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Abstract
Phospholipase A2 is potentially an important target for structure-based rational drug design. In order to determine the
involvement of phospholipase A2 in the action of non-steroidal anti-inflammatory drugs (NSAIDs), the crystal structure of the
complex formed between phospholipase A2 and aspirin has been determined at 1.9 Å resolution. The structure contains 915
protein atoms, 1 calcium ion, 13 atoms of aspirin and 105 water molecules. The observed electron density of the aspirin
molecule in the structure was of very high quality thus allowing the precise determination of its atomic coordinates leading to
the clear description of its interactions with the enzyme. The structure of the complex clearly shows that aspirin is literally
embedded in the hydrophobic environment of PLA2. It is so placed in the substrate binding channel that it forms several
important attractive interactions with calcium ion, His 48 and Asp 49. Thus, the structure of the complex clearly shows that
aspirin occupies a favourable place in the specific binding site of PLA2. The binding studies have shown that acetyl salicylate
(aspirin) binds to PLA2 enzyme specifically with a dissociation constant of 6:4 £ 1026 M: The structural details and binding
data suggest that the inhibition of PLA2 by aspirin is of pharmacological significance and part of its anti-inflammatory effects
may be due to its binding with PLA2.
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Introduction

In early days, drugs were generally obtained from

natural sources whose beneficial effects were primarily

detected from observations. Thus salicylate from

willow bark was used as an analgesic long before its

pharmacological properties or the molecular basis of

its action was understood. The conceptual break-

through had occurred only in the 19th century (Vane

1971) that a drug may have a specific target with

which to interact. This led to the notion of receptor-

based drug design. This knowledge influenced the

drug discovery process immensely. The most recent

phase in drug design has been based on the knowledge

of three-dimensional structure of target macro-

molecule.From experimental observationsat the atomic

level of how inhibitors bind to their macromolecular

targets, specific interactions that are important in
molecular recognition can be inferred. This knowl-
edge can be applied to lead compounds in the de novo
design as well as the improvement in existing leads.
This can also provide insights into the mechanism of
action of existing drugs. In 1970s it was reported that
aspirin as well as other non-steroidal anti-inflamma-
tory drugs (NSAIDs) inhibit the synthesis of
prostaglandins from arachidonic acid (Vane 1971).
The prostaglandins and their related compounds such
as prostacyclins, thromboxanes and leukotrienes
collectively known as eicosanoids are produced by a
multistep reaction of which every step is catalyzed by a
specific enzyme. The eicosanoids are known to have
profound physiological effects at extremely low
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concentrations (Granstrom 1983) while an imbalance
in their production is associated with various chronic
diseases such as rheumatoid arthritis (Sperling 1995)

and asthma (Pavord et al. 1999). The inhibitors of

these enzymes might, therefore, act to reduce the

effects of inflammation. It has been indicated that the

NSAIDs are directed against some of the enzymes of

the cascade such as PLA2s (Kaplan et al. 1978) and

COX-1 and COX-2 (Cryer and Feldmen 1998).

However, the precise binding sites for NSAIDs in

PLA2 enzymes and hence the atomic details of their

interactions are not yet fully understood.

Aspirin has been widely used throughout the world

but the precise mechanism of its action and the nature

of its interactions with individual target molecules are

yet to be established. Some reports stated that it

produced its pharmacological effects by inhibiting the

functions of cyclooxygenases (Roth and Majerus

1975; DeWitt 1991) but, much is still left to be

understood about the atomic interactions with the

target enzymes. Although the structure of a complex of

bromoaspirin with prostaglandin H2 synthase has been

reported and the structural basis of aspirin activity has

been inferred, it has been based on the covalent

modification of Ser 530 in the substrate binding site of

the enzyme (Loll et al. 1995). However, the structure

of a molecular complex of aspirin with either

cyclooxygenase or PLA2 enzyme has not been reported

so far. In order to determine the basis action of aspirin,

we have solved the crystal structure of the complex

formed between PLA2 and aspirin at 1.9 Å resolution.

It has already been established that the catalytic

function and the mode of binding are similar in

secretory human and snake venom PLA2 s (White et al.

1990) and hence either of them can be used for binding

studies with ligand. The present structure shows the

presence of an aspirin molecule at the binding site of

Cobra PLA2. The high quality of the observed electron

density for aspirin in the structure clearly indicates that

aspirin was bound to PLA2. The large number of

observed interactions between PLA2 and aspirin

including those with His 48, Asp 49 and calcium ion

provide a strong basis of its mode of action through its

binding to PLA2. This is the first crystal structure of a

molecular complex involving aspirin and one of its

macromolecular targets in the cascade mechanism.

Materials and methods

Purification of PLA2

The crude venom of the south Indian/Andaman cobra

subspecies Naja naja sagittifera was obtained from the

Irula snake farm in Tamilnadu (India). An amount of

250 mg of venom was dissolved in 25 ml of deionized

water. This was centrifuged at 16,000 rpm for 20 min

to remove insoluble material. The supernatant was

collected and diluted twice with 50 mM ammonium

acetate buffer pH 6.0. The diluted sample was loaded

on a pre-equilibrated column (20 £ 2.5 cm) with the

same buffer containing Affi-gel Cibacron blue F3GA.

The column was washed with 20 mM ammonium

acetate buffer pH 6.0 to remove unbound fractions.

In the next step 50 mM ammonium bicarbonate

buffer pH 8.0 was passed through the column to

remove weakly bound proteins. Finally, 20 mM

ammonium carbonate buffer pH 10.5 was used to

elute the bound PLA2. These fractions were dialyzed

against ammonium acetate buffer pH 7.5 to adjust the

final pH to 7.5. Then, it was loaded on a

diethylaminoethyl (DEAE)–Sephacel anion exchan-

ger column (10 £ 2.5 cm) at the same pH. In order to

elute the acidic PLA2 a salt gradient of NaCl, 0.0–

0.5 M in 50 mM ammonium acetate buffer pH 7.5

was used. The fractions having PLA2 activity were

eluted at 0.25 M NaCl. The activity was measured

using commercially available phosphatidylcholine as

the substrate (Sigma Co., USA) by estimating the

amount of free fatty acid liberated from the substrate

at 578 nm. The decrease in absorbance at 578 nm was

recorded with Perkin-Elmer spectrophotometer

(model-Lambda 25). The fractions containing PLA2

activity were dialyzed against ammonium acetate

buffer pH 6.0. In order to remove minor contami-

nants, the dialyzed fractions were further passed

through a sulphopropyl (SP)-Sephadex cation

exchanger column (10 £ 2.5 cm) equilibrated with

ammonium acetate buffer pH 6.0. The unbound

fractions were collected and dialyzed against water to

remove the salt. The purified samples were

lyophilized.

Kinetic and inhibition studies of PLA2 with acetyl

salicylate (aspirin)

In order to determine the precise value of the

dissociation constant (Kd) of aspirin with PLA2, the

biosensor technology based on optical surface

plasmon resonance (SPR) (Szabo et al. 1995) was

used. The experiment was performed using BIAcore

apparatus (Pharmacia BIAcore, Uppsala, Sweden).

The sensor chips CM 5, surfactant P20, the amine

coupling kit containing N-hydroxysuccinimide

(NHS), N-ethyl-N0-(3-diethylaminopropyl) carbo-

diimide (EDC) and ethanolamine hydrochloride

were used in the study. The buffer used was 5 mM

HEPES (pH 7.4), 0.005% surfactant P20. The

immobilization of PLA2 was performed at a flow of

10ml/min at 258C. The dextran on the chip was

equilibrated with running buffer and carboxymethy-

lated matrix was activated with an EDC/NHS

mixture, 210ml of PLA2 (50mg/ml) in 10 mM sodium

acetate (pH 4.8) was injected and unreacted groups

were blocked by injection of ethanolamine (pH 8.5).

The SPR signal for immobilization protein was 5049

resonance units (RUs).

R. K. Singh et al.114
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Crystallization

The purified samples of PLA2 were dissolved in

10 mM sodium phosphate buffer pH 6.0 containing

1 mM CaCl2 to a final concentration of 2.5 mg/ml.

Aspirin (acetyl salicylate) was added to the protein

solution at 10 times higher molar concentration. This

was mixed well and centrifuged. The 5ml drops of the

above mixture were equilibrated in a hanging drop

vapour diffusion method against the same buffer

containing 30% ethanol in the reservoir. Diamond

shaped crystals of dimension up to 0.3 £ 0.3 £

0.3 mm were obtained at 298 K after a week.

Data collection

The X-ray intensity data were collected on a MAR

Research imaging plate scanner mounted on an RU-

300 Rigaku rotating anode generator equipped with

Osmic mirrors. The crystals were diffracted to 1.9 Å

resolution. The data were processed and scaled using

the programs DENZO and SCALEPACK from the

HKL-2000 package (Otwinowski and Minor 1997).

The overall completeness of data was 97.1%. The

statistics of crystallographic data are listed in Table I.

Structure determination and refinement

The crystal structure was determined using molecular

replacement method with the program AMoRe

(Navaza 1994). The coordinates of native PLA2

from Naja naja sagittifera (Singh et al. 2003; PDB

code: 1SZ8) were used as a model. It yielded a

solution with an R factor of 41.9% and a correlation

coefficient of 45.8%. The refinement was carried out

with program REFMAC 4.01 (Collaborative Com-

putational Project, Number 4, 1994; Murshudov et al.

1997). At each step j2Fo 2 Fcj and jFo 2 Fcj maps

were calculated for manual model building using

the program O (Jones et al. 1991) on Silicon Graphics

O2 work station. The structure improved gradually

and the R factor dropped after every step. The

refinement of individual B-factors also converged the

R-factor to 0.246. At this stage a good quality extra

electron density having characteristics features was

observed in both j2Fo 2 Fcj and jFo 2 Fcj maps at

the substrate binding site of PLA2. The molecule of

aspirin was fitted perfectly into it. It was one of the

most accurate densities observed that has been for a

ligand of PLA2 reported so far. The calcium ion was

also clearly located in the structure. The positions of

105 water molecules were determined from the

difference Fourier jFo 2 Fcj maps. The final cycles

of refinement using all the reflections in the resolution

range of 20–1.9 Å reduced the R and Rfree factors to

0.171 and 0.208 respectively. The final statistics of

refinement are given in Table II.

Results and discussion

Inhibition of PLA2 by aspirin

The interaction of aspirin with PLA2 was studied in

real time by SPR. The chip was coated with dextran

matrix to which one of the reactants (PLA2) was

covalently linked, while the second reactant (aspirin)

was introduced into a flow passing over the surface.

The resonance angle expressed in RUs depends on the

refractive index of the vicinity of the molecules on the

surface. The association of aspirin to immobilized

PLA2 was determined by injecting at 258C, 50, 75,

100, 125 and 150mg aspirin/ml separately at different

cycles in 5 mM HEPES (pH 7.4) with 5 mM Ca2þ at a

flow rate of 10ml/min. The dissociation of aspirin was

performed by 5 mM HEPES (pH 7.4). The analysis

was carried out using BIAEVALUATION 3 software

Table II. Summary of Crystallographic Refinement

PDB code 1OXR

Resolution limits (Å) 20–1.9

No. of reflections 8,709

RCryst (%) 17.1

RFree (4.7% data) (%) 20.8

Protein atoms 915

Calcium ion 1

Aspirin (13 atoms) 1

Water molecules 105

R. m. s. deviations in bond lengths (Å) 0.01

R. m. s. deviations in bond angles (8) 1.5

R. m. s. deviations in dihedral angles (8) 17.5

Overall G factor 0.22

B-factor from Wilson plot (Å2) 22.1

Average B factor for main-chain atoms (Å2) 23.1

Average B factor for side-chain atoms and waters (Å2) 29.7

Average B factor for all atoms (Å2) 26.7

Residues in the most allowed regions (%) 93.2

Residues in the additionally allowed regions (%) 6.8

Estimated coordinate error (after Luzzati, 1952) (Å) 0.20

Estimated coordinate error (from sA; Read, 1986) (Å) 0.22

Table I. Data Collection Statistics

Space group P41

System Tetragonal

Unit cell dimensions (Å)

a ¼ b 42.6

C 65.1

Z 4

Vm (Å3/Da) 2.2

Solvent content (%) 45.3

Number of observed reflections 61,732

Number of unique reflections 8709

Resolution range (Å) 20–1.9

Overall completeness (%) 97.1

Completeness in the highest resolution shell

(1.95–190 Å) (%)

75.6

Redundancy 7.8

Overall Rsym (%) 9.9

Rsym in the highest resolution shell (1.95–1.90 Å) 22.3

Overall I/s 16.7

I/s in the highest resolution shell (1.95–1.90 Å) 2.1

Crystal structure of phospholipase A2–aspirin complex 115
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(Pharmacia BIAcore) (Nieba et al. 1996). The

dissociation constant (Kd) was calculated to be

6:4 £ 1026 M: This interaction strength might allow

association of aspirin with PLA2 in vivo. This also

indicated that aspirin bound to PLA2 specifically and

might presumably contribute to its anti-inflammatory

effects.

Quality of the model

The final model consists of 915 protein atoms, 1

calcium ion, 1 molecule of aspirin and 105 water

molecules. These atoms occupy approximately 68% of

the unit cell volume. The j2Fo 2 Fcj electron density

map shows well defined features for both the backbone

and the side chains of the enzyme. The refined model

has a good overall geometry with rms deviations for

bond lengths and bond angles of 0.01 Å and 1.58

respectively. The stereochemistry of the final model

was checked with the program PROCHECK (Las-

kowski et al. 1993). It showed that 93.2% of the

backbone dihedral angles were found in the most

favoured regions while the remaining 6.8% were

located in the additionally allowed areas of the f, c

plot (Ramachandran and Sasisekaran 1968). The

average B factor for the structure is 26.7 Å2.

The refinement parameters are listed in Table II.

Binding of aspirin to PLA2

The electron density for aspirin as indicated by the

initial difference (jFo 2 Fcj) Fourier map was

exceptionally clear (Figure 1) and allowed an

accurate determination of its atomic coordinates.

Aspirin is placed in the hydrophobic channel at a

position that is adjacent to the calcium binding loop

(Tyr 28-Ser 34) (Figure 2). Thus it occupies a highly

favourable site in the enzyme and appears to be

literally embedded in the hydrophobic environment

of the channel. As seen from Figure 3, the

conformation of the aspirin molecule in the complex

was found to be significantly different than its

structure in free form (Mootz and Fayos 1970). In

the complex, the acetyl group is rotated by 98.68

about the C2ZO3 (C1ZC2ZO3ZC8) bond. The fact

that the aspirin molecule underwent a conformational

change on binding to PLA2 is indicative of its

potential in adopting a suitable structure as a potent

inhibitor of PLA2. As seen from Table III, aspirin is

involved in several interactions with PLA2. The O1

atom of the carboxylic group of aspirin

directly interacts with the Ca2þ ion. Similar direct

Figure 2. Structure of the complex of PLA2 with aspirin. The

hydrogen bonded interactions between PLA2 and aspirin are shown

with dotted lines. The enzyme molecule with hydrophobic residues

is shown in blue while the residues of the active site are indicated in

green. Aspirin molecule is shown in yellow.

Figure 3. Superimposition of an aspirin molecule in the complex

(blue) on the free molecule (green) (Mootz and Fayos 1970).

Figure 1. An initial difference electron density map jFo 2 Fcj at 2

s cut off indicating the presence of an aspirin molecule in the

binding site of PLA2.
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interactions with the Ca2þ ion were also reported in

the complexes of human non-pancreatic secretory

PLA2 with potent indole inhibitors (Schevitz et al.

1995). It also forms a hydrogen bond with a water

molecule OW 65 which in turn is involved in bridging

Asp 49 and His 48 through two hydrogen bonds with

Od1 of Asp 49 and Nd1 of His 48 respectively. The O2

atom of aspirin forms another hydrogen bond with

OH of Tyr 64. As seen from Figure 2, a number of

hydrophobic residues such as Leu 2, Phe 5, Phe 22,

Tyr 28 and Gly 30 are also involved in an extensive

network of hydrophobic interactions with aspirin

(Table III). Although aspirin occupies the most

suitable region of the substrate binding site, it does

not fill the binding space completely (Figure 4) and

hence an appropriate enhancement of its size will be

desirable to completely saturate the binding site of

PLA2 for the improvement in its binding affinity. It

may be noted that the structural studies with natural

anti-inflammatory compounds have shown that in

addition to a bulk of hydrophobic interactions, the

presence of an OH group at an appropriate site of the

ligand is recommended to generate two crucial

hydrogen bonds with His 48 and Asp 49 simul-

taneously (Chandra et al. 2002a, 2002b). A

comparison of the structure of the present complex

with one of the structures of the complex of Russell’s

viper PLA2 with aristolochic acid (Chandra et al.

2002a) showed an excellent overlap of the aspirin

molecule with aristolochic acid (Figure 5). A further

comparison of the structure of the present complex

with that of the complex of human PLA2 with a

substrate analogue inhibitor shows that the aspirin

molecule covers the most favourable region in the

hydrophobic substrate binding site of PLA2 as it

overlaps with the central part of the substrate

analogue thus indicating the use of the same substrate

binding site of the aspirin molecule (Figure 6). The

structure of the present complex of PLA2 and aspirin

Table III. Interactions between the Protein (CPLA2) and the

Aspirin (hydrogen bonds and hydrophobic interactions)

Aspirin Protein Distance (Å)

O1 Gly 30 O 2.94

O1 Gly 30 N 2.93

O1 Tyr 28 O 3.07

O1 Asp 49 Od1 3.00

OW 65 2.84

O1 Ca ion 2.61

O2 Tyr 64 OH 3.33

C1 Gly 30 Ca 3.39

C3 Phe 5 Ce2 4.01

C4 Phe 5 Ce2 4.01

C5 Phe 22 C 3.97

C5 Phe 5 Ce2 4.01

C6 Gly 30 Ca 3.61

C6 Cys 29 Ca 3.85

C6 Phe 5 Ce2 4.01

C7 Gly 30 Ca 3.33

C7 Gly 30 C 3.60

C8 Leu 2 Cg 3.72

C9 Gly 30 Ca 3.42

C9 Gly 30 C 3.44

Figure 4. Grasp representation (Nicholls et al. 1991) of the

binding site and hydrophobic channel. Aspirin is shown as a ball and

stick model and is completely buried in the cavity.

Figure 5. The superimposition of the PLA2–aspirin complex

(green) on PLA2–aristolochic acid (pink). The aspirin molecule

(green) overlaps with aristolochic acid (pink).

Crystal structure of phospholipase A2–aspirin complex 117
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showed a new mode of efficient binding which

involved a direct interaction with the Ca2þ ion

together with other important interactions involving

His 48 and Asp 49 through a water molecule. Similar

interactions were also observed in the complexes of

PLA2 with 1-Hexadecyl-3-(trifuoroethyl)-sn-glycero-

2-phosphomethanol (Sekar et al. 1997), a highly

potent inhibitor (FPL67047XX) (Cha et al. 1996)

and anisic acid (Sekar et al. 2003).

Structure of complex

The structure of PLA2 in the present complex agrees

well with its native structure reported earlier at 1.5 Å

resolution (Singh et al. 2003; PDB code: 1SZ8). The

superposition of the Ca traces of the two structures

shows an overall rms shift of 0.41 Å (Figure 7). The

conformations of side chains of residues of active site

Asp 49, His 48, Tyr 52 and Asp 94 are unchanged.

Trp 19 which is located at the mouth of the

hydrophobic channel which has similar orientations

in the two structures. This shows that aspirin binds to

PLA2, without introducing any perturbation thus

suggesting a high compatibility with the binding site.

It may be mentioned here that the orientation of Trp

19 was found only slightly altered in the case of group I

PLA2 complex with the designed peptide Val–Ala–

Phe–Arg–Ser (Singh et al. 2003). On the other hand

in group II PLA2, the corresponding Trp 31 showed a

dramatic conformational change on ligand binding

(Chandra et al. 2002c, 2002d).

Conclusions

The structural and kinetic data clearly indicate that

aspirin binds to PLA2 specifically with a dissociation

constant (Kd) of 6:4 £ 1026 M: As PLA2 has been

reported to show high levels in synovial fluid in many

inflamed states, the binding of aspirin as observed in the

present complex seems to be partly responsible for its

anti-inflammatory effects. Similarly, the other NSAIDs

may be inducing their therapeutic effects by binding to

more than one enzyme in the cascade reaction that

produces pro-inflammatory compounds. The struc-

tural studies of complexes formed between PLA2 and

various inhibitors/anti-inflammatory agents clearly

indicate that the bulk of interactions between them

are of hydrophobic in nature. However, three types of

selective interactions of strategic significance have been

observed: (i) the presence of carboxylic or ketonic

oxygen in the ligands might provide interactions with

the Ca2þ ion of the enzyme together with hydrogen

bonds with other neighbouring residues and water

molecules (Schevitz et al. 1995; present studies),

(ii) the introduction of an OH group on the

hydrophobic framework of the ligand that faces

the active site residues may be involved in the

formations of hydrogen bonds with Asp 49 and His

48 simultaneously (Chandra et al. 2002a, 2002b,

2002c), and (iii) the presence of positive and negative

charges at the end of a hydrophobic structure can

provide strong electrostatic interactions with Asp 49

and His 48 of the active site of PLA2 (Chandra et al.

2002d). Thus, the design strategy for preparing potent

and selective inhibitors of PLA2 must include one of

Figure 6. Superimposition of the PLA2–aspirin complex on the

human PLA2–transition state analogue complex (Scott et al. 1991)

showing similar binding spaces in the two structures.

Figure 7. Superimposition of the Ca structures of native PLA2

(red) (1.5 Å resolution, PDB code: 1SZ8) and present PLA2

(green). The side chains of the active site residues and Trp 19 are

also shown.
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these three strategies in addition to extensive hydro-

phobic interactions.
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