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Phospholipase A2 catalyses hydrolysis of the ester bond at the C2 position
of 3-sn-phosphoglycerides. Here we report the 1.9 Å resolution crystal
structure of the triple mutant K56,120,121M of bovine pancreatic phos-
pholipase A2. The structure was solved by molecular replacement method
using the orthorhombic form of the recombinant phospholipase A2. The
final protein model contains all the 123 amino acid residues, two calcium
ions, 125 water molecules and one 2-methyl-2-4-pentanediol molecule.
The model has been refined to a crystallographic R-factor of 19.6% (Rfree

of 25.9%) for all data between 14.2 Å and 1.9 Å. The residues 62–66,
which are in a surface loop, are always disordered in the structures of
bovine pancreatic phospholipase A2 and its mutants. It is interesting to
note that the residues 62–66 in the present structure is ordered and the
conformation varies substantially from those in the previously published
structures of this enzyme. An unexpected and interesting observation in
the present structure is that, in addition to the functionally important
calcium ion in the active site, one more calcium ion is found near the N
terminus. Detailed structural analyses suggest that binding of the second
calcium ion could be responsible for the conformational change and the
ordering of the surface loop. Furthermore, the results suggest a structural
reciprocity between the kcat

p allosteric site and surface loop at the i-face,
which represents a newly identified structural property of secreted
phospholipase A2.
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Introduction

Phospholipase A2 (PLA2) catalyzes hydrolysis of
the fatty acid ester bond at the position 2 of 1,2-dia-
cyl-3-sn-glycerophospholipids.1 The enzyme is
found both inside and outside the cell. For
example, extra cellular phospholipase A2 is found
in mammalian pancreas and in venoms (for
example snake and bee). This enzyme has been
studied extensively in the past few decades. A
comprehensive review on the structure–function
relationship of PLA2 has been published recently.2

Despite major progresses made in recently years
as described in this review, some of the issues

related to the structure–function relationship of
PLA2 remain to be resolved.

One of such issues involves the structural and
functional role of the “surface loop”, consisting of
residues 62–66 (or more inclusively residues
60–70) in pancreatic PLA2. The primary structures
of the PLA2 enzyme from bovine and porcine
pancreas share more than 85% sequence identity.
In addition, the residues 59–70 are identical in
sequence except the residues at position 63 (Phe in
porcine and Val in bovine). However, residues
62–66 have been found to be disordered in all of
the structures of bovine pancreatic PLA2 and its
mutants,3 – 6 while they exist in a well ordered con-
formation in the porcine enzyme.7

The difference in the conformation and
dynamics of the surface loop residues could be
related to binding of a second calcium ion, though
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there has been no direct evidence for this corre-
lation. While calcium ion in the active site is an
essential cofactor for both bovine and porcine
enzymes, an additional calcium ion has been
reported in porcine PLA2 enzyme7 – 8 but not in
bovine pancreatic PLA2. The ligands of the second
calcium ion in the porcine enzyme include residues
at or near the surface loop.

Here, the paper describes a novel finding that
the crystal structure of a triple mutant of bovine
pancreatic PLA2 displays a ordered surface loop
structure, and also binds a second calcium ion,
which provide an evidence for the correlation
between these two properties. Furthermore, the
triple mutant displaying this property is
K56,120,121M, which involves residues at the
“kcat

p allosteric site”2 distant from the surface loop
residues. Since the surface loop is part of the
i-face, our results also provide evidence for struc-
tural relationship between residues at these two
sites.

Results and Discussion

Quality of the triple mutant model

The final refined model consists of 954 non-
hydrogen atoms from 123 amino acid residues,
125 water molecules, two calcium ions and one
2-methyl-2,4-pentanediol (MPD) molecule. The
crystallographic R-factor for the final refined
model is 19.6% (Rfree ¼ 25.9%) for all the reflections
in the resolution range 14.2–1.9 Å. The root mean

square deviations (rmsd) from ideal geometry for
the bond length, bond angle and dihedral angle
are given in Table 1. The coordinate error estimated
using s(A ) method is 0.13 Å. The program PROC-
HECK9 was used to assess the quality of the final
model. More than 89% of the residues are in the
most favored regions of the Ramachandran plot
and no residue is observed in the disallowed
region. A total of 125 water molecules were located
and most of them are in the first hydration shell,
while 20 are in the second hydration shell. Of the
first hydration shell water molecules, 60 water
molecules are hydrogen bonded to the peptide
backbone atoms while the remaining are hydro-
gen-bonded to the side-chain atoms. The first
hydration shell water molecules make 106 and 110
hydrogen bonds (,3.6 Å) with the polar atoms of
the main-chain and side-chain, respectively, of the
protein molecule.

The electron density, in general, is very clear for
all the regions of the protein model. It is important
to note that the surface loop containing 11 residues
(residues 60–70) has clear electron density (Figure
1) except the end atoms of the side-chain, Leu 64.
Most interestingly the loop adopts a different con-
formation (see discussion below) compared to the
other forms of recombinant bovine PLA2 struc-
tures. The superposition of the triple mutant struc-
ture to the structures of the trigonal5 and
orthorhombic10 forms of the recombinant enzyme
indicated that the overall fold is similar except the
surface loop. The backbone atoms (492 atoms)
superimpose on the trigonal and orthorhombic
enzymes with a rmsd of 1.21 Å and 1.31 Å,
respectively. The largest deviations are seen in the
surface loop and at the C-terminal region (residues
116–123). The rmsd values are reduced to 0.74 Å
and 0.80 Å, respectively, if the largest deviating
residues are omitted from the calculation.

A secondary calcium ion is present in the
triple mutant structure

As stated above, there is a huge peak (.6s) near
the N-terminal region. An additional calcium ion
has been observed in the porcine PLA2 enzyme in
the same place where a strong peak is seen in the
present study.7,8 The backbone atoms of the present
triple mutant structure (the residues 60–70 and the
C-terminal region 116–123 are not included) super-
poses very well with the porcine PLA2 structure7

(PDB-id code: 1P2P) with an rmsd of 0.89 Å. The
primary and the secondary calcium ions of the
porcine PLA2 enzyme are 0.91 Å and 0.76 Å away
from the primary calcium ion and the strong peak,
respectively, observed in the present structure.
Similarly, the distances are 0.51 Å and 0.51 Å,
respectively, upon superposition with the F63V
single mutant (PDB-id code: 2PHI) porcine PLA2
enzyme.8 These comparisons provided a lead that
the strong peak corresponds to a metal ion.

Before proceeding further, it was important to
establish that the observed density corresponds to

Table 1. Crystal and other relevant geometrical par-
ameters of the triple mutant K56,120,121M

Unit cell parameters
a (Å) 39.10
b (Å) 24.35
c (Å) 67.11
b (deg.) 102.2
Space group P2
Resolution range (Å) 14.2–1.9
Total number of observations 40,817
Unique reflections 8880
Rmerge (%) 7.5
Cumulative completeness (%) at 1.9 Å 88.3
Rwork (%) for 8033 reflections 19.6
Rfree (%) for 949 reflections 25.9
Z 2
RMS deviation from ideal bond lengths (Å) 0.011
RMS deviation from ideal bond angles (deg.) 2.1
RMS deviation from ideal dihedral (deg.) 22.9
RMS deviation from ideal improper (deg.) 2.56
Average atomic temperature factors of the refined model (Å2)
Main-chain atoms 15.7
Side-chain atoms 18.8
Water molecules 33.1
Calcium ion (Ca2þ) 14.1
MPD molecule 40.5

Rmerge ¼
P

hkl lI 2 kIll=
P

I; where I is the observed intensity
and kIl is the average intensity from observations of symmetry
related reflections, respectively.
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a calcium ion instead of a chloride ion, since CaCl2

was used in the crystallization buffer. Towards
this effort, a systematic study was carried out by
analyzing all calcium and chloride ion containing
protein structures in the resolution range
1.89–1.91 Å in the Protein Data Bank.11 Of the 191
structures analyzed, the average chloride–ligand
distances were 3.16 Å and 3.26 Å (minimum and
maximum, respectively). Similar calculation with
the calcium ion revealed the distances of 2.50 Å
and 2.52 Å, respectively. In the present triple
mutant structure, the corresponding values were
2.31 Å and 2.60 Å, respectively. On the basis of the
distances, we concluded that the strong peak corre-
sponds to a calcium ion. In addition, the electron
density is very clear for all coordinated ligands for
this calcium ion (Figure 2). In the porcine PLA2
crystal structure7 (PDB-id code: 1P2P), the second
calcium ion has only four ligands (two ligands
from the reference protein molecule and the
remaining two from the same atoms of the crystal-
lographic symmetry related molecule) with an
average distance of 2.52 Å. The two reference
protein ligands are from the backbone carbonyl
oxygen of Ser72 and the O11 atom of Glu92. In
another crystal structure8 (PDB-id code: 2PHI), the
second calcium ion has six ligands, three from the
reference protein molecule (the O11 atom of Glu71,
the backbone oxygen atom of Ser72, and the O11 of

Glu92), the other three from the same atoms of the
molecule generated by the non-crystallographic
2-fold axis. The average metal–ligand distance is
2.43 Å. In both structures, the second calcium ion
is on the 2-fold axis and stabilizes the interaction
between two neighboring molecules in the crystal
structure. It is important to note that no water
molecules are found in the second calcium ion
coordination in these structures. However, in the
triple mutant structure, the secondary calcium ion
has six ligands, including three protein atoms and
three water molecules. The protein ligands are (1)
the side-chain atom Od1 of Asn71, (2) the backbone
carbonyl oxygen of Asn72, and (3) the side-chain
atom O12 of Glu92. The calcium–ligand coordi-
nation distances range from 2.31 Å to 2.60 Å with
an average distance of 2.43 Å. This average dis-
tance agrees well with the average distances
observed in the second calcium site of porcine
PLA2 structures.

Comparison of the secondary Ca21 site in
porcine and bovine structures

Early biochemical studies suggested the
presence of an extra calcium ion near the
N-terminal Ala1 of porcine pancreatic PLA2.12,13

Later, site-directed mutagenesis studies were per-
formed to identify the acidic amino acid residues

 

 

 

 

 

Figure 1. A stereo-view of the omit electron density map showing the ordered surface loop residues 60–70 in the
present triple mutant, contoured at 1.0s level. The electron density is very clear, except the end atoms of the side-
chain Leu64.
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involved in liganding the second calcium ion.14

From the studies on the three single mutants
(D66N, E71N and E92Q), it was concluded that
Glu92 was not important for binding the second
calcium ion. However, Glu71 and to a lesser extent
Asp66 were found both directly involved in the
low affinity calcium binding. It has also been
suggested that the secondary calcium ion at this
site in the bovine pancreatic PLA2 is not possible
because of the replacement of Glu at position 71
by Asn.15 Our present X-ray crystallographic
results on the triple mutant differ from previous
structures in the following aspects: the residue
Asp66 is far away (7.63 Å) from the second calcium
ion binding site. The alpha carbon distances of
Asp66 to Asn71, Asn72 and Glu92 are 5.3 Å, 8.7 Å
and 8.2 Å, respectively. Also the distances between
the side-chain carboxylate oxygen atoms (Od1 and
Od2) of Asp 66 and the second calcium ion are
5.65 Å and 7.32 Å, respectively, indicating the
absence of this residue in the calcium coordination.

The functional role of the second calcium ion is
not clear. However, it could affect interfacial bind-
ing by changing the dynamics of the surface loop,
as described in the following section.

Ordered surface loop

The residues 62–66 in the surface loop are
always found to be disordered in the recombinant
bovine pancreatic phospholipase A2 and its mutant
structures studied so far.5,16 In the present triple
mutant, the electron density for these residues
(62–66) is very clear (Figure 1). The superposition
of the surface loop residues with the corresponding
residues in the orthorhombic form is shown in

Figure 3. It is clear that the conformation of the sur-
face loop in the triple mutant is different from that
in the orthorhombic form. In the orthorhombic
form, the side-chain atom Od1 of the residue Asn71
is involved in hydrogen bonding with both car-
boxylate oxygen atoms of Asp66 which, in turn,
form hydrogen bonds with the water molecules.
Further, these water molecules are hydrogen
bonded with the backbone carbonyl oxygen atoms
of Leu64 and Val65 (Figure 4(a)). These water-
mediated hydrogen bonds seem to dictate the
surface loop conformation. In the present structure
(Figure 4(b)), the side-chain atoms Od1 and Nd2 of
the residue Asn71 are swapped such that one of
the atoms (Od1) provides coordination to the
second calcium ion. In addition, the side-chain con-
formation of Asp66 is also changed. Consequently,
the hydrogen-bonding network is disrupted,
which in turn results in a different surface loop
conformation. Therefore, the conformational
change of Asn71 induced by the secondary calcium
ion may be responsible for the alternate surface
loop conformation and ordering of the loop.
Specifically, the conformational change of the sur-
face loop could bring Asn71 into the direct vicinity
to provide possible coordination to the secondary
calcium ion. These results support the possible
connection between the conformation and
dynamics of the surface loop and the binding of
second calcium ion.

Structural reciprocity between the kcat
p

allosteric site and the i-face

The lysine residues 53, 56, 120 and 121 have been
demonstrated to be involved in substrate binding

Figure 2. A stereo-view of the omit electron density map showing the second calcium ion and its liganded atoms.
Contours are shown at 1.2s level.
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at the interface. Earlier analyses on the kinetic
effects of the single lysine substitutions17 and
deletions18 in bovine PLA2 suggested that there is
an incremental role for these lysine residues in the
anionic interface preference of bovine PLA2.
Recent biochemical studies also showed that lysine
to methionine substitution induces a structural
change that promotes the binding of PLA2 to the
interface, as well as the substrate binding to the
enzyme at the interface.19 Further analyses suggested
that the charge compensation of these positively
charged residues contribute to the kcat

p activation.
However, the location of these positively

charged residues differ from the i-face that is
involved in interfacial binding. Questions have
been raised as to whether and how these distantly
located structural features work together to facili-
tate the catalytic process and the recognition at the
interface. Previous spectroscopic studies have
shown that lysine-to-methionine mutations led to
perturbation in the environment of Trp3 side-
chain on the i-face.20 Such “structural reciprocity”
between distal regions has been considered one of
the important structural features of pancreatic
PLA2.2 The results of the present study further
suggest that the structural reciprocity could also

exist between the kcat
p allosteric site and the surface

loop residues, which in turn affects binding of the
second calcium ion. Taken together, our results
further demonstrate the intricate structural proper-
ties that are inter-related and are responsible for
various functional properties of PLA2.

The MPD molecule

The occurrence of the MPD molecule, the
organic solvent used for crystallizing the enzyme,
in the crystal structure is not uncommon.21 – 23

Normally in the crystal structure of the PLA2–
inhibitor complex, the inhibitor molecule occupies
this site. There is good evidence that a MPD
molecule is found in the active site of bovine
pancreatic PLA2.21,22 In the present structure, we
also find clear electron density for the MPD
molecule in the active site. One of the hydroxyl
groups of the MPD molecule is hydrogen bonded
to two water molecules, out of which one is a
natural ligand for the catalytic calcium ion. The
other hydroxyl group is involved in the hydrogen
bonding with the backbone carbonyl of Phe22 and
also with a water molecule.

Figure 3. A stereo-view of the superposition of the surface loop residues in the triple mutant (thick lines) and the
orthorhombic form of the wild-type (thin lines, PDB-id code: 1UNE). Residues 62–66 adopt a different conformation
compared to the orthorhombic form.
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Conclusions

The three-dimensional structure of the triple
mutant K56,120,121M of the recombinant bovine
pancreatic PLA2 has been determined at 1.9 Å
resolution and its overall fold is similar to that of
the trigonal and the orthorhombic forms of WT
PLA2 structures. A remarkable difference is that
unlike other bovine pancreatic PLA2 structures,
the residues 62–66 in the surface loop are well
ordered and this loop adopts a different confor-
mation. In addition, the present triple mutant
structure reveals the presence of a second calcium
ion, which is observed for the first time in bovine
pancreatic PLA2. The structural change of the sur-
face loop could be due to the conformational
change of the residue Asn71 induced by the sec-
ondary calcium ion. The structural reciprocity
between the kcat

p allosteric site and the surface loop

at the i-face represents a newly identified structural
property of PLA2.

Materials and Methods

Site-directed mutagenesis and protein purification

Site-directed mutagenesis was conducted using the
Quickchange method (Stratagene) with pET25(m)-pro-
PLA2 as DNA template. The triple mutant
K56,120,121M was generated by using pET25(m)-pro-
PLA2-K56M single mutant as DNA template, and muta-
genesis reactions for the single and triple mutants were
carried out with oligonucleotides in complementary
sets: 50-AACACAAGAATCTTGATATGATGAACTGTT-
AAGCTTCTG-30 (K120, 121 to M), and 50-TGCTATAAA-
CAAGCTATGAAACTTGATAGCTGC-30 (K56 to M).
The recombinant PLA2 mutant was expressed in
Escherichia coli BL 21 (DE3) pLys S strain (Novagen) in

 

Figure 4. An overview of the hydrogen-bonding pattern involving the surface loop residues, water molecules and
the residue Asn71 observed in the orthorhombic form10 (a) and in the present triple mutant structure (b).
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the form of inclusion bodies, which was refolded and
purified as described previously.24

Crystallization and data collection

Protein samples of the triple mutant were dissolved in
50 mM Tris buffer (pH 7.2), containing 5 mM CaCl2, to a
final protein concentration of 17–20 mg ml21. Crystals
that could diffract to 1.9 Å resolution were obtained at
room temperature (293 K) using hanging drop vapor
diffusion method and the crystals grew within a week.
The crystallization droplet contained 5 ml protein
solution (17–20 mg ml21) in 50 mM Tris buffer, pH 7.2,
and 2 ml of 2-methyl-2,4-pentane diol (MPD) (60%) and
the reservoir contained 70% MPD.

Complete X-ray intensity data were collected from a
single crystal with dimensions 0.20 £ 0.30 £ 0.30 mm3 at
room temperature using a 300 mm Mar Research
imaging plate detector mounted on a Rigaku rotating
anode generator operated at 40 kV, 56 mA equipped
with a Cu Ka target. The detector was placed 100 mm
away from the crystal. An oscillation angle of 18 was
used to collect the data. The data were integrated, scaled
and reduced to 1.9 Å resolution with DENZO and
SCALEPACK.25,26 A total of 40,817 observations were
measured which gave 8880 unique reflections with an
Rmerge of 7.5%.

Structure solution, model building and refinement

The present structure is P2, monoclinic system. The
structure was solved by the molecular replacement
calculations using the program AMoRe.27 The atomic
coordinates of the orthorhombic form of the recombinant
PLA2 (PDB-id code: 1UNE) were used as the starting
model, since it has the highest resolution among all the
structures solved todate.13 To monitor the progress of
the refinement and to check the quality of the model, a
total of 743 reflections (8% of the total reflections) were
used to calculate the Rfree.

28 Initially 30 cycles of rigid
body refinement were carried out, followed by 50 cycles
of positional refinement. Without the mutated residues
Met56, Met120 and Met121, the R-value dropped to
38.5% (Rfree ¼ 39.2%) for all the reflections in the resol-
ution range 14.2–1.9 Å. The methionine residues were
then inserted and fitted into the electron density map.
Then the model was subjected to simulated annealing
by employing a slow-cooling protocol, starting from
1500 K and cooling to 300 K in steps of 25 K at 0.5 fs, fol-
lowed by 200 cycles of positional refinement which
dropped the R-value to 31.3% (Rfree ¼ 33.1%). To reduce
the model bias, density modification protocol (solvent
flipping and solvent flattening) was carried out without
the surface loop residues. The resultant electron density
map was clear enough to fit the surface loop residues.
The difference maps also revealed the electron density
for the functionally important calcium ion (primary cal-
cium ion) in the active site. Surprisingly, in addition to
the primary calcium ion, one more strong peak was
found near the N-terminal region (peak height ¼ 6s).
Since no other metal ions (except CaCl2 in the crystalliza-
tion buffer) were used during purification and crystal-
lization, we interpreted the strong peak as an ion (either
calcium ion or chloride ion). We have also seen six
ligands with reasonable coordination distance (,2.6 Å)
(three protein ligands and three water molecules) around
the strong peak. On the basis of the neighboring
ligand properties and from the earlier crystal structure

evidences (see Results and Discussion for details), we
interpreted this peak as calcium ion. The calcium–ligand
distances were not restrained during the course of the
refinement. At this stage individual B-factor refinement
was started. During the progress of the refinement,
additional water molecules were picked and included in
the refinement. Omit maps (omitting 20 residues at a
time) were calculated and used to correct or check the
final protein model. In all, 125 water molecules were
included in the refinement and the final R-value was
19.6% (Rfree ¼ 25.9%). Bulk solvent correction was
applied to all data during the refinement. The structure
was refined in the resolution range (14.2–1.9 Å) without
any sigma cutoff (including all the reflections) using the
maximum likelihood (target function) and slow cooling
(torsion angle dynamics) protocols as implemented in
the refinement package CNS (1.0).29 All the refinement
calculations were performed using CNS (1.0). The
molecular modeling program FRODO30 was used to fit
the protein model into the electron density. The atomic
coordinates and the structural factors have been
deposited in the PDB11 with the accession codes 1GH4
and R1GH4SF, respectively.

Acknowledgements

The intensity data were collected at the X-ray
facility for structural biology at the Molecular Bio-
physics Unit, Indian Institute of Science, Bangalore,
India, supported by the Department of Science and
Technology (DST) and the Department of Biotech-
nology (DBT), India. In addition, facilities at the
Supercomputer Education and Research Centre,
the Interactive Graphics Molecular Modeling
Facility and the Distributed Information Centre
are gratefully acknowledged. The work from Dr
Tsai’s lab was supported by NIH grant GM 41788.

References

1. Waite, M. (1987). Handbook of Lipid Research, vol. 5,
Plenum Press, New York.

2. Berg, O. G., Gelb, M., Tsai, M.-D. & Jain, M. K. (2001).
Interfacial enzymology: the phospholipase A2

paradigm. Chem. Rev. 101, 2613–2653.
3. Sekar, K., Eswaramoorthy, S., Jain, M. K. &

Sundaralingam, M. (1997). Crystal structure of the
complex bovine pancreatic phospholipase A2 with
the inhibitor 1-hex decyl-3-(trifluro ethyl)-sn-gly-
cero-2-phosphomethanol. Biochemistry, 36,
14186–14191.

4. Sekar, K., Kumar, A., Liu, X., Tsai, M.-D., Gelb, M. H.
& Sundaralingam, M. (1998). Structure of the com-
plex of bovine pancreatic phospholipase A2 with a
transition state anologue. Acta Crystallog. sect. D, 54,
334–341.

5. Sekar, K., Sekharudu, C., Tsai, M.-D. & Sundaralingam,
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