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Abstract

Phospholipases A, 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 A, 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 A resolution, respectively, for the two states.
It was identified a Na* ion at the center of Ca®"-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 A,; Bothrops jararacussu venom; Platelet aggregation and hypotensive effects; Crystal

structure; Oligomeric state; Dimeric phospholipase A,

Phospholipases A, (PLA;, 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
PLA,s is divided into 11 classes [1], of which five (I,
I1, I11, V, and X) are abundant in a variety of biological
fluids, particularly pancreatic secretions, inflammatory

* Abbreviations: PLA,, phospholipase A,; BthA-I, acidic phospho-
lipase A, from Bothrops jararacussu venom; m-BthA-I, monomeric
acidic phospholipase A, from Bothrops jararacussu venom; d-BthA-I,
dimeric acidic phospholipase A, from Bothrops jararacussu venom.

* Corresponding author. Fax: +55 14 38153744.

E-mail address: fontes@ibb.unesp.br (M.R.M. Fontes).
! These authors contributed equally to this work.
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exudates, and reptile and arthropod venoms [2]. PLA,s
are the major components of snake venoms, being those
of group ITA predominant in Bothrops venoms. In addi-
tion to their primary catalytic role, snake venoms PLA,s
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].

PLA,s 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
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inflammation [8]. Then, the study of specific PLA,s
inhibitors can be important in the production of struc-
ture-based anti-inflammatory agents.

A group of myotoxic Phospholipases A, 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 Ca”>" ion in the PLA, 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 A, [11]. Therefore, the Asp49 to Lys substitution
drastically affects the calcium-binding ability of these
Lys49-PLA, homologues and, as a consequence, they
present a very limited catalytic activity.

Many basic Lys49-PLA,s have been purified from
Bothrops snake venoms and structurally and function-
ally characterized [12-18]. However, little is known
about the bothropic Asp49-PLAjs [19-21]. Two basic
myotoxic phospholipases A,, 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 PLA, 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-PLA, were recently described
[24-26].

In this paper, we described the high resolution crystal
structures of BthA-I-PLA, in two oligomeric states:
monomeric and dimeric.

Table 1
X-ray data collection and refinement statistics
d-BthA-1 m-BthA-1
Unit cell (A) a=33.19 b =63.14 ¢ =47.40 f=102.3 a=39.98 b =153.99 ¢ =90.46
Space group P2, C222,

Resolution (A)
Unique reflections

Completeness (%) 93.3 (87.7)*
Ruerge” (%) 4.5 (29.3)
Ila (1) 20.1 (5.0)*
Redundancy 3.5 (3.4)*
Reryst (Y0) 19.0 (23.8)*
Rireed (%) 24.7 (28.5)*
Number of non-hydrogen atoms:

Protein 1900

Water 381
Mean B factor (A%)°

Overall 27.8

Main chain atoms 34.6

Side chain atoms 35.6

Water molecules 49.0

Na* ion 38.1
R.m.s deviations from ideal values®

Bond lengths (A) 0.005

Bond angles (°) 1.3
Ramachandran plotf (%)

Residues in most favored region 90.7

Residues in additional allowed region 9.3

Residues in generously/disallowed regions 0.0
Coordinate error (A)®

Luzzati plot (cross-validated Luzzati plot) 0.20 (0.28)

SIGMAA (cross-validated SIGMAA) 0.22 (0.22)

29.7-1.9 (2.02-1.9)*
14,151 (2084)*

30.0-1.79 (1.84-1.79)*
9034 (507)

94.3 (80.1)*

4.6 (15.3)

22.1 (6.0)*

5.7(1.2)°

18.6 (24.6)

25.5 (33.8)*

949
144

23.2
17.4
19.4
27.9

0.018
1.9

92.2
7.8
0.0

0.18 (0.38)
0.11 (0.11)

% Numbers in parentheses are for the highest resolution shell.

b Rinerge = 2 O i (M mkti~ Tk ) /D pia s (Tt} Where Iy ; is the intensity of an individual measurement of the reflection with Miller indices 4, k,
and /, and (I}, is the mean intensity of that reflection. Calculated for 7> —3a ().
€ Reryst = D ([[Fobsy| — |Fealey||) /|Fobsuu |, where [Fobs| and [Fcalcy,| are the observed and calculated structure factor amplitudes.
Ry 18 equivalent to Ry but calculated with reflections (5%) omitted from the refinement process.

¢ Calculated with the program CNS [30].
[ Calculated with the program PROCHECK [34].
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Materials and methods

Isolation, cDNA cloning, and sequencing. BthA-1-PLA, 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-PLA,
was deduced from the cDNA sequence and deposited in GenBank
(AY145836) [25,26].

Crystallization and data collection. BthA-I-PLA, 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-PLA, 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 A
(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 A resolution with Riyerge = 4.6% and 4.5% for m-BthA-I and d-
BthA-I, respectively. The m-BthA-I crystals belong to the space group
C222; and for m-BthA-I to the space group P2,. 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-PLA, 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-
1. The modeling process was always performed by manually rebuilding
with the “O” program [31]. Electron density maps calculated with
coefficients 3|Fops| — 2|Fealc] 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-PLA, structures, the “O” program [31] was used with only
the C* 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 ITA PLA, 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) Ca®*-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 C* atoms is
0.49 A 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 A2, respectively (calculated
without solvent molecules).

In the active site for both structures, there is just a
water molecule bound to His48 and Lys49 residues.

"short” helix

B
B-wing
’ B-wing
O &
g Q’“ N/ L ,
| « - Lys93 | - \\ N
"short” helix " J R )™
P el S \
/ / L 1Y \ A "short” helix
AN /
-
y
i
h2 h
Ca*? binding Ca*? binding
loop C loop
C N
9 \ -
- »//
Monomer A Monomer B

Fig. 1. Structures of (A) m-BthA-I and (B) d-BthA-I are showed as a
ribbon diagram [35]. The residues Thr104, Aspl08, and Lys93 of
interface of monomers of d-BthA-I are shown in a ball-stick
representation.
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Fig. 2. Ca**-binding loop interactions with Na™ ion in the m-BthA-I structure [31].

The electron density map for m-BthA-I structure
shows a single prominent peak at the center of
Ca”*"-binding site, which was identified as Na* ion
rather than Ca®" 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 A, which is rea-
sonably close to the value of the average B factor
(23.2 Az). If the position was occupied by Ca”" ion,
its B factor would be 60.3 A2 (iii) All PLAss solved
to this time with the presence of Ca”' 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 A), Gly32 N
(2.88 A), and Asp49 O8] and 082 (2.67 and 2.51 A,
respectively) (Fig. 2). Additionally, the distance be-
tween the closest water molecule and the Na™ ion is
about 4 A, 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
Ca**-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 A? which are comparable
with the average value of 40.9 A2 for water molecules).
Despite the lack of Na* ion in the d-BthA-I, the con-
formations of Ca**-binding loops are similar with m-
BthA-I molecule (superposition between the m-BthA-I

Fig. 3. Superposition of C* atoms of Ca**-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 C* atom r.m.s. deviation of 0.26 and 0.46 A, respec-
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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

tively) (Fig. 3).

10 20 30 40 50 60 Identity (%)
B. taurus (lbp2) ALWQFNGMIiCKIPSSEPLADFNNYGCYCéLGGSGTPVDéLDRCCQTHDACYKQAKKLDéCKVLVDNPY 41.6
B. jararacussu (lumv) SLWQFGKMINYVM-GESGVLQYLSYGCYCGLGGQGQPTDATDRCCFVHDCCYG---KVIGC--—--— NPK -
A. p. piscivorus (lvap) NLFQFEKLIKKMT-GKSGMLWYSAYGCYCGWGGQGRPKDATDRCCFVHDCCYG---KVTGC---—- DPK 71.5
D. acutus (1ijl) SLIQFETLIMKVV-KKSGMFWYSAYGCYCGWGGHGRPQDATDRCCEFVHDCCYG---KVIGC--—--— NPK 66.7
C. atrox (lpp2) SLVQFETLIMKIA-GRSGLLWYSAYGCYCGWGGHGLPQDATDRCCEFVHDCCYG---KATDC--—--— DPK 63.1
A. h. pallas (ljia) HLLQFRKMIKKMT-GKEPVVSYAFYGCYCGSGGRGKPKDATDRCCFVHDCCYE---KVTGC-—-—— KPK 62.8
B. pirajai (lgmz) DLWQFGKMILKET-GKLPFPYYVTYGCYCGVGGRGGPKDATDRCCEFVHDCCYG---KLTSC--—--— NPK 59.5
D. r. pulchella (1£fb2) SLLEFGKMILEET-GKLAIPSYSSYGCYCGWGGKGTPKDATDRCCEFVHDCCYG---NLPDC--—--— NPK 54.3
N. n. sagittifera (1lmh2) NTWQFKNMISCTVPSR-SWWDFADYGCYCGRGGSGTPSDDLDRCCQTHDNCYNEAEKISGC-VLVDNPR 41.8

70 80 90 100 110 120

B. taurus (lbp2) iNNYSYSCSNéEITCSS—ENNACEAFICNCDLNAAICF ————— SKV$YNKE—HKNLD4KNC ——————— 41.6
B. jararacussu (lumv) IDSYTYSKKNGDVVCGG-DN-PCKKQICECDRVATTCFRD---NKDTYDIK-YWFYGAKNCQEKSEPC -
A. p. piscivorus (lvap) MDIYTYSVDNGNIVCGG-TN-PCKKQICECDRAAAICFRD---NLKTYDSKTYWKYPKKNCKEESEPC 71.5
D. acutus (1ijl) MDSYTYSEENGDIVCGG-DD-PCKREICECDRVAADCFRD---NLDTYNSDTYWRYPRQDCEESPEPC 66.7
C. atrox (lpp2) TVSYTYSEENGEIICGG-DD-PCGTQICECDKAAAICFRD---NIPSYDNK-YWLFPPKDCREEPEPC 63.1
A. h. pallas (ljia) WDDYTYSWKNGTIVCGG-DD-PCKKEVCECDKAAAICFRD---NLKTYKKR-YMAYPDILCSSKSEKC 62.8
B. pirajai (lgmz) TDRYSYSRKDGTIVCGE-D--PCRKEICECDKAAAVCFRE---NLDTYNKK-YMSYLKSLCK-KADDC 59.5
D. r. pulchella (1£fb2) SDRYKYKRVNGAIVCEK-GT-SCENRICECDKAAAICFRQ---NLNTYSKK-YMLYPDFLCKGELKC- 54.3

7777777777 41.8

N. n. sagittifera (1lmh2) FRTYSYACTAGTLTCTGRNN-ACAASVCDCDRNAAICFAGAPYNDSNYNID-LQARCN

Key: red = helix, blue = strand, green = turn, black = coil.

Fig. 4. Amino acid sequence alignments of Asp49-PLA,s monomers A from B. jararacussu (1u73), A. p. piscivorus (1vap) [29], D. acutus (1ijl) [39], C.
atrox (1pp2) [40], 4. h. pallas (1jia) [41], D. r. pulchella (1fb2) [42], and N. n. sagittifera (1Imh2—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.
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Fig. 5. Superposition of monomers A Asp49-PLA,s 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 (lmh2—monomer B) [43]—performed using only C* atoms from h1, h2, and h3
a-helixes [31]. Asp49-PLA, 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 052 of Glu98 (monomer B) (2.56 A).

Discussion
It was identified to be a Na* ion rather of a Ca®* ion

for m-BthA-I at the center of Ca®*-binding site. Similar
fact was observed in the acidic PLA, 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
041 and OJ32 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 O82. These dif-
ferences are likely to be due to the p-bromo-phenacyl
group interacting with Gly30 and Asp49 in the PLA,
structure from A. h. pallas complexed with BPB [38].

Fig. 6. Structure of dimeric PLA,s: (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 Ca®* or
Na* ions at the Ca?*-binding loops, however, a water
molecule was found in similar position for both mono-
mers. The Ca®*-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 ITA Asp49-
PLA,s 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 C* 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 Ca**-
binding loop and B-wing regions. BthA-I presents these
regions as slightly altered compared to other class I1A
PLA, (all structures of Fig. 5, except the class I Asp49-
PLA, from the N. n. sagittifera). In contrast, in the
Asp49-PLA, piratoxin III structure [18], Ca**-binding
loop presents high structural distortion when compared
with other PLA,s due to an extreme diversion taken by
the main 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 PLA,s presented here should be in
the R-state conformation.

The oligomeric state is an important issue for many
of phospholipase A, structures solved [12,37,46-49]. A
comparison of d-BthA-I with all class ITA PLA, 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
PLAzs.

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-PLA, [12,46] and for outer mem-
brane phospholipases (OMPLA) [47,48]. However,
C. atrox PLA, 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-PLAs.
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