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The crystal structure of an engineered phospholipase A2 with enhanced activity has been
refined to an R-factor of 18·6% at 2·1 A resolution using a combination of molecular
dynamics refinement by the GROMOS package and least-squares refinement by TNT· This
mutant phospholipase was obtained previously by deleting residues 62 to 66 in porcine
pancreatic phospholipase A2, and changing Asp59 to Ser, Ser60 to Gly and Asn67 to Tyr·
The refined structure allowed a detailed comparison with wild-type porcine and Crotalus
atrox phospholipase A2· The conformation of the deletion region appears to be intermediate
between that in those two enzymes· The residues in the active center are virtually the same·
An internal hydrophobic area occupied by Phe63 in the wild-type porcine phospholipase A2
is kept as conserved as possible by local rearrangement of neighboring atoms· In the mutant
structure, this hydrophobic pocket is now occupied by the disulfide bond between residues
61 and 91. A detailed description of the second binding site for a calcium ion in this enzyme
is given·

1. Introduction

Phospholipase A2 (PLA2†, phosphatide acyl-
hydrolase, E.e.3·1.1.4) catalyzes the hydrolysis
of the 2-acylesterbond of 3-sn-glycerophospholipids
in a calcium-dependent reaction (Waite, 1987)· The
enzyme can be found both inside and outside the
cell· Extracellular phospholipases A2 occur abun-
dantly in mammalian pancreatic tissue and juice
and in snake and bee venoms· The enzymes from
mammalian pancreas and snake venom show a high
degree of sequential homology (Waite, 1987;
Volwerk & de Haas, 1982), and the intracellular
phospholipases A2 appear to be homologous
(Mizushima et al., 1989; Seilhamer et al·, 1989;
Kramer et al·, 1989)· The pancreatic PLA2 is
produced in the pancreas as a zymogen· Upon
secretion into the duodenum the proenzyme is acti-
vated by trypsin, which cleaves off seven
N-terminal amino acid residues· For the snake
venom PLA2s, the existence of a zymogen is not
known (Nieuwenhuizen et al·, 1974).

† Abbreviations used: PLA2, phospholipase A2; Δ62-66
PLA2 mutant, porcine PLA2 with residues 62 to 66
deleted and additional mutations D59S, S60G and
N67Y; r·m.s·, root-mean-square; bis-Tris, bis(2-hydroxy-
ethyl )amino- tris(h ydroxymethy I)methane·

One of the intriguing properties of phospholipases
A2 is the fact that they show quite different
behavior towards monomeric and aggregated
substrates· While the mammalian proenzyme and
the mature enzyme have a similar activity on mono-
meric substrates, the mature enzyme hydrolyzes
aggregated substrates with much higher rates than
it does monomeric substrates· The proenzyme does
not show this activation by aggregated substrates
(Pieterson et al·, 1974)· The much higher rates of
hydrolysis of aggregated substrates imply that the
enzyme must recognize lipid/water interfaces, and
that it probably possesses a binding site for aggre-
gated substrates· Indeed, several residues have been
identified by chemical modification to be part of this
recognition site and were shown to affect the
enzyme's properties with respect to the binding of
aggregated substrates· On the basis of these studies,
it was concluded that Leu2, Trp3, Arg6, Leu19 and
Tyr69 are part of the binding site for aggregated
substrates (Volwerk & de Haas, 1982). The three-
dimensional structure of the bovine pancreatic
PLA2 showed that these residues are on one face of
the protein molecule, around the entrance of the
active site cleft (Dijkstra et al·, 1981). From these
observations it was concluded that the binding site
for aggregated substrates is an extended area
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around the active site cleft. Residues 65, 67, 70 and
72 were proposed to be part of this binding site
(Dijkstra et al., 1981). These latter residues have not
been further analyzed by chemical modification
methods.

In the pancreatic phospholipases A2, residues 65
to 70 occur in a surface loop. A comparison of the
structures of the mature bovine phospholipase A2
and the bovine proenzyme shows that in the pro-
enzyme this surface loop (comprising residues 62 to
72) and a part of the N-terminal helix are flexible or
disordered, but that they have a well-defined
conformation in the mature enzyme (Dijkstra et al.,
1982). The same flexibility was observed in the
structure of the N-terminally transaminated bovine
phospholipase A2, which has the same kinetic
properties as the proenzyme (Dijkstra et al., 1984).
An explanation for this difference in mobility in
mature and proenzyme can be found in the fact that
the 62-72 loop is linked via a hydrogen-bonding
system to the N-terminal α-NH3+group. When this
hydrogen-bonding system is disrupted, as is the case
in both the proenzyme and the N-terminally trans-
aminated enzyme where no free α-NH3+ exists
anymore, the 62-72loop and part of the N-terminal
helix become flexible. Because the proenzyme and
the transaminated enzyme do not show any increase
in activity when the substrate concentration is
above the critical micelle concentration, it was
concluded that these enzymes do not have an intact
binding site for aggregated substrates and that the
62-72 loop is important for the regulation of the
enzyme's activity towards aggregated substrates
(Dijkstra et al., 1984).

Interestingly, sequences of snake venom phospho-
lipases A2 show a deletion of five to eight residues in
this loop (see Table I). It is one of the most con-
spicuous sequence differences (Waite, 1987). Also,
the kinetic properties and substrate specificity of
snake venom phospholipases A2 are rather different.
The snake venom phospholipases A2 have in general
higher turnover numbers and have a higher affinity
for phospholipid molecules aggregated in micelles
than do the pancreatic phospholipases A2. The
pancreatic PLA2s are in general more active
towards negatively charged phospholipids (van Eyk
et al., 1983; Verhey et al., 1981).

In an attempt to investigate the influence of these
residues on the catalytic activity, residues 62 to 66
in the porcine PLA2 were deleted (Kuipers et al.,

1989a). To increase the sequential homology with
elapid snake venom PLA2, a few other mutations
were performed: Asp59Ser, Ser60Gly and Asn67Tyr
(see Table I). The glycine at position 60 was intro-
duced because it was thought that the enzyme
needed at that position a residue with a larger
conformational freedom in order to form the proper
disulfide bridge between cysteine 61 and cysteine
91. The Tyr at position 67 was introduced because
in many snake venom phospholipases A2 an aro-
matic residue is found at this position. Ser at posi-
tion 59 is found in many of the elapid snake venom
PLA2s (Dennis, 1983). The construction and charac-
terization of this mutant phospholipase A2 (Δ62-66
mutant) and a preliminary description of its struc-
ture were given by Kuipers et al. (1989a). The
Δ62-66 mutant showed a 16-fold increase in activity
on micellar (zwitterionic) short chain lecithins
compared to the native porcine PLA2. The hydro-
lysis of phospholipid monomers is twice as fast. The
structure at 2,5 A (I A = 0·1 nm) resolution revealed
that the biggest difference between the wild-type
porcine and the Δ62-66 mutant porcine PLA2 struc-
ture is found in the deleted loop area and in the
topology of the binding site for aggregated
substrates.

Here, we report the structure of the Δ62-66
mutant, refined at 2·1 A resolution to a final
R-factor of 18'6%. Both molecular dynamics refine-
ment and conventional least-squares refinement
procedures have been applied. A detailed descrip-
tion of the structure and a comparison with the
structure of wild-type phospholipase A2 is given.

2. Materials and Methods
(a) Crystallization and data collection

The Δ62-66 PLA2 mutant was generously provided to
us by the group of H. M. Verhey, A.J. Slotboom and
G. H. de Haas (State University, Utrecht).

The freeze-dried protein was dissolved in 0'1 M-sodium
acetate (pH 4'5) to a final concentration of 10 mg/ml.
This solution was dialyzed overnight against
100 mM-bis-Tris' HCI (pH 7'0) with 5 mM-CaCI2 added, in
order to prevent rapid precipitation. The enzyme was
crystallized at room temperature by vapor diffusion in
hanging drops. The reservoir solution contained I ml of a
solution of 50% (v/v) methanol in 100 mM-bis-Tris' HCI
(pH 7'0), 5 mM-CaCI2. Drops of 6 µl were formed by equal
mixing of 3 µl of protein solution and 3 µl of the reservoir

Table 1
Comparison of part of the sequences of the mutant P LA 2 and of 3 native P LA 2S

50 55 60 65 70

(a) H D N C Y R D A K N L D S C K F L V D N P Y T E S Y
(b) * * * * * G E * E K I S G * ---W * * I K T *
(c) * * C * * G K * T * * * * K * V * *
(d) * * * * * * * * * * * S G * - -- -- - - Y * * * * * *

(a) Porcine pancreatic PLA2; (b) Naja melanoleuca PLA2 fraction DE-III; (c) C. atrox PLA2; and
(d) mutant Δ62-66 PLA2. The sequence numbering is according to Renetseder et al. (1984). An asterisk
(*) denotes homology with the porcine sequence. Absent amino acid residues are indicated by a dash.
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Table 2
Completeness of data

Before† After†

Resolution (Å) Completeness(%) Rmerge‡ Completeness(%) Rmerge‡

∞~IO·OO 58·8 2·36 58·8 2·36
1O·00~ 7·07 85·3 3·15 85·3 3·16

7·07~ 5·77 92·5 3·56 92·5 3·56
5·77~ 5·00 91·0 3·91 91·0 3·93
5·00- 4·47 91·8 4·43 91·8 4·44
4·47- 4·08 91·3 4·69 91·3 4·70
4·08- 3·78 92·0 4·70 92·0 4·70
3·78~ 3·54 92·2 5·06 92·0 5·07
3·54- 3·33 93·4 5·48 93·1 5·48
3·33~ 3·16 94·4 5·83 93·8 5·90
3·16~ 3·02 93·6 5·82 88·6 5·82
3·02- 2·89 92·7 6·04 86·5 6·11
2·89- 2·77 92·8 7·24 82·1 7·15
2·77~ 2·67 92·3 7·94 82·7 7·61
2·67~ 2·58 89·0 8·90 74·3 8·59
2·58~ 2·50 89·6 8·75 77·5 8·45
2·50- 2·43 87·7 9·20 73·4 8·18
2·43- 2·36 87·1 12·01 72·8 11·04
2·36~ 2·29 83·7 11·35 68·1 1O·57
2·29~ 2·24 82·1 11·29 67·6 1O·95
2·24- 2·18 77·8 12·09 65·0 11·52
2·18- 2·13 74·8 12·80 61·1 11·96
2·13~ 2·09 71·8 15·43 61·1 14·46

Total 87·0 5·54 78·4 5·29

H Before and after removal of strongly deviating reflections with Is-II (see the text for
explanation)·

I I |I(hkl,j)-I(hkl)|

H Rmerge= hkl refLΣΣ I(hkl)
hkl refl.

solution· Crystals suitable for X-ray analysis grew within
1 week· The crystals are platelets about 0·7 mm x 0·3 mm
x 0·15 mm in size· The spacegroup is P21· There are 2
molecules of 119 residues each in an asymmetric unit·

Data up to 2·1 A resolution were collected from 1
crystal with cell dimensions a = 45·8 Å, b = 73·4 Å,
c = 37·3 Å and β = 1O7·4°on an Enraf-Nonius FAST area
detector, equipped with a CAD4 kappa-goniostat, with
graphite monochromatized CuKα radiation from an Elliot
GX-21 rotating anode generator· Data collection and
reduction were carried out using the program system
MADNES (Pflugrath & Messerschmidt, 1986)· The crystal
was mounted in a glass capillary with its b-axis approxi-
mately parallel to the capillary axis· The capillary with
the crystal was positioned such that it was more or less
aligned with the goniostat's φ-axis· The φ-axis was set so
as to make an angle of about 36° with the ω-axis of the
goniostat (thus the crystal's b-axis and the ω-axis do not
coincide) · This was done to optimize collection of a
virtually complete dataset· Data were collected by
rotation about the ω-axis using 2 different φ-settings of
the crystal 90° apart, one at φ = 1450 and one at
φ = 2340

• At the Ist setting, 1800 of oscillation were
collected· However, due to radiation damage, only 130°
could be collected at the 2nd setting· The resulting
dataset contained 30,069 usable observations, 13,801 of
which were unique reflections· The data had Rmerge=
0·055 for 12,278 hkl values (for a definition of Rmergesee
the legend to Table 2)·

The overall completeness was 89·7 %· Data were
divided into chunks with Δφ = 10°, scaled (Hamilton et al·,

1965) and merged together into a single dataset using
programs of the Groningen BIOMOL protein structure
determination software package· Deviating reflections
(reflections not within 2·24 σ from the mean intensity)
were omitted· The completeness of the dataset decreased
to 87·0% after this procedure· Because the refinement did
not converge (see below), we reassessed the quality of our
data at a later stage· After a local scaling procedure it
appeared that reflections with I≤ -11 had relatively very
high R-factors (up to 80%)· These reflections were
omitted· The completeness decreased thereby to 78·4%·
In order to find an explanation for these high R-factors,
the whole data collection procedure was checked· It was
observed that most of these reflections were collected in
the later stages of the data collection· Most probably we
underestimated the effect of (anisotropic) radiation decay·
Table 2 gives an overview of the completeness and Rmerge
as a function of resolution both before and after the
removal of these deviating reflections·

(b) Refinement

It has been shown that energy refinement combined
with molecular dynamics simulation can be very powerful
at the initial stages of a refinement procedure (Gros et al·,
1989a)· Molecular dynamics techniques allow a molecular
system to explore a larger conformational space than is
possible with the more conventional methods of least-
squares refinement (Brünger, 1988; Fujinaga et al·, 1989;
Gros et al·, 1989b)· We started molecular dynamics refine-
ment with the GROMOS MDXREF program (Fujinaga et
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al., 1989). As a starting model we used the partially
refined structure at 2'5 A resolution of the Δ62-66
mutant without water molecules (Kuipers et al., 1989a). A
1st R-factor with data between 6 and 2·1 A was 33 %
(R = ~||Fo|-|Fe||/~|Fo|). The water molecules were
omitted in order to avoid problems in the initial molecular
dynamics runs carried out at higher temperatures (Gros et
al., 1989b).

The 1st refinement cycle was started by energy minimi-
zation with X-ray constraints followed by molecular
dynamics simulation with X-ray constraints at 600 K, at
relatively low resolution (8'0 to 3'5 Å). After this step, the
temperature was slowly decreased to 300 K and in the
mean time the resolution was gradually expanded from
3'5 to 2·9 Å. This refinement cycle lasted 3'3 ps. At the
end of this 1st cycle, the R-factor was 27'8% (8 to 2'9 Å
resolution). The model was inspected in a SIGMAA
weighted 2Fo - Fe map (Read, 1986), in the later stages
also OMIT maps were used (Bhat & Cohen, 1984; Bhat,
1988). All model building was done on an Evans &
Sutherland PS390 system using the program FRODO
(Jones, 1978). For the analysis of the results, the
programs WHATIF (Vriend, 1990) and BIOGRAF
(BIOGRAF, Biodesign Corporation, Pasadena, U.S.A.)
were also used. Only minor rebuilding was done. At this
stage 31 water molecules were added to the model.

After this manual intervention, a 2nd cycle of
molecular dynamics refinement was performed. The whole
cycle was done at a temperature of 300 K during 2·7 ps.
While the resolution was gradually expanded to 2'7 Å, the
R-factor decreased to 25'6% (8 to 2'7 Å resolution) at the
end of this cycle. Because the refinement did not converge
anymore at this stage, neither with the MDXREF
program nor with the TNT package, we reprocessed our
data to remove data that suffered too much from
radiation damage (see above).

At this stage we switched to the least-squares refine-
ment procedure of TNT (Tronrud et al., 1987) instead of
the molecular dynamics refinement, because of less severe

central processing unit requirements. Cycles of alternating
TNT refinement and model building were performed. A
summary is given in Table 3. Water molecules were
located in Fo - Fe maps. Peaks with a density ≥ 2 σ were
identified and used as possible water positions by the
program PEKPIK from the XTAL package (Hall &
Stewart, 1987). Only water molecules at proper distances
from protein atoms were kept. Errors in the structure
were found by careful inspection of Ramachandran plots
(Ramakrishnan & Ramachandran, 1965) and the geo-
metrical analysis part of TNT. Water molecules that
developed B-factors higher than 55 Å2 were removed from
the model.

The refined co-ordinates for this PLA2 Δ62-66 mutant
have been deposited with the Protein Databank,
Chemistry Department, Brookhaven National
Laboratory, Upton NY 11973, U.S.A. (reference number
3P2P).

3. Results

(a) Refinement

After completion of the refinement, the crystallo-
graphic R-factor had decreased to 18·6% for all
data between 6 and 2·1 A resolution. The final
model contains 204 water molecules and three
calcium ions: one in the active site of each PLA2
molecule and one on a non-crystallographic 2-fold
axis between the two molecules in the asymmetric
unit (monomer I, residues 1 to 124; monomer 2,
residues 201 to 324)· The density for both molecules
is clear (Fig. 1), except for residues around the
β-wing tip, residues 79 and 80, in both molecules,
where the density is weak. Also, some of the residues
at the surface of the molecule have their side-chains
in weak density. The C-terminal end of monomer 2
is disordered and no density is visible for residues

Table 3
Refinement statistics

A. Progress of refinement

Number of Resolution Start R End R Water molecules and
Cycle rounds (A) (%) (%) rebuilding

1st 3'3 ps 8'0-3'5 s 33'5 Added 31 water molecules, minor
MD 8'0-2'9 e 27·8 rebuilding

2nd 2·7 ps 8·0-2·9 s 27·8 Added 65 water molecules, minor
MD 8,0-2,7 e 25·6 rebuilding

1 175 xyz 8,0-2'8 s 25·6 Added 70, removed 20 water
TNT 25 B 8,0-2,1 e 22·6 molecules, rebuilding

2 135 xyz 8,0-2'1 25'6 20·2 Added 80, removed 16 water
TNT 35 B molecules, minor rebuilding

3 70 xyz 6'0-2,1 23·6 19·6 Removed 6 water molecules,
TNT lOB rebuilding

4 120 xyz 6·0-2'1 22·1 18'6
TNT 28 B

13. Geometry statistics after completion of the refinement

r.m.s. bond length deviations (A) 0·010
r.m.s. bond angle deviations (0) 2'59 1
r.m.s. trigonal non-planarity deviations (A) 0'006
r.m.s. planarity deviations (A) 0'010
r.m.s. non-bonded interaction deviations (A) 0·044

MD, molecular dynamics; s, at start of refinement cycle; e, at end of refinement cycle.
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Figure 1. Stereo pictures showing (2mFo - DFc), αe (Read, 1986) electron density for parts of the map. The density is
contoured at l·lσ. (a) Trp3 to Arg6 at the N-terminal region of monomer I. (b) Ser72 to Ser76 (main chain) of
monomer I.

319 to 323. Residue Cys324, which is connected to
Cys227 by a disulfide bond, is visible again. In both
monomers the density for the deletion region is clear
and could easily be interpreted using OMIT maps
and 2Fo - Fe maps (Fig. 2). From a Luzzati plot, the
r.m.s. positional error in the co-ordinates is esti-
mated to be 0·25 A (Luzzati, 1952). An independent
estimate of the error can be deduced from the r.m.s.
difference in positions of the Cα atoms after super-

position of the two monomers. The r.m.s. difference
between all 119 Cα positions is 0·52 Å. If the most
deviating atoms are omitted, this difference
decreases to 0·35 A for 101 Cα pairs. Details about
the refinement and the quality of the structure can
be found in Table 3·

The final Ramachandran plot is shown in
Figure 3. The only three residues that are strongly
deviating from the allowed regions are Thr80 and
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Figure 2. Stereo picture showing the (2mFo - DFc), αc (Read, 1986) electron density for the deletion region (residues 59
to 69) in monomer 1. The density is contoured at 1·10".

Figure 3. The φ, ψ plot of both monomers of the L162-66 mutant. The φ, ψ angles of non-glycine residues are indicated
by a cross and those of glycine residues by a square. The continuous lines define the area of fully allowed conformations
with τ(N, Cα, C) = 110° for the non-glycine residues. The broken lines show the regions obtained by relaxing the van der
Waals' contact constraints as well as by allowing the bond angle τ at Cα to increase to 115° (Ramakrishnan &
Ramachandran, 1965). Strongly deviating residues are Thr80 (φ = 62°, ψ = -29°), Thr280 (φ = 91°, ψ = -32°) and
Lys317 (φ = 14°, ψ = -89°).
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Thr280, both located in the β-wing tip, and Lys317
located in the disordered C terminus of monomer 2.

(b) Comparison of the two molecules in the
asymmetric unit

In the asymmetric unit, two protein molecules are
present that are related to each other by a non-
crystallographic axis (κ = 178'3°). This 2-fold axis
constitutes the most conspicuous contact between
the two monomers and it runs through a calcium ion
that is ligated by atoms from both monomers (see
below). In the wild-type porcine PLA2 structure,
this calcium-binding site is also present, but there it
is found on a crystallographic 2-fold axis. The
overall structure of the two monomers in the asym-
metric unit is almost the same, including the confor-
mation of the deletion region, but three stretches
with differences occur. All these differences are
caused by different intermolecular contacts (see
Fig. 4 and Table 4).

The first of these stretches can be found around
Pro14. A hydrogen bond exists between the
carbonyl oxygen of Pr0214 and the Nηl atom of
Arg43, but this hydrogen bond is not present
between the carbonyl oxygen of Pro14 and the Nηl

of Arg243, because these atoms are more than 10 A
apart. As a result the C= O of Pro 14 is in a different
position and, as a consequence, G1y15 has quite
different φ, ψ angles in both monomers (G1y15
φ = 111'5°, ψ = -22'5°; G1y215 φ = -96'5°,
ψ = 156'3°).

The second stretch is around Leu31 and involves
the first calcium-binding site. In both monomers the
calcium site is formed by the same residues, and the
configuration around the calcium ion is hardly
changed, but the conformation of Leu31 in both
monomers is completely different. In monomer 2,
Leu231 has hydrophobic interactions with a
symmetry-related molecule, but in monomer I this
residue is totally exposed to the solvent (see
Table 4).

The last deviating stretch is found at the
C terminus. In monomer 1, the COO- group of the

Figure 4. (a) Differences in Cα positions (in A) after
superimposing monomer I and monomer 2.
(b) Temperature factors (A2) of the Cα atoms as a function
of residue number for the 2 monomers: heavy line,
monomer I; broken line: monomer 2.

C terminus makes a salt bridge with Arg206 from
a crystallographically related molecule. In addition,
this Arg206 is hydrogen-bonded to the carbonyl'
oxygen of Lys122. Hydrophobic interactions occur
between Tyr123 and Leu319, and the side-chain of
Lys121 is hydrogen-bonded to the carbonyl oxygen
of Ser86 of a symmetry-related molecule. In
monomer 2, none of these interactions occurs, and
this most probably explains why in monomer 2
residues 319 to 323 are disordered or flexible.

Table 4
Differences in intermolecular contacts between the 2 monomers in the asymmetric

unit

Monomer 1 Monomer 2

Site 1; around Pro14
Cα Pro 14-Cβ Leu231 3'8 Å o Pro214-Nη1 Arg43 2'6 Å
Cβ ProI4-Cβ, Cδl & C Leu231 3'8 -4'0 Å
C Pro 14-Cβ Leu231 3·8 Å

Site 2; around Leu31
No intermolecular interactions Cβ Leu231-Cα, Cβ Pro14 3'8 -4 Å

COl Leu231-Cβ Pro14 3'9 Å
C Leu231-Cβ Pro14 4'0Å

Site 3; around the C terminus
Nζ Lys121-0 Ser8 6 3'0 Å Nζ Lys322-0 Cys77 3·7 Å
o Lys122-Nη2 Arg206 2·9 Å
Cβ TyrI23-Cδ1 Leu319 3'5 Å
COl TyrI23-C' Leu319 3'7 Å
o Cys124-Nηl Arg206 2·7 Å
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Figure 5. Comparison of a Cαbackbone tracing of wild-type (dotted lines) and Δ62-66 mutant PLA2 (heavy lines).

(c) Comparison with wild-type porcine phospholipase
A2

In Figure 5, a comparison is shown between the
Δ62-66 mutant and the wild-type porcine PLA2, the
structure of which has been refined at 2·6 A resolu-
tion to an R-factor of 24'1 % (Dijkstra et al., 1983).
The greater part of these structures is virtually the
same. As expected, the largest differences are found
in the deletion area, residues 59 to 70.

In wild-type porcine PLA2, these residues form a
short surface loop from residue 59 to 66 and then
one and a half turns of 310 helix from residues 66 to
70. Specific interactions of this loop with the rest of
the molecule are made by Cys61, which forms a
disulfide bridge with Cys91, and by Phe63, which is
in the interior of the protein and fills up a hydro-
phobic pocket· This pocket is formed by the side-
chains of Pro68, Ala55, Leu58, Ile95, the disulfide
bridge between Cys61 and Cys91, and the backbone
atoms of Glu71. The 61-91 disulfide bridge is at the

surface of the protein and shields this hydrophobic
pocket from the solvent· All the interactions of
these residues are given in Table 5.

In the Δ62-66 mutant, the loop 59 to 70 becomes
shortened and the 310 helix part is not present
anymore. Residues 59 and 60 form a turn, residues
61 to 68 have an extended conformation, and
residues 69 and 70 are positioned in another turn
(Fig. 6).

The most conspicuous changes occur around
residue 63· In the Δ62-66 mutant, Phe63 is deleted,
but the hydrophobic pocket occupied by this
residue still exists· Instead of Phe63, the disulfide
bridge between Cys61 and Cys91 moves to the
interior of the protein and fills this pocket. The Cαof
Cys61 thereby changes 4·4 A in position, and the
side-chain of Cys91 has to rotate 1800 around the
Cα-Cβ bond to make a proper disulfide bridge
(Fig. 7). The rest of Cys91 does not change. The
pocket itself has hardly changed in conformation.
The biggest change here is effected by Pro68 moving

Table 5
Interactions of residues 59 to 70 in porcine and Δ62-66 mutant P LA 2

Residues Porcine PLA2 Residues Δ62-66 PLA2 mutant

Asp59 Surface residue, no specific interactions Ser59 Surface residue, no specific interactions
Ser60 Surface residue, no specific interactions Gly60 Surface residue, no specific interactions
Cys61 Surface residue, disulfide bridge to 91, Cys61 Surface residue, disulfide bridge to 91,

hydrophobic interactions with Phe63 hydrophobic interactions with several residues,
C= O interaction with a water molecule

Lys62 Surface residue, Nδ2 interaction to C = 0 Phe63
Phe63 Interior residue, phenyl ring, several hydrophobic

interactions, C = 0 interaction with Nδ2 Lys62
and N Val65

Leu64 Surface residue, hydrophobic interactions with
Thr70, C= 0 interaction with N Asn67

Val65 Surface residue, interaction with Asn67, N
interaction with C = 0 of Phe63

Asp66 Surface residue, C=O interaction with Nζ Lys56
Asn67 Surface residue, 061 interaction with 0,1 Thr70, Tyr67 Surface residue, no specific interactions

N interaction with C = 0 Leu64
Pro68 Interior residue, hydrophobic interactions with Pro68 Interior residue, hydrophobic interactions with

Phe63 disulfide bridge 61-91
Tyr69 Surface residue, no specific interactions Tyr69 Surface residue. no specific interactions
Thr70 Interior residue, hydrophobic interactions with Thr70 Interior residue, hydrophobic interactions with

Leu64, 0,1 with C61Asn67, C=O interaction Glu71, Cγ1 with water, C=O interaction with
with N-terminal α-NH3+ N-terminal α-NH3+
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Figure 6. Comparison of the deletion region in wild-type porcine PLA2 and the Δ62-66 mutant. The heavy lines
represent the Δ62-66 mutant, the dotted lines represent the porcine PLA2. (a) Cα atoms only; (b) all atoms.

closer (0·2to 0·3 Å) to the disulfide bridge· The glycine
at position 60 has φ, ψ values (φ = 67°, ψ = 43°)
close to the left-handed helix region. In 18 out of 21
snake venom phospholipases A2 that have a dele-
tion of five amino acid residues in this area there is a
glycine residue at this position (Dennis, 1983). In
the three exceptions it is Arg, Ser or Lys.

Tyr69 is located at the end of the loop. In the
porcine PLA2, Tyr69 is positioned at the entrance
to the active center, pointing inwards to the active
site of the protein. Since Pro68 has a different
conformation, the Cαof Tyr69 is pulled towards the
outside of the protein, and the side-chain is now
pointing more towards the exterior of the protein.
The difference in the oη position is 5 Å. Leu2 moves
to the position left by the tyrosine side-chain and
fills up the newly created cavity (Fig. 8)· As a result,

the N-terminal helix gets a slightly different orien-
tation. The N-terminal α-NH3+moves 1·31 Å in one
monomer and 1·1OÅ in the other.

The active site itself, formed by residues His48,
Asp99, Phe5, Ile9, Phe22, Ala102, Ala103, Phe106
and the disulfide bridge between Cys29 and Cys45 is
hardly affected by the mutation (Dijkstra et al·,
1981, 1983). A superposition of these residues gives
a r.m.s. difference of 0'43 Å between pairs of atoms
between monomer 1 and the wild-type porcine
enzyme and 0'40 Å for monomer 2 and the porcine
PLA2. The r.m.s. difference of these atoms between
monomer 1 and monomer 2 is 0'33 Å.

One of the newly introduced residues is tyrosine
67. In many of the elapid snake venom PLA2s there
is an aromatic residue at this position (Dennis,
1983). This tyrosine residue is positioned at the
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Fig.7.

surface of the protein and it does not make any
specific interactions. It might be a part of the
binding site for aggregated substrates.

(d) The second calcium-binding site

The presence of a second calcium-binding site has
been reported for porcine phospholipase A2 based
on both biochemical evidence and crystallographic
work (Slotboom et al., 1978; Andersson et al., 1981;
Donne-Op den Kelder et al., 1983; Dijkstra et al.,
1983). This second calcium-binding pocket has a
considerably lower affinity for calcium than the
major site. From titration studies, it was found that
Glu71 in the porcine PLA2 is a ligand of this
calcium ion (Donne-Op den Kelder et al., 1983). Tn
site-directed mutagenesis studies combined with
activity measurements at high pH, Glu71 and
Asp66 were identified as possible candidates for
ligating the calcium ion. According to these studies,
Glu92 would not be a ligand (van den Bergh et al.,
1989). In the crystal structure of wild-type porcine
PLA2, the calcium ion is bound on a crystallo-
graphic 2-fold axis and two symmetry-related mole-
cules contribute to the binding of the calcium ion.
As ligands, the carbonyl oxygen of Ser72, twice, and
the ad atom of Glu92, twice, were identified in the
crystal structure. The two other ligands were
thought to be water molecules but, due to the
limited resolution of the porcine PLA2 data, these
water molecules were not visible in the electron
density (Dijkstra et al., 1983). Glu71 in the wild-
type porcine PLA2 structure is near the second
calcium-binding site and through a simple rotation
about the CLCO bond, ad or 0ε2 could come into

binding distance to the calcium ion. Residue 66 is
too far away (≥ 10 Å) from the second calcium-
binding pocket to be a direct ligand of the calcium
ion (Dijkstra et al., 1983).

In the crystal structure of the Δ62-66 mutant we
also find this second calcium-binding site. This site
is on the non-crystallographic 2-fold axis between
two monomers. The calcium ion is surrounded by
six ligands: the carbonyl oxygen of Ser72, twice, ad
of Glu92, twice, and Oε1 of Glu71, twice. The side-
chain of Glu71 has rotated and it is now clearly a
ligand of the calcium ion. The ligating residues
make an optimum number of hydrogen bonds, both
direct hydrogen bonds between residues from
different monomers as well as hydrogen bonds
mediated through water molecules (see Fig. 9).
Thus, this calcium-binding site constitutes a region
of strong interactions between the two monomers.

(e) Comparison with C. atrox snake venom
phospholipase A 2

The only snake venom PLA2 of which a detailed
structure is available is the one from the Western
diamondbacked rattle snake Crotalus atrox (Keith et
al., 1981; Brunie et al., 1985). This C. atrox enzyme
has a deletion of eight amino acid residues in the
loop 56 to 70 compared with the pancreatic PLA2s.
On the basis of structural and sequential homology,
it was concluded that residues 57, 58, 60 and residues
62 to 66 were deleted (Renetseder et al., 1984).

Since a detailed comparison between the C. atrox
PLA2 and the bovine pancreatic PLA2 has been
given by Renetseder et al. (1984), we compare only
the loop region from residues 52 to 70.
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Figure 7. Comparison of the packing of the residues in the hydrophobic pocket in wild-type porcine PLA2 and the
Δ62-66 mutant. (a) Stereo drawing of the difference in conformation of the region around the disulfide bridge between
residues 61 and 91. The heavy lines represent the Δ62-66 mutant, the dotted lines the porcine PLA2. (b) The packing of
residue 63 in the wild-type PLA2. The heavy dots represent the van der Waals' surface of the atoms of Phe63. The other
dots indicate the van der Waals' surface of the atoms of the rest of the protein. (c) The packing of the disulfide bridge
61-91 in the Δ62-66 mutant. The heavy dots represent the atoms ofCys61 and Cys91, the other dots indicate the van der
Waals' surface of the other atoms of the Δ62-66 mutant structure.
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Figure 8. Comparison of the N-terminalloop and the loop from 67 to 70 in porcine PLA2 (dotted lines) and in the
,1.62-66 mutant (heavy lines), showing the concerted movement of Tyr69 and Leu2.

The main conformational difference between the
Δ62-66 mutant and the C. atrox PLA2 occurs before
residue 61. The difference in structure of residues 61
to 70 is minimal. In order to allow the extra deletion
of three residues, helix 40-58 is shortened by one
and a half turns in the C. atrox enzyme. This helix
terminates in the snake venom PLA2 at position 52.
Residues 53 to 55 have an extended conformation
and residues 56 and 59 are located in a turn. In the
mutant, the α-helix terminates at position 58 and
the bend formed by residues 59 and 60 is located
further on the outside of the protein (Fig. 10). Cys61
of the Δ62-66 PLA2 mutant is located at almost the
same position (the difference in cα position is 1'1 Å).

4. Discussion
Above the structure of the Δ62-66 PLA2 mutant

and a comparison with the wild-type porcine PLA2
and C. atrox snake venom PLA2 are described. The
biggest conformational differences occur around the
deletion area, residues 62 to 66. The structure of this
region in the mutant appears to be intermediate
between that in wild-type porcine and C. atrox
phospholipases A2.

The enzyme has kept an internal hydrophobic
area as conserved as possible by a relatively simple
local adjustment of its conformation. While in the
porcine wild-type PLA2 Phe63 occupies a hydro-
phobic pocket, in the Δ62-66 mutant the disulfide
bridge between Cys61 and Cys91 fills this hydro-
phobic pocket.

Due to a difference in crystallographic contacts
the conformations around Leu31 in the two
monomers are slightly different. In a comparison of
the structures of bovine and porcine phospholipase
A2 (Dijkstra et al., 1983) also a conformational
difference in this region was found. Apparently this
region has some conformational freedom. Also the
regions around Pro14 and the C terminus appear to
have some conformational freedom.

The Δ62-66 mutant has a second binding site for
calcium similar to that found in the wild-type
porcine PLA2 structure. This site is on the non-

crystallographic 2-fold axis relating the two
monomers in the asymmetric unit. The side-chains
of residues Glu71 and Glu92 and the carbonyl
oxygen of residue 72 are ligands for this calcium ion.
Although based on site-directed mutagenesis studies
combined with activity measurements at high pH
(van den Bergh et al., 1989) Asp66 was suggested to
be a ligand of the calcium ion instead of Glu92, this
is extremely unlikely. In the crystal structure of
wild-type porcine PLA2 the Asp66 side-chain is
more than 10 A from the calcium ion, and in the
present mutant structure, where Asp66 has been
deleted, we still observe a second calcium ion bound
at the same position as in the wild-type structure.

Kinetic studies with the Δ62-66 mutant show
that this enzyme has a fully functional active site
and a kcat/ Km twice that of the wild-type porcine
PLA2 (Kuipers et al., 1989a). The slight increase in
activity towards monomeric substrates of this
Δ62-66 mutant compared with wild-type porcine
PLA2 could be caused by small alterations in the
active site. In the present 2·1 A structure some
changes around the active site can be detected,
although the active site residues proper are, within
error, identical between mutant and wild-type
PLA2. Due to the change in position of Tyr69, Leu2
moves to the newly created gap and the N-terminal
α-helix changes slightly in orientation (I to 1·3A at
the N terminus). This observation of Leu2 coming
towards Tyr69 has also been reported in filtered
molecular dynamic runs on bovine PLA2 by
Sessions et al. (1989). In that paper, it was suggested
that this movement changes the pocket between the
two residues and that this might be important for
adjusting the active site for the binding of mono-
meric substrates. Alternatively, the different posi-
tion of Tyr69 could be responsible for the observed
increase in activity. Tyr69 has been found to be
important for the precise positioning of a phospho-
lipid in the active site by binding to the phosphate
group of the phospholipid (Kuipers et al., 1989b).
Another indication that there are indeed minute
changes in the active site is the observation that
this Δ62-66 mutant has a somewhat different
binding constant for the calcium ion in the active
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Figure 9. The surroundings of the 2nd calcium-binding site. (a) An overview of the ligands of the calcium ion and the
hydrogen-bonding pattern surrounding this calcium-binding site. (b) (2mFo-DFc), αc map (Read, 1986) of the 2nd
calcium-binding site. The density is contoured at 1·10"·

center compared with wild-type porcine PLA2· This
binding constant changes from 1·8 mM to 0·8 mM at
pH 6 in the /162-66 mutant (Kuipers et al·, 1989a)·

The activity of the /162-66 mutant PLA2 on
aggregated short chain lecithins has increased up to
16-fold with respect to the wild-type enzyme

(Kuipers et al·, 1989a)· All residues identified to
have interactions with the aggregated substrate
molecules lie in a plane around the entrance to the
active site on one face of the protein· Residues 64 to
66 in the wild-type porcine PLA2 bulge out of the
plane and form a protuberance. In the /162-66 PLA2
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Figure 10. Comparison of Cα tracing of the deletion region in C. atrox PLA2 (dotted lines) and the Δ62-66 mutant
(heavy lines).

Figure 11. The putative binding site for aggregated substrates in wild-type (dotted lines) and Δ62-66 mutant PLA2
(heavy lines). The side-chains are shown only for those residues presumed to be involved in the binding of phospholipid
aggregates.

mutant these residues are deleted and the whole
binding site forms now a smooth plane (Fig. II).
Although no structural details are known about the
interaction of the enzyme with aggregated
substrates, it is conceivable that due to this change
in structure of the binding site for lipid aggregates,
the enzyme's active site will have a somewhat
different orientation towards the aggregated
substrates. This might explain the difference in
catalytic activity between the Δ62-66 mutant and
the wild-type porcine PLA2.

We thank Professor G. H. de Haas and his co-workers
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gratefully acknowledged.
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