Wavelength used (2) 1.427

Detector MARCCD

Space group P212121
Unit cell parameters (2) a=49.05, b=63.84 and c=85.67

Resolution range (2) 30.00–1.78

No. of observed reflections 297,425

Data completeness (%) 99.7 (99.7)

No. of unique reflections 26,395

I/sigma(I) 28.5 (5.1)

Rmerge (%)a 4.8 (31.7)

Molecule per asymmetric unit 2

Vm (23 Da�1) 2.4

Solvent content (%) 48.2

Values in parentheses are for the high-resolution bin.
a Rmerge=A(A|I(h)I�{I(h)})|/A{I(h)}, where I(h)i is the observed

intensity of the ith measurement of reflection h and {I(h)} is the mean

intensity of reflection h calculated after scaling.

M.T. Murakami et al. / Biochimica et Biophysica Acta 1703 (2004) 83–8584

92



Acknowledgements

Financial support by FAPESP/SMOLBNet, CNPq,

CAPES/DAAD is gratefully acknowledged. MTM is

recipient of a FAPESP fellowship.

References

[1] M. Hosang, Suramin binds to platelet-derived growth factor and

inhibits its biological activity, J. Cell. Biochem. 29 (1985) 265–273.

[2] S.S. Huang, J.S. Huang, Rapid turnover of the platelet-derived growth

factor receptor in cis-transformed cells and reversal by suramin:

Implications for the mechanism of autocrine transformation, J. Biol.

Chem. 263 (1988) 12608–12618.

[3] D.B. Rifkin, D. Moscatelli, Recent developments in the cell biology of

basic fibroblast growth factor, J. Cell Biol. 109 (1989) 1–6.

[4] S.G. Arbuck, J.M. Sorensen, M.C. Christian, P. Ho, J.M. Pluda, B.D.

Cheson, New drugs in non-Hodgkin’s lymphoma, Ann. Oncol. Suppl.

1 (1997) 119–128.

[5] C.E. Hensey, D. Boscoboinik, A. Azzi, Suramin, anti-cancer drug,

inhibits protein kinase C and induces differentiation in neuroblastoma

cell clone NB2A, FEBS Lett. 258 (1989) 156–158.

[6] B.D. Cheson, A.M. Levine, D. Mildvan, L.D. Kaplan, P. Wolfe, A.

Rios, J.E. Groopman, P. Gill, P.A. Volberding, B.J. Poiesz, et al.,

Suramin therapy in AIDS and related disorders. Report of the US

Suramin Working Group, JAMA 258 (1987) 1347–1351.

[7] M.A. Eisenberger, L.M. Reyno, D.I. Jodrell, V.J. Sinibaldi, K.H.

Tkaczuk, R. Sridhara, E.G. Zuhowski, M.H. Lowitt, S.C. Jacobs,

M.J. Egorin, Suramin, an active drug for prostate cancer: Interim

observations in a phase I trial, J. Natl. Cancer Inst. 85 (1993)

611–621.

[8] R. Dreicer, D.C. Smith, R.D. Williams, W.A. See, Phase II trial of

suramin in patients with metastatic renal cell carcinoma, Invest. New

Drugs 17 (1999) 183–186.

[9] W.J. Gradishar, G. Soff, J. Liu, A. Cisneros, S. French, A. Rademaker,

A.B. Benson, N. Bouck, A pilot trial of suramin in metastatic breast

cancer to assess antiangiogenic activity in individual patients,

Oncology-Basel 58 (2000) 324–333.

[10] E.Z. Arruda, N.M.V. Silva, R.A.M. Moraes, P.A. Melo, Effect of

suramin on myotoxicity of some crotalid snake venoms. Antimyotoxic

effect of suramin, Braz. J. Med. Biol. Res. 35 (2002) 723–726.

[11] M. Oliveira, W.L.G. Cavalcante, E.Z. Arruda, P.A. Melo, M.D. Silva,

M. Gallaccia, Antagonism of myotoxic and paralyzing activities of

bothropstoxin-I by suramin, Toxicon 42 (2003) 373–379.

[12] J.M. Gutiérrez, B. Lomonte, Phospholipase A2 myotoxins from

Bothrops snake venoms, in: R.M. Kini (Ed.), Venom Phospholipase

A2 Enzymes: Structure, Function and Mechanism, Wiley, Chichester,

1997, pp. 321–352.

[13] J.B. Harris, Phospholipases in snake venoms and their effects on nerve

and muscle, in: A.L. Harvey (Ed.), Snake Toxins, Pergamon Press,

New York, 1991, pp. 91–121.

[14] A.B. Mukherjee, L. Miele, N. Pattabiraman, Phospholipase A2

enzymes: regulation and physiological role, Biochem. Pharmacol.

48 (1994) 1–10.

[15] R.L. Heinrickson, Dissection and sequence analysis of phospholipase

A2, Methods Enzymol. 197 (1991) 201–215.

[16] R.J. Ward, A. Rodrigues Alves, J. Rugierro Neto, R.K. Arni, J. Casari,

A sequence space analysis of Lys49 phospholipase A2: clues towards

identification of residues involved in a novel mechanism of membrane

damage and in myotoxicity, Protein Eng. 11 (1998) 285–294.

[17] R.M. Kini, S. Iwanaga, Structure–function relationships of

phospholipases: II. Charge density distribution and the myotoxicity

of presynaptically neurotoxic phospholipases, Toxicon 24 (1986)

895–905.

[18] R.M. Kini, H.J. Evans, Role of cationic residues in cytolytic activity:

modification of lysine residues in the cardiotoxin from Naja

nigricollis venom and correlation between cytolytic and antiplatelet

activity, Biochemistry-US 28 (1989) 9209–9216.

[19] C. Dı́az-Oreiro, J.M. Gutiérrez, Chemical modification of histidine

and lysine residues of myotoxic phospholipases A2 isolated from

Bothrops asper and Bothrops godmani snake venoms: effects on

enzymatic and pharmacological properties, Toxicon 35 (1997)

241–252.

[20] S.H. Andrião-Escarso, A.M. Soares, V.M. Rodrigues, Y. Angulo, C.

Dı́az, B. Lomonte, J.M. Gutiérrez, J.R. Giglio, Myotoxic phospholi-

pase A2 in Bothrops snake venoms: effect of chemical modification on

the enzymatic and pharmacological properties of bothropstoxins from

Bothrops jararacussu, Biochimie 82 (2000) 755–763.

[21] B. Lomonte, J. Pizarro-Cerda, Y. Angulo, J.P. Gorvel, E. Moreno,

TyrYTrp-substituted peptide 115–129 of a Lys49 phospholipase A2

expresses enhanced membrane-damaging activities and reproduces

its in vivo myotoxic effect, Biochim. Biophys. Acta 1461 (1999)

19–26.
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c Unidade de Biotecnologia, UNAERP, Ribeirão Preto-SP, Brazil

Received 4 August 2004

Available online 21 August 2004

Abstract

Phospholipases A2 belong to the superfamily of proteins which hydrolyzes the sn-2 acyl groups of membrane phospholipids to

release arachidonic acid and lysophospholipids. An acidic phospholipase A2 isolated from Bothrops jararacussu snake venom pre-

sents a high catalytic, platelet aggregation inhibition and hypotensive activities. This protein was crystallized in two oligomeric

states: monomeric and dimeric. The crystal structures were solved at 1.79 and 1.90 Å resolution, respectively, for the two states.

It was identified a Na+ ion at the center of Ca2+-binding site of the monomeric form. A novel dimeric conformation with the active

sites exposed to the solvent was observed. Conformational states of the molecule may be due to the physicochemical conditions used

in the crystallization experiments. We suggest dimeric state is one found in vivo.

� 2004 Elsevier Inc. All rights reserved.

Keywords: X-ray crystallography; Acidic phospholipase A2; Bothrops jararacussu venom; Platelet aggregation and hypotensive effects; Crystal

structure; Oligomeric state; Dimeric phospholipase A2

Phospholipases A2 (PLA2, EC 3.1.1.4) belong to the

superfamily of proteins which hydrolyzes the sn-2 acyl

groups of membrane phospholipids to release arachi-

donic acid and lysophospholipids. The superfamily of

PLA2s is divided into 11 classes [1], of which five (I,

II, III, V, and X) are abundant in a variety of biological
fluids, particularly pancreatic secretions, inflammatory

exudates, and reptile and arthropod venoms [2]. PLA2s

are the major components of snake venoms, being those

of group IIA predominant in Bothrops venoms. In addi-

tion to their primary catalytic role, snake venoms PLA2s

show other important toxic/pharmacological effects

including myonecrosis, neurotoxicity, cardiotoxicity,
and hemolytic, hemorrhagic, hypotensive, anticoagu-

lant, platelet aggregation inhibition, and edema-induc-

ing activities [3–5]. Some of these activities correlate

with the enzymatic activity and others are completely

independent [6,7].

PLA2s are also one of the enzymes involved in the

production of eicosanoids. These molecules have physi-

ological effects at very low concentrations; however, the
increasing of their concentration can lead to the state of

0006-291X/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2004.08.046

q Abbreviations: PLA2, phospholipase A2; BthA-I, acidic phospho-

lipase A2 from Bothrops jararacussu venom; m-BthA-I, monomeric

acidic phospholipase A2 from Bothrops jararacussu venom; d-BthA-I,

dimeric acidic phospholipase A2 from Bothrops jararacussu venom.
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inflammation [8]. Then, the study of specific PLA2s

inhibitors can be important in the production of struc-

ture-based anti-inflammatory agents.

A group of myotoxic Phospholipases A2 homologues

present in the venoms of some species of Agkistrodon,

Bothrops, and Trimeresurus (family Viperidae) is charac-
terized by a Lys to Asp substitution of residue 49 [9,10].

The coordination of the Ca2+ ion in the PLA2 calcium-

binding loop includes an Asp at position 49 which plays

a crucial role in the stabilization of the tetrahedral tran-

sition state intermediate in catalytically active phospho-

lipases A2 [11]. Therefore, the Asp49 to Lys substitution

drastically affects the calcium-binding ability of these

Lys49-PLA2 homologues and, as a consequence, they
present a very limited catalytic activity.

Many basic Lys49-PLA2s have been purified from

Bothrops snake venoms and structurally and function-

ally characterized [12–18]. However, little is known

about the bothropic Asp49-PLA2s [19–21]. Two basic

myotoxic phospholipases A2, the bothropstoxin-I

(Lys49-BthTX-I—catalytic inactive) and II (Asp49-

BthTX-II—low catalytic activity), have been isolated

from Bothrops jararacussu venom and characterized

[15,18,22,23]. BthA-I is three to four times more ac-

tive catalytically than BthTX-II and other basic

Asp49 PLA2 from Bothrops venoms, however, it is

not myotoxic, cytotoxic or lethal. Although it showed
no toxic activity, it was able to induce time-indepen-

dent edema. In addition, BthA-I caused a hypotensive

response in rats and inhibited platelet aggregation

[24]. Catalytic, desintegrin, and pharmacological activ-

ities were abolished by chemical modification with

p-bromophenacyl bromide, which covalently binds to

His48 of the catalytic site [24]. In order to better

understand the structure–function relationship of
these bothropic proteins, the cDNA sequence cloning,

functional expression crystallization, and X-ray dif-

fraction data of BthA-I-PLA2 were recently described

[24–26].

In this paper, we described the high resolution crystal

structures of BthA-I-PLA2 in two oligomeric states:

monomeric and dimeric.

Table 1

X-ray data collection and refinement statistics

d-BthA-I m-BthA-I

Unit cell (Å) a = 33.19 b = 63.14 c = 47.40 b = 102.3 a = 39.98 b = 53.99 c = 90.46

Space group P21 C2221
Resolution (Å) 29.7–1.9 (2.02–1.9)a 30.0–1.79 (1.84–1.79)a

Unique reflections 14,151 (2084)a 9034 (507)a

Completeness (%) 93.3 (87.7)a 94.3 (80.1)a

Rmerge
b (%) 4.5 (29.3)a 4.6 (15.3)a

I/r (I) 20.1 (5.0)a 22.1 (6.0)a

Redundancy 3.5 (3.4)a 5.7(1.2)a

RCryst
c (%) 19.0 (23.8)a 18.6 (24.6)a

Rfree
d (%) 24.7 (28.5)a 25.5 (33.8)a

Number of non-hydrogen atoms:

Protein 1900 949

Water 381 144

Mean B factor (Å2)e

Overall 27.8 23.2

Main chain atoms 34.6 17.4

Side chain atoms 35.6 19.4

Water molecules 49.0 27.9

Na+ ion 38.1 —

R.m.s deviations from ideal valuese

Bond lengths (Å) 0.005 0.018

Bond angles (�) 1.3 1.9

Ramachandran plotf (%)

Residues in most favored region 90.7 92.2

Residues in additional allowed region 9.3 7.8

Residues in generously/disallowed regions 0.0 0.0

Coordinate error (Å)e

Luzzati plot (cross-validated Luzzati plot) 0.20 (0.28) 0.18 (0.38)

SIGMAA (cross-validated SIGMAA) 0.22 (0.22) 0.11 (0.11)

a Numbers in parentheses are for the highest resolution shell.
b Rmerge ¼

P
hklð

P
iðjIhkl;i� hIhklijÞÞ=

P
hkl;ihIhkli, where Ihkl, i is the intensity of an individual measurement of the reflection with Miller indices h, k,

and l, and ÆIhklæ is the mean intensity of that reflection. Calculated for I > �3r (I).
c Rcryst ¼ P

hklðkFobshklj � jFcalchklkÞ=jFobshklj, where |Fobshkl| and |Fcalchkl| are the observed and calculated structure factor amplitudes.
d Rfree is equivalent to Rcryst but calculated with reflections (5%) omitted from the refinement process.
e Calculated with the program CNS [30].
f Calculated with the program PROCHECK [34].
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Materials and methods

Isolation, cDNA cloning, and sequencing. BthA-I-PLA2 was isolated

from B. jararacussu snake venom by ion-exchange chromatography on

CM-Sepharose followed by reverse phase chromatography on a RP-

HPLC C-18 column [24]. The amino acid sequence of BthA-I-PLA2

was deduced from the cDNA sequence and deposited in GenBank

(AY145836) [25,26].

Crystallization and data collection. BthA-I-PLA2 was crystallized in

two different conditions: 0.2 M ammonium sulfate and 22% (w/v)

polyethylene glycol 6000 (d-BthA-I) [24]; and 0.1 M sodium acetate

(pH 4.6) and 28% polyethylene glycol 4000 (m-BthA-I). Lyophilized

sample of BthA-I-PLA2 was dissolved in ultra-pure water at a con-

centration of 10 and 12 mg/mL, respectively, for crystals of m-BthA-I

and d-BthA-I. The crystals were flash-frozen (15% glycerol for m-

BthA-I) and diffraction data were collected at a wavelength of 1.38 Å

(at 100 K) using a Synchrotron Radiation Source (LNLS, Campinas,

Brazil). Diffraction intensities were measured using a MAR 345

imaging-plate detector and were reduced and processed using the HKL

suite [27]. The data sets are 94.3% and 93.3% complete at 1.79 and

1.9 Å resolution with Rmerge = 4.6% and 4.5% for m-BthA-I and d-

BthA-I, respectively. The m-BthA-I crystals belong to the space group

C2221 and for m-BthA-I to the space group P21. Data processing

statistics are presented in Table 1.

Structure determination and refinement. The crystal structures of m-

BthA-I and d-BthA-I were solved by the Molecular Replacement

Method using the program AMoRe [28] and the coordinates of the

Lys49-PLA2 from Agkistron piscivorus piscivorus (PDB code 1VAP)

[29]. The model choice was based on the best results of correlation and

R factor from the AMoRe program. After a cycle of simulated

annealing refinement using the CNS program [30], the electron den-

sities were inspected and the amino acid sequence as obtained from the

cDNA of BthA-I [25,26] was inserted for both m-BthA-I and d-BthA-

I. The modeling process was always performed by manually rebuilding

with the ‘‘O’’ program [31]. Electron density maps calculated with

coefficients 3|Fobs| � 2|Fcalc| and simulated annealing omit maps cal-

culated with analogous coefficients were generally used. The model was

improved, as judged by the free R factor [32], through rounds of

crystallographic refinement (positional and restrained isotropic indi-

vidual B factor refinement, with an overall anisotropic temperature

factor and bulk solvent correction) using the CNS program [30], and

manual rebuilding with the ‘‘O’’ program [31]. Solvent molecules were

added and refined also with the program CNS [30]. In the last stages of

refinement of m-BthA-I the program REFMAC 5.0 was used [33].

The refinement converged to R and free R factors of 18.3% and

24.3%; 19.0% and 24.7%, respectively, for m-BthA-I and d-BthA-I (see

Table 1 for explanation of R factors). The final models comprise 950

protein atoms and 144 water molecules for m-BthA-I, and 1900 pro-

tein atoms and 381 water molecules for d-BthA-I. The refinement

statistics are shown in Table 1. For molecular comparisons of the

Lys49-PLA2 structures, the ‘‘O’’ program [31] was used with only

the Ca coordinates. The quality of the model was checked with the

PROCHECK program [34]. The coordinates have been deposited in

the RCSB Protein Data Bank with ID code 1UMV and 1U73,

respectively, for m-BthA-I and d-BthA-I.

Results

The structures showed overall stereochemistry better

than expected for an average structure at the same reso-

lution, where no residue was found in the disallowed or

generously allowed regions of Ramachandran plot, and

with the overall Procheck G factor of 0.4 and �0.1 for
d-BthA-I and m-BthA-I, respectively [34].

The m-BthA-I and d-BthA-I monomers are very sim-

ilar to other class IIA PLA2 structures. As is usual for

other proteins of this class, there are seven disulfide

bridges and the main secondary structural elements are

conserved. The structure is composed of: (i) N-terminal

a-helix 1, (ii) Ca2+-binding loop, (iii) two anti-parallel
a-helixes 2 and 3, (iv) short two-stranded anti-parallel

b-sheet (b-wing), and (v) C-terminal loop (Fig. 1A).

The monomers of m-BthA-I and d-BthA-I are essen-

tially identical, where the r.m.s. deviation of Ca atoms is

0.49 Å for both superposition of d-BthA-I monomer A

and m-BthA-I, and d-BthA-I monomer B and m-

BthA-I. The average B factors for m-BthA-I and d-

BthA-I are 25.6 and 18.6 Å2, respectively (calculated
without solvent molecules).

In the active site for both structures, there is just a

water molecule bound to His48 and Lys49 residues.

Fig. 1. Structures of (A) m-BthA-I and (B) d-BthA-I are showed as a

ribbon diagram [35]. The residues Thr104, Asp108, and Lys93 of

interface of monomers of d-BthA-I are shown in a ball-stick

representation.
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The electron density map for m-BthA-I structure

shows a single prominent peak at the center of

Ca2+-binding site, which was identified as Na+ ion

rather than Ca2+ ion for three main reasons. (i) The

protein was crystallized in the presence of sodium ace-

tate. (ii) The B factor of Na+ is 38.1 Å2, which is rea-
sonably close to the value of the average B factor

(23.2 Å2). If the position was occupied by Ca2+ ion,

its B factor would be 60.3 Å2. (iii) All PLA2s solved

to this time with the presence of Ca2+ present this

ion coordinated by carboxyl group of residues 28,

30, 32, and Asp49 and two (or one) water molecules

[36]. However, the Na+ ion of m-BthA-I just interacts

with the Tyr28 carboxyl group (2.47 Å), Gly32 N
(2.88 Å), and Asp49 Od1 and Od2 (2.67 and 2.51 Å,

respectively) (Fig. 2). Additionally, the distance be-

tween the closest water molecule and the Na+ ion is

about 4 Å, which makes impossible the essential

role of a water molecule presence in the catalytic

mechanism [37].

No strong densities were found at the center of

Ca2+-binding loops of d-BthA-I monomers. However,
water molecules were found in both sites of d-BthA-I

in the similar position to the Na+ ion of m-BthA-I

(B factors are 33.9 and 43.5 Å2 which are comparable

with the average value of 40.9 Å2 for water molecules).

Despite the lack of Na+ ion in the d-BthA-I, the con-

formations of Ca2+-binding loops are similar with m-

BthA-I molecule (superposition between the m-BthA-I

Fig. 2. Ca2+-binding loop interactions with Na+ ion in the m-BthA-I structure [31].

Fig. 3. Superposition of Ca atoms of Ca2+-binding loop of each one

monomer of d-BthA-I (red, monomer A; blue, monomer B) and m-

BthA-I. Na+ ion is shown like a white sphere [31]. (For interpretation

of the references to color, the reader is referred to the web version of

this paper.)
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loop and d-BthA-I monomers A and B loops resulted

in Ca atom r.m.s. deviation of 0.26 and 0.46 Å, respec-

tively) (Fig. 3).

The monomers of d-BthA-I are related by twofold

axis perpendicular to h3 a-helix (Fig. 1B). Hydrophobic

contacts, one intermolecular hydrogen bond, and one

Fig. 4. Amino acid sequence alignments of Asp49-PLA2s monomers A from B. jararacussu (1u73), A. p. piscivorus (1vap) [29], D. acutus (1ijl) [39], C.

atrox (1pp2) [40], A. h. pallas (1jia) [41], D. r. pulchella (1fb2) [42], and N. n. sagittifera (1mh2—monomer B) [43]. The sequences have been numbered

according to Renetseder et al. [44]. Identity values related to BthA-I are shown at the right column. Produced by the FASTA program [45]. PDB ID

codes are shown in parentheses.

Fig. 5. Superposition of monomers A Asp49-PLA2s from B. jararacussu (1u73), A. p. piscivorus (1vap) [29], D. acutus (1ijl) [39], C. atrox (1pp2) [40],

A. h. pallas (1jia) [41], D. r. pulchella (1fb2) [42], and N. n. sagittifera (1mh2—monomer B) [43]—performed using only Ca atoms from h1, h2, and h3

a-helixes [31]. Asp49-PLA2 from the N. n. sagittifera venom belongs to group I while the others to the group IIA. Drawn using RIBBONS [35]. PDB

ID codes are shown in parentheses.
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salt-bridge contribute to the stabilization of the dimer.

All contacts involve the residues of h3 a-helix, including
the salt bridge between the Ne atom of Lys83 (monomer

A) and Od2 of Glu98 (monomer B) (2.56 Å).

Discussion

It was identified to be a Na+ ion rather of a Ca2+ ion

for m-BthA-I at the center of Ca2+-binding site. Similar

fact was observed in the acidic PLA2 structure from

Agkistrodon halys pallas complexed with p-bromo-

phenacyl (BPB) [38], which was crystallized in the

presence of Na+ ions. Zhao et al. [38] noted the strong

interaction of Na+ ion with three carbonyl oxygen atoms

of residues Tyr28, Gly 30, and Gly32 while for Asp49

Od1 and Od2 these interactions are longer than usual.
In the case of m-BthA-I, Na+ ion interacts with Tyr28

carboxyl, Gly32 N, and Asp49 Od1 and Od2. These dif-
ferences are likely to be due to the p-bromo-phenacyl

group interacting with Gly30 and Asp49 in the PLA2

structure from A. h. pallas complexed with BPB [38].

Fig. 6. Structure of dimeric PLA2s: (A) Bothrops neuwiedi pauloensis (1pa0) [12]; (B) Deinagkistrodon acutus (1ijl) [39]; (C) Agkistrodon halys pallas

(1jia) [41]; (D) Daboia russeli pulchella (1fb2) [42]; and (E) Naja naja sagittifera (1mh2) [43]. Drawn using RIBBONS [35]. PDB ID codes are shown in

parentheses.
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The d-BthA-I structure shows the lack of Ca2+ or

Na+ ions at the Ca2+-binding loops, however, a water

molecule was found in similar position for both mono-

mers. The Ca2+-binding loops do not show important

structural differences by occupation of this site by water

or Na+ ion (Fig. 3).
Fig. 4 shows the alignment of the class I or IIA Asp49-

PLA2s from different species (B. jararacussu, A. p. pisciv-

orus [29],Deinagkistrodon acutus [39],Crotalus atrox [40],

A. h. pallas [41], Daboia russeli pulchella [42], and Naja

naja sagittifera [43]) produced using only the secondary

structure residues. The sequence identity related to

BthA-I varies from 71.5% (A. p. piscivorus) to 41.8% (N.

n. sagittifera). In contrast, the Ca atom�s superposition
of secondary structure elements between monomers

(Fig. 5) shows conformations to be very similar. As seen

in Fig. 5, the main structural differences are in the Ca2+-

binding loop and b-wing regions. BthA-I presents these

regions as slightly altered compared to other class IIA

PLA2 (all structures of Fig. 5, except the class I Asp49-

PLA2 from the N. n. sagittifera). In contrast, in the

Asp49-PLA2 piratoxin III structure [18], Ca2+-binding
loop presents high structural distortion when compared

with other PLA2s due to an extreme diversion taken by

themain chain of residues 30–31 associated with a change

in the backbone dihedral angles of Cys29. The authors

support this distortion may be due to an alternative con-

formation of enzyme (T-state). In that case, the structures

of BthA-I and other PLA2s presented here should be in

the R-state conformation.
The oligomeric state is an important issue for many

of phospholipase A2 structures solved [12,37,46–49]. A

comparison of d-BthA-I with all class IIA PLA2 struc-

tures available at the RCSB Protein Data Bank reveals

this structure adopts a novel oligomeric conformation

whereas the active site of both monomers can be reached

by a hydrophobic channel exposed to the solvent. Fig. 6

shows some examples of oligomeric conformations of
PLA2s.

BthA-I was crystallized in two conformational states:

monomeric and dimeric. This is likely to be due to the

physicochemical conditions used in the crystallization

experiments. The crystals of m-BthA-I were grown at

pH 4.6 and those of d-BthA-I were grown at pH 3.5.

Then, the m-BthA-I molecules are in the condition very

close to their pI � 5.0 [24], whereas the molecules are in
charge equilibrium leading to their dissociation. Conse-

quently, we suggest dimeric state of BthA-I could be

that found predominately in vivo.

It has been shown dimeric is the most favorable or ac-

tive state for Lys49-PLA2 [12,46] and for outer mem-

brane phospholipases (OMPLA) [47,48]. However,

C. atrox PLA2 is dimeric in the absence of lipids and

monomeric when interacting with lipids [49]. Then,
clearly, deep structural studies must be done to better

understanding of oligomeric mechanism Asp49-PLA2s.
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Laboratório Nacional de Luz Sı́ncrontron (LNLS,

Campinas-SP), and Universidade de Ribeirão Preto

(UNAERP, Ribeirão Preto-SP).

References

[1] D.A. Six, E.A. Dennis, The expanding superfamily of phospho-

lipase A2 enzymes: classification and characterization, Biochim.

Biophys. Acta 1488 (2000) 1–19.

[2] P. Rosenberg, in: W. Shier, D. Mebs (Eds.), Handbook of

Toxinology, Marcel Dekker, New York, 1990, pp. 67–277.

[3] J.M. Gutiérrez, B. Lomonte, Phospholipase A2 myotoxins from

Bothrops snake venoms, in: R.M. Kini (Ed.), Venom Phospholi-

pase A2 Enzymes: Structure, Function and Mechanism, Wiley,

Chichester, 1997, pp. 321–352.

[4] C.L. Ownby, Structure, function and biophysical aspects of the

myotoxins from snake venoms, J. Toxicol. Toxin Rev. 17 (1998)

1003–1009.

[5] E. Valentin, G. Lambeau, What can venom phospholipase A2 tell

us about the functional diversity of mammalian secreted phos-

pholipase A2, Biochimie 82 (2000) 815–831.

[6] R.M. Kini, H.J. Evans, A model to explain the pharmacological

effects of snake venom phospholipases A2, Toxicon 27 (1989)

613–635.

[7] A.M. Soares, J.R. Giglio, Chemical modifications on phospho-

lipases A2 from snake venoms: effects on catalytic and

pharmacological properties. Review, Toxicon 42 (2004) 855–

868.

[8] P. Needleman, J. Turk, B.A. Jakschik, A.R. Morrison, J.B.

Lefkowith, Arachidonic acid metabolism, Annu. Rev. Biochem.

55 (1986) 69–102.

[9] B. Francis, J.M. Gutierrez, B. Lomonte, I.I. Kaiser, Myotoxin II

from Bothrops asper (terciopelo) venom in a lysine-49 phospho-

lipase A2, Arch. Biochem. Biophys. 284 (1991) 352–359.

[10] C.L. Ownby, H.S. Selistre de Araújo, S.P. White, J.E. Fletcher,
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1.9 Å resolution, Acta Crystallogr. D 57 (2001) 1793–1798.

[42] K. Zhao, S. Song, Z. Lin, Y. Zhou, Structure of a basic

phospholipase A2 from Agkistrodon halys Pallas at 2.13 Å
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Suramin, a synthetic polysulfonated compound, developed initially for the
treatment of African trypanosomiasis and onchocerciasis, is currently used
for the treatment of several medically relevant disorders. Suramin, heparin,
and other polyanions inhibit the myotoxic activity of Lys49 phospholipase
A2 analogues both in vitro and in vivo, and are thus of potential importance
as therapeutic agents in the treatment of viperid snake bites. Due to its
conformational flexibility around the single bonds that link the central
phenyl rings to the secondary amide backbone, the symmetrical suramin
molecule binds by an induced-fit mechanism complementing the
hydrophobic surfaces of the dimer and adopts a novel conformation that
lacks C2 symmetry in the dimeric crystal structure of the suramin–Bothrops
asper myotoxin II complex. The simultaneous binding of suramin at the
surfaces of the two monomers partially restricts access to the nominal
active sites and significantly changes the overall charge of the interfacial
recognition face of the protein, resulting in the inhibition of myotoxicity.

q 2005 Elsevier Ltd. All rights reserved.
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Introduction

Suramin (8,8 0-[carbonylbis [imino-3,1-phenylene-
carbonylimino (4-methyl-3,1-phenylene) carbonyli-
mino]] bis-1,3,5-naphtalenetrisulfonic acid
hexasodium salt), a highly charged polysulfonated
compound, is one of the first successful synthetic
therapeutic agents developed and is used clinically
in the treatment of African trypanosomiasis and
onchocerciasis.1–4 The spectrum of suramin appli-
cations now includes the clinical treatment of
angiogenesis, carcinomas of the kidney and pros-
tate gland, breast cancer, inhibition of growth
factor/receptor interactions, inhibition of human

a-thrombin, protein-tyrosine phosphatases, G pro-
teins, merozoite surface protein-1, and acidic and
basic fibroblast growth factors.5–14 Suramin pre-
vents the development of muscle necrosis induced
by some snake venoms, since it inhibits the
myotoxic and in vitro neuromuscular blocking
activities of Lys49 phospholipases A2 from Bothrops
species.15,16

Phospholipases A2 (PLA2s: EC 3.1.1.4) are key
enzymes in the control, regulation, production and
release of lipid mediator precursors that serve as
messengers in fundamental, highly regulated pro-
cesses such as growth, adhesion, apoptosis,
secretion, hemostasis and immune regulation. The
group II PLA2s encountered in viperid snake
venoms and mammalian fluids share significant
sequence homology, and are based on a single
structural motif or scaffold.17 Snake venom PLA2s
exhibit a wide spectrum of activities including
myotoxic, neurotoxic, cardiotoxic, anticoagulant,
platelet-aggregating, hypotensive and inflammatory
effects.18 On the basis of sequence and structural
similarities, the snake venom group II PLA2s can be
subdivided into (a) the catalytically active Asp49
enzymes and (b) the basic, myotoxic Lys49 proteins,
which possess no catalytic activity.17 Myotoxicity
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affects only muscle fibers without damaging other
tissue structures such as connective tissue, nerves
and vessels,19 and can lead to permanent tissue loss,
disability, amputation and death.20

Suramin binds to a surprisingly wide variety of
proteins of different function, structure and size due
to its torsional flexibility and ability to stretch or
compress itself, which results in the two naphthyl
rings with the sulfonate groups being able to
interact simultaneously with a number of structu-
rally distinct sites. Due to a lack of structural
information, the target sites, conformational flexi-
bility and mode of binding of suramin to proteins
are still unclear at the atomic level.

The crystal structure of the complex between
suramin and Bothrops asper myotoxin II represents
the first crystal structure of suramin bound to a
protein. The structural details presented here
should be of relevance in understanding the steric
requirements of suramin binding to proteins, and
should shed light on the mechanism of myotoxicity
displayed by Lys49 phospholipases A2 and their
inhibition by polyanionic compounds.

Results

In vitro myotoxicity

As illustrated in Figure 1(a), B. asper myotoxin II
caused a time-dependent increase in the rate of
creatine kinase release from isolated extensor
digitorum longus muscles. A more pronounced
effect is observed after 90 minutes with 25 mg/ml of
B. asper myotoxin II alone. The presence of suramin
(10 mM) together with the toxin markedly inhibits
the creatine kinase release induced by the B. asper
myotoxin II (Basp-II). After 90 minutes of exposure
to the toxin, in the presence of suramin, the creatine
kinase release was less than 15% of the value
measured in the absence of suramin.

In vivo myotoxicity

Intramuscular (i.m.) injections of Basp-II alone
increased plasma creatine kinase (CK) activity in a
dose and time-dependent fashion. Figure 1(b)
indicates that an i.m. injection of Basp-II (2.0 mg/
g) induced a significant increase in plasma CK
activity compared to physiological saline solution.
CK levels increased from 65(G42) units/l (meanG
SEM, nZ4) to 1368(G386) units/l (nZ4) after two
hours. These values of plasma CK activity are in
agreement with previously reported observations.21

Preincubation with suramin significantly (p!0.05)
inhibits the increase in plasma CK activity induced
by Basp-II. Experiments performed following pro-
tocol B (see Materials and Methods) indicate that
suramin also significantly inhibits (p!0.05) the
plasma CK activity increment induced by Basp-II.
However, under these conditions, suramin was less
effective in antagonizing myotoxicity than when
incubated with Basp-II prior to injection. Figure 2
presents light micrographs of extensor digitorum
longus muscle exposed to either Basp-II (Figure 2(b)
and (b 0)), Basp-II pre-incubated with suramin
(1 mg/kg) (Figure 2(c) and (c 0)) or post-treated
with suramin (1 mg/kg) 15 minutes after Basp-II
injection. In all samples, normal muscle cells were
observed in the central region of the muscle,
whereas the peripheral fibers were in different
stages of necrosis, characterized by densely
clumped myofibrils and swollen cells. Pre-incu-
bation or post-treatment with suramin resulted in a
reduction in the number of necrotic fibers
(Figure 2(c) and (d)).

Crystal structure

Data collection and processing statistics are
presented in Table 1. Molecular replacement using
a single molecule of native Basp-II (PDB ID, 1CLP)
as the search model resulted in clear rotation and
translation solutions for the two molecules in the
asymmetric unit, with a correlation coefficient of

Figure 1. In vitro and in vivo
inhibition of myotoxicity of Basp-II
by suramin. (a) Experiments per-
formed on isolated EDL mouse
muscle exposed to Basp-II (25 mg/
ml) alone or with 10 mM suramin.
The toxinwas applied at time zero in
the absence (filled circles) or in the
presence of suramin (filled squares).
(b)Theeffect of i.m. injectionofBasp-
II alone (2.0 mg/g), pre-incubated
with suramin (1.0 mg/kg), or post-
treated with the same dose of
suramin (1.0 mg/kg; intraperitoneal
route), 15 minutes after the venom
i.m. injection. In (a) and (b), the
data represent the mean valuesG
SEM (nZ4).
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75.8% and an R-factor of 30.5% after rigid-body
refinement. After four cycles of refinement and
model building, the electron density peaks above
2s in the Fourier difference maps were examined

and the additional electron density present in the
vicinity of the calcium-binding loop was identified
as belonging to the trisulphonate naphthalene ring
of the suramin molecule. At all stages of the

Figure 2. Light micrographs of cross-sections of mouse EDL muscle 24 hours after the injection of PSS or Basp-II.
(a) and (a 0) Panoramic and close-up views of the control muscle showing normal muscle cells (star) and muscle
structure, respectively. (b) and (b 0) Intense degeneration of the peripheral muscle cells (asterisk), and the details of
the lesion induced by the Basp-II 24 hours after injection, respectively. Swollen cells (arrowhead) and clumped
myofibrils (arrow) are indicated. (c) A section of muscle from the group that received Basp-II pre-incubated with
suramin (1 mg/kg). (d) Tissue from the group treated with suramin (1 mg/kg) 15 minutes after injection of Basp-II.
There are normal muscle cells in the central region (star) and an inflammatory reaction at the periphery (asterisk).
Swollen cells (arrowhead) and clumped myofibrils (arrow) are shown in detail in (c 0) and (d 0). Scale bars represent:
(a), (b) and (c) 200 mm; (a 0), (b 0) and (c 0) 50 mm.
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refinement, the electron density maps indicated the
presence of a bound polyethylene glycol (PEG)
molecule in both the monomers in the hydrophobic
channels that leads to the active sites. As in the
crystal structure of the highly homologous Bothrop-
stoxin-I, a Lys49 phospholipase A2 (PLA2) from the

venom of Bothrops jararacussu, the hydroxyl groups
of PEG form hydrogen bonds toHis48Nd1 (Figure 3)
and the extended tails of the bound PEG molecules
occupy the positions of the fatty acids (Figure 4(a))
of the phospholipid analogue (PDB ID, 1POE).22

The refinement converged to a crystallographic
residual of 20.5% (RfreeZ24.0%) for all data between
30.0 Å and 1.70 Å (Table 1). The final model consists
of the 242 amino acid residues, 170 solvent
molecules, five isopropanol molecules, two frag-
ments of PEG 3350 and a suramin molecule. The
crystal structure is characterized by excellent
stereochemistry, as indicated by an analysis of the
deviations from ideal values of the bond lengths,
bond angles, planarity and non-bonded contacts
(Table 1). The two molecules in the asymmetric unit
are related by a 2-fold axis of rotation, and the
hydrophobic surfaces surrounding the entrance to
the active sites form the dimer interface, resulting in
the burial of 3446 Å2 of the surface area of each
molecule (30.9%).
The structure of group IIA PLA2s has been

reviewed extensively,17,23 and consists of three
a-helices, a short b-wing and connecting loops
(Figure 3). The principal, highly conserved struc-
tural feature is a platform formed by the two long
anti-parallel disulfide-linked (Cys29-Cys45 and
Cys51-Cys98) a-helices (helices 2 and 3, residues
37–54 and 90–109) on which are located the amino
acid residues considered important for catalytic
activity (His48, Asp49, Tyr52, Tyr73 and Asp99).
The interfacial recognition surface contains a wide
hydrophobic collar and provides access to the
catalytic site. In the case of catalytically active
Asp49 PLA2s, His48 and Asp99 together with a
structurally conserved water molecule (hydrogen
bonded to His48 Nd1) participate in the nucleophilic
attack at the sn-2 position of the phospholipid
substrate. The tetrahedral transition state inter-
mediate is stabilized by a calcium ion and is
coordinated by Asp49 and the main-chain atoms
located in the calcium-binding loop. In the sub-
group of Lys49 PLA2 analogues, substitution of
Asp49 by Lys results in the Nz atom of Lys49
occupying the position of the calcium ion in Asp49
PLA2s.

17,24 These Lys49 PLA2s are capable of
binding fatty acids,25 stearic acid26 and PEG. The
controversy as to whether these enzymes possess
catalytic activity27–29 has been clarified, since no
substrate hydrolysis was detected with the wild-
type recombinant protein.30

Suramin-binding site

NMR experiments indicate that the confor-
mational flexibility at a3/a3 0 and a4/a4 0 and the
C2 symmetry enable suramin to adopt multiple
conformations wherein the two sulfonated
naphthyl rings are separated by distances
between 16 Å and 30 Å in the compact and fully
extended conformations, respectively (Figure 5).9

In this structure, suramin adopts a novel confor-
mation that lacks C2 symmetry, with an overall

Table 1. Data collection, refinement statistics and
hydrogen bond distances between Basp-II and suramin
(atom numbering scheme based on the deposited atomic
coordinates 1Y4L)

Basp-IICsuramin

A. Crystal preparation
Cryoprotectant solution Mother liquorC25% glycerol
Soaking time 30 seconds
B. Data collection
Wavelength (Å) 1.437
Temperature (K) 100
Detector MARCCD
Synchrotron radiation source CPr beamline/LNLS-Brazil
Space group P212121
Unit cell parameters
a (Å) 49.20
b (Å) 64.04
c (Å) 85.99
Resolution (Å) 30.0–1.70 (1.74–1.70)
No. molecules in the asym-
metric unit

2

Solvent content (%, v/v) 56
VM (Å3 DaK1) 2.8
No. reflections 253,143
No. unique reflectionsa 15,224 (907)
I/s(I) 26.0 (2.8)
Multiplicity 6.5 (5.5)
Completeness (%) 99.3 (97.4)
Rmerge

b (%) 4.9 (50.7)
C. Structure refinement statistics
Rfactor (%) 20.6
Rfree (%) 24.0
rmsd from ideal
Bond distances (Å) 0.012
Bond angles (deg.) 1.663
Average B-factors (Å2) 26.0
Ramachandran plot analysis
Most favoured regions (%) 91.5
Additional allowed regions
(%)

7.5

Generously allowed regions
(%)

1.0

Hydrogen bonds
Protein Suramin
Residue Atom Atom Distance (Å)
Arg34 (A) N O29 2.97
Arg34 (A) N3 O30 2.53
Arg34 (A) NH2 O30 3.33
Lys53 (A) Nz O28 3.00
Lys53 (A) Nz O30 3.15
Arg34 (B) NH1 O82 3.06
Lys53 (B) Nz O80 2.64
Lys53 (B) Nz O82 3.34
Lys69 (B) Nz O54 2.75

Statistical values for the highest-resolution shells are given in
parentheses.

a Multiplicities of the derivative data sets were calculated with
the Friedel-related reflections treated separately. Multiplicity of
the native data set was calculated with the Friedel-pairs treated
as equivalent.

b RmergeZSjIðhÞIK fIðhÞgj=SfIðhÞg, where Ih is the observed

intensity of the ith measurement of reflection h and {I(h)} is the
mean intensity of reflection h calculated after scaling.
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length of 24.7 Å and dihedral angles of a1Z22.88,
a2ZK4.08, a3Z91.58, a4Z148.88, a5Z136.98, a10Z
24.38, a2 0Z53.38, a3 0ZK93.28, a4 0ZK128.98 and
a5 0Z177.28.

In the protein molecule A, the hydrophobic
naphthalene ring is very clearly defined in the
electron density maps (Figure 6), aligns itself in
relation to the putative calcium-binding loop

Figure 3. Ribbon representation
of the Basp-II dimer, suramin and
PEG (atom colors) bound to His48.
Figures 3 and 4 were generated
using PYMOL (http://www.
pymol.org).

Figure 4. Specific interactions in the putative catalytic and calcium binding sites. (a) Binding of PEG molecules in the
active-site cleft, molecule A (grey/red) and molecule B (yellow/red). The transition-state analogue (PDB ID, 1POE)
presented with the carbon atoms in cyan. Thin lines indicate the positions of the sulfate ions (PDB ID, 1S8H and
1S8I). (b) Suramin binding near the putative calcium-binding loop. The carbon atoms from the naphthalene rings
of suramin bound to molecules A and B are presented in grey and yellow, respectively. The position of the phosphate
moiety of the transition-state inhibitor is presented in magenta (PDB ID, 1POE) and the sulfate ions encountered in the
crystal structures of ACL myotoxin (PDB ID, 1S8G, 1S8H and 1S8I) are presented in green.
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(residues 27–35) and is additionally stabilized by
hydrogen bonds to Arg34 and Lys53 (Figures 4(b)
and 6; and Table 1). The adjacent phenyl ring
interacts with hydrophobic amino acid residues in
the loop that links helix 2 with the b-wing (residues
65–71), whereas the central phenyl ring is stabilized
by hydrophobic interactions with residues sur-
rounding the active site and the N terminus. The
distal or second naphthalene ring of suramin,
which is less well defined in the electron density
maps, binds in a similar fashion between loops C

and E to the second protein molecule interacting
with Arg34B and Lys53B (Table 1).

Discussion

Myonecrosis is a major event in envenomation by
snakes and compounds such as suramin, heparin,
heparin-like glycosaminoglycans and related poly-
anions inhibit the activity of myotoxic PLA2s both
in vitro and in vivo.31–35 A number of studies have

Figure 5. Chemical structure and torsion angles of suramin. This Figure was generated using ChemSketch version 5.0
(http://www.acdlabs.com/).

Figure 6. Electron density con-
toured at 1.5s around the suramin
molecule. Hydrogen bonds
between suramin and Arg34 and
Lys53 are in red (broken lines).
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attempted to identify and to delineate the region or
regions important for the expression of myotoxicity
in PLA2s,

23 on the basis of sequence homology,36–38

charge distribution,39–41 hydrophobicity profiles,39

chemical modification,42,43 use of synthetic pep-
tides,34,44,45 and site-directed mutagenesis.30,46

With the biochemical and structural information
currently available we are now able to probe the
structure–function relationship, and the mode of
action and inhibition of Lys49 PLA2 analogues by
addressing the roles of the C-terminal region and
the nominal active site in myotoxicity.

Suramin and its inhibitory effects

Since the conformational flexibility of suramin is
restricted to rotations around the single bonds, the
simultaneous binding of the naphthalene rings to
the two protein molecules perturbs the putative
calcium-binding loop and the C-terminal extensions.

The interfacial recognition face (i-face) of myo-
toxic Lys49 PLA2s contains a high density of
positive charges, a structural feature that has been
associated with the ability of these proteins to
interact with phospholipid bilayers.23,41 The
induced-fit binding of suramin results in the burial
of 102.1 Å2 (total surface area of suraminZ
335.1 Å2), does not directly involve amino acid
residues in the putative catalytic site but modifies
the surface charge significantly (Figure 7). This
change in the charge on the i-face plays a crucial
role in the inhibition of myotoxicity, since Basp-II
would now be unable to bind to the negatively
charged membrane target in muscle cells.

The heparin-binding site

The positions of the sulfonate groups of suramin
and the sulfate ions encountered in the crystal
structure of Lys49 PLA2s25 were used as a guide to
overlay the atomic coordinates of heparin (PDB ID,

1XMN). This leads us to speculate that this highly
conserved sulfate-binding site could represent the
primary heparin-binding site in Basp-II. In this
orientation, the heparin molecule could extend
towards the C-terminal region, interacting with
residues 115–129, which contain the motif B–B–X–B
(where B denotes a basic amino acid) and a total of
six basic residues out of 13.34 This is analogous to
the interaction in the suramin–bFGF complex
model, where the induced-fit binding of suramin
sterically blocks the receptor-binding region of
bFGF and competes for the binding of heparin.47

The role of the C terminus

The C-terminal region (residues 115–134) of
myotoxic Lys49 PLA2s forms a cationic/hydro-
phobic site that has been suggested to play a role
in the mediation of electrostatic interactions with
negatively charged acceptors, acting as a cytolytic
motif.34,44,45,48 A synthetic peptide corresponding to
residues 115–129 of Basp-II induces cytolysis,
interferes with the interaction between heparin
and Basp-II, and binds directly to radiolabeled
heparin in solution.34 Although the i.m. injection
of this peptide failed to induce myotoxicity in
mice,28,49 the corresponding analogous peptides of
related Lys49 PLA2s from Agkistrodon piscivorus
piscivorus45 and Agkistrodon contortrix laticinctus28

venoms are myonecrotic. Site-directed mutagenesis
has further demonstrated the importance of specific
residues in the C-terminal region for the develop-
ment of myotoxic activity in another Lys49 PLA2

from B. jararacussu venom, bothropstoxin-I.46 Sub-
stitution of Lys and Arg residues with Ala in the C
terminus results in a significant loss of myotoxic
activity of the recombinant bothropstoxin-I.46

The crystal structure of Basp-II (PDB code, 1CLP)
determined in the absence of a ligand results in the
exposure of the hydrophobic residues in the
C-terminal region, which are referred to collectively

Figure 7. Surface charge distribution (red negative and blue positive) of the monomers, (a) of Basp-II and (b) of the
Basp-IICsuramin complex in the same orientation.
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as the hydrophobic knuckle (residues Leu121 and
Leu124), due to the interaction of Lys122 with the
peptide bond formed between Cys29 and Gly30.25

Superpositioning the structures of this protein in
the ligand-free state and when bound to suramin
results in an overall rmsd of 0.6 Å. The largest
deviations are observed in the putative calcium-
binding loop (rmsd 0.9 Å for residues 28–35), at the
base of the b-wing, which is generally disordered
(rmsd greater than 1.5 Å for residues 86–87) and in
the C-terminal region (rmsd between 0.9 Å and
1.8 Å for residues 120–129). An analysis of these
deviations indicates that the binding of suramin
does not alter the interactions that are responsible
for maintaining the conformation of the hydro-
phobic knuckle but results in a rigid-body shift of
the motif formed by the putative calcium-binding
loop and C terminus.

In our X-ray model, the C-terminal region does
not form part of the suramin-binding site of the
dimer, but contributes significantly to the mainten-
ance of the positive charge on the i-face, which is
important for the binding of the myotoxin to the
phospholipid bilayers. Thus, the C terminus,
besides being involved in the development of
myonecrosis, also likely plays a dual role by
maintaining the positive charge on the i-face and
interacting with the putative calcium-binding loop.

The putative active site

Lys49 PLA2s are capable of binding fatty
acids,25,50 stearic acid,26 and PEG at the nominal
catalytic site. The induced-fit binding of suramin at
the surface does not completely block access to the
nominal active site. Thus, the active site is still
accessible to fatty acids, as evidenced by the
presence of PEG molecules bound to His48, which
occupy positions analogous to lysophospholipids in
the structure of human group IIA PLA2 (PDB ID,
1POE; Figure 4(a)) complexedwith the transition-state
analogue (L1-O-octyl-2-heptylphosphonyl-sn-gly-
cero-3-phosphoethanolamine). A direct relationship
between the active site and the C terminus in a
Lys49 PLA2 has been proposed by the hyperpolari-
zation of the hydrogen bond formed by Lys122 NE
and the peptide bond between residues Cys29 and
Gly30.25

Concluding remarks

These results suggest strongly that suramin is a
potentially useful drug in the prevention of acute
muscle toxicity associated with Bothrops sp. snake-
bite envenomation, since it is highly effective in
inhibiting the myotoxic activity of Basp-II in vitro
and in vivo, pre-incubated or administered alone
after injection of the toxin. The structural results
indicate that the relative orientation of the putative
calcium-binding loop and C-terminal regions
together with the maintenance of the charge pattern
on the i-face could be important for myotoxicity in
Lys49 PLA2s. Due to the diversity of proteins that

suramin can bind to, it is tempting to speculate that
it may interact with other PLA2s from venoms and
other sources including mammalian group IIA
PLA2s, thus suggesting a wider pharmacological
potential for this inhibitor and these structural
results should serve as the basis for the develop-
ment of novel naphthalene sulfonate derivatives.

Materials and Methods

Basp-II and suramin

Basp-II was isolated by two cycles of cation-exchange
chromatography on CM-Sephadex C-25, as described.51

Suramin was obtained from Sigma Chemical Co.
(St. Louis, MO, USA). All other reagents were of
analytical grade.

In vitro myotoxicity

In vitro myotoxicity experiments were performed at
room temperature.31,32 The extensor digitorum longus
muscles from mice were removed, blotted, weighed
immediately and then transferred to sample-collecting
units of 2.5 ml capacity, where they were superfused
continuously at a flow-rate of 3.0 ml/minute with a
physiological saline solution equilibrated with 95% (v/v)
O2, 5% (v/v) CO2. Perfusing physiological saline solution
contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 15 mM NaHCO3, 1 mM NaH2PO4, 11 mM glu-
cose. The final pH was adjusted to 7.3 after physiological
saline solution (PSS) equilibration with the gaseous
mixture. After 60 minutes equilibration, Basp-II alone
(25 mg/ml) or the Basp-II plus suramin (10 mM) were
added to the solution containing the extensor digitorum
longus (EDL) muscles and then the perfusates were
collected and replaced with fresh PSS. The collected
samples were stored at 4 8C. CK activity was determined
by using a diagnostic kit (Sigma Chemical Co., USA). The
rate of CK release from the isolated muscles was
expressed as the increase in CK release compared to
control values. Basal release rate refers to the enzyme loss
from the muscles into the PSS medium during the
equilibration period of perfusion (one hour), starting
immediately after the preparation had been mounted in
the sample-collection unit. The CK activity was expressed
in international units (U), where 1 U is the amount that
catalyzes the transformation of 1 mmol of substrate at
25 8C. The rate of CK release from the isolated muscle was
expressed as enzyme units released into the medium per
gram per one hour of collection (U gK1 hK1).31,32

In vivo myotoxicity

Changes in plasma CK activity

Basp-II was dissolved in 0.1 ml of PSS and injected by
the i.m. route into the thighs of Swiss mice (20–25 g body
weight). The amounts of toxin or suramin administered
were adjusted taking into account the weight of each
animal and injected in doses of 2.0 mg/g for the toxin and
1.0 mg/g for suramin. Previous studies indicate that i.m.
injection of 0.1 ml of PSS has no effect on plasma CK
activity.21,32 Two different experimental protocols were
used; in protocol A, Basp-II and suramin were incubated
for 15 minutes at 37 8C, and then injected i.m. into each
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animal. In protocol B, Basp-II was administered i.m. to the
animals 15 minutes before the intraperitoneal injection of
suramin (1.0 mg/g). In both protocols, the final volume of
toxin injected, either alone or with suramin, was 0.1 ml.
The animals were anesthetized lightly with diethyl ether
immediately before and two hours after the injection of
the toxin for blood collection, in accordance with
guidelines for care and use of laboratory animals.52

Plasma was separated by centrifugation and stored at
4 8C for subsequent determination of CK activity as
described above.

Histological alterations

Mice, weighing 25.0(G5.0) g, were assembled into four
groups of three mice each. Animals were anesthetized
with ether, and subsequently injected with Basp-II
(2.5 mg/g in 50 ml of PSS). Injection was performed just
over the EDLmuscle of the right limb, as described.53 The
control group was injected only with PSS in the right paw
(50 ml). Two different experimental protocols were used
for the study of suramin antimyotoxic effect. In the first
protocol, the Basp-II was incubated with suramin (1 mg/
kg) for 15 minutes prior to the injection of the mixture. In
the second protocol, suramin (1 mg/kg) was injected i.v.
15 minutes after the injection of Basp-II. The mice were
anesthetized with ether and sacrificed by cervical
dislocation 24 hours after the injection of the toxin. The
EDL muscles were dissected and fixed for two to three
hours in 2.5% (v/v) glutaraldehyde, 4% (v/v) parafor-
maldehyde in 0.1 M sodium cacodylate (pH 7.4). They
were subsequently washed thrice in the same buffer and
post-fixed for one hour in 1% (w/v) osmium tetroxide.
The tissue was then dehydrated in increasing concen-
trations of acetone (30–100%, v/v) and embedded in
Polybed 812 resin. Sections (400–600 nm) for light
microscopic examination were obtained using an RMC
ultramicrotome and stained with 1% (w/v) toluidine
blue dye.

Crystallization and X-ray diffraction data collection

Basp-II was dissolved at a concentration of 10 mg/ml
in 0.02 M Hepes (pH 7.5) and suramin was added at a
molar ratio of 1:1.2. This complex was crystallized from a
solution containing 0.1 M sodium acetate (pH 4.6), 15%
(w/v) PEG 3350, 20% (v/v) isopropanol at 291 K by the
hanging-drop, vapor-diffusion method as described.54

X-ray diffraction data were collected at 100 K from a
single crystal at a synchrotron radiation source (PCr
beamline, Laboratório Nacional de Luz Sincrotron, LNLS,
Campinas, Brazil) where the wavelength was set to
1.427 Å. Diffraction intensities were measured using a
MARCCD detector (MAR Research), and the diffraction
data were integrated, reduced and processed using the
DENZO/SCALEPACK suite of programs.55

Structure determination and refinement

The atomic coordinates of Basp-II24 (PDB ID, 1CLP)
were utilized to solve the structure by molecular
replacement with the program package AMoRe.56 Non-
crystallographic symmetry restraints were imposed in the
early cycles of refinement and the translation-libration-
screw, positional and restrained isotropic B-factor refine-
mentswere carried out usingREFMAC5,57 and the electron
density maps were examined after each round of

refinement with TURBO-FRODO.58 The stereochemistry
of the final structure was evaluated using PROCHECK.59

Protein Data Bank accession code

The atomic coordinates and structure factors of the
Basp-IICsuramin complex have been deposited with the
Protein Data Bank (accession code: 1Y4L).
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Fundação de Amparo à Pesquisa do Estado de São
Paulo (FAPESP), Structural Molecular Biology Net-
work (SMOLBNet), Conselho Nacional de Desen-
volvimento Científico e Tecnológico (CNPq),
Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior (CAPES/DAAD) and Centros de
Pesquisa, Inovação e Difusão (CEPID) to R.K.A.,
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Abstract

The electrophile Ca2+ is an essential multifunctional co-factor in the phospholipase A2 mediated hydrolysis of phospholipids. Crystal struc-

tures of an acidic phospholipase A2 from the venom of Bothrops jararacussu have been determined both in the Ca2+ free and bound states at 0.97

and 1.60 Å resolutions, respectively. In the Ca2+ bound state, the Ca2+ ion is penta-coordinated by a distorted pyramidal cage of oxygen and

nitrogen atoms that is significantly different to that observed in structures of other Group I/II phospholipases A2. In the absence of Ca2+, a water

molecule occupies the position of the Ca2+ ion and the side chain of Asp49 and the calcium-binding loop adopts a different conformation.

© 2005 Elsevier SAS. All rights reserved.

Keywords: Snake venom; Phospholipases A2; Ca
2+ coordination; Anticoagulant activity; X-ray analysis

1. Introduction

Phospholipases A2s (PLA2s; E.C. 3.1.1.4) constitute a large

class of intracellular and extracellular enzymes that hydrolyze

the 2-acyl ester bond of 1,2-diacyl-3-sn-phosphoglycerides.
The most well studied enzymes of this group are the small

(~14 kDa), stable, calcium-dependent enzymes encountered in

a wide range of biological fluids, such as saliva, venom, syno-

vial fluid, macrophages, platelets, pancreas, spleen and placen-

ta [1,2] that are involved in phospholipid digestion and meta-

bolism, host defense, signal transduction [3] and play

important roles in inflammatory diseases [4] since the hydro-

lysis products may subsequently be utilized for the synthesis of

eicosanoids, which serve as secondary messengers, or as meta-

bolic precursors in a variety of inflammatory reactions. Snake

venom PLA2s display a wide spectrum of additional pharma-

cological activities such as neurotoxicity, myotoxicity, cardio-

toxicity, anti-platelet aggregation, hypotensive, haemolytic,

coagulant, anticoagulant and edema-inducing effects [5].

The mechanism of lipid hydrolysis by these enzymes was

initially proposed by Verheij et al., and subsequently modified

based on the crystal structure of the PLA2 from Naja naja atra
venom complexed with a transition state analogue [6,7]. In this

model, His48 and Asp99 function in conjunction to abstract a

proton from a structurally conserved solvent water molecule

thus facilitating the nucleophilic attack on the sn-2 bond of

the bound phospholipid substrate to form a tetrahedral oxya-

nion reaction intermediate. Alternate mechanisms have been

proposed wherein two solvent water molecules participate in

the formation and subsequent breakdown of the tetrahedral in-

termediate [8,9]. In both these mechanisms Ca2+ is coordinated

by the carboxyl oxygen atoms of Asp49 and the carbonyl main

chain oxygen atoms of the calcium-binding loop and serves as

an electrophile during catalysis by polarizing the scissile bond

and stabilizing the transition state during phospholipid hydro-
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lysis [10]. Catalysis by secretory PLA2s can be considered to

involve four basic steps: (i) binding of Ca2+ and substrate, (ii)

general base-mediated catalysis, (iii) formation and collapse of

the tetrahedral intermediate and (iv) release of the reaction pro-

ducts. The bound Ca2+ ion also supports the interactions of

secreted PLA2s with aggregated micelles, vesicles, monolayers

and membranes since electrostatic forces play critical roles in

the binding of these substrates [11].

A number of basic and acidic PLA2s have been isolated

from the venom of Bothrops sp. [12,13] and references therein,

whereas the basic enzymes are well characterized, little is

known about the structure and calcium binding to their acidic

counterparts. In order to clarify the structural changes induced

by Ca2+ ion, we determined the crystal structures of an acidic

Group II PLA2 from the venom of Bothrops jararacussu
(BthA-I-PLA2), in the Ca2+ bound and free states at high-reso-

lution (1.60 Å) and at atomic resolution (0.97 Å), respectively.

BthA-I-PLA2 is acidic (pI ~ 4.5), catalytically active, and lacks

myotoxic, neurotoxic or cytotoxic activities, but, induces oede-

ma, inhibits platelet aggregation and possesses hypotensive as

well as anticoagulant activities [12]. Additionally, new insights

into the anticoagulant site and hydrophobic channel are pre-

sented based on the atomic resolution data.

2. Materials and methods

2.1. Purification, crystallization and data collection

BthA-I-PLA2 was purified from the crude venom of

B. jararacussu by gel filtration, followed by anionic exchange

chromatography as previously described [13]. The protein was

crystallized by the hanging-drop vapor diffusion method at

18 °C both in the presence and absence of Ca2+ ions [14]. The

crystals of the Ca2+ free and bound states belong to the same

space group, C2221, with similar unit cell dimensions of

a = 39.21 Å, b = 53.21 Å and c = 90.05 Å (Ca2+ bound state),

and a = 39.96 Å, b = 53.79 Å and c = 89.82 Å (Ca2+ free

state). Diffraction data for the Ca2+ bound PLA2 were collected

to 1.60 Å at the synchrotron Beamline CPr (Laboratório Nacio-

nal de Luz Síncrotron, Brazil). The X-ray data for the Ca2+ free

state were collected at atomic resolution of 0.97 Å at the con-

sortium’s Beamline X13 at HASYLAB/DESY–Hamburg. Data

were processed and scaled with the programs DENZO and

SCALEPACK [15]. X-ray data collection and refinement sta-

tistics are presented in Table 1.

2.2. Structure determination and refinement

The crystal structures were solved by the molecular replace-

ment technique using the program AMoRe [16] and the atomic

coordinates of the phospholipase A2 from the venom of

B. jararacussu refined at 1.79 Å (PDB code 1UMV) [17].

The isotropic and restrained refinements for both the crystal

structures were carried out by using the program REFMAC5

[18] and were interspersed with cycles of manual model build-

ing using the program TURBO FRODO [19]. The crystal

structure of the Ca2+ bound state was refined at 1.60 Å and

inspection of the difference electron-density maps indicated

an alternate conformation for the backbone between Cys29

and Gly32. The clear electron density (> 3σ) in the Fo–Fc

map around the active site was considered to represent a gly-

cerol molecule and the density observed in the calcium-binding

loop was attributed to the presence of a Ca2+ ion. The structure

of the Ca2+ free state was initially refined at 1.50 Å by aniso-

tropic and restrained refinement, solvent water molecules were

added using the program ARP/wARP [20] and the resolution

was extended stepwise to 0.97 Å. Clear signs of anisotropy

present in the electron density for several residues suggested

possible alternate side chain conformations. The side chains

of Gln21, Asp49, Thr56, Lys69 and Thr103 were modeled

with more than one side chain position. The conjugate-gradient

least-squares minimization against an intensity based residual

target function that includes distance, planarity, chiral restraints

and bulk solvent correction (SWAT) was applied using

SHELXL [21]. New ordered solvent molecules were located

in the difference Fourier map. 2Fo–Fc and Fo–Fc electron-den-

sity maps were calculated after each step, and the model was

checked and rebuilt. The final model has been analyzed using

the program PROCHECK [22] and the stereochemical para-

meters of the two structures are presented in Table 1.

2.3. Protein Data Bank accession number

The atomic coordinates and structure factors for the struc-

tures of Ca2+ bound and free states of the BthA-I-PLA2 have

Table 1

Data collection and refinement statistics. Values in parentheses are for the

highest resolution shell

Parameter Ca2+ bound BthA-I-

PLA2

Ca2+ free BthA-I-PLA2

Data collection

Space group C2221 C2221
Unit-cell dimensions (Å, °) a = 39.21, b = 53.21,

c = 90.05

a = 39.96, b = 53.79,

c = 89.82

α = β = γ = 90.00 α = β = γ = 90.00

VM (Å3 Da–1) 1.56 1.52

Solvent content (%) 21.01 19.2

Resolution range (Å) 30.00–1.60 (1.63–
160)

10.00–0.97 (0.99–0.97)

Number of observations 128986 784618

Number of unique reflec-

tions

12748 (793) 57413 (2818)

Completeness (%) 99.2 (98.9) 99.3 (97.8)

Rmerge (%) 4.7 (48.2) 6.8 (47.7)

I/σ(I) 23.07 (3.37) 17.09 (2.61)

Redundancy 8.0 (7.0) 7.5 (4.5)

Refinement

Protein atoms 962 962

Water O atoms 106 262

Calcium ions 1 0

Glycerol atoms 6 0

R factor (%) 17.62 15.07

Rfree (%) 23.21 20.11

r.m.s.d. in bond length (Å) 0.016 0.014

r.m.s.d. in bond angles (°) 1.731 0.040
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been deposited with the RCSB Protein Data Bank and have

assigned accession codes of 1ZL7 and 1ZLB, respectively.

3. Results and discussion

3.1. Overall structure

Both the structures contain one protein molecule (122 ami-

no acids; 963 non-H atoms) in the asymmetric unit. The final

model of the Ca2+ bound state additionally contains one cal-

cium ion, one glycerol molecule and 106 solvent water mole-

cules whereas, the Ca2+ free state contains 262 water mole-

cules. The final R-factor and Rfree values are 17.62% and

23.21% for the structure containing Ca2+ (resolution range

30.00 Å–1.60 Å) and 15.07% and 20.11% for the Ca2+ free

state (resolution range 10.00 Å–0.97 Å), respectively. The data

reduction, refinement statistics and the stereochemical para-

meters of the final model are presented in Table 1.

The overall fold of the BthA-I-PLA2 in the Ca2+ free and

bound states is similar to that of other Group II PLA2s

(Fig. 1A, B) and has been extensively reviewed [23,24].

Briefly, the principal structural features include an N-terminal

α-helix, Leu2–Met14, two antiparallel α-helices, Ala40–Gly53
and Pro90–Asp108, one small α-helix, Gly18–Leu23, three 310
helices (Lys110–Thr112, Ile115–Tyr117 and Ala122–Asn125),
and a section of antiparallel β-sheet (β-wing, Tyr75–Cys84). A
disulfide bridge formed between Cys43 and Cys95 links the

two antiparallel helices. The structures are stabilized by six ad-

ditional disulfide bonds: Cys25–Cys115, Cys28–Cys44,

Cys49–Cys122, Cys50–Cys88, Cys57–Cys81 and Cys75–
Cys86. Three salt bridges that are formed between Glu87–
Arg90, Glu120–Arg42 and Asp104–Lys106 further stabilize

the Ca2+ bound state. However, the third salt bridge is absent

in the Ca2+ free state due to minor changes in the mutual or-

ientation of the charged residues. The N-terminal helix in-

cludes residues Leu2, Phe5, Met8 and Ile9, forms one face of

the hydrophobic channel, which is occupied by the substrate

during catalysis and leads to the catalytic site. The channel is

also lined with the side chains of Tyr22, Cys29, Cys45,

Ala102, Thr103 and Phe106. The catalytic site which is located

at the base of this hydrophobic channel is conserved in the

Group I/II PLA2s and consists of His48, Asp99, Tyr52 and

Tyr73.

A comparison between the structures in the Ca2+ free and

bound states (Fig. 1C) indicates that the two structures are very

similar (r.m.s. deviation of 0.40 Å) and the salient differences

are limited to the region of the calcium-binding loop (r.m.s.

deviation of 1.1–1.9 Å; Fig. 2). The side chains of Arg106,

Glu16, Lys77 and Asp88 adopt different conformations. Thus,

Fig. 1. Ribbon representations of the overall structures of the BthA-I-PLA2 in

the absence (A, resolution of 1.60 Å) and presence (B, resolution of 0.97 Å) of

the Ca2+ ion. C: superpositioning of the Ca2+ bound (in gray) and free (in black)

structures of BthA-I-PLA2. The major difference is in the region of the calcium-

binding loop.

Fig. 2. The r.m.s. deviation of the Cα atoms (in blue) and the side chains (in red)

between the Ca2+ bound and free structures of the BthA-I-PLA2 versus the

surface accessibility. The major Cα r.m.s. deviations are in the region of the

calcium-binding loop. The surface accessibility was calculated using the

program WHAT IF [39]. On the x axis the α-helices, calcium-binding loop and

β-wing are indicated by arrows.
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the binding of the Ca2+ ion to BthA-I-PLA2 results in structural

changes principally in the region of the metal-binding site.

A glycerol molecule, which is the basic structural element

of the natural substrates of PLA2s, was observed bound at the

surface of the protein in the Ca2+ bound state, close to the me-

tal-binding site and in van der Waals contact with Phe46. The

three oxygen atoms of glycerol are involved in a system of H-

bonds: Glycerol O1 ··· OD1 of Asp49 = 2.69 Å, Glycerol O2 ···

HOH = 2.72 Å, Glycerol O2 ··· HOH = 2.83 Å and Glycerol

O3 ··· HO-Tyr28 = 2.56 Å.

3.2. Ca2+ ion coordination

Ca2+ is a functionally important co-factor, stabilizing the

oxy-anion of the tetrahedral intermediate during PLA2 cata-

lyzed hydrolytic reactions [25]. Substrate binding to Group II

PLA2s is facilitated more than 10-fold by the binding of Ca2+

to the enzyme [26]. Fig. 3A illustrates the Ca2+ coordination by

five ligands in BthA-I-PLA2, the positive charge of Ca2+ en-

hances the interactions between PLA2 and negatively charged

substrates [11], which are particularly important in acidic

PLA2s. The backbone carbonyl oxygen of Tyr28, OD1 and

OD2 atoms of Asp49, and the main chain nitrogen atoms of

Gly32 and Gly33, respectively, form a pyramidal coordination

cage for Ca2+. The latter two ligands are unique in comparison

to other Ca2+ bound PLA2 structures since the coordination of

Ca2+ by amide nitrogen atoms has not previously been ob-

served in the crystal structures of PLA2s [10,27,28]. In con-

trast, a bi-pyramidal coordination of the metal ion by seven

ligands, formed by the backbone carbonyl oxygen atoms of

Tyr28, Gly30 and Gly32, the carboxylate group of Asp49

and two water molecules is observed for both, basic and acidic

PLA2, exemplified by the pancreatic enzyme (Fig. 3B) [27].

However, in the Ca2+ bound state the carbonyl oxygen atoms

of Gly30 and Gly32 are oriented away from the carboxylic

group of Asp49 and the conformation is thus, not optimized

for coordination of the metal ion by these ligands. The two

water molecules are absent in the coordination sphere of Ca2+

in the BthA-I-PLA2, which was observed in the structure of the

human secretory enzyme [29].

In Fig. 4 the catalytic and metal-binding sites in the Ca2+

bound and free states are compared and the effect of the ab-

sence of Ca2+ on the geometry of this region, which is critical

for catalytic activity, is illustrated. The active site residues

His48, Asp99, Tyr52 and Tyr73 participate in the formation

of the “catalytic” H-bonding network. The principal ligand of

Ca2+, the Asp49 side chain, is connected to this network via a

hydrogen bond formed between the OD1 atom of the car-

boxylic group and the water molecule bound to His48

(Fig. 4B). In the Ca2+ free structure the co-factor is replaced

by a water molecule, OW18, which is hydrogen bonded to the

two nitrogen ligands and the carbonyl oxygen of Tyr28. The

catalytically important water molecule, which is H-bonded to

the active site His48 and upon activation to the couple His48–
Asp99 serves as a nucleophile during catalysis, is located in

exactly the same position in the two structures. This molecule

is labeled as OW37 in the structure containing Ca2+ and as

OW13 in that lacking metal ion. Absence of Ca2+ does not

disturb the “catalytic” H-bonding network and only the relative

orientation of the Asp49 side chain is slightly changed and no

changes in the orientation of the imidazol and phenolic rings in

the catalytic site are observed.

The conformation of the calcium-binding loop in the BthA-

I-PLA2 is only marginally altered in the absence of the metal

ion, and the backbone conformations of the loop in the two

structures are virtually identical (Fig. 5). The observed network

of hydrogen bonds formed between the water molecule repla-

cing the metal ion and protein ligands play a role in the stabi-

lization. In the Ca2+ free state, the loop adopts an open confor-

mation based on the solvent accessibility of the respective

residues (Fig. 2). This loop forms part of the opposite wall of

the hydrophobic channel where the substrate binds. This small

conformational change can likely influence the substrate bind-

ing, based on the considerably increased substrate affinity of

the channel in Group II PLA2s upon Ca2+ binding [26]. In

the majority of the structures determined in the absence of

Ca2+, this loop is destabilized [30,31]. Comparisons of the cal-

Fig. 3. Ca2+ coordination of the BthA-I-PLA2 (A) compared to the bovine pancreatic PLA2 (B; PDB code: 1G4I). In BthA-I-PLA2, Ca
2+ is pentacoordinated in a

pyramidal cage by two main chain nitrogen atoms, a carbonyl oxygen and a carboxylate group. The coordination of the Ca2+ in the pancreatic PLA2 is bipyramidal

with seven ligands: three carbonyl oxygens, a carboxylate group and two water molecules.

M.T. Murakami et al. / Biochimie 88 (2006) 543–549546

116



cium-binding loop of BthA-I-PLA2 with Vipoxin, a basic Ca2+

free PLA2 from the venom of Vipera ammodytes meridionalis,
indicate that this region of Vipoxin is considerably less well

stabilized in the absence of the co-factor (Fig. 5).

3.3. Anticoagulant site

Coagulation is a rapid response of the organism to the loss

of blood. This process includes a cascade of zymogen activa-

tions with the participation of serine proteinases. Snake venom

PLA2s can block the formation of coagulation complexes

through interactions with procoagulant phospholipids [32].

This mechanism is non-enzymatic and the respective pharma-

cological site in the Group I/II PLA2s has been identified as a

region located between residues 54 and 77 [33]. This region is

positively charged in the strongly anticoagulant enzymes and a

pair of lysine residues is present at both ends of the site. BthA-

I-PLA2 exhibits significant anticoagulant activity and the part

of the polypeptide chain, located between the fore-mentioned

residues, fulfill these requirements. There are four lysine resi-

dues in the region, Lys54, Lys69, Lys77 and Lys78, two of

them located at either end of the polypeptide segment. In this

case the anticoagulant site can be considered to include one

more residue, to include Lys78. All four lysine residues are

located on the protein surface and can interact with phospholi-

pids (Fig. 6).

It has been suggested that the anticoagulant site of Group I/

II PLA2s is negatively charged due to the presence of Glu53

[34] but in the BthA-I-PLA2 structure, a glycine residue occu-

pies this position. The same residue is encountered at position

53 in the Daboia russelli pulcella PLA2, which also induces

anticoagulant reactions in experimental models [35,36]. These

findings refute the suggestion that glutamic acid at position 53

is an essential requirement for anticoagulant activity.

3.4. Region of high aromaticity in the vicinity of the entrance
of the hydrophobic channel: a possible functional role

The PLA2 substrate-binding site is a hydrophobic channel

that binds alkyl substituents of phospholipids. In BthA-I-

PLA2 this channel includes the residues Leu2, Phe5, Met8,

Fig. 4. Hydrogen bonding networks at the catalytic and calcium-binding sites of

the BthA-I-PLA2 in the absence (A) and presence (B) of Ca2+ ion. The

“catalytic” network and the catalytically important water molecule, bound to

the active site His48, are preserved in both states. The co-factor is replaced by a

water molecule in the Ca2+ free state.

Fig. 5. Superposition of the calcium-binding loops of the Ca2+ bound (blue) and

free (yellow) states of BthA-I-PLA2, and of Vipoxin (red). In contrast to BthA-

I-PLA2, the loop of the Vipoxin is considerably destabilized in the absence of

the co-factor.

Fig. 6. Surface representation of the anticoagulant site in the BthA-I-PLA2.

There is a pair of lysyl residues at the both ends of the anticoagulant site.
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Ile9, Tyr22, Cys29, Cys45, Ala102, Thr103 and Phe106, and

extends approximately 14 Å from the surface to the catalytic

site. Side chains of residues, surrounding the entrance of the

channel, form the interfacial-binding surface, which is neces-

sary for interfacial catalysis [37]. Inspection of the BthA-I-

PLA2 model indicates a region with a significant number of

aromatic residues (Tyr113, Tyr117, Trp118, Phe119 and

Tyr120; Fig. 7) in the vicinity of the entrance to the sub-

strate-binding site. Aromatic residues have been implicated in

contributing significantly to interfacial catalysis [38] and the

couples Tyr117 – Tyr120 and Trp118 – Phe119 are involved

in the formation of van der Waals contacts.

4. Conclusions

A novel coordination for Ca2+ ion in Group I/II phospholi-

pases A2 formed by a distorted pyramidal cage of oxygen and

nitrogen atoms was observed in the BthA-I-PLA2 crystal struc-

ture. Ca2+ binding induces local structural modifications lim-

ited to the calcium-binding site, which demonstrates that bind-

ing of the catalytically essential ion does not result in

significant changes in others regions of the molecule, exclud-

ing possible communication or allosteric effects due to the

Ca2+ binding. Since BthA-I-PLA2 displays anticoagulant activ-

ity and has a glycine at position 53, the essential requirement

of Glu53 for anticoagulant activity is refuted.
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Lys49 snake-venom phospholipase A2 (PLA2) homologues are highly myotoxic

proteins which, although lacking catalytic activity, possess the ability to disrupt

biological membranes, inducing significant muscle-tissue loss and permanent

disability in severely envenomed patients. Since the structural basis for their

toxic activity is still only partially understood, the structure of myotoxin II, a

monomeric Lys49 PLA2 homologue from Atropoides nummifer, has been

determined at 2.08 Å resolution and the anion-binding site has been

characterized.

1. Introduction

Skeletal muscle necrosis is a frequent consequence of envenomation

by snakes of the family Crotalidae and may lead to significant tissue

loss and permanent disability (Mebs & Ownby, 1990; Nishioka &

Silveira, 1992). The venoms of these snakes contain a number of basic

phospholipases A2 (PLA2s; EC 3.1.1.4) that play prominent roles in

the pathogenesis of myonecrosis (Gutiérrez & Lomonte, 1995). These

myotoxic proteins are classified as belonging to the group IIA PLA2s

on the basis of their primary structure and disulfide-bonding pattern

(Six & Dennis, 2000). A subgroup of catalytically inactive variants or

PLA2 homologues was initially characterized from the venom of the

North American water mocassin Agkistrodon piscivorus piscivorus,

in which the conserved Asp at position 49 is replaced by Lys

(Maraganore et al., 1984; Scott et al., 1992; Arni & Ward, 1996).

Homologous ‘Lys49 PLA2 myotoxins’ have now been encountered in

the venoms of a wide variety of crotalid species (reviewed by

Lomonte et al., 2003) and have attracted attention since they serve as

models for the investigation of the structural basis of the catalytically

independent mechanisms of membrane damage. Recently, it has been

demonstrated that these basic Lys49 PLA2s bind to the extracellular

domain of the vascular endothelial growth factor (VEGF165) receptor

with a sub-nanomolar affinity (Yamazaki et al., 2005).

Two Lys49 PLA2 homologues have previously been isolated from

the venom ofAtropoides nummifer, a crotalid snake distributed along

the Central American isthmus (Taylor et al., 1974; Solórzano, 1989).

A. nummifer myotoxin I (Gutiérrez et al., 1986) has been crystallized

and its structure has been reported at 2.4 Å resolution (Arni &

Gutiérrez, 1993; de Azevedo et al., 1999); however, since its amino-

acid sequence has not been determined, accurate structural data is as

yet unavailable. On the other hand, A. nummifer myotoxin II

(Anum-II) has been well characterized in terms of its biological

activities (Angulo et al., 2000) and its complete amino-acid sequence

has been determined (SwissProt code P82950; Angulo et al., 2002).

This protein has recently been crystallized (Watanabe et al., 2004) and

the present report presents a detailed analysis of its three-

dimensional structure, which has been determined at 2.08 Å

resolution.

2. Materials and methods

2.1. Purification, crystallization and data collection

A. nummifer venom was obtained from more than 15 specimens

collected in Costa Rica. Anum-II was purified by cation-exchange
# 2006 International Union of Crystallography

All rights reserved
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chromatography on carboxymethyl-Sephadex C-25 (Pharmacia)

(Angulo et al., 2000) and reverse-phase high-performance liquid

chromatography (RP-HPLC) on a C4 column (Vydac) which was

eluted at a flow rate of 1.0 ml min�1 with a gradient ranging from 0 to

60% acetonitrile in 0.1% trifluoroacetic acid, using a Waters 600E

instrument (Watanabe et al., 2004).

The Anum-II sample was dissolved in water at a concentration of

10 mg ml�1. Crystallization experiments were carried out by the

hanging-drop vapour-diffusion method. Single crystals were obtained

when a 2 ml protein droplet was mixed with an equal volume of a

solution consisting of 0.1 M sodium acetate pH 4.6, 20% PEG 3350

and 0.2 M ammonium sulfate and subsequently equilibrated over

1 ml of the latter solution at 291 K (Watanabe et al., 2004). Crystals of

Anum-II were flash-cooled in crystallization solution to which

15%(v/v) glycerol had been added. Diffraction data were collected

from a single cryoprotected Anum-II crystal utilizing a wavelength of

1.427 Å (at 100 K) at a synchrotron-radiation source (Laboratório

Nacional de Luz Sı́ncrotron, Campinas, Brazil). Intensity data were

reduced and processed at 2.08 Å using the program MOSFLM

(Leslie, 1992). The crystals of Anum-II belong to space group P43212

and are compatible with the presence of one protein molecule in the

asymmetric unit. The data-collection and processing statistics are

summarized in Table 1.

2.2. Structure determination and crystallographic refinement

The crystal structure of Anum-II was determined by molecular

replacement using the program MOLREP (Vagin & Teplyakov,

1997). The atomic coordinates of a Lys49 PLA2 isolated from the

venom ofAg. acutus (PDB code 1mc2), stripped of solvent and ligand

atoms, were used to generate the search model. The cross-rotation

and translation functions were calculated over the resolution range

20.0–3.0 Å and the rotation angles which produced the peak with the

highest correlation and the lowest R factor were applied to the search

model for the translation search. The searches were performed for

both enantiomorphic space groups (P43212 and P41212) and the

correct solution was selected based on the crystallographic residual

and the correlation coefficient. The model was subjected to isotropic

restrained refinement using the program REFMAC5 (Murshudov et

al., 1997) and the structural model was improved based on 2Fo � Fc

and Fo � Fc electron-density maps, which were examined using the

graphics program TURBO-FRODO (Roussel & Cambillau, 1991).

During the refinement, residual density observed near Arg34 was

attributed to a sulfate ion based on the tetrahedral shape of the

density and the possible interactions. The refinement converged to an

R factor of 22% and an Rfree of 27% (Table 1).
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Table 1
Data-collection and refinement statistics of the Anum-II crystal structure.

Values in parentheses are for the highest resolution shell.

Data collection
Space group P43212
Unit-cell parameters (Å) a = b = 68.94, c = 64.07
VM (Å3 Da�1) 2.66
Solvent content (%) 53.40
Resolution range (Å) 30.36–2.08 (2.19–2.08)
No. of unique reflections 9671
Completeness (%) 99.3 (94.1)
Rmerge† (%) 8.9 (48.1)
I/�(I) 6.7 (2.3)

Refinement
R factor‡ (%) 21.9
Rfree§ (%) 27.0
B values} (Å2)

Overall 30.48
Main chain 28.64
Side chain 29.2

R.m.s.d. in bond length (Å) 0.021
R.m.s.d. in bond angles (�) 1.868

† Rmerge = 100 � P½P jIðhÞ � hIðhÞij	=P IðhÞ, where I(h) is the observed intensity and
hI(h)i is the mean intensity of reflection h over all measurements of I(h). ‡ R factor =
100 � PðjFo � FcjÞ=

PðFoÞ, the sums being taken over all reflections with F/�(F) > 2
cutoff. § Rfree = R factor for 5% of the data which were not included during
crystallographic refinement. } B values are average B values for all non-H atoms.

Figure 1
Cartoon representation of the A. nummifer myotoxin II (Anum-II) crystal
structure. The residues which form the nominal active-site are presented in atom
colours. CBL: putative calcium-binding loop.

Figure 2
Superpositioning of Anum-II on the structures of B. godmani (PDB code 1god),
B. asper (1clp, chain A), Ag. piscivorus piscivorus (1ppa), B. pirajai (1qll) and
Ag. acutus (1mc2) Lys49 PLA2s. The structural differences are highighted by
utilizing different colours.
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3. Results and discussion

3.1. Overall structure

The asymmetric unit of the Anum-II crystals consists of one

protein molecule (121 amino-acid residues), one sulfate ion and 71

solvent water molecules. The quality of the model assessed by

PROCHECK (Laskowski et al., 1993) indicates that the stereo-

chemical parameters lie within the expected range and the overall

deviations from ideal stereochemistry are presented in Table 1. The

Ramachandran diagram (Ramachandran et al., 1963) indicates that

87% of the main-chain dihedral angles of all non-glycine and non-

proline residues are located in the energetically most favoured

regions, 12% are located in the additional permitted regions and only

1% lie in the generously permitted region. Based on the nomen-

clature and numbering scheme suggested by Renetseder et al. (1985),

Anum-II can be classified as a class II PLA2 enzyme and is stabilized

by seven disulfide bridges (between residues 27 and 125, 29 and 45, 44

and 105, 50 and 133, 51 and 98, 61 and 91, and 84 and 96). The

structures of PLA2s have been extensively reviewed (Arni & Ward,

1996); briefly, the Anum-II structure can be considered to be formed

of a short N-terminal �-helix (residues 2–12), a putative Ca2+-binding

loop (residues 25–35), a second �-helix (residues 40–55), a two-

stranded antiparallel sheet referred to as the �-wing (residues 74–85)

and a third �-helix (residues 90–107) that is antiparallel to the second;

these two long helices are linked by two disulfide bridges to form a

rigid platform. The positions of the amino-acid residues that form the

catalytic apparatus (His48, Tyr52, Tyr73 and Asp99, including the

catalytic water molecule) are conserved except for Asp49, which is

substituted by Lys (Fig. 1). Superpositioning the Anum-II structure

onto the structures of other Lys49 PLA2s indicates that all structural

features are conserved, with inherent flexibility observed in the

C-terminus, putative calcium-binding loop, �-wing connecting loop

and the tip of the �-wing (Fig. 2).

3.2. Anion-binding site

Clear density for a tetrahedral molecule was observed close to

Arg34 in both the 2Fo � Fc and Fo � Fc electron-density maps. Since

the mother solution contains 0.2 M ammonium sulfate, this electron

density was considered to represent a sulfate ion based on the

geometry and possible hydrogen bonds. In this model, the O1 atom of

the sulfate ion is anchored by hydrogen bonds to Arg34 N" (2.90 Å),

Lys53 N� (3.13 Å) and a solvent water molecule (2.45 Å). The O2

atom interacts with the main-chain NH group of Arg34 (3.02 Å) and

the O4 atom with Lys53 N� (3.38 Å) and Arg34 N�2 (2.68 Å) (Fig. 3).

The crystal structure of Ag. contortrix laticinctus myotoxin also

indicated the presence of a sulfate ion bound to Arg34 and Lys53

(Ambrosio et al., 2005) and the sulfonyl group of the suramin

molecule was shown to interact with Arg34 in Bothrops asper

myotoxin II (Murakami et al., 2005). This indicates that Arg34, which

is strictly conserved in all Lys49 PLA2s (Fig. 4), is likely to play a

crucial role in the binding of negatively charged substrates or inhi-

bitors.

3.3. Oligomeric state

The dimerization of Lys49 PLA2s has been suggested to play an

important role in their ability to damage membranes (de Oliveira et

al., 2001) and in the expression of cytolytic and myotoxic activities

(Angulo et al., 2005). Previous crystallographic results on the Lys49

PLA2s B. asper myotoxin II (Arni et al., 1995), B. pirajai piratoxin I

(de Azevedo et al., 1998) and B. jararacussu bothropstoxin I (Giotto

et al., 1998) suggested that the monomers present in the asymmetric

unit are related by a twofold axis and that the dimer is stabilized by

reciprocal interactions formed at the interface of the N-terminal and

�-wing regions that encompass the conserved interfacial residues

Glu12, Trp77 and Lys80 (Ward et al., 1998; Ruller et al., 2005). This

quaternary arrangement stabilized by the Glu12–Lys80 salt bridge

has been considered to represent the biologically relevant form

(Ward et al., 1998) and has been shown to be very stable.

protein structure communications

Acta Cryst. (2006). F62, 423–426 Murakami et al. � Myotoxin II 425

Figure 3
Interactions of the sulfate ion with Arg34 and Lys53 of Anum-II.

Figure 4
Sequence alignment of Anum-II with other Lys49 PLA2s from Cerrophidion (Bothrops) godmani (PDB code 1god), B. asper (1clp), Ag. piscivorus piscivorus (1ppa),
B. pirajai (1qll, chain A) and Ag. acutus (1mc2).
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However, a Lys49 PLA2 from Deinagkistrodon acutus (PDB code

1mg6; Huang et al., unpublished work), myotoxin from Ag. contortrix

laticinctus (PDB code 1s8g; Ambrosio et al., 2005), myotoxin II from

Cerrophidion (Bothrops) godmani (Arni et al., 1999) and Anum-II

(this work) exist as monomers in the crystalline state. Anum-II is

present as a dimer in solution at physiological pH (Angulo et al.,

2000). Thus, the monomeric Anum II observed in the asymmetric unit

may be an artifact of the crystallization process and the low pH of the

solution (pH 5). In the case of bothropstoxin I (BthTX-I), the effect

of pH on the monomer–dimer equilibrium was examined based on

the fluorescent properties of the single Trp77 and it was shown that

the monomeric form of the protein is predominant at acidic pH

(de Oliveira et al., 2001). Small-angle X-ray scattering studies

currently in progress will be useful in clarifying the parameters that

influence the equilibrium between monomers and dimers.
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Abstract

Lys49 phospholipase A2 homologues are highly myotoxic and cause extensive tissue damage but do not display
hydrolytic activity towards natural phospholipids. The binding of heparin, heparin derivatives and polyanionic
compounds such as suramin result in partial inhibition (up to 60%) of the myotoxic effects due to a change in the overall
charge of the interfacial surface. In vivo experiments demonstrate that polyethylene glycol inhibits more than 90% of the

myotoxic effects without exhibiting secondary toxic effects. The crystal structure of bothropstoxin-I complexed with
polyethylene glycol reveals that this inhibition is due to steric hindrance of the access to the PLA2-active site-like region.
These two inhibitory pathways indicate the roles of the overall surface charge and free accessibility to the PLA2-active site-

like region in the functioning of Lys49 phospholipases A2 homologues. Molecular dynamics simulations, small angle X-ray
scattering and structural analysis indicate that the oligomeric states both in solution and in the crystalline states of Lys49
phospholipases A2 are principally mediated by hydrophobic contacts formed between the interfacial surfaces. These results

provide the framework for the potential application of both clinically approved drugs for the treatment of Viperidae

snakebites.
r 2006 Published by Elsevier Ltd.

Keywords: Lys49 phospholipases A2 homologues; Myonecrosis; Suramin; Polyethylene glycol; Small angle scattering; Crystal structure

and molecular dynamics
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1. Introduction

Envenomation by Viperidae snakes results in
acute myonecrosis that provokes permanent tissue
loss resulting in disability, amputation and in some
cases, death (Gutiérrez and Lomonte, 1995). Myo-
necrosis is mainly caused by the direct action of
catalytically inactive Lys49 phospholipases A2

(PLA2) homologues upon the plasma membrane
of muscle cells and by the indirect action of
metalloproteinases and serine proteinases on the
haemostatic system (Gutiérrez and Lomonte, 1995;
Ownby et al., 1999). Since the widely used anti-
venom serum therapy does not address myonecro-
sis, the inclusion of a supplementary agent for the
treatment of Viperidae snakebites is therapeutically
relevant.

Heparin and related polyanions are able to inhibit
myonecrosis induced by snake venoms that contains
myotoxins such as Bothrops jararacussu bothrop-
stoxin-I (BthTX-I) (Homsi-Branderburgo et al.,
1988), Agkistrodon contortrix laticinctus myotoxin
(ACL myotoxin) (Johnson and Ownby, 1993) and
Bothrops asper myotoxin II (Basp-II), both in vivo
and in vitro (Lomonte and Gutiérrez, 1989).
Suramin, a polysulphonated naphthyl urea deriva-
tive used clinically in the treatment of onchocercia-
sis (Burch and Ashburn, 1951), African
trypanosomiasis (Williamson and Desowitz, 1956)
and several kinds of cancers (LaRocca et al., 1993;
van Oosterom et al., 1991), is also a potential
inhibitor of myotoxins both in vivo and in vitro and
represents an important therapeutic agent for the
treatment of Viperidae snakebites (Arruda et al.,
2002; Murakami et al., 2005).

Catalytically inactive Lys49 PLA2s homologues
cause membrane leakage in the absence of Ca2+

ions, without concomitant hydrolysis when tested
against negatively charged liposomes (Gutiérrez and
Lomonte, 1995; Ownby et al., 1999). A number of
studies involving different techniques, such as
chemical modification, sequence comparison ana-
lyses, interaction with neutralizing molecules, syn-
thetic peptide studies, and site-directed mutagenesis,
have been used in an attempt to elucidate the
structural determinants for myotoxicity of Lys49
PLA2s homologues (Ownby et al., 1999; Murakami
et al., 2005).

Our studies combining small angle X-ray scatter-
ing, crystallography, molecular dynamics simula-
tions, inhibition by suramin and polyethylene glycol
and in vivo tests, reveal new features of the action

mechanism of myotoxins, suggesting a promising
supplement of the current serum treatment by the
inclusion of potent inhibitors that simultaneously
bind both in the putative catalytic and at the
interfacial recognition sites.

2. Materials and methods

2.1. Purification and biochemical characterization

Crude dessicated B. jararacussu venom was
obtained from a local serpentarium and BthTX-I
was purified with minor modifications following the
published protocol (Spencer et al., 1998). The purity
of the samples was confirmed by SDS-PAGE
(Laemmli, 1970) and the protein concentrations
were determined by the Bradford method (Brad-
ford, 1976).

2.2. In vivo myotoxic assay

In vivo myotoxic assays were carried out as
previously described in Murakami et al. (2005) with
minor modifications. In accordance with each
protocol, the quantity of toxin (50 mg/g) adminis-
tered was adjusted taking into consideration the
individual weight of each animal and different ratios
of suramin and polyethylene glycol (1:0.25, 1:0.50,
1:1, 1:2.5, 1:5.0; BthTX-I:inhibitor). Enzyme activ-
ity was expressed as international Units per liter (U/
L), where 1U is defined as the amount that
catalyzes the transformation of 1 mmol of substrate
at 25 1C.

2.3. Scattering data acquisition and analysis

Small angle X-ray scattering (SAXS) measure-
ments were conducted at room temperature utilizing
the D11A-SAXS beamline at the Brazilian National
Synchrotron Light Source where the wavelength
was set to 1.488 Å. A sample concentration of
4–10mg/mL in a 20mM, pH 7.0 Tris–HCl buffer
was used and serial dilutions were prepared to
permit the extrapolation of the SAXS curves to zero
concentration. Data acquisitions were performed by
taking several 600 s frames of each sample. Data
fitting was performed using the GNOM program
(Semenyuk and Svergun, 1991) and the radius of
gyration (Rg) of the protein in solution was
determined from the lowest q values using the
Guinier approximation (Guinier and Fournet,
1955). The ab initio shape determination was
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performed by the dummy atom model method,
using the program DAMMIN (Svergun, 1999) and
the independent ab initio reconstructions were
averaged with program DAMAVER. The shape
reconstruction and the crystallographic atomic
coordinates were superimposed (SUPCOMB 2.0)
(Kozin and Svergun, 2001). The superpositioning
was assessed by normalized spatial discrepancy
(NSD or parameter d), which estimates the similar-
ity between two different three-dimensional objects.
NSD valueso1.5 indicate high correlation of the
surface complementarity and is typical for the
comparisons between an atomic model and the
corresponding DAMMIN model. The theoretical
SAXS pattern based on the atomic coordinates was
calculated using the program CRYSOL (Svergun et
al., 1995).

2.4. Crystallization, data collection, structure

determination and refinement

Crystallization was performed by the hanging-
drop vapour diffusion method and large single
crystals (0.4mm in each dimension) were obtained
when a 2-mL protein droplet (protein concentration
12mg/mL) was mixed with an equal volume of
reservoir solution consisting of 0.1M Hepes (pH
7.5), 2.0M ammonium sulphate and 20% poly-
ethylene glycol 400 (PEG-400). The crystals were
transferred to a cryo-protectant solution containing
20% glycerol and were flash frozen, diffraction
intensities were recorded utilizing a MAR-CCD
detector at the D03B/MX1 Beamline at the Brazi-
lian National Synchrotron Light Source where the
wavelength of the incident radiation was set to
1.47 Å. The diffraction intensities were integrated,
scaled and merged using the HKL suite of programs
(Otwinowski and Minor, 1997).

The crystal structure of the BthTX-I was solved
by molecular replacement techniques with the
AMoRe package (Navaza, 1994) using the atomic
coordinates of the Basp-II (PDB code 1Y4L)
(Murakami et al., 2005) as the search model.
Positional and individual isotropic thermal factor
refinements were carried out using REFMAC5
(Murshudov et al., 1997) as incorporated in the
CCP4 suite. The 2Fo–Fc and Fo–Fc electron density
maps were examined, the protein model was
manually adjusted after each refinement cycle using
TURBO FRODO (Jones, 1985) and COOT (Emsley
and Cowtan, 2004) and the stereochemistry of the
final model was analyzed using PROCHECK

(Laskowski et al., 1993). The atomic coordinates
and structure factors of BthTX-I have been
deposited with the Protein Data Bank (acession
code 2H8I).

2.5. Molecular dynamics

Explicit solvent molecular dynamics (MD) simu-
lations were performed using the GROMACS 3.2
software package and the GROMOS-96 (43a1)
force field (Lindahl et al., 2001). Two different
systems were simulated, (i) the BthTX-I dimer and
(ii) BthTX-I complexed with suramin. The topology
of suramin was obtained from the Dundee
PRODRG Server (http://davapc1.bioch.dundee.a-
c.uk/cgi-bin/prodrg_beta). All MD simulations
were performed in an isothermal–isobaric ensemble,
using the ‘‘leapfrog’’ algorithm (Hockney and Goel,
1974) and the temperature and pressure were
controlled using the Berendsen method (Berendsen
et al., 1981). The long-range interactions were
treated using the particle-mesh Ewald sum method
(Darden et al., 1993). The LINCS algorithm (Hess
et al., 1997) was used to constrain protein covalent
bonds involving hydrogen atoms, and the SETTLE
algorithm (Miyamoto and Kollman, 1992) was used
to constrain water molecules. The BthTX-I/suramin
complex simulations were performed in three
phases. In the first phase (Phase I) a short
simulation was performed with BthTX-I by impos-
ing restraints on atomic positions during 100 ps in
order to equilibrate the system. In the second phase
(Phase II), the atomic positions of BthTX-I atoms
were not restrained in order to relax the protein
structure, enabling the determination of the relaxed
solution structure. In the final phase (Phase III), the
complete system was simulated without imposing
positional restraints. The root mean square devia-
tions (RMSD) and intermolecular interaction po-
tential (IIP) were monitored.

3. Results

3.1. Effect of suramin or/and polyethylene glycol on

myotoxicity in vivo

Intramuscular injections of BthTX-I (50 mg/g)
increased plasma CK activity from 85741 to
39507248U/L after 2 h (Figs. 1A and B). Pre-
incubation of BthTX-I with suramin for 15min
significantly inhibits the increase in plasma CK
activity in a dose-dependent fashion with maximum
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inhibition observed when the ratio is 1:1 (w/w;
BthTX-I:suramin) (Fig. 2A). These values of plasma
CK activity are in agreement with previously
reported values for other homologous Lys49 PLA2s
such as ACL myotoxin (Melo et al., 1994) and
Basp-II (Murakami et al., 2005). Experiments with
PEG-400 were conducted under the same conditions
(Fig. 2B). PEG-400 proved to be 30% more potent
than suramin resulting in approximately 92%
inhibition of myotoxicity, whereas the maximum
inhibition by suramin is 40% (Figs. 1A and B). The
effect of the simultaneous inclusion of both
compounds was tested in vivo (Fig. 2) and displayed
enhanced inhibition, dramatically decreasing the
CK activity to insignificant levels.

3.2. Crystal structure of BthTX-I complexed with

PEG-400

The final model consists of two molecules of
BthTX-I forming a homodimer, two PEG-400
fragments and 86 solvent water molecules. The
refinement converged to a crystallographic residual
of 22.5% (Rfree ¼ 27.6%) for 18,722 reflections in
the resolution range of 10.0–1.9 Å. The electron
density in the 2Fo–Fc Fourier maps was continuous
and well defined for both monomers in the
asymmetric unit, except for the C-terminii, which
are typically disordered as in other structures. The
model displays good overall stereochemistry with
RMSD values of 0.02 Å and 2.11 for bond lengths
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Fig. 1. Experimental scattering intensity and p(r) distribution curves.

Fig. 2. In vivo dose-dependent effect of suramin (A) or PEG-400 (B) on CK release.
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and bond angles, respectively and the average B-
value for all atoms is 41.5 Å2 (Table 1). The
Ramachandran plot demonstrates that 88.5% of
the dihedral angles are situated in the most favored
regions, while the remaining 10.5% of residues are
in the additionally permitted regions. The molecular
topology of BthTX-I conserves all the main features
of PLA2s containing an N-terminal a-helix (H1)
(residue 2–12) and the two long anti-parallel
disulphide linked a-helices (H2 from residue 40 to
residue 55 and H3 from residue 86 to residue 103)
with a mean distance of 10 Å between the helical
axes and two short helical turns (residues 19–22;
SH4 and 108–110; SH5) (Arni and Ward, 1996).
The b-wing region (residues 74–84) is structurally
conserved and a disulphide bridge preserves its
relative orientation. The total dimeric interface area

between the two molecules was calculated to be
approximately 3598 Å2 occluding the whole hydro-
phobic channel and the entrance to both the active-
site pockets.

3.3. PEG-binding site

In both monomers, the electron density maps
indicated the presence of a PEG-400molecule
bound in the hydrophobic channels that lead to
the PLA2-active site-like regions (Fig. 3A). The
PEG-400 molecules interact with the putative
calcium-binding loop and the residues considered
important for catalysis. The O1 atoms from the tails
of the PEG-400 fragments simultaneously interact
with the amide bonds between Cys29–Gly30 and
His48ND1 atom via a water molecule (Fig. 3B).
Similar interactions were observed in the crystal
structure of piratoxin II, a Lys49 PLA2 from
Bothrops pirajai, which contains a fatty acid bound
at the entrance to the active-site cavity (Lee et al.,
2001) and in the crystal structure of Basp-II
complexed with stearic acid (Watanabe et al.,
2005). The crystal structure of Basp-II complexed
with suramin also contains a PEG molecule bound
at the active-site cavity concomitantly with suramin
(Murakami et al., 2005) bound at the interfacial
recognition face.

3.4. Suramin-binding site

In the MD simulations of BthTX-I with suramin,
the structural stability was monitored by the
RMSDs of the protein atoms in phases II and III
(Fig. 4A), which undergo small positional shifts
(around 1.4 Å) and a corresponding reduction in the
IIP from �145 to �233 kcalmol�1 (Fig. 4B),
indicating that the hydrated structure of BthTX-I
is similar to the crystallographic model. The
resulting BthTX-I/suramin complex model obtained
from the MD simulations demonstrate a similar
mode of binding to that described for the crystal
structure of the Basp-II/suramin complex, where the
residues Arg34 and Lys53 play key roles in the
interaction with the sulphonated naphthyl rings
(Fig. 3C). The central phenyl rings embrace the
putative calcium-binding loop and the short helical
turn (SH4) shields the whole hydrophobic surface,
inducing a drastic change in the overall charge of
the interfacial recognition face of the protein.
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Table 1

Data collection and refinement statistics

PDB code 2H8I

Data-collection statistics

Space group P 31 2 1

Unit-cell parameters (Å) a ¼ b ¼ 56.02; c ¼ 127.57

Resolution range (Å) 9.96–1.90

Unique reflections 18,722

Redundancy 10.5 (8.5)

Completeness (%) 99.3 (98.8)

I/s(I) 32.81 (4.33)

Rmerge (%)a 5.3 (41.0)

VM (Å3Da�1) 2.02

Solvent content (%) 38.58

Refinement statistics

Rfactor (%)b 22.5

Rfree value (%)c 27.6

No. of amino acid residues 242

No. of solvent molecules 122

No. of polyethylene glycol molecules 2

Mean temperature factor (Å2)d 41.5

R.m.s.d. bond lengths (Å) 0.020

R.m.s.d. bond angles (1) 2.145

Ramachandran plot

Most favoured region (%) 88.5

Additionally allowed regions (%) 10.5

Generously allowed regions (%) 0.5

Disallowed regions (%) 0.5

Values in parentheses are for the highest resolution shell.
aRmerge ¼ 100�SjI(h)�/I(h)Sj/SI(h), where I(h) is observed

intensity and /I(h)S is mean intensity of reflection h over all

measurements of I(h).
bRfactor ¼ 100�SjFo�Fcj/S(Fo) the sums being taken over all

reflections with F/s(F)42 cutoff.
cRfree ¼ Rfactor for 5% of the data, which were not included

during crystallographic refinement.
dB-values are average B-values for all non-hydrogen atoms.
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3.5. Oligomeric state

Electrophoretic and spectroscopic techniques
indicate that a number of Lys49 PLA2s homologues
exist as dimers in solution (Arni et al., 1995).
Previous crystallographic and spectroscopic results
suggest that these molecules adopt an extended
conformation with a radius of gyration of 20.2 Å,
maintained by diad, polar interactions formed
between the b-wing and N-terminal helix regions
that involve the strictly conserved residues: Gln11,
Glu12, Trp77 and Lys80. In this conformation, the
hydrophobic channels and interfacial surfaces are
exposed to the solvent (Ward et al., 1998; da Silva-
Giotto et al., 1998). Based on this, a model for the
disruption of membranes by Lys49 PLA2 homo-
logues has been proposed (Lomonte et al., 2003).

However, the SAXS results show that the radius
of gyration (Rg) of BthTX-I is 17.5 Å indicating that
this molecule adopts a more compact dimeric
conformation as observed in the crystal structure
of the suramin/Basp-II complex (Murakami et al.,
2005) (Fig. 3A) that displays a Rg of 17.9 Å. The
profiles of the scattering curve and distance
distribution function p(r) are presented in Figs. 5A

and B, respectively. Re-examination of the mole-
cules forming the asymmetric unit of a numerous
dimeric Lys49 PLA2 homologues indicates that this
conformation is equally likely depending on the
criteria used for the selection of the symmetry
mates. The averaged ab initio shape of BthTX-I was
superposed on the atomic coordinates of the
extended (Figs. 6D–F) and compact dimers (Figs.
6A–C), resulting in NSD values of 1.85 and 1.21,
respectively, indicating high shape complementarity
between the ab initio solution envelope and the
surface envelope of the compact dimer (Fig. 6G).

In this compact model, the interface consists of
non-polar contacts formed between the interfacial
surfaces connecting the PLA2-active site-like re-
gions, shielding the whole hydrophobic faces of
Lys49 PLA2s homologues from the solvent. Analy-
sis of the protein interfaces of several Lys49 PLA2s
homologues with the Protein, Interfaces, Surfaces
and Assemblies (PISA) software (http://www.ebi.a-
c.uk/msd-srv/prot_int/pistart.html) suggests that
the compact dimeric conformation is more likely.
Additionally, MD simulations of the compact dimer
for 9 ns indicated small increments in the RMSD
(Fig. 4C) and a reduction in the IIP from �45 to
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Fig. 3. In vivo effects of suramin and/or PEG-400 on the CK release.
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Fig. 4. (A) Simultaneous binding of suramin in the crystal structure of Basp-II (carbon atoms in yellow; PDB entry: 14YL) and in MD

simulations of BthTX-I (carbon atoms in green, this work) and PEG of Basp-II (carbon atoms in blue). (B) Interactions of PEG (carbon

atoms in blue) at the putative catalytic active of BthTX-I (this work). (C) Interactions resulting from the MD simulations between suramin

(carbon atoms in blue) and BthTX-I (carbon atoms in yellow).
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�125 kcalmol�1 (Fig. 4D), indicating that this
conformation is stable in aqueous solution.

4. Discussion

The capacity of polyanionic compounds to
neutralize the myotoxic effects of snake venoms
PLA2s has been extensively studied, especially in
view of the limited efficacy of antisera in antagoniz-
ing these effects (Melo and Suarez-Kurtz, 1988b;
Melo and Ownby, 1999; Calil-Elias et al., 2002;
Murakami et al., 2005) and the fact that they
constitute useful tools for investigating the mechan-
isms of action of myotoxins (Gutiérrez and Lo-
monte, 1995).

The mechanism of inhibition of Lys49 PLA2s
homologues by suramin, which involves an induced-
fit binding at the hydrophobic surface of the dimer
significantly changing the overall charge on the
interfacial recognition face and the resulting partial
blockage of the PLA2-active site-regions, has been
reported (Melo et al., 1993; Calil-Elias et al., 2002;
de Oliveira et al., 2003; Murakami et al., 2005). In
vivo experiments with polyethylene glycol, a water-
soluble waxy solid that is used extensively in the
cosmetic, toiletry industry and as a medication for
osmotic laxatives, indicates that is a more potent

inhibitor of myotoxicity induced by Lys49 PLA2s
homologues than suramin. Polyethylene glycol
inhibits more than 90% of the myotoxic activity
and does not display any secondary toxic effects. In
the crystal structure of BthTX-I complexed with
PEG, the PEG molecules are bound in the hydro-
phobic channels that lead to the PLA2-active site-
like region, interacting simultaneously with the
amide bonds formed between Cys29–Gly30 and
ND1 of His48 via a water molecule. This result
indicates an alternative, more efficient pathway for
the inhibition of myotoxicity by blocking the PLA2-
active site-like region, without altering the overall
surface charge. Since both suramin and PEG use
different sites, the combination of suramin and
polyethylene glycol was tested and almost complete
inhibition of the myotoxic activity of Lys49 PLA2s
homologues was observed, thus representing a
possible utility for the complementary treatment of
Viperidae snakebites.

5. Concluding remarks

The action mechanism of myotoxic homologues
Lys49 PLA2s is a paradigm for toxinologists and a
number of different strategies, such as chemical
modification, sequence comparison analyses, inter-

ARTICLE IN PRESS

TOXCON : 2824

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

57

59

61

63

65

67

69

71

73

75

77

79

81

83

85

87

89

91

93

95

97

99

101

103

Fig. 6. Superpositioning of the atomic coordinates of the compact (A), (B) and (C) and extended (D), (E) and (F) oligomeric states on the

SAXS ab initio envelope (gray transparent surface). Ribbon and space filling representations of the compact (A), (B) and (C) and extended

(D), (C) and (E) dimers in the same orientation and 901 rotation of B/E along the vertical axis. (G) Surface representation of the compact

(red) and extended (green) dimers on the SAXS envelope.
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action with neutralizing molecules, synthetic peptide
studies, and site-directed mutagenesis analyses have
attempted to elucidate the structural determinants
for myotoxicity of Lys49 PLA2s. Our results
indicate that (i) the molecules that bind at the
PLA2-active site-like region inhibit the myotoxic
activity of Lys49 PLA2; (ii) PEG derivatives
represent attractive targets for drug design aimed
at the treatment of Viperidae snakebites since they
are non-toxic; (iii) binding of suramin and heparin
analogues at the hydrophobic interfacial surface
also inhibit myotoxic activity albeit at a lower level
and (iv) the inclusion of molecules that bind both at
the PLA2-active site-like region and at the hydro-
phobic interfacial surface reduces myonecrosis to
extremely low levels.

These biochemical, physiological and structural
findings suggest a new promising therapeutic utility
for the clinically approved drugs, suramin and PEG,
which interact at two distinct sites, for the treatment
of myonecrosis induced by Viperidae snakebites.
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c. Termoestabilidade de Proteínas

A maioria das formas vivas na terra suportam temperaturas menores a
50ºC e, acima dessa temperatura, a energia térmica pode causar o
desenovelamento da estrutura nativa das proteínas de forma irreversível,
resultando na perda de suas funções biológicas. Entretanto, certos organismos
termofílicos podem suportar temperaturas superiores a 90ºC e suas proteínas
apresentam diferentes estratégias para garantir resistência térmica sem sofrer
alteração na sua funcionalidade. Técnicas in vitro são extensivamente usadas para
gerar proteínas termoestáveis através de adição de pontes salinas, pontes
dissulfeto e ligações de hidrogênio permitindo delinear os determinantes
estruturais da termoestabilidade e os mecanismos envolvidos em catálises a altas
temperaturas. Estudos espectroscópicos e bioquímicos combinados com métodos
cristalográficos podem fornecer informações essenciais para compreensão da
termoestabilidade de proteínas. As enzimas termofílicas têm grande importância
industrial, principalmente no ramo de branqueamento de papel e indústrias
alimentícias.

Neste trabalho foram estudadas as xilanases da família G/11 que são
excelentes modelos de estudo da termoestabilidade, pois apresenta alta variação
na termoestabilidade e termofilicidade por meio de modificações locais num
arcabouço estrutural altamente conservado (Figura 9). Técnicas de evolução
molecular in vitro estão sendo utilizadas para gerar mutantes termoestáveis pelo
grupo do Prof. Richard John Ward e estes foram caracterizadas por métodos
cristalográficos, bioquímicos e espectroscópicos. Detalhes desse trabalho são
apresentados nos artigos a seguir.

Figura 9: Representação esquemática da estrutura de uma xilanase G/11 com
setas indicando os resíduos relevantes para a atividade catalítica.
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Abstract The 1.7 Å resolution crystal structure of recombinant
family G/11 b-1,4-xylanase (rXynA) from Bacillus subtilis 1A1
shows a jellyroll fold in which two curved b-sheets form the ac-
tive-site and substrate-binding cleft. The onset of thermal dena-
turation of rXynA occurs at 328 K, in excellent agreement with
the optimum catalytic temperature. Molecular dynamics simula-
tions at temperatures of 298–328 K demonstrate that below the
optimum temperature the thumb loop and palm domain adopt
a closed conformation. However, at 328 K these two domains
separate facilitating substrate access to the active-site pocket,
thereby accounting for the optimum catalytic temperature of
the rXynA.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Thermostable enzyme; Crystal structure; Molecular
dynamics

1. Introduction

Xylan is the most abundant hemicellulose in plant cell walls,

and is comprised of a b-(1,4)-DD-xylopyranoside backbone

which is generally substituted by acetyl, arabinose and 4-O-

methyl-glucuronose residues. A wide variety of microorgan-

isms produce xylan-degrading enzymes, and the enzymatic

cleavage of b-1,4-xylosidic linkages is performed by b-1,4-xylan
xylanohydrolase (EC 3.2.1.8). Xylanases have been grouped

into families F/10 and G/11 on the basis of amino acid sequence

homology, hydrophobic cluster and three-dimensional struc-

tural analysis [1]. The structures of the family G/11 xylanases

contain an a-helix and two twisted b-sheets forming a jellyroll

fold [2,3], yet despite the high similarity of amino acid se-

quences and structural homology, the G/11 xylanases exhibit

a wide range of temperature optima of catalytic activity.

A common approach to address the question as to the struc-

tural basis of thermostability uses the comparison between the

crystal structures of mesophilic and thermophilic homologues.

Superposition of the crystal structures of thermostable xylan-

ases from Thermoanaerobacterium saccharoclyticum [4] and

Clostridium thermocellum [5] reveals that an N-terminal exten-

sion forms an additional b-strand that increases the number of

hydrogen bonds in the b-sandwich finger domain, and has led

to the suggestion that the N-terminal regions of these enzymes

contribute to their thermostability. Hydrophobic interactions

and salt bridges have also been suggested to be important struc-

tural features for thermostability [6,7]. The hydrophobic core

of G/11 xylanases extends along the entire length of the internal

surface of the b-sandwich and is rich in highly conserved tyro-

sine and tryptophan residues, and indeed the thermostability of

family G/11 xylanases has been improved through the introduc-

tion of aromatic interactions by site-directed mutagenesis [7].

Salt bridges are distributed over the whole surface of the pro-

tein, and mutagenesis of His149 (located on the opposite side

of the active site) to Phe or Gln did not modify the catalytic

activity, but significantly improved the thermal stability [8].

Furthermore, the thermostability of family G/11 xylanases

has been improved by the inclusion of additional surface

charges [9], arginine residues [10] and disulphide bonds [11,12].

Several experimental approaches have been used to improve

the thermostability and thermophilicity of xylanases including

chemical modification, cross-linking, immobilization, treat-

ment with additives and protein engineering [13], and the results

of these studies suggest that multiple factors may contribute to

the structural basis of thermostability. In an effort to identify

the structural basis of thermostability, we have focused on

understanding the structural changes in the G/11 xylanases at

various temperatures leading up to the optimum temperature

for catalysis. With the aim of identifying and delineating the

structural basis for the catalytic activity at elevated temperature

of these industrially relevant enzymes, we report the crystal

structure at 1.7 Å resolution and molecular dynamics studies

in the range of temperature of a recombinant thermophilic fam-

ily G/11 xylanase from Bacillus subtilis 1A1 (rXynA).

2. Materials and methods

2.1. Expression, purification, crystallization and data collection
The gene encoding XynA was expressed in Escherichia coli strain

DH5a and the recovered protein was purified as described previ-
ously [14]. The expression system yields 26 mg L�1 of culture of

Abbreviations: rXynA, recombinant family G/11 b-1,4-xylan xylano-
hydrolase from Bacillus subtilis strain 1A1; RMSD, root mean square
deviation

*Corresponding authors. Fax: +55 0 16 36338151.
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protein (7.7% total yield), and N-terminal sequencing and mass-
spectrometry have confirmed that the signal peptide has been cor-
rectly processed to give as the final product the expected 185 amino
acid protein [14]. Crystals suitable for X-ray diffraction experiments
were obtained from 2 lL droplets containing 2.8 mg mL�1 of pro-
tein, 1.2 M sodium tartrate and 1% dioxane [15]. The data were
collected to 1.7 Å using synchrotron radiation and a MARCCD
detector at the CPr beam line, LNLS (Laboratorio Nacional de
Luz Sincrotron, Campinas, Brazil). Intensity data were integrated,
scaled and reduced to obtain structure factor amplitudes with the
HKL package [16].

2.2. Structure solution and refinement
The crystal structure of the rXynA was solved by molecular replace-

ment techniques with the AMoRe package [17] using the atomic coor-
dinates of the G/11 xylanase from Bacillus circulans (PDB code 1XNB,
[18]) as the search model. Positional and individual isotropic thermal
factor refinements were carried out using REFMAC5 [19] as incorpo-
rated in the CCP4 suite (Collaborative Computational Project Number
4, 1994). The 2Fob � Fc and Fob � Fc electron density maps were exam-
ined and the protein model was manually adjusted after each refine-
ment cycle using the TURBO FRODO program [20]. The
stereochemistry of the final model was analyzed using PROCHECK
[21]. The atomic coordinates and structure factors of XynA have been
deposited with the Protein Data Bank (code: 1XXN).

2.3. Thermal denaturation monitored by circular dichroism
Thermal denaturation experiments were performed using a J-810

spectropolarimeter equipped with a Peltier-type temperature control-
ler (PTC423S-JASCO Inc., Tokyo, Japan) with a heating rate of
1 �C min�1 using 1 cm path-length cuvettes and a protein concentra-
tion of 100 lg mL�1 in 20 mM phosphate buffer at pH 6.0. The
change in the ellipticity signal at 216 nm was monitored over the
temperature range of 25–75 �C (298–348 K). The fitting of the ther-
mal denaturation curve assumed a two-state mechanism and used a
least squares fitting routine derived from the van�t Hoff equation as
described previously [22,23].

2.4. Sequence alignment and structural analysis
The alignment of 5 amino acid sequences from the corresponding

3D structures was performed by structure-based alignment utilizing
the 3D-coffee alignment tool [24]. The superpositioning and structural
analysis was performed by TURBO FRODO program [20] and the
ConSurf program was used for the identification of functional regions
by surface-mapping using phylogenetic data [25].

2.5. Molecular dynamics simulations
Molecular dynamics calculations were performed as isothermal–

isobaric ensemble under physiological conditions at temperatures
of 298, 308, 318 and 328 K. All molecular dynamics simulations
were run with the GROMACS 3.2 software package [26] using
the GROMOS-96 (43a1) force field [27]. The temperature and pres-
sure were controlled using the Berendsen method [28] with coupling
time constants of 0.1 and 3.0 ps for temperature and pressure,
respectively. The LINCS algorithm [29] was used to constrain pro-
tein covalent bonds involving hydrogen atoms, and the SETTLE
algorithm [30] was used to constrain water molecules. The ‘‘leap-
frog’’ algorithm [31] was used to integrate the equations of motion
with a time step of 2.0 fs over a total time of 5.0 ns. Initial velocities
were obtained from a Maxwell distribution at 298 K, and long-range
interactions were treated using the particle-mesh Ewald sum (PME)
method [32] with a cutoff of 1.5 nm. The long-range electrostatic
contributions were updated every 20 fs, and the van der Waals inter-
actions were calculated with a cutoff of 1.5 nm. The edges of the cu-
bic simulation boxes were initially fixed at 8.5 nm, and contained
about 19000 simple-point charge (SPC) water molecules [33] (con-
centration of �53.0 mol L�1). The Cl� and Na+ counter-ions were
inserted in the most electrostatically favorable positions in order
to locally neutralize the system. All simulations were equilibrated
for 100 ps restraining the positions of the protein atoms. The atomic
trajectories were analyzed by monitoring the peptide and residue
root mean square deviation (RMSDs) of atomic positions relative
to the crystal structure.

3. Results and discussion

3.1. Crystal structure

Crystals of rXynA were obtained as previously described

[15], and belong to the orthorhombic space group P21212 with

cell parameters a = 50.90, b = 70.37 and c = 42.04 Å. The Mat-

thews coefficient (Vm = 1.68 Å3 Da�1) indicates the presence of

one molecule per asymmetric unit with a corresponding sol-

vent content of 26.15%. Table 1 presents the full refinement

statistics of the final model, which shows that rigid-body mod-

el refinement using data in the resolution range of 20.0–2.5 Å

resulted in a correlation coefficient of 65.4% and a Rfactor of

36.4%. Structure refinement converged to a crystallographic

residual of 16.2% for all data between 42.03 and 1.75 Å (with-

out sigma or intensity cutoff, Rfree = 20.9% for 5% of the data).

The refined structural model of the rXynA contains 185 amino

acid residues, 1 tartrate molecule, and 112 solvent water mol-

ecules per asymmetric unit. Stereochemical analysis of the final

model indicates that the main-chain dihedral angles for all res-

idues are located in the permitted regions of the Ramachan-

dran diagram, and that the RMSD from ideal values are

within permitted ranges. Residual electron density was ob-

served at the surface of the molecule, and was attributed to a

single tartrate molecule which is hydrogen bonded by

Thr106, Gln135, Ser136, and two solvent water molecules,

and forms additional hydrogen bonds with the Ser74 in a sym-

metry equivalent protein molecule.

Fig. 1A shows that the rXynA has the canonical b-sandwich
�right-hand� fold of family G/11 xylanases, in which the indi-

vidual b-strands thread back and forth between the two

packed b-sheets to form the finger and palm domains. Resi-

Table 1
Data collection and refinement statistics

Data collection
Temperature (K) 100
Wavelength used (Å) 1.427
Detector MARCCD
Space group P2(1)2(1)2
Unit cell parameters (Å) a = 50.90, b = 70.37

and c = 42.04
Resolution range (Å) 42.03–1.70
No. of observed reflections 21487
Data completeness (%) 83.5 (81.3)
No. of unique reflections 14449
I/sigma(I) 7.16 (2.5)
aRmerge (%) 9.2 (26.9)
VM (Å3 Da�1) 1.68
Solvent content (%) 26.15
Molecules per asymmetric unit 1
Molecular replacement
Correlation coefficients (%)
Rotation 33.7
Translation 52.3
Rigid body refinement 65.4
Rigid body refinement R-factor (%) 36.4

Refinement
Rfactor (%) 16.2
Rfree (%) 20.9
RMSD bond distances (Å) 0.01
RMSD bond angles (�) 1.42
Average Bfactor (Å

2) 23.1

Values in parentheses are for the high-resolution bin.
aRmerge = RjI(h)I � {I(h)}j/R{I(h)}, where Ih is the observed intensity of
the ith measurement of reflection h and {I(h)} is the mean intensity of
reflection h calculated after scaling.
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dues lining the cleft formed between these two domains con-

tribute to the substrate binding and active sites of the protein.

An extended loop between the B7 and B8 strands forms the so-

called thumb domain, and a loop between the B6 and B9

strands forms a cord between the two b-sheet domains

(Fig. 1A) [34]. The active site is defined by a network of hydro-

gen bonded residues including Glu78 and Glu175, two struc-

turally conserved water molecules, and the neighboring

Tyr69 and Tyr80 residues that are involved in substrate bind-

ing (Fig. 1B). A two-step acid–base mechanism for xylan

hydrolysis has been proposed in which proton transfer occurs

to and from an oxygen atom in an equatorial position at the

anomeric center [35]. All the positions of the catalytic residues

involved in this mechanism are fully conserved in the rXynA

crystal structure.

3.2. Thermostability of the rXynA

Previous studies have shown that the profile of the far ultra-

violet circular dichroism spectra shows a minimum at 216 nm

[14], which is typical for b-sheet rich proteins and is in accord

with the secondary structure content observed in the crystal

structure. Fig. 2 presents the thermal denaturation curve of

the rXynA as monitored by the loss of secondary structure

measured at 216 nm, which reveals that the transition from

the native to the denatured enzyme starts at a temperature of

328 K. Previous results have demonstrated that the rXynA

has an optimum temperature for catalysis of 55 �C (328 K)

[14], which corresponds exactly to the maximum temperature

at which the rXynA maintains a native secondary structure.

At temperatures above this value both the catalytic activity

and b-sheet secondary structure are lost. With the aim of

understanding the structural basis of the thermostability of

this protein, a series of molecular dynamics simulations were

performed at four temperatures between 298 and 328 K.

3.3. Molecular dynamics

The atomic trajectories of rXynA were analyzed by monitoring

the RMSD of protein atom positions and the mean RMSD

per residue during a time period of 5 ns during the molecular

dynamics calculations in the isothermal–isobaric ensemble un-

der physiological conditions at 298, 308, 318 and 328 K. Fig. 3

shows the RMSD of rXynA at different temperatures, from

which mean RMSD values of 0.130 ± 0.016 nm (at 298 K),

0.148 ± 0.015 nm (308 K), 0.143 ± 0.014 nm (318 K) and

0.175 ± 0.030 nm (328 K) were calculated. These results dem-

onstrate that the protein conformations are highly stable at

all temperatures used in the simulations, an overview con-

firmed by the mean RMSD values per residue at the different

temperatures (Fig. 4). Mean RMSD values of most positions

in the palm domain (residues 41–50, 68–81, 93–110, 126–132

and 145–168), on which are located several active site and aro-

matic substrate-binding residues, demonstrate low deviations

at all temperatures. The majority of positions in the finger do-

Fig. 2. Thermal denaturation of the rXynA as monitored by the
change in circular dichroism in the ultraviolet region between 200 and
250 nm. The fraction of unfolded protein as a function of temperature
(main panel). The inset presents the raw ellipticity data at 216 nm
measured during the experiment (for clarity only half the total number
of data points are presented). In both the main panel and insert, the
solid lines represent the curves obtained after data fitting (see Section
2), which yielded a melting temperature (Tm) of 331.8 K.

Fig. 1. The three-dimensional structure of the rXynA. (A) Ribbon representation including the catalytic residues Glu78 and Glu 172 located at the
base of the cleft formed by the palm (P) and fingers (F) domains. Access to the active site cleft is determined by the position of the thumb (T) domain.
(B) Detail of the active site region showing the network of hydrogen bonds formed by Tyr69, Glu78, Tyr80, Glu175, Tyr177 and the positionally
conserved solvent water (WAT) molecules.
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main (residues 1–40, 52–67, 83–87 and 169–185) also show re-

duced RMSD values, which suggests that the protein has a

generally high stability even at 328 K. In contrast, many re-

gions in the vicinity of glycine residues (including positions

10–15, 20–22, 26–28, 100–104, 118–124 and 135–140) show a

higher mean RMSD per residue at all temperatures, which re-

flects the elevated mobility of the protein segments containing

these residues.

The comparison of the rXynA amino acid sequence with

four other G/11 xylanases (Fig. 5) reveals that many tyrosine

(Tyr53, Tyr69, Tyr79, Tyr80, Tyr107, Tyr130 and Tyr169)

and tryptophan residues (Trp9, Trp71 and Trp155) are highly

conserved. These residues not only play a key role in substrate

binding, but also contribute to the hydrophobic interactions

that confer rigidity and compactness to the palm domain

and active-site pocket. Other hydrophobic residues (Val37,

Val82, Pro90, Ile120 and Phe125) are also conserved, and are

likely to be important in the stability of the secondary and ter-

tiary structures. Fig. 5 further demonstrates that the majority

of glycine residues are also highly conserved, and occupy posi-

tions throughout the thumb and finger domains and in the

cord/connecting loops of the two packed b-sheets. The flexibil-
ity of these glycine residues is generally elevated at all temper-

atures (see Fig. 4), although the regions around Gly12-Gly14,

Gly23, Gly28 and Gly62 show no clear pattern of temperature

dependent conformation change. In contrast, the region

around Gly122 on the b-turn in the thumb domain presents

a clear trend in which an increase in temperature results in sig-

nificantly increased conformation change.

The thumb domain is highly conserved throughout the fam-

ily G/11 xylanases, and comparison of crystal structures has

suggested that the thumb loop is the most flexible region of

the molecule [36]. This is supported by molecular dynamics

simulations, and has led to the suggestion that the elevated

flexibility of the thumb loop is important to allow substrate ac-

cess to the active site residues [37]. The distance variations in

the molecular dynamics simulations between these two do-

mains are shown in Fig. 6, which reveals that the distance be-

tween the palm domain and thumb loop is around of 1.30 nm

at temperatures below the catalytic temperature optimum.

However, at the optimum catalytic temperature of 328 K, the

distance between the palm and thumb domains increases to

1.65 nm, and the substrate-binding cleft adopts an open con-

formation. These distances are significantly greater than those

observed in previous molecular dynamics simulation studies

[37], and we speculate that the optimum temperature of cata-

lytic activity is the consequence of the exposure of the active

site cleft by temperature dependent conformation change in

the thumb domain.

These results are in accord with previous NMR studies

which demonstrate that the conformation changes of the

xylanase A from Bacillus circulans on binding a substrate ana-

logue are confined to the substrate binding region and are rel-

atively slight, the exception being the significant conformation

changes observed in the thumb domain [38]. Both the NMR

study and the molecular dynamics simulation reported here

Fig. 3. RMSD of atomic positions in the molecular dynamics
simulations of the rXynA at temperatures of 298 K (solid grey lines),
308 K (dotted black lines), 318 K (dotted grey lines) and 328 K (solid
black lines). The positions of the protein atoms in the crystallographic
structure were used as the reference for the RMSD calculations.

Fig. 4. RMSD per residue. The results of four separate simulations are presented, at temperatures between 298 and 328 K (as indicated on the
figure). Conserved glycine residues at positions 12, 13, 14, 21, 23, 34, 45, 62, 93, 98, 104,105, 122, 159, 164 and 181 are indicated by the solid circles.
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indicate that the palm and finger domains are essentially rigid

structures, and the enhanced flexibility necessary for catalysis

lies in those segments in the immediate vicinity of glycine res-

idues. This conclusion focuses attention on the temperature

dependence of the conformation change in the thumb domain,

which is identified as a key event in determining the optimum

catalytic temperature of the enzyme. This work suggests that

site-directed mutagenesis studies with the aim of decreasing

the flexibility in this region may offer an alternative strategy

for rational design of thermostable xylanases.
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P.H., Krüger, P., Mark, A.E., Scott, W.R.P. and Tironi, I.G.
(1996) Biomolecular Simulation: The GROMOS96 Manual and
User Guide, Biomos, Groningen.

[28] Berendsen, H.J.C., Postma, J.P.M., DiNola, A. and Haak, J.R.
(1984) Molecular dynamics with coupling to an external bath. J.
Chem. Phys. 81, 3684–3690.

[29] Hess, B., Becker, H., Berendsen, H.J. and Fraaije, J.G.E.M.
(1997) Lincs: a linear constraint solver for molecular simulations.
J. Comp. Chem. 18, 1463–1472.

[30] Miyamoto, S. and Kollman, P.A. (1992) SETTLE: An analytical
version of the SHAKE and RATTLE algorithm for rigid water
models. J. Comp. Chem. 13, 952–962.

[31] Hockney, R.W. and Goel, S.P. (1974) Quiet high-resolution
computer models of a plasma. J. Comp. Phys. 14, 148–158.

[32] Darden, T., York, D. and Pedersen, L. (1993) Particle mesh
Ewald. An N log(N) method for Ewald sumsin large systems. J.
Chem. Phys. 98, 10089–10092.

[33] Berendsen, H.J.C., Postma, J.P.M., van Gunsteren, W.F. and
Hermans, J. (1981) Interactions models for water in relation to
protein hydration, in: Intermolecular Forces (Pullman, B., Ed.),
Reidel Publishing Company, Dordrecht.

[34] Torronen, A., Harkki, A. and Rouvinen, J. (1994) Three-
dimensional structure of endo-1,4-beta-xylanase II from Tricho-
derma reesei: two conformational states in the active site. Embo J.
13, 2493–2501.

[35] Sinnot, M.L. (1990) Catalytic mechanisms of enzymic glycosyl
transfer. Chem. Rev. 90, 1171–1202.

[36] Gruber, K., Klintschar, G., Hayn, M., Schlacher, A., Steiner, W.
and Kratky, C. (1998) Thermophilic xylanase from Thermomyces
lanuginosus: high-resolution X-ray structure and modeling studies.
Biochemistry 37, 13475–13485.

[37] Muilu, J., Torronen, A., Perakyla, M. and Rouvinen, J. (1998)
Functional conformational changes of endo-1,4-xylanase II from
Trichoderma reesei: a molecular dynamics study. Proteins 31, 434–
444.

[38] Connelly, G.P., Withers, S.G. and McIntosh, L.P. (2000) Analysis
of the dynamic properties of Bacillus circulans xylanase upon
formation of a covalent glycosyl-enzyme intermediate. Protein
Sci. 9, 512–524.

[39] Hakulinen, N., Turunen, O., Janis, J., Leisola, M. and Rouvinen,
J. (2003) Three-dimensional structures of thermophilic beta-1,4-
xylanases from Chaetomium thermophilum and Nonomuraea
flexuosa. Comparison of twelve xylanases in relation to their
thermal stability. Eur. J. Biochem. 270, 1399–1412.

[40] Eswaramoorthy, S., Vithayathil, P.J. and Viswamitra, M.A.
(1994) Crystallization and preliminary X-ray crystallographic
studies of thermostable xylanase crystals isolated from Paecilo-
myces varioti. J. Mol. Biol. 243, 806–808.

6510 M.T. Murakami et al. / FEBS Letters 579 (2005) 6505–6510

142



3) Significância Bio Funcional dos Resultados

Nesse trabalho, uma gama de técnicas foi aplicada na abordagem de
distintos processos biológicos como sistema hemostático, danificação de
membranas biológicas e termoestabilidade de proteínas.

A partir de estudos com proteínas que interferem na integridade de
membranas biológicas, desvendou se o mecanismo de ação da família de enzimas
esfingomielinases D, resultado o qual pode servir como base para o
desenvolvimento de um tratamento eficaz para acidentes aracnídeos do gênero
Loxosceles, que ainda não existe. Na mesma área de disrupção de membranas
biológicas, descobriu se uma potente molécula anti dermonecrótica a partir de
estudos estruturais e fisiológicos, a qual potencialmente serviria como tratamento
complementar/alternativo para acidentes ofídicos botrópicos, que tem uma
ocorrência superior a 30 000 casos/ano somente no Brasil.

Na área de manutenção e regeneração do sistema hemostático, diversas
proteínas que interferem em diferentes níveis, desde a coagulação até a
fibrinólise, foram caracterizadas. Um novo sítio de reconhecimento de substratos
macromoleculares do FXa foi estruturalmente delineado e representa um novo
caminho para desenvolvimento racional de drogas anti trombóticas. Um
mecanismo alternativo de ativação de proteína C realizada pela protac , que
independe de trombomodulina um co fator essencial na ativação fisiológica, foi
elucidado e os estudos estruturais indicaram um possível fator duplo de cargas e
carboidratos no reconhecimento, interação e ativação. A rápida ação de protac
vem sendo usada para diversos testes clínicos in vivo para quantificação de
proteína S e C e testes funcionais de ambas.

Por último, os estudos com xilanases meso e termofilicas, que servem
como ótimo modelos de estudos dos determinantes estruturais da
termoestabilidade, demonstraram um papel essencial da flexibilidade das
xilanases na sua funcionalidade a altas temperaturas, ao contrário que se pensava,
quanto maior a rigidez da molécula maior sua resistência ao stress
termodinâmico e mecânico. No momento, métodos de evolução molecular in vitro
combinados com métodos cristalográficos e dinâmica molecular estão sendo
usadas para delinear as bases moleculares da termoestabilidade das xilanases
família G/11.
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5) Adendos

a. Experiência

Biologia estrutural
Cristalografia de macromoléculas (especialidade)

Modelagem e docking molecular
Simulação de dinâmica molecular
SAXS

Bioquímica & Biologia Molecular
Expressão e purificação de proteínas
Caracterização funcional e bioquímica de proteínas
Técnicas espectroscópicas (UV vísivel, CD,...)

b. Cursos de aprimoramento

Automatização da cristalização de proteínas. University of Hamburg /
EMBL (Hamburgo, Alemanha). Sob orientação do Prof. Dr. Christian Betzel.

Faseamento de proteínas. IFSC/USP. Sob orientação do Prof. Dr. Igor
Polikarpov e Prof. Dr. Ronaldo A. Nagem.

Expressão e purificação de proteínas. FMRP/USP. Sob orientação do Prof.
Dr. Roy E. Larson.

Purificação e caracterização de toxinas. Instituto Butantan. Sob orientação
da Dra. Ana Marisa Chudzinski Tavassi.

Sequenciamento químico de proteínas. FMRP/USP. Sob orientação do
Prof. Dr. Lewis Greene.

Expressão gênica e clonagem. FMRP/USP. Sob orientação do Prof. Dr.
Vanderlei Rodrigues.

Enovelamento de proteínas por calorimetria e técnicas espectroscópicas.
Curso de Verão do LNLS. Sob orientação do Prof. Dr. Carlos H. I. Ramos.

Purificação e cristalização de macromoléculas. IBILCE/UNESP. Sob
orientação do Prof. Dr. Raghuvir Krishnaswamy Arni.
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c. Doutorado sanduíche – EMBL/DESY – Alemanha

O doutorado sanduíche foi realizado na Universidade de Hamburgo, nos
trabalhos com expressão e purificação de proteínas, e no European Molecular
Biology Laboratory / Deutsches Elektronen Synchrotron (EMBL DESY), nos
experimentos de cristalização, coleta de dados e refinamento, sob orientação do
Prof. Dr. Christian Betzel. Os experimentos de difração de raios X foram
realizadas no HASYLAB (Hamburger Synchrotronstrahlungslabor) que é um
complexo voltado para estudos em ciências da vida do síncrotron DESY.

No grupo do Prof. Christian Betzel tive a oportunidade de trabalhar com
a última tecnologia na cristalização de macromoléculas, o qual dispunha de um
laboratório unicamente voltado para cristalização contendo um robô de
cristalização, robô de preparação de solução, espalhamento dinâmico de luz in
situ e robô de caracterização de cristais, que automatiza completamente o
trabalho de cristalização.

Um equipamento construído pelo grupo do Prof. Betzel, Spectro Imager
501, completamente automatiza a análise de experimentos de cristalização e
aquisição de imagens que permite analisar milhares de condições de cristalização.
Esse sistema combina espalhamento dinâmico de luz in situ e análise de cristais
com luz branca e ultravioleta que permite identificar e diferenciar cristais de sais
com cristais de proteínas (figura 2). Antes desse equipamento, o método mais
confiável de testar se um cristal era ou não de proteína, era a difração
propriamente dita, que despendia muito tempo para otimização de condições
muitas vezes duvidosas.

Figura 10: Cristal de proteína irradiado com luz branca (esquerda, acima) e luz
ultravioleta a 280 nm (direita, acima). Cristal de sal irradiado com luz branca
(esquerda abaixo) e luz ultravioleta (direita, abaixo).
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