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Abstract

The basic phospholipase A2 isolated from the venom of
Agkistrodon halys Pallas (Agkistrodon blomhof®i
Brevicaudus) is a hemolytic toxin and one of the few
PLA2's capable of hydrolyzing the phospholipids of E.
coli membranes in the presence of a bactericidal/
permeability-increasing protein (BPI) of neutrophils.
The crystal structure has been determined and re®ned at
2.13 AÊ to a R factor of 16.5% (F > 3�) with excellent
stereochemistry. A superposition of the two molecules
in the asymmetric unit gives an r.m.s. deviation of
0.326 AÊ for all C� atoms. The re®ned structure allowed a
detailed comparison with other PLA2 species of known
structures. The overall architecture is similar to those of
other PLA2's with a few signi®cant differences. One of
which is in the region connecting the N-terminal helix
and the Ca2+-binding loop. Unexpectedly, the conforma-
tion of the peptide plane Cys29ÐGly30 in the Ca2+-
binding loop is very different to that of other PLA2's.
The amide NH of Gly30 does not point toward the
proposed site for stabilization of the tetrahedral
intermediate oxyanion of the substrate analogue. The
structure includes four residues which occur less
frequently in other PLA2's. His1, Arg6 and Trp70
located at the interfacial recognition site may play an
important role in the interaction with aggregated
substrates, while Trp77 contributes to the hydrophobic
interactions between the �-wing and the main body of
the molecule. This structure analysis reveals that two
clusters of basic residues are located at or near the
interfacial recognition site, forming an asymmetric
positively charge distribution. In contrast to the acidic
isoform, the present enzyme is a dimer in the
crystalline state. The special phospholipid hydrolysis
behaviors are discussed in the light of the structure
determined.

1. Abbreviations

PLA2, phospholipase A2; A.h., Agkistrodon halys; C.
atrox, Crotalus atrox; h.n.p.s., human non-pancreatic
secretory; r.m.s., root-mean-square.

2. Introduction

Phospholipase A2 (E.C. 3.1.1.4) comprises a set of
extracellular and intracellular enzymes which speci®-
cally catalyze the hydrolysis of the C2 ester bond of 3-sn-
phosphoglycerides to produce lysophosphatidylcholine
and fatty acids in a calcium-dependent reaction. The
low-molecular-mass (14 kDa) PLA2's are mainly classi-
®ed into two groups, based on sequence and structural
homology. Group I PLA2's includes enzymes from
mammalian pancreas and the snake venom of Elapidae
and Hydrophidae. Group II PLA2's are found in a
variety of cell membranes and the snake venom of
Crotalide and Viperidoe. Apart from its primary cata-
lytic function, PLA2 from snake venom possesses a wide
variety of pharmacological activities, such as antic-
oagulation, hemolysis, platelet-aggregation function,
presynaptic neurotoxicity and muscular toxicity. These
effects may be independent of catalytic activity
(Chewetzoff et al., 1989; Arni & Ward, 1996).

The crystal structures have been determined for
various PLA2's from many species (Dijkstra, Kalk et al.,
1981; Keith et al., 1981; White et al., 1990; Holland et al.,
1990; Scott et al., 1991; Wery et al., 1991; Fremont et al.,
1993; Schevitz et al., 1995). These structures show a high
degree of similarity, especially at the enzyme active site,
in which a catalytic triad formed by a catalytic water
molecule, a histidine, and an aspartate is essentially
unchanged. A reasonable catalytic mechanism has been
proposed for this enzyme based on the structural
knowledge (Scott et al., 1990). A few structures of PLA2

with presynaptic neurotoxicity, myotoxicity, and platelet
function have also been determined (Westerlund et al.,
1992; Arni & Ward, 1995; Kwong et al., 1995; Wang et al.,
1996).

Three kinds of phospholipase A2 have been puri®ed
from the venom of Agkistrodon halys Pallas (i.e.
Agkistrodon blomhof®i Brevicaudus). They were
designated as acidic, neutral and basic PLA2 according
to their isoelectric points (4.5, 6.9 and 9.3, respectively).
These isoforms differ signi®cantly in catalytic
properties and pharmacological activities. Of the three
isoforms, the acidic enzyme shows the highest reactivity
toward hydrolysis of monolayers at the air±water inter-
face. The basic enzyme is unique in its behavior toward



natural substrates concerning the hydrolysis of E. coli
membranes in the presence of a bactericidal perme-
ability-increasing (BPI) protein from neutrophil sources
(Chen et al., 1987; Forst et al., 1987). The acidic PLA2

displays the ability to inhibit platelet aggregation (Chen
et al., 1987); the neutral PLA2 designated as agkis-
trodotoxin, is characterized by potent activity as a
presynaptic neurotoxin (Kondo et al., 1989); while the
basic PLA2, in common with some basic PLA2's from
other sources, possesses the ability to hemolyze
erythrocytes (Condrea et al., 1981; Shukla & Hanahan,
1981). The basic PLA2 is highly homologous to the basic
PLA2's from Agkistrodon halys Blomhof®i and from
Trimeresurus ¯avoviridis (95 and 83% sequence identity,
respectively) (Pan et al., 1996; Forst et al., 1986; Kini et
al., 1986) which show high anticoagulant activity
(Verheij et al., 1980; Kini & Evans, 1987).

A project of crystallographic structure analyses is
undertaken, with the hope of understanding the func-
tional differences of these isoforms. The structure of the
acidic PLA2 has been determined by the molecular
replacement method and re®ned at 2.0 AÊ (Wang et al.,
1996). The neutral PLA2 has been crystallized in several
crystal forms (Jin et al., 1990; Li et al., 1995), all of which
have multiple copies of molecules in asymmetrical units.
The structure has been determined for one of the crystal
forms, the P21 space group, containing eight molecules
in an asymmetrical unit (Tang et al., unpublished work).
We have previously crystallized the basic PLA2 in two
crystal forms (Meng, Niu et al., 1996; Niu et al., 1995) and
made a molecular-replacement study for one of them
(Meng, Lin et al., 1996). A new good quality crystal form
of the basic PLA2 was also obtained (Zhao et al., 1997).
We report here the structure of this new crystal form of
the basic PLA2 determined by molecular replacement
and re®ned at 2.13 AÊ to a ®nal R factor of 16.5%. A
detailed description of the structure is given with a
comparison to related enzymes, especially the acidic
PLA2 from the same venom.

3. Experimental

3.1. Crystallization and data collection

The details of isolation and puri®cation of the basic
PLA2 from the venom of A.h. Pallas have been
published previously (Wu & Chen, 1981). Crystals were
grown by the hanging-drop method with 12 mg mlÿ1 of
protein, 0.05 M CHES buffer (pH 9.5), 0.1 M NaCl,
5%(w/v) PEG 4000 and 10 mg mlÿ1 CaCl2 in 10 ml drops
equilibrated against 0.7 ml well solution of 0.05 M
CHES buffer (pH 9.5), 0.2 M NaCl, 10%(w/v) PEG 4000
and 20 mg mlÿ1 CaCl2. The crystal belongs to the space
group P212121 with unit-cell dimensions a = 97.13, b =
103.69 and c = 23.27 AÊ with two protein molecules of
molecular mass 13 800 Da each in the asymmetric unit,

corresponding to a solvent content in the crystal of 42%
by volume (Matthews, 1968).

A single crystal of the basic PLA2 with dimensions of
0.3 � 0.6 � 1.2 mm was mounted in a glass capillary.
X-ray diffraction measurements were made with a
Siemens XRD-100 area detector mounted on a Rigaku
RU200 rotating-anode X-ray generator operating at
200 mA and 50 kV (� = 1.5418 AÊ ). The area detector
was placed at 140 mm from the crystal, and the 2� was
set to 20� using �' = 0.25� and an exposure time of 120 s
per frame. The data were scaled and merged using the
XENGEN software (Howard et al., 1987). The overall
merged R factor was 4.59% for 29 753 observations of
12 001 re¯ections. The data set was 86.2% complete to
2.13 AÊ resolution. The data-collection parameters are
summarized in Table 1.

3.2. Structure solution and re®nement

The orientational and positional parameters of the
basic PLA2 molecules in the unit cell were determined
by the molecular-replacement method using the AMoRe
package (Navaza, 1994). The search model used in the
calculation was the R chain of the PLA2 from the venom
of Crotalus atrox (1PP2 in the Brookhaven Protein Data
Bank; Brunie et al., 1985) with identity of about 57%
between the two PLA2's. The residues that differed

Table 1. Crystal parameters and diffraction data

Space group P212121

Cell parameters (AÊ ) a = 97.13, b = 103.69
c = 23.27

No. of molecule in a.u. 2
No. of observations 29753
No. of unique re¯ections 12001
Completeness of data (%) 86.2
Resolution (AÊ ) 2.13
Rmerge² (%) 4.59

² Rmerge =
P jIi ÿ �I�j=

P j�I�j � 100%.

Table 2. Re®nement statistics

R factor (%)² 16.5
Rfree (%)³ 25.5
Resolution range (AÊ ) 6.0±2.13
Number of re¯ections �F > 3�� 11074

Model
Number of protein atoms 1916
Number of Ca2+ ions 2
Number of water molecules 190

R.m.s. deviations from ideality
Bond distances (AÊ ) 0.013
Bond angles (�) 2.72
Dihedral angles (�) 23.4
Improper angles (�) 1.29

² Rfactor =
P��jFoj ÿ jFcj

��=P jFoj � 100%. ³ 10.45% of the total
re¯ections are used for Rfree calculation.
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between the two enzymes were initially treated as
alanines. The rotation-function search was calculated
using the data in the resolution range 10±3 AÊ with an
integration radius of 20 AÊ . The self-rotation search gave
an almost unique solution, which suggested that the two
molecules in an asymmetric unit were related by a non-
crystallographic twofold axis. The cross-rotation search
showed that the top two peaks of the rotation function
appeared with correlation values of 18.6 and 16.0 which
were signi®cantly higher than the others. One-body and
two-body translation functions con®rmed that the ®rst
two of the rotation search peaks were correct by the
signi®cation of the correlation coef®cients, and yielded
the correct molecular position information. The rigid-
body re®nement of AMoRe resulted in an R factor of
42.4% and a correlation value of 55.4%. The initial
model, oriented and positioned according to the mole-
cular-replacement solution, was examined on a Silicon
Graphics Iris workstation with the program FRODO/

TURBO (Jones, 1985) and con®rmed that the molecular
packing in the crystal lattice was reasonable.

The re®nement was carried out using the X-PLOR
program (BruÈ nger, 1992) and without non-crystal-
lographic symmetry restraints. The ®rst step was based
on rigid-body least-squares re®nement with an initial
model consisting of 1622 non-H atoms in 244 residues
and using 4809 re¯ections in the resolution range 8±3 AÊ

(F > 3�). The crystallographic R value was reduced in 50
successive cycles from 0.42 to 0.39. Re®nement of the
atomic positions was followed by 100 Powell minimiza-
tion re®nements, resulting in an R value of 29.9%. The
resolution range was then extended to 2.5 AÊ (8073
re¯ections in the resolution range 8±2.5 AÊ with F > 3�).
2Fo ÿ Fc and Fo ÿ Fc maps were calculated and
examined. The omit maps were used to assist in building
the structure. The side chains were adjusted stepwise
during the course of the re®nement, which gradually
reduced the R factor. The resolution range was again

Fig. 1. Quality of electron density at
2.13 AÊ resolution. The schematic
shows the ®nal �2Fo ÿ Fc� elec-
tron-density map of (a) residues
28±31 at the calcium-binding loop,
and (b) His1 and Trp70. The map
is calculated with data 6.0 to
2.13 AÊ and contoured at the 1.0�
level.
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extended to 2.13 AÊ , and the R factor decreased to 0.23.
The model was subjected to simulated-annealing
re®nement by decreasing the temperature in 25 K steps
from an initial value of 3000 to 300 K, with 25 fs of
dynamics simulation at each step. Powell minimization,
group B-factor re®nement, and manipulation of the
molecule resulted in a ®nal R value of 0.19. Water
molecules were then included in the model if they
displayed signi®cant electron density in both 2Fo ÿ Fc

(contoured at 1.0�) and Fo ÿ Fc maps (contoured at
3.0�) and if reasonable hydrogen bonds could be found
for the water molecule, and their thermal parameters
re®ned to a value below 70 AÊ 2. At the end of the
re®nement, the Fo ÿ Fc map showed no more inter-
pretable features. Table 2 gives the results of the
re®nement and the quality of the structure.

4. Results

4.1. Structure quality

The ®nal model containing 1916 protein non-H atoms,
190 solvent molecules and two calcium ions gives an R
factor of 16.5% for re¯ections in the resolution range of
6.0±2.13 AÊ and the r.m.s. deviations from ideal stereo-
chemistry of 0.013 AÊ for bond lengths, 2.72� for bond
angles and 23.4� for torsion angles. Based on the Luzzati
plot (Luzzati, 1952), the expected coordinate error is
found to be approximately 0.25 AÊ . The electron density
corresponding to the polypeptide chain backbones for
both molecules in the asymmetric unit are well de®ned
except for residues Ser127 and Ser128 [here we use the
nomenclature and numbering scheme of Renetseder et
al. (1985), see Fig. 6], which are located on the surface of
the molecules and have less interactions with the
neighboring residues. In addition, the following side
chains are partially disordered: Lys11, Lys36, Asp72,

Lys129 and Lys132 in molecule A, and Lys11, Glu17,
Lys36, Lys78, Lys115, Arg116 and Lys 132 in molecule B.
Nevertheless, the structure of these residues and
segments could be identi®ed unambiguously (electron-
density correlation coef®cients of �0.7), although not as
accurately as for the others. An example of ®tting
between the model and the electron density is presented
in Fig. 1. Some differences exist in the sequences of the
basic PLA2 determined by cDNA and chemical methods
(Pan et al., 1996). The present structure can resolve the
contradictions. For example, X-ray structure indicates a
His1 (chemical sequence) rather than a Ser1 (cDNA
sequence) on the basis of the appearance of the imida-
zole ring electron density (Fig. 1b), an Ala119 rather
than Thr119, and a Leu55 rather than Val55. Further-
more, there is no electron density extending from the C�
atom for residue Arg34 in both molecules (identi®ed by
chemical and cDNA), indicating a high degree of
disorder for the side chain.

The average temperature factor for all protein atoms
is 25.4 AÊ 2 (23.9 AÊ 2 for main-chain atoms and 26.9 AÊ 2 for
side-chain atoms). The residues in the active site and the
Ca2+-binding site have lower B factors. The B factors for
190 ordered waters range from 8.4 to 66.3 AÊ 2, with an
average of 39.5 AÊ 2. The average B factors for the main-
chain and side-chain atoms of the two molecules in the
asymmetric unit are displayed in Fig. 2 as a function of
residue number. Regions with B factors exceeding 40 AÊ 2

include residues 78±80 and 127±129 both in molecule A
and molecule B. The electron density for these residues
is weak but the tracing of the peptide chain is not
ambiguous.

Fig. 2. Plot of the mean temperature factor (AÊ 2) as function of residue
number for all main-chain (thick line) and side-chain (thin line)
atoms for (a) molecule A and (b) molecule B. The molecules are
numbered sequentially from 1 to 122.

Fig. 3. Ramachandran plot for the basic PLA2. Glycine and proline
residues are denoted by & and all other residues by +.
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A Ramachandran plot (Ramakrishnan & Rama-
chandran, 1965) as calculated by the program FRODO/
TURBO is given in Fig. 3. All 210 non-glycine and non-
proline residues in the asymmetric unit are located
within or very near to the allowed regions.

4.2. Comparison of the two molecules in the asymmetric
unit

Molecule B in the asymmetric unit can be generated
from molecule A by the following transformation

X1 � 0:10143Xrÿ 0:99475Yr ÿ 0:01393Zr� 21:71421

Y1 � 0:99469Xr� 0:10165Yr ÿ 0:01605Zrÿ 26:07776

Z1 � 0:01739Xrÿ 0:01223Yr � 0:99977Zrÿ 5:96772:

A superposition of the two molecules in the asym-
metric units (Fig. 4) gives r.m.s. deviations of 0.337 AÊ for
all main-chain atoms and 0.326 AÊ for all C� atoms. Fig. 5
shows the r.m.s. deviations in positions for all main-
chain and side-chain pairs after least-squares super-
position of the two molecules. The greatest differences
for the main-chain atoms (>1.0 AÊ ) is con®ned to the
fragment consisting of residues 67±71. Since these resi-
dues in both molecules have well de®ned electron
densities and main-chain B factors of less than 32 AÊ 2,
these large positional differences seem unlikely to be
caused by inaccuracy of their coordinates. Closer
inspection indicates that this difference may be a
consequence of crystallographic environment differ-
ences. Fragment 67±71 in molecule B has extensive
interactions with neighboring molecule A, while the
corresponding fragment in molecule A has much fewer
interactions with the neighboring molecule. In addition,
residue Ser128 also shows a large deviation (�1.0 AÊ ),
which is mostly due to the large coordinate errors since
the densities of Ser128 in both molecules are not well
de®ned. If residues Lys69, Trp70 and Ser128 are deleted
in the calculation, the r.m.s. deviation drops to 0.266 AÊ

for the 119 C� atoms, indicating that for most of the

chain, the magnitude of the deviation is roughly what is
expected from the estimated coordinate errors.
Furthermore, the two independent molecules have
comparable B factors and a similar pattern variation
along the chain as shown in Fig. 2, implying excellent
correlation to each other. Thus, the structural differ-
ences between the two molecules in the asymmetric unit
should be disregarded. In the following discussion, only
molecule A will be analyzed and compared with the
PLA2's unless molecule B must be considered.

4.3. Overall structure

As expected, the overall structure closely resembles
those of other group I/II PLA2's. The overall fold is
characterized by three long �-helices HA (residues 1±
14), HC (residues 39±55) and HD (residues 89±109), a
short �-helix, HB (residues 17±23), a double-stranded
antiparallel �-sheet designated as �-wing (residues 74±
85) and a Ca2+-binding loop (residues 25±35). All of
these together with the C-terminal ridge are cross-linked
by seven disul®de bonds.

The basic PLA2 molecule containing 122 residues has
sequence identity of 63% compared with the acidic
PLA2 from the same venom (group II), 57% compared
with C. atrox PLA2 (group II), 52% compared with
human non-pancreatic secretory (h.n.p.s.) PLA2 (group
II) and only about 38% when compared with bovine
pancreative PLA2 (group I). Fig. 6 gives the sequence
comparison of these enzymes. Disregarding any dele-
tions and insertion in these enzymes, the equivalent set
of C� atoms results in the r.m.s. deviations of 1.06, 1.08,
1.35 and 1.47 AÊ between the basic PLA2 and the other
four PLA2's respectively, revealing good correspon-
dence between the structure and sequence identity. The
antiparallel long helices C and D are the structurally
most conserved region, as their r.m.s. deviations of
corresponding C� atoms range from only 0.295 to
0.378 AÊ for this region. Fig. 7 presents the C� atoms of
the present structure superimposed on the acidic PLA2

Fig. 4. Stereo diagram showing the
superposition of C� in the two
molecules in the asymmetric unit.
The thick line represents molecule
A and the thin line represents
molecule B. The side chains of the
residues around the entrance of
the hydrophobic channel are also
shown. The side chain of Trp70 is
oriented differently in the two
molecules. Every tenth residue is
labeled.
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showing a few regions that have differences. Compared
with the acidic PLA2, the N-terminal helix differs
slightly in orientation, the region connecting the N-
terminal helix with the Ca2+-binding loop shows signif-
icant deviations, the �-wing adopts a slightly closer
conformation relative to the main body of the molecule,
and the C-terminal ridge from 117 to 133 shows largest
positional differences due to the absence of two extra
residues.

4.4. Region connecting the N-terminal helix with the Ca2+-
binding loop

Compared with the acidic PLA2, the short helix HB in
this structure extends to include one more residue with
the formation of an additional hydrogen bond
Val19 O� � �Ala23 N and an additional water-mediated
hydrogen bond Val20 O� � �Wat� � �Phe24 N. Immediately
following the helix, a type II �-turn between residues
22 and 25 formed with a hydrogen bond
Tyr22 O� � �Tyr25 N. Thus, the peptide segment
connecting the N-terminal helix with the Ca2+-binding
loop becomes more compact, and the N-terminal helix
has a slightly different orientation because of a small
swing of its C-terminal end. In the acidic PLA2, a small
piece of three antiparallel �-strands formed around the
Ca2+-binding loop and the C-terminal ridge. However, in
the basic PLA2, this conformation is distorted, in which
the three peptide groups consisting of residues 24±25,
29±30 and 118±119 are rotated signi®cantly, with the
peptide planes approximately perpendicular to the
sheet, resulting in the breakdown of the two main-chain
hydrogen bonds connecting different strands, i.e.
Tyr25 N� � �Cys29 O and Phe24 O� � �Ala119 N. The
conformation in this region in the basic PLA2 is stabi-
lized by several water-mediated main-chain hydrogen
bonds. The peptide group C29ÐN30 belongs to the
Ca2+-binding loop (residues 25±35), which will be
described further in next section. Fig. 8 shows the
conformational differences of this region compared with
the acidic PLA2.

4.5. Ca2+-binding site and active site

In the present structure, the Ca2+ ion at the Ca2+-
binding site has well de®ned electron density with a B
factor of 18.6 AÊ 2. The ion is ligated by the carboxylate O
atoms of Asp49 and the carbonyl O atoms of Tyr28,
Gly30, Gly32, as well as two water molecules (equatorial
and axial water molecules), forming the usual distorted
pentagonal bipyramidal structure. The Ca2+ ligand
distances for the carbonyl O atoms range from 2.33 to
2.36 AÊ , the distances for the water molecules are 2.39

Fig. 5. Differences in main-chain and side-chain position after
superimposing molecule A and molecule B. The r.m.s. differences
for the main chain (thick line) and the side chain (dotted line) are
shown as a function of residue number.

Fig. 6. The amino-acid sequences of the basic and the acidic PLA2 from
A.h. Pallas (Pan et al., 1996; Chen et al., 1987). PLA2's from A.h.
Blomhof®i (Forst et al., 1986), C. atrox (Renetseder et al., 1985), and
human non-pancreatic secretary (Scott et al., 1991) are also shown.
The amino-acid residues are numbered essentially according to the
common numbering proposed by Renetseder et al. (1985). Residues
in blank spaces are insertions.

Fig. 7. Comparison of the C� trace of
the basic (thick line) and acidic
(thin line) PLA2. The C-terminal
region, the �-wing and the region
connecting the N-terminal helix
with the Ca2+-binding loop show
large deviations. The N-terminal
helix is presented in a slightly
different orientation (for detail
see the text). The active-site
residues His48, Asp99, Tyr52,
and Tyr73 as well as a catalytic
water molecule (�) are structu-
rally conserved and occupy similar
positions in both enzymes.
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and 2.32 AÊ , while the distance for both carboxylate O
atoms are slightly larger, 2.62 and 2.67 AÊ .

In the acidic PLA2 and other Ca2+-binding PLA2's,
the amide NH of Gly30 points toward the Ca2+ ion and is
stabilized by a hydrogen bond with equatorial water. In
the present structure, the ¯ap of the amide group C29Ð
N30 causes the carbonyl O atom of Cys29 to rotate
toward the Ca2+ ion and hydrogen bonded to the
equatorial water. The rotated amide NH of Gly30 in this
structure interacts with Tyr25 O and Gly26 O through
an intervening water molecule. Fig. 9 shows the structure
differences in the Ca2+-binding loop compared with the
acidic PLA2. The ¯ap of the C29ÐN30 peptide group
produced only minor overall conformational changes in
the Ca2+-binding loop, as indicated by an r.m.s. deviation
of 0.360 AÊ for the main-chain atoms between the basic
PLA2 and acidic PLA2. The ¯ap of the peptide group
does not result in unreasonable main-chain dihedral
angles and variation of the conformation of the disul®de
bridge Cys29ÐCys45 connecting the Ca2+-binding loop
with the helix C.

Similar to other PLA2's, this structure reveals the
critical arrangement of the conserved residues His48,
Asp99, Tyr73 and Tyr52 and the hydrogen-bonded
network formed by their side chains, which are func-
tionally important (Fig. 7). Furthermore, the structure
also includes a catalytic triad consisting of Asp99, His48
and a so-called nucleophile attacking water, of which the
latter has a well de®ned corresponding electron density
and forms two hydrogen bonds with His48 ND1 and
Asp49 OE1 (2.84 and 3.21 AÊ , respectively). In addition,
residues forming the hydrophobic channel for the
binding of the phospholipid substrate in PLA2, i.e. Leu2,
Leu3, Phe5, Ile9, Val19, Cys29, Ser31, Cys45, Lys69,

Ala102, Ala103 and Phe106 are also clearly identi®ed in
this structure (Fig. 4). Of these, Leu3, Val19 and Ser31
are different from the corresponding residues Ile3,
Met19 and Trp31 in the acidic PLA2. The side chains of
these virtually conserved residues could be super-
imposable on those of the acidic structure, except for
Lys69. The separation between the NZ atoms of Lys69
side chain is about 5 AÊ , consistent with the suggestion
that Lys69 may act as a movable hydrophobic ¯ap and
substrate ligand (Scott et al., 1990). All of these indicate
that the present structure has the same catalytic
mechanism as the acidic and other PLA2's.

4.6. Positively charged residues

The basic PLA2 is a positively charged molecule with
23 arginines, lysines and histidines and 15 glutamic and
aspartic acids. The positively charged residues that could
be of importance for phospholipid interactions are
unevenly distributed on the surface of the molecule.
There are two distinctive basic residue clusters, one at
the N-terminal helix which contains ®ve basic residues,
and another at a short 310 helix of the C-terminal ridge
which contains three consecutive basic residues at
positions 114±116.

As shown in Fig. 10, all ®ve basic residues of the N-
terminal helix are located on the polar face of the helix
and exposed to solvent environment. The concentration
of so many basic residues on a face of the N-terminal
helix has no effect on the perfect �-helix structure of the
functionally important helix as the side chains of these
residues adopt different orientations to avoid their
charge repellence (the shortest distance between side-
chain N atoms of these basic residues is 9.5 AÊ ). In many

Fig. 8. The region involving three
antiparallel �-strands in (a) the
basic PLA2, and (b) the acidic
PLA2. In the basic PLA2, a pair of
main-chain hydrogen bonds
Ala120 O� � �Asn24 O and Tyr25 N
� � �Cys29 O were replaced with
several water-mediated hydrogen
bonds.
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other PLA2 species, the charged residues in the N-
terminal helix often form strong polar interactions with
the short helix HB and �-wing residues. However,
similar interactions have not been found for the present
structure. In the basic PLA2, the NZ atoms of Lys7 and
Lys10 form hydrogen bonds with the carbonyl O atoms
of residues 3 and 14 from the N-terminal helix itself, thus
increasing the stability of the helix. His1 and Arg6 are
unusual in known sequences of PLA2's. This structure
reveals that the side chain of histidine at the N-terminus
is located at the front of the proposed interfacial
recognition site (IRS) (Dijkstra, Drenth et al., 1981). A
hydrogen bond formed between the N atom of its
imidazole ring and the carbonyl O atom of Trp70
contributes to interactions between the N-terminal helix
and a surface loop 67±72 and stabilizes the conformation
of this side chain (Fig. 1b). The occurrence of an
imidazole ring at the N-terminal does not in¯uence the
�-helical conformation of the N-terminal residues and
the buried feature of the �-amino group, which was

reported to play a critical role in interfacial catalysis.
The side chain of Arg6, stabilized by weak hydrogen-
bond interactions with water molecules, points toward
the entrance to the hydrophobic channel with a position
similar to that of His6 in uninhibited h.n.p.s. PLA2. The
side chain of Arg6 can be easily rotated out of the
entrance and interact with them when binding to the
aggregated substrates (Dijkstra, Kalk et al., 1981; Scott
et al., 1991). Three basic residues forming a second
cluster are also exposed to the solvent environment.
Their positively charged side chains are uncompensated.

The charge distribution of the IRS site of the basic
PLA2 is very different from that in the acidic PLA2. As
shown in Fig. 10, in the basic PLA2, the site (including its
edge) contains the ®ve basic residues at the N-terminal
helix, ®ve more basic residues at positions 16, 69, 92, 115
and 116 as well as ®ve acidic residues at positions 17, 67,
71, 72 and 122. Therefore, there are ®ve more basic
residues than there are acidic residues, and most of the
positive charges are located on the left hand side of the

Fig. 9. Stereoscopic comparison of
the Ca2+-binding sites of the basic
and acidic PLA2. The difference in
the C29ÐN30 peptide plane
orientation is clearly seen.

Fig. 10. A stereo diagram showing
the residues involved in the puta-
tive interfacial binding site for
aggregated substrates in the basic
PLA2. The positively charged
residues His1, Arg6, Lys7, Lys10
and Lys11 are gathered into a
cluster on the polar surface of the
N-terminal helix. The side chains
of Lys16 and Arg116 may be
rotated toward the aggregated
substrates when the enzyme binds
to them.
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channel. The corresponding site of the acidic PLA2

contains only seven charged residues with only one
more basic residue than there are acidic residues. This
may account for the differences in phospholipid
hydrolysis of the two enzymes and preference of the
basic PLA2 for negatively charged substrates.

4.7. Two tryptophans

In the present structure, besides His1 and Arg6
mentioned above, two tryptophans, Trp70 and Trp77, are
also less invariant among other PLA2 species. Residues
31 and 70 located around the entrance to the hydro-
phobic channel have been suggested to be involved in
the interfacial binding site. The acidic PLA2 has a
tryptophan at position 31. In the basic PLA2, Trp31 is
replaced by Ser, but then a tryptophan is present at
position 70. This structural analysis indicates that the
side chain of Trp70 is present in two conformations with
a difference by an approximately 109� rotation about the
bond C�ÐC
 (Fig. 4), depending on is environment. It
could swing outward, making aromatic interaction with
tyrosines from neighboring molecule; or may swing
inward, toward the entrance to the hydrophobic
channel, forming intramolecular interactions. This
implies that Trp70 could easily bind to aggregated
substrates with its large indole ring increasing the
binding ability through enhanced hydrophobic interac-
tion. This observation is consistent with the experi-
mental investigation of the basic PLA2 by Zheng et al.
(1996), in which the substrate lecithin caused an obvious
change in the tryptophane environment in the presence
of Ca2+. Trp77 is inserted between the �-wing and the
main body of the molecule, and its indole ring forms
hydrophobic interactions with the residues Met12,
Ile104, Ile82 and Tyr75 as well as the methylene units of
Lys11, where hydrogen-bonding interactions occur in
the acidic and other group II PLA2's (Brunie et al., 1985;
Wang et al., 1996). Therefore, Trp77 is involved in the

stabilization of this region. Both tryptophans in the
present structure play important roles in crystal packing
(see next section).

4.8. Dimer-like structure and crystal packing

Fig. 11 shows the packing of the basic PLA2 molecules
in the crystal as viewed down along the short c axis.
There are six contact regions in total. Extensive inter-
actions occur between molecule A0 and molecule B,
which are related by a perfect non-crystallographic
twofold axis (� = 179.9�). Fig. 12 shows the C� backbone
of this dimer-like structure with residues at the interface.
The interactions at the interface involve equivalent
residues located in the �-wing, the C-terminal section of
the ®rst helix, and the C-terminal ridge. In particular, the
side chains of Trp77 in A0 interact with the main chains
of Asn79 to Gly80 in B, and the side chains of Arg107 in
A0 with the main chains of Met12 to Gly14 in B, and vice
versa, while Leu110±Lys111 interact with their
symmetry-related versions. The interactions are mainly
hydrophobic in character. The formation of the interface
results in the solvent-accessible area buried in the
intermolecular interface amounting to 20% (1388 AÊ 2) of
the total area of 7000 AÊ 2 calculated for an isolated
molecule. The interactions also include a few direct
hydrogen bonds. The contact region contains a hydro-
philic hole, ®lled with several water molecules, some of
which are involved in water-mediated intermolecular
interactions. Another important contact region was
observed between molecule A and molecule B. In this
region, the side chain of Trp70 from B was deeply
inserted into the hydrophobic pocket made by residues
Tyr120, Tyr117, Arg116 and Leu125 from A, while the
side chains of Glu53 and Asp71 in B formed two salt
bridges with the side chains of Lys129 and Arg116 in A.
In addition, there are two more direct hydrogen bonds
and four water-mediated hydrogen bonds. The interac-
tions in the region between A0 and B0 is similar to that

Fig. 11. Stereo diagram illustrating
the packing of the basic PLA2

molecule in orthorhombic crystal.
A and B represent the two mole-
cules in the asymmetric unit; A0,
B0, B0 0, etc., are the symmetry-
related molecules. Crystallo-
graphic axes, a and b, are hori-
zontal and vertical, respectively.
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between B and A, but most of them are through water-
mediated hydrogen bonds. All the interactions in the
contact region between A0 and B00 are through water
molecules. Ser31 of both A and B have direct inter-
molecular interactions with Cys133 of its symmetry-
related molecule translated along the c axis, which may
increase the stability of the Ca2+-binding loop and the C-
terminus. The details of the intermolecular direct polar
interactions are listed in Table 3.

5. Discussion

Compared with the acidic PLA2 isoform, the present
structure shows the signi®cant conformational differ-
ences in the region connecting the N-terminal helix and
the Ca2+-binding site. Interestingly, the conformation in

this region is more like that of another basic enzyme,
h.n.p.s. PLA2 (Scott et al., 1991), while the conformation
in the corresponding region of the acidic PLA2 is more
like those of acidic PLA2's from C. atrox and bovine
pancreas. In the basic PLA2 the peptide group C29Ð
N30 ¯aps in compared with other PLA2's as described
above. This conformational change has less effect on the
coordination geometry of the Ca2+ ion. Actually, the
pentagonal bipyramidal structure of the Ca2+-binding
site of the basic PLA2 is more perfectly formed than that
of the acidic and other PLA2's. The results presented
here seem to indicate that in spite of its almost abso-
lutely conserved sequence, the Ca2+-binding loop in the
case of binding a Ca2+ ion may show conformational
freedom to a certain degree. This is obviously related to
the unique sequence of the loop which contains many
glycine residues. Although the critical orientation of the
peptide is not necessary for the binding geometry of
calcium, it may be required by the lipid hydrolysis. In the
proposed catalysis mechanism (Scott et al., 1990), the
amide NH of Gly30 was suggested to be involved in the
stabilization of the transition state. Thus, for the present
enzyme, some conformational adjustment of C29±N30
may be required in order to achieve the optimal model
for lipid hydrolysis, i.e. to eliminate the steric hindrance
of the carbonyl O of Cys29 with the substrate and ful®ll
the stabilization role of the amide NH for the oxyanion
of the transition state. The conformational adjustment
may occur during the binding of the substrate to the
enzyme. The conformational change of C29ÐN30 may
not be a facet of the crystal grown at a high pH value
(9.5), as the basic PLA2 could retain more than 90%
activity under this condition (Wu et al., 1985).

It has been suggested that phospholipase A2's may
occlude the substrate-binding sites in some way as a
general mechanism for enhancing mobility (Kwong et
al., 1995). The Trp31 in the acidic PLA2 and Arg6 in the
basic PLA2 may play such role, since their side chains
oriented toward the entrance to the hydrophobic
channel and can be easily rotated out of the entrance
and interact with them when binding to the aggregated
substrates.

Phospholipase A2 displays a much higher activity on
an lipid±aqueous interface than in solution (Jain et al.,

Fig. 12. Stereo drawing of the two
independent molecules related by
a non-crystallographic twofold
axis. Residues involved in the
interface are also shown. Mole-
cule A0 is represented by a thick
line, molecule B by a thin line.

Table 3. Intermolecular polar interactions

# Indicates the molecules translated along c axis. A0 and B0 represent
the molecules indicated in Fig. 11.

Distance (AÊ )

Molecule B Molecule A
Glu53 OE1 Lys129 NZ 3.12
Glu53 OE2 Lys129 NZ 3.16
Glu53 O Lys36 NZ 2.86
Asp67 OD2 Tyr117 OH 2.70
Asp71 OD1 Arg116 NH1 3.04
Asp71 OD1 Arg116 NH2 2.91

Molecule B0 Molecule A0

Arg116 NH2 Asp71 OD1 3.46
Lys38 NZ Asp67 OD1 3.05

Molecule A0 Molecule B
Asn79 O Lys11 NZ 2.64
Thr81 OG1 Lys11 NZ 3.37
Arg107 NH1 Lys11 O 3.31
Lys11 NZ Asn79 O 2.74
Lys11 NZ Thr81 OG1 3.47
Tyr113 O Lys111 NZ 3.22

Molecule A Molecule A#
Ser31 OG Cys133 O 3.44
Ser31 OG Cys133 OXT 3.00

Molecule B Molecule B#
Ser31 OG Cys133 O 3.26
Ser31 OG Cys133 OXT 3.20
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1993). Dimerization of the enzyme on the membrane
surface was supposed to attribute to an increase in
catalytic activity (Bell & Biltonen, 1992) and some snake
venom PLA2's exist as dimers in crystal structures
(White et al., 1990; Suzuki et al., 1995), and may function
as dimers (Brunie et al., 1985; Arni & Ward, 1995). It has
been reported that the basic PLA2 from the venom of
A.h. Pallas may occur as a dimer in some conditions
(Chen et al., 1987). In this crystal structure, two inde-
pendent molecules are related by a non-crystallographic
twofold symmetry (i.e. molecule B and molecule A0, Fig.
12). They look like a dimer structure with a monomer
packing different from those of other dimer PLA2's such
as from C. atrox, Trimeresurus ¯avoviridis and Bothrops
asper (Brunie et al., 1985; Suzuki et al., 1995; Arni &
Ward, 1995). In the dimer constructions of C. atrox and
T. ¯avoviridis, the active sites are buried in the interior
of the dimer and the substrate has no access to them.
Interestingly, in the present structure the two molecules
are juxtaposed using the face opposite to that of C. atrox
and T. ¯avoviridis, thus the active sites are exposed to
the exterior. A question arises whether this crystal-
lographic dimer of the basic PLA2 could exist in
physiological conditions as well, and whether the crys-
tallographic dimer re¯ects different interfacial catalysis
behavior from that of the acidic PLA2, which works as a
monomer as evidenced by biological and structural
studies (Chen et al., 1987; Wang et al., 1996). Unfortu-
nately, the pH used here for the crystallization is higher
than that of physiological conditions. More biochemical
and crystallographic work is required to clarify these
questions. Determination of the structure of a new
crystal form growing under a lower pH conditions is in
progress. Nevertheless, the presence of a crystal-
lographic dimer in the basic PLA2 at least implies a
tendency of this enzyme to aggregate.

It was reported that an increase in the net positive
charge of the polar face of the N-terminal helix will
increase the enzyme activity particularly toward nega-
tively charged substrates in the cases of bovine
pancreatic and C. atrox PLA2 (Randolph & Heinrikson,
1982; van Scharrenburg et al., 1982; Forst et al., 1986).
The basic PLA2 from A.h. Blomhof®i is highly homo-
logous to the enzyme reported here (only six substitu-
tions, Fig. 6). Compared with most other PLA2's, these
two basic enzymes are unique in their behavior toward
natural substrates concerning the hydrolysis of E. coli
membranes in the presence of BPI protein from
neutrophil sources. Based on the ®nding that four N-
terminal lysines, i.e. Lys7, Lys10, Lys11 and Lys16 were
the most reactive ones in the molecule for this special
hydrolytic activity, and that the N-terminal region is a
functionally important helix, it was suggested that the
cluster of basic residues in this region may be involved in
such activity (Forst et al., 1986). This structure analysis
provides accurate and detailed structures of these basic
residues. According to the description in the previous

section lysines at positions 7, 10 and 11 located on the
polar face of the N-terminal helix are exposed to the
solvent environment, and do not interact with the other
structural elements of the molecule. In addition, Lys16
has an uncompensated side chain exposed to the solvent
environment. These side chains scatter in different
orientations to form a larger positively charged face
near the entrance of the hydrophobic channel, which
may permit interactions with the negatively charged
phospholipid as well as the activator agent (e.g. BPI)
that facilitates enzyme action (Shier, 1979; Forst et al.,
1986).

PLA2's from different sources or isoforms display
different potencies in hemolytic activity due to
their structural differences. Of interest is that the
acidic PLA2 showed highest enzyme activity
(toward the substrate lecithin) but without hemo-
lytic activity (toward mixture of lecithin and rat or
human erythrocyte), while the basic enzyme showed
the lowest enzymatic activity but the strongest
hemolytic activity. The hemolysis of A.h. Pallas
PLA2's was explained as hydrolysis of the substrate
lecithin by the enzyme, leading to the release of lyso-
phospholipid. But the hemolytic behavior of these
PLA2's may also be related with different charge
distribution on the molecular surface (Wu et al., 1984).
Recently, it was shown that when Lys and Arg modi®ed
by cyclohexanedione and maleic anhydride, respectively,
the hemolytic activity of the basic PLA2 would only
retain 40%, indicating further that this pharmacological
activity may be related with some positively charged
residues (Zhou, unpublished results). However, the
mechanism for hemolysis is still unclear. This structure
analysis reveals that two clusters of basic residues are
located at or near the interfacial recognition site,
forming an asymmetric positively charge distribution.
This structural feature is quite different from that of the
acidic isoform. It would be interesting to see whether it
is related to the functional difference in binding the
negatively charged erythrocyte membrane and the
hemolytic activity for the two isoforms. Further under-
standing of this pharmacological activity of phospholi-
pase A2 requires more extensive biochemical and
physical characterization.
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of the Chinese Academy of Sciences. The data
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² Atomic coordinates and structure factors have been deposited with
the Protein Data Bank, Brookhaven National Laboratory (Reference:
1JIA, R1JIASF). Free copies may be obtained through the Managing
Editor, International Union of Crystallography, 5 Abbey Square,
Chester CH1 2HU, England (Reference: GR0679).
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