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Phospholipase A, (PLA,) participates in a wide range of cellular processes including
inflammation and transmembrane signaling. A human nonpancreatic secretory PLA,
(hnps-PLA,) has been identified that is found in high concentrations in the synovial
fluid of patients with rheumatoid arthritis and in the plasma of patients with septic
shock. This enzyme is secreted from certain cell types in response to the proinflam-
matory cytokines, tumor necrosis factor or interleukin-1. The crystal structures of the

calcium-bound form of this e

e have been determined at physiological pH both in

the presence [2.1 angstrom (A) resolution] and absence (2.2 A resolution) of a
transition-state analogue. Although the critical features that suggest the chemistry of
catalysis are identical to those inferred from the crystal structures of other extracellular
PLA,s, the shape of the hydrophobic channel of hnps-PLA, is uniquely modulated by

substrate binding.

lyze stereospecifically the acyl ester at

the sn-2 position of 3-sn-phosphoglyc-
erides. Inhibition of this reaction is of in-
tense pharmacological interest because the
release of arachidonate from the sn-2 posi-
tion of phospholipids is the rate-limiting
step in the production of the eicosanoid
mediators of inflammation (1, 2). Both in-
tracellular and secreted forms of PLA, exist
but their relative roles in initiating the in-
flammatory cascade have yet to be defined
(3). However, the extracellular form accu-
mulates to very high levels in diseases such
as arthritis (4, 5) and is a potent inflam-
mogen in several animal model (6, 7) and
cell culture (8) systems.

Human nonpancreatic secretory PLA,
(hnps-PLA,) has been isolated from the
synovial fluid of patients with rheumatoid
arthritis (9), and its gene has been cloned
and overexpressed (10). The cellular origin
of this secretory PLA, is unclear, but it is
identical to that isolated from platelets (9).
In this report, we describe two crystal forms
of the purified recombinant protein (Fig. 1).
Both crystal forms were derived from similar
conditions of pH (7.4), ionic strength (high
salt), and both contain bound calcium ions
(11). One crystal form, however, also con-
tains a transition-state analogue (TSA) (12)
firmly bound to each of the two representa-
tions in its asymmetric unit (hnps-PLA,—
TSA). This TSA was designed to simulate
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the tetrahedral intermediate formed during
the hydrolysis of L-1,2-dioctanoyl-sn-3-
phosphatidyl-ethanolamine and is therefore
designated as diCg(2Ph)PE. It has been
used recently to study the mechanism of
substrate binding and catalysis in other
PLA,’s (13-15). Comparison of the unin-
hibited and inhibited crystal forms of hnps-
PLA, permits direct identification of the
stereochemical features critical to enzymatic
activity and thus extends the recently pub-
lished structural work on the enzyme crys-
tallized at pH 5.5 in the absence of calcium
ion (16).

With three notable exceptions, the se-
quence of hnps-PLA, (Fig. 2) preserves the
core of residues found to be invariant or

highly conserved among members of the
large homologous family of extracellular
PLA, (17, 18). These exceptions are the
replacement of a Gln with an Asn at position
4, the replacement of a Lys with a His at
position 6, and the substitution of a His for
a Tyr at position 28. All three deviations
appear to have significant stereochemical
consequences that are described below.
The backbone conformation of the ho-
mologous core in the inhibited form of the
Class II hnps-PLA, is, as expected, virtually
superimposable on that found in the crystal
structures of the pancreatic (Class I), cobra
venom (Class I), and dimeric Agkistridon
piscivorus piscivorus (Class II) enzymes (Fig.
3) (13, 19-21). The root-mean-square devi-
ation of corresponding Ca atoms ranges
between 0.6 and 0.7 A. However, the con-
formation of the homologous core in the
uninhibited crystal form of hnps-PLA, dif-
fers modestly from that described for other
enzymes. The main contributor to this
change is the amino-terminal helix, which
provides side chains to the substrate-binding
site and forms a substantial portion of the
interfacial recognition surface (13, 15, 22).
This nearly invariant substructure is also the
focus of the structural changes that convert
the pancreatic proenzyme into an enzyme
that can bind to and hydrolyze aggregated
substrate (23). In previously determined
PLA, crystal structures (including two sub-
strate-analogue complexes), superimposi-
tion of the respective homologous cores also
superimposed the amino-terminal backbone
(13, 15, 19-22, 24-27). In the presence of

Fig. 1. Representative electron density and a corresponding
schematic diagram of the transition-state analogue, L-1-O-
octyl-2-heptylphosphonyl-sn-glycero-3-phosphoethanolamine. This
compound was designed to emulate the tetrahedral transition state
formed in the hydrolysis of dioctanoyl phosphatidylethanolamine
(12). The electron density is a (2F, — F.) map (31): the sn-2
phosphonate and the sn-3 phosphate are labeled P2 and P3, respec-
tively; the primary calcium ion is represented by the yellow sphere.
The structures of hnps-PLA, and hnps-PLA,-TSA were solved by
molecular replacement (32) with the computer program Merlot 1.5
(33), modified as described (34). The search structure was a fusion of
four existing PLA, structures [residues 1 to 25 = Agkistridon
piscivorus piscivorus-D49 monomer (35), residues 26 to 55 = A. p.
piscivorus—dimeric (35), residues 56 to 70 = notexin (Notechis
scutatus scutatus) (35), and residues 71 to 133 = Crotalus atrox) (24)].
Segments were chosen for inclusion based on their sequence homol-
ogy with hnps-PLA,; nonhomologous side chains were pruned.
Although all three data sets (11) showed strong, potential rotation
function solutions, only the type I crystals yielded a convincing
translation function solution. Refinement of this solution with
X-PLOR (36) provided a new model that readily solved the trans-
lation functions of the remaining crystal forms (the structure of the
type I crystal form was not further refined because of the relatively
low resolution of the collected data set). X-PLOR and PROFFT
(36, 37) refinement of the uninhibited and Type II inhibited enzyme
rapidly reduced the R factors while improving the stereochemistries.
For the uninhibited enzyme, the refinement converged with an R
factor of 0.195 (all data from 10 to 2.2 A) and, on average, bond
lengths, interbond angle distances, and planarities deviated less than

0.015, 0.031, and 0.031 A from ideal values, respectively. The corresponding values for the Type Il inhibited
form are 0.204 (all data from 10 to 2.1 A) and 0.016, 0.035, and 0.035 A
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indicates functionally critical residues: (@), catalytic; (M), calcium binding; and (O), the invariant
supporting Tyr of the catalytic network. The sequence provided for N. n. atra is that inferred from the

crystal structures (13, 15).

calcium, and at neutral pH, the eight amino-
terminal residues of the uninhibited hnps-
PLA, remain a helical but are shifted en
bloc ~0.8 A toward the primary calcium
ion.

The shift of the amino-terminal helix,
along with a smaller displacement of the
portion of the calcium-binding loop that
forms the opposing wall of the hydrophobic
channel (residues 29 to 31), narrows the
channel’s entrance by an average of 1.2 A
from that seen in the TSA complexes (Fig.
4). The opening in the uninhibited structure
is reduced t0 9.9 A as measured from the «
carbon of Leu? to the carbonyl carbon of
Gly°. The relatively “closed” appearance of
the channel, which was also noted in the low
pH crystal structure (16), is caused by two
of the nonconservative amino acid substitu-
tions cited earlier, His® and Asn* (Fig. 3).

In the structure of the uninhibited form of
the hnps-PLA,, the side chain of His® in-
serts into the mouth of the hydrophobic
channel instead of remaining fully exposed
to bulk solvent as are the highly conserved
hydrophilic side chains of other Class I and

Class II enzymes. The imidazole ring lies
parallel to the walls of the hydrophobic
channel, and the €2-nitrogen anchors a com-
plex network of water molecules that ex-
tends through the hydrophobic channel and
terminates at the active site. Because Asn*
replaces the usually conserved Gln at this
position, the amino-terminal helix is less
well anchored and is drawn en bloc into the
hydrophobic channel by the interactions of
His®. In other PLA, structures, the nearly
invariant Gln* tethers the position of the
amino terminus by hydrogen bonding to an
adjacent peptide segment (residues 69 to
74). The shorter side chain of Asn* fails to
provide a similar degree of stabilization and
permits the helical backbone of hnps-PLA,
to shift in response to other interactions in
the local environment, such as those made
with His®. This displacement does not,
however, interfere with the hydrogen-bond
network linking the amino-terminal nitro-
gen to the active site (21, 27).

In the crystal structure of the TSA com-
plex, the distal carbons of the sn-2 acyl chain
of the TSA have displaced the imidazole ring

Fig. 3. Stereopair showing the Ca trace of the inhibited form of hnps-PLA, (magenta). The calcium
ion cofactor (yellow sphere), the diCg(2Ph)PE inhibitor (red), the side chains of the hydrophobic
channel (green) [Leu?, Phe®, His®, Ile®, Ala’®, Val®!, Cys**, Tyr®2, Lys®®, and Phe’®®], and part of the
interfacial binding surface (also in green) [Val?, Glu'”, Leu®°, and Phe?*] are shown as they appear in

the TSA complex.

1008

of His® from the hydrophobic channel (Fig.
4). The imidazole group has swung out of
the hydrophobic channel to form a polarized
hydrogen bond with the side chain of Glu'”
which, in turn, is anchored to the adjacent
uncovered peptide nitrogens of residues 19
and 20 at the amino terminus of a short a
helix (residues 18 to 23). This amino-termi-
nal cap forms an integral part of the recently
proposed interfacial binding surface (15). In
the presence of the TSA, the amino-terminal

-helix is positioned identically to that de-

scribed for all other enzymes (13, 15, 19-22,
24-27). Thus, substrate binding enlarges the
hydrophobic channel and remodels the in-
terfacial binding surface to resemble that of
other crystalline PLA,. This finding argues
against the suggestion of Wery et al. (16)
that inhibitors of hnps-PLA, might require
relatively small cross-sectional areas.

One molecule of diCg(2Ph)PE is bound
with full occupancy to each molecule of
hnps-PLA,. The electron density for the
TSA is continuous except for the three distal
carbons of the sn-1 chain, which lie on the
enzyme’s surface and appear to be disor-
dered. The conformation of the glycerol
backbone and its substituents, as well as
their relation to the catalytic residues and
the primary calcium ion, is identical in each
of the two representations within the asym-
metric unit and corresponds precisely to that
observed in the complex of diCg(2Ph)PE
with the PLA, from the venom of Naja naja
atra (13). As predicted (15), the side chain of
Lys®® forms a potentially mobile left wall for
the hydrophobic channel in a manner anal-
ogous to the role played by Tyr® in the
elapid and pancreatic structures (13, 22) and
Thr®” in the bee venom PLA, (14). This
“flap” is secured into place in the TSA
complex by a highly polarized hydrogen
bond between the e-amino group and the
nonbridged oxygen of the sn-3 phosphate
(Fig. 1).

In the presence of the TSA, the architec-
ture of the hydrophobic channel is similar to
that observed in other PLA, crystal struc-
tures. There is neither structural nor bio-
chemical evidence to suggest that this en-
zyme possesses any special mechanism for
accommodating arachidonic acid (all cis-
A5,A8,A11,A14-tetracicosanoic acid) (28).
The preference of hnps-PLA, for hydrolyz-
ing lipids containing phosphatidyl-ethanol-
amine head groups (9) may result from an
indirect interaction between the sn-3 substi-
tuent and the side-chain carboxylate of
Glu®® (4 A away), although more complex
explanations are possible, for example, those
that deal with the effects of the phosphatidyl
ester on the physical chemistry of the lipid

aggregate.
Calcium ion is essential for PLA, activity
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Fig. 4. (A and B) Longitudinal c
cross section of the hydrophobic i
channel in (A) the absence and (B) ‘2‘.

in the presence of the TSA. The dot &
surfaces simulate the solvent-acces- S

x ~ . & X /
sible surfaces of the protein; the ¢ T
hydrophobic channel is colored yel- s
low. The numbering of residues is q:

according to the common number-
ing system (21). Warer molecules
are indicated by colored spheres:

s
b “ ;7 .6 | i
PR & 2 & ' 4
WAT el Pie e .
‘. C}f =4 17
2 SWAT

the water molecule proposed to serve as the attacking nucleophile during catalysis is colored red. P2 and
R2 refer to the sn-2 phosghonate and the sn-2 acyl chain of the TSA, respectively. Note that the position

of the side chain of His

in (A) appears to block access to the hydrophobic channel; in (B) His® is

pointed out of the plane of the figure and is not shown. (C and D) Schemaric representations of the
interactions of His® in (C) the absence and (D) the presence of the TSA. These are equivalent views;
water molecules are designated as WAT; the terminal segment of the sn-2 acyl chain of the inhibitor is
shown and labeled as TSA-R2. Removal of the water molecules that stabilize the imidazole group of
His® (as well as the water molecules that stabilize the position of the side chain of Glu'”) by the apolar
lipid environment during interfacial binding presumably promotes the formation of the hydrogen-bond

pattern seen in (D).

(29). Two calcium ions are present in each
of the three crystallographically independent
representations of hnps-PLA, (30). In each
case, one calcium ion is bound to the arche-
typical “primary site” that is formed from
the carboxylate oxygens of Asp*® and the
carbonyl oxygens of residues 28, 30, and 32
(15, 19). Surprisingly, in the absence of
inhibitor, the binding site for the primary
calcium ion of hnps-PLA, lacks the two
coordinated water molecules observed in
other crystal structures. The TSA, however,
interacts with the primary calcium ion in a
manner identical to that previously reported
(13-15). Whether this difference in the sol-
vent cage of the primary calcium ion in the
uninhibited crystal form reflects changes in
bulk solvent structure (the other uninhibited
calcium-containing PLA,’s were not crystal-
lized under high-salt conditions) or reflects
partial occupancy of the primary calcium ion
binding site by competing sodium ions is
not clear.

In both the uninhibited and inhibited
forms of hnps-PLA,, a “secondary site” de-
rived from the amide oxygen of Asn'?? and
the backbone carbonyl oxygens of residues
24, 26, and 120, lies 8.7 A from the primary
site (Fig. 5). This six-coordinated site is
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located adjacent to the penta-coordinated
site described for the secondary calcium ion
in the N. n. atra TSA complex (13). In
contrast to the N. n. atra system, where
binding of the TSA repositions the second-
ary calcium ion 4.6 A closer to the primary
calcium ion, the presence of the TSA has no
effect on the location of hnps-PLA,’s sec-
ondary calcium ion. Instead, only in the
presence of the TSA does a water molecule
forming part of the secondary calcium ion’s
hydration shell form a hydrogen bond to the
carbonyl oxygen of residue 29, and thereby
link the secondary calcium ion to the oxy-
anion. This is consistent with the hypothesis
that the secondary calcium ion plays the role
of a “supplemental electrophile” by stabiliz-
ing the oxyanion of the tetrahedral interme-
diate through a hyperpolarization of the
290-30N peptide bond (15). The third
nonconservative substitution found in hnps-
PLA,, the replacement of the highly con-
served Tyr at position 28 with a His, may
also affect the ability of hnps-PLA, to stabi-
lize the oxyanion generated during catalysis.
Although the £2 nitrogen atom of His?*®
fulfills a structural role similar to that of
Tyr*®s phenolic hydroxyl group (by form-
ing a hydrogen bond to 350), His*®s N31

Fig. 5. Schematic
representation of the
secondary  calcium
ion’s position in the
crystal structure of
the hnps-PLA,-TSA
complex. The charge
of the secondary cal-
cium ion  (cross-
hatched sphere) is
potentially  directed
through  hydrogen
bonds to the peptide
290-30N and can
stabilize the oxyanion of the tetrahedral transition
state (target sphere). Water molecules are repre-
sented by open spheres; the sphere marked with
an X is the water molecule that serves as a “switch”
since it only hydrogen bonds to the carbonyl
oxygen of residue 29 in the presence of the TSA.

hydrogen bonds to one of the carboxylate
oxygen atoms of Asp*® through an interven-
ing water molecule. Since the carboxylate
group of Asp*® provides two of the ligating
oxygen atoms for the primary calcium ion,
its interaction with His?® may alter the
primary calcium ion’s charge distribution.
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Induction of Type I Diabetes by Kilham’s Rat Virus
in Diabetes-Resistant BB/Wor Rats

D. L. GuBersky, V. A. THoMAS, W. R. SHEK, A. A. LIKE,*
E. S. HANDLER, A. A. Rossing, J. E. WALLACE, R. M. WELSH

Type I diabetes mellitus is an autoimmune disease resulting from the interaction of
genetic and environmental factors. A virus that was identified serologically as Kilham’s
rat virus (KRV) was isolated from a spontaneously diabetic rat and reproducibly
induced diabetes in naive diabetes-resistant (DR) BB/Wor rats. Viral antigen was not
identified in pancreatic islet cells, and B cell cytolysis was not. observed until after the
appearance of lymphocytic insulitis. KRV did not induce diabetes in major histocom-
patibility complex—concordant and discordant non-BB rats and did not accelerate
diabetes in diabetes-prone BB/Wor rats unless the rats had been reconstituted with DR
spleen cells. This model of diabetes may provide insight regarding the interagation of

viruses and autoimmune disease.

IRAL INFECTIONS HAVE BEEN CON-

sidered possible etiologic agents re-

sponsible for human type I diabetes
with the coxsackie (1, 2) and rubella (3)
viruses as the most likely candidates. Pro-
posed mechanisms of action include virus-
induced modification of B cell antigens,
molecular mimicry, direct lysis of B cells,
and virus-induced functional changes in ef-
fector or regulatory lymphocytes (4, 5). All
experimental models of virus-induced diabe-
tes so far involve viral infection or transfec-
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tion of B cells, and there has been no direct
demonstration that viruses induce diabetes
in experimental animals without extensive B
cell infection or lysis (4—6). We report here a
model for the study of virus-induced diabe-
tes in rats with a discrete genetic back-
ground.

The BB/Wor rat develops spontaneous,
autoimmune diabetes mellitus and is consid-
ered an animal model of human type I
insulin-dependent diabetes mellitus. Diabe-
tes-prone (DP) rats are lymphopenic and
>80% develop diabetes before 120 days of
age (7, 8). DR rats were derived from DP
progenitors (9), have normal lymphocyte
numbers and phenotypes, and do not be-
come diabetic spontaneously if maintained
in a viral antibody—free (VAF) environment
(10).

An unexplained outbreak of lymphocytic
insulitis (pancreatic islets surrounded and
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