discriminate the cationic ACh from analo-
gous neutral molecules through a stabilizing
cation-m interaction.
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Crystal Structure of Cobra-Venom Phospholipase A,
in a Complex with a Transition-State Analogue

STEVEN P. WHITE, DAVID L. ScoTT, ZBYSZEK OTWINOWSKI,

MicHAEL H. GELB, PAUL B. SIGLER

The crystal structure of a complex between a phosphonate transition-state analogue
and the phospholipase A, (PLA,) from Naja naja atra venom has been solved and
refined to a resolution of 2.0 angstroms. The identical stereochemistry of the two
complexes that comprise the crystal’s asymmetric unit indicates both the manner in
which the transition state is stabilized and how the hydrophobic fatty acyl chains of the
substrate are accommodated by the enzyme during interfacial catalysis. The critical
features that suggest the chemistry of binding and catalysis are the same as those seen
in the crystal structure of a similar complex formed with the evolutionarily distant

bee-venom PLA,.

HOSPHOLIPASE A, (PLA,) HYDRO-
lyzes the sn-2 ester of phospholipids,
preferably in lamellar or micellar ag-
gregates. Special interest in the mechanism
of PLA, action stems from its role as a
paradigm for understanding calcium-medi-
ated enzymatic events at the surface of mem-
branes, especially those that release arachi-
donate and other second messengers (1).
In this report, we describe the crystal
structure of a complex formed by PLA,
from the venom of an elapid snake (N. #.
atra) and a transition-state analogue (Fig. 1).
The analogue, L-1-O-octyl-2-heptylphos-
phonyl- sn-glycero- 3- phosphoethanolamine
[figure 1 of (2)], was designed to emulate
the tetrahedral transition state formed in the
hydrolysis of dioctanoyl phosphatidyletha-
nolamine and therefore is designated
diCg(2Ph)PE.

S. P. White, D. L. Scott, Z. Otwinowski, and P. B.
Sigler, Department of Molecular Biophysics and Bio-
chemistry and the Howard Hughes Medical Institute,
Yale University, New Haven, CT 06511.

M. H. Gelb, Departments of Chemistry and Biochemis-
try, University of Washington, Seattle, WA 98195.

The two molecules in the crystallographic
asymmetric unit chosen for refinement form
a poorly stabilized dimer related by a rota-
tion of 179.6° and a translation of 0.6 A
along the rotation axis. The bound transi-
tion-state analogue does not contribute in
any obvious way to the stability of the
dimer. Moreover, from the orientation of
the inhibitor’s sn-1 and sn-2 substituents, it
is highly unlikely that both of this dimer’s
active sites can simultaneously interact with
the same substrate aggregate. Thus, the ar-
chitecture of this dimer provides no support
for the notion that substrate-induced en-
zyme aggregation plays a role in PLA, ca-
talysis (3).

When the a-carbon backbone trace of the
PLA, from the venom of N. n. atra is
contrasted with those of the enzymes from
bovine pancreas (monomeric) (4) and the
venom of Agkistridon piscivorus piscivorus (di-
meric) (5), the elapid enzyme shows strong
conservation of the homologous core [root-
mean-square (rms) differences of 0.99 A and
1.04 A, respectively] (6). The conformation
of the noncore backbone of the Class I N. .
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atra PLA, is more similar to that of the Class
I bovine enzyme (rms difference = 2.0 A)
than to that of the Class II A. p. piscivorus
(rms difference = 3.0 A).

The electron density for both molecules of
the asymmetric unit, as well as for the crystal
structure of the uninhibited enzyme (7),
indicates that the sequence of the isoform
used to grow these crystals differs slightly
from the published one (Fig. 2) (8).

One molecule of diCg(2Ph)PE is bound
to each enzyme molecule at full occupancy
and the position of the inhibitor’s atoms are
well defined (Fig. 3). Two trends are noted.
The sn-1 substituent is less firmly fixed than
the sn-2, and the methylene and methyl
groups furthest from the glycerol are the
least well ordered. On the other hand, the
conformation of the glycerol backbone and
its substituents, as well as their relation to
the catalytic residues and the calcium ion,
are virtually the same in both molecules of
the asymmetric unit.

The inhibitor’s ethanolamine, a group
commonly found esterified to the sn-3 phos-
phate of naturally occurring neutral mem-
brane phospholipids, forms a hydrogen
bond through its primary amine with the
side chain of the poorly conserved Asn53.
This interaction is denied to the quaternary
ammonium group of the more prevalent
lecithin analogues. This contact is not likely
to completely explain the impact of the distal
~ sn-3 ester on substrate specificity since the
nature of the phosphoryl ester could also
have a significant effect on the surface
charge-potential distribution and other

Fig. 1. Representative electron density of N. n.
atra PLA, complexed with diCg(2Ph)PE. Tyr69
forms a hydrogen bond with the sn-3 phosphate
of diCg(2Ph)PE. The electron density is a
(2F,—F,) map (17). PLA, was isolated from the
lyophilized venom (Miami Serpentarium) as de-
scribed by Yuan et al. (18). It showed a single
band on a silver-stained gel after electrophoresis
in sodium dodecyl sulfate. Small (0.1 mm by 0.09
mm by 0.06 mm) crystals grew in 6 weeks from
20-ul droplets containing 10 mg/ml protein, 2
mM diCy(2Ph)PE, 10 mM CaCl,, 0.1 M tris, 0.7
M ammonium sulfate, pH 8.0, that were plated
onto glass depression slides and sealed in boxes
containing 20 ml of 1.4 M ammonium sulfate, 0.1
M tris, pH 8.0. The crystals were of space grou

C222,,a=346Ab=735A andc = 181.6}{
with two molecules in the asymmetric unit. Data
to 2.0 A resolution (Rgym = 0.07) were collected
with two San Diego Multiwire System detectors;
source radiation was graphite-monochromated

Fig. 2. Comparison of the
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mology” (6). Bold face indicates functionally critical residues: (®), catalytic; (W), calcium binding; and
(9), invariant supporting tyrosine of catalytic network. Parentheses denote positions where the crystal
structure disagrees with the published sequence (8); Ala90 is present in the crystal structure, and the

two carboxyl-terminal residues are absent.

physical properties of the substrate aggre-
gate.

The alkane chains of the inhibitor’s sn-1
and sn-2 substituents lie roughly parallel in a
hydrophobic channel that extends approxi-
mately 14 A from the catalytic site (His48-
N31) to its opening just “above” the amino-
terminal helix (Fig. 4). The sn-2 substituent
is sharply bent at the tetrahedral phospho-
nate in a manner reminiscent of crystalline
phospholipids [Fig. 3 and figure 1 of (2)]
(9). The channel’s surfaces are formed main-
ly by invariant or highly conserved hydro-
phobic residues. Looking into the channel
(Fig. 5), the right wall of the channel is
made by an invariant Ile9, and an invariant
Phe5 provides the right side of the channel
floor. Both contact the heptyl chain of the
sn-2 substituent. The left side of the channel
floor is formed by the nearly invariant Leu2

CuKa emission from an RU-300 x-ray generator. The structure was solved by molecular replacement
(19) with the program Merlot 1.5 (20) modified to more accurately subtract the Patterson origin peak
and to incorporate higher resolution terms. Bovine pancreatic PLA, (4), pruned of its non-homologous
side chains, was used as the search structure. The initial electron-density map, phased with the pruned
model, permitted fitting of many of the side chains that were not included in the search structure.
Subsequent rounds of refinement with X-PLOR (21) and PROFFT (22) rapidly reduced the R factor
while improving the stereochemistry. Refinement converged to an R factor of 0.179 for all data. On
average, bond lengths, interbond angle distances, and planarities deviated less than 0.014, 0.029, and

0.038 & from ideal values, respectively.
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(occasionally a Val) that contacts the sn-1-
octyl chain. The roof of the channel is
formed by Trpl9, a position occupied by a
hydrophobic residue in 85% of the known
sequences. Finally, the left wall of the chan-
nel is formed by a potentially mobile hydro-
phobic “flap” that is secured firmly into
place only after the substrate is productively
bound. In the N. n. atra enzyme, this wall is
the ring of Tyr69 whose phenolic hydroxyl
is bound to the inhibitor’s sn-3 phosphate,
which in turn is firmly anchored to the
primary calcium ion. In all but one of the 53
sequences listed by van den Bergh et al. (10),
the residue at position 69 is either a Tyr or
Lys. Clearly, the role of Tyr69 can be as-
sumed by Lys69 making use of the four
methylene units of its side chain to form the
hydrophobic left wall of the channel and its
e-amino group to bind to the sn-3 phos-
phate. Thus, the productively bound phos-
pholipid is “extracted” from the lamellar or
micellar aggregate by a preferred diffusion
pathway that maintains a hydrophobic envi-
ronment for the fatty acyl groups and chan-
nels the scissile elements from the surface of
the aggregate into the catalytic site. The
polar groups can easily traverse this path,
since the left wall of the hydrophobic chan-
nel is not completely formed by Tyr69 (or
Lys69) until the sn-3 phosphate has passed
through the channel and is anchored to the
calcium ion.

The enzyme’s interfacial binding surface
can be inferred from this structure. The
extension of the alkyl chains from the surface
marks the region where the enzyme contacts
the substrate aggregate. This surface is not
that described by Dijkstra et al. (11) but
rather a surface that includes exposed resi-
dues in the first two turns of the amino
terminal helix as well as those directly above
the hydrophobic channel’s opening (Figs. 4
and 5). This contact surface is consistent
with the first half of the amino terminal helix
and its immediate neighbors on the en-
zyme’s surface being the focus of the struc-
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tural changes that convert the pancreatic
proenzyme into an enzyme and conferring
upon the enzyme the ability to bind and
rapidly hydrolyze aggregated, as opposed to
soluble, substrate (12). It is also consistent
with fluorescence studies which show that
Trp3 of the pancreatic enzymes is desolvated
upon binding to vesicles (13).

Calcium ion is essential for phospholipase
activity. Two calcium ions are evident in
each of the two molecules of the asymmetric
unit. The “primary” site corresponds to the
familiar location first noted in the bovine
PLA, by Dijkstra et al. (4). Like most

calcium ions that serve as functional cofac-
tors (14), this calcium is hepta-coordinated
in a pentangonal bipyramidal cage. In this
case, the cage is composed of the carboxylate
of the nearly invariant Asp49, the backbone
carbonyls of the highly conserved “calcium-
binding loop,” and two O atoms of the
inhibitor. In addition, there is a “secondary”
site that is 6.6 A from the primary site
whose ligation cage is only penta-coordinat-
ed and is more loosely structured (15). This
secondary site appears to replace a more
typical seven-coordinated secondary site
seen in the structure of the uninhibited form

Fig. 3. (Top) Interaction of diCg(2Ph)PE with the active site of N. n. atra PLA,. Protein components

are colored blue except for the

gold side chain of the active site His48. The primary calcium ion is

ted by the yellow sphere. In diCg(2Ph)PE, the phosphorus atoms of the sn-2 phosphonate (P2)

and sn-3 phosphate (P3) are

magenta, OXygens are green, nitrogen is cyan, and the carbons are red. The

termini of the sn-1 (R1) and sn-2 (R2) alkyl substituents are clipped off in this view. Tyr69 completes the

hydrophobic channel by a stabilizing with the sn-3 phosphate. The nonbridging
p{mplme;nthco:tyd?mmdbyd::np;-i?dpdaliimz?mkdmhydmgm

calcium-binding loop (bond not shown).
from N. n. atra venom. A Ca trace highli

oxygen of the sn-3
bonded to N32 of the

Fig. 4. (Bottom) Complex of diCg(2Ph)PE with the PLA,
ing the calcium ion cofactor (yellow sphere), the diCg(2Ph)PE

inhibitor (red), side chains of the hydrophobic channel (green) [Leu(Val)2, Phe5, Tyr6, 19, and Trpl9],
and part of the interfacial binding surface (also in green) [Tyr(Trp)3, Lys6,and§yr;531]. P19
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of the same enzyme (2). The functional role
for this secondary calcium ion site is sug-
gested in a companion article on mechanism
(2). Figure 3 shows the stereochemical basis
for the primary calcium ion’s concerted role
in both substrate binding and catalysis. One
of the two axial ligands comes from the sn-3
phosphate, and one of the five equatorial
ligands comes from the sn-2 phosphonate.
The latter presumably simulates the stabiliz-
ing interaction between the electrophilic cal-
cium ion and the oxyanion of the putative
tetrahedral intermediate formed from the
scissile ester’s carbonyl group. This arrange-
ment is similar to the corresponding site in
the crystalline complex of the bee-venom
PLA, inhibited with diCg(2Ph)PE [figure 4

_ of (7)]. The two O atoms contributed by the

inhibitor to the coordination shell of the
calcium ion replace water molecules in the
uninhibited form of the N. n. atra enzyme
but leave the geometry unaltered. Thus, in
productive-mode binding and during catal-
ysis, the substrate appears to clamp the
calcium ion in a stereospecific manner in
which the sn-3 phosphate interacts axially
and the presumed oxyanion of the sn-2
tetrahedral intermediate interacts equatori-
ally. One non-bridging O atom of the phos-
phonate is perfectly situated to make a hy-
drogen bond with the protonated N81 of
His48. This oxygen corresponds to the po-
sition of the oxygen in a fixed water mole-
cule first proposed by Verheij et al. (16) to
be the attacking nucleophile in the bovine
enzyme (4) and subsequently found to be
hydrogen bonded to the active site His48 in
every refined high-resolution crystal struc-
ture of PLA,. Attack on the scissile carbonyl

~~Activation network

Fig. 5. The hydrophobic channel. A schematic
display looking directly “into” the channel show-
ing the residues that comprise the opening of the
hydrophobic channel and are part of the pre-
sumed interfacial binding site of the N. n. atra
enzyme. Sn-1 and sn-2 refer to the protruding
termini of the alkyl substituents of diCg(2Ph)PE.
The diamonds indicate residues (shown in green
in Fig. 4) whose side chains have been shown to
be involved (3) or are likely to be involved (6 and
31) in interfacial binding.
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by this universally present water molecule is
presumably activated through the abstrac-
tion of a proton by the His48. A formal
mechanism for PLA, catalysis has been ad-
vanced that is based on the stereochemistry
described here (2) and in a parallel study on
the inhibited bee-venom enzyme (7).
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Crystal Structure of Bee-Venom Phospholipase A, in
a Complex with a Transition-State Analogue

Davip L. Scort, ZBYSZEK OTWINOWSKI, MICHAEL H. GELB,

PAuL B. SIGLER

The 2.0 angstroms crystal structure of a complex containing bee-venom phospholipase
A, (PLA,) and a phosphonate transition-state analogue was solved by multiple
isomorphous replacement. The electron-density map is sufficiently detailed to visualize
the proximal sugars of the enzyme’s N-linked carbohydrate and a single molecule of
the transition-state analogue bound to its active center. Although bee-venom PLA,
does not belong to the large homologous Class I/II family that encompasses most
other well-studied PLA,s, there is segmental sequence similarity and conservation of
many functional substructures. Comparison of the bee-venom enzyme with other
phospholipase structures provides compelling evidence for a common catalytic mech-

anism.

HOSPHOLIPASES A, (PLA,, EC
3.1.1.4) specifically hydrolyze the
2-ester bond of L-glycerophospholip-

ids. These enzymes have been purified from
a variety of sources including mammalian
pancreas, reptile and insect venoms, and
synovial fluid. Since certain cellular forms of
the enzyme may catalyze the release of
arachidonate and thereby precipitate the in-
flammatory cascade, modulation of PLA,
activity is of great pharmacological interest.
The amino acid sequences of the large
homologous family of PLA,s have been
divided into two closely related structural
classes, Class I (pancreatic juice and elapid
venom) and Class II enzymes (crotalid and
viper venoms) (1). The chemically deter-
mined sequence of the PLA, from the hon-
eybee (Apis mellifera) (2) indicated that this
enzyme was structurally distinct from the
Class I/II superfamily. The amino acid se-
quence recently deduced from a cDNA
clone differs from the chemically determined
one, but both suggest that segments con-
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taining residues involved in calcium binding
and catalysis are conserved (3, 4). Bee-ven-
om PLA,, which is the principal allergen of
bee venom, also differs from most other
PLA,s in that it contains an asparagine-
linked oligosaccharide whose effect on enzy-
matic activity and allergenicity is currently
under study (5). With the possible exception
of its behavior toward aggregated sub-
strates, the activity of the bee-venom en-
zyme is similar to that of other PLA,s (6).

Crystal structures are available for repre-
sentative Class I and Class II enzymes (7, 8).
We report the crystal structure of bee-ven-
om PLA, in a complex with a transition-
state analogue, diCg(2Ph)PE (Table 1 and
Fig. 1). As expected, the conserved sequence
segments of the bee-venom PLA, preserve
the functional substructures found in Class
I/II enzymes but are arranged within a dif-
ferent overall architecture (Fig. 2). The in-
teraction of the inhibitor with the bee-
venom enzyme shows how the rate-limiting
formation of a putative tetrahedral interme-
diate is fostered by the enzyme’s catalytic
components and defines the mechanism by
which the hydrophobic alkyl moicties of the
phospholipid participate in productive-
mode binding.

In Fig. 3 the position of diCy(2Ph)PE is
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