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Cytosolic phospholipase A, (cPLA;) catalyzes the selective release of arachidonic acid from
the sn-2 position of phospholipids and is believed to play a key cellular role in the generation
of arachidonic acid. When assaying the human recombinant cPLA, using membranes isolated
from [*Hlarachidonate-labeled U937 cells as substrate, 3,3-Dimethyl-6-(3-lauroylureido)-7-
oxo-4-thia-1-azabicyclo[3.2,0]heptane-2-carboxylic acid (1) was found to inhibit the enzyme in
a dose-dependent manner (ICsp = 72 uM). This j3-lactam did not inhibit other phospholipases,
including the human nonpancreatic secreted phospholipase A,. The inhibition of cPLA> was
found not to be time-dependent. This, along with the observation that the degradation of the
inhibitor was not catalyzed by the enzyme, demonstrates that the inhibition does not result
from the formation of an acyl-enzyme intermediate with the active site serine residue. More-
over, the ring-opened form of 1 is also able to inhibit cPLA, with near-equal potency. To
further characterize the mechanism of inhibition, an assay in which the enzyme is bound to
vesicles of 1,2-dimyristoyl-sn-glycero-3-phosphomethanol containing 6-10 mole percent of 1-
palmitoyl-2-[1-*Cl-arachidonoyl-sn-glycero-3-phosphocholine  was  employed. With  this
substrate system, the dose-dependent inhibition was defined by kinetic equations describing
competitive inhibition at the lipid/water interface. The apparent dissociation constant for the

* Corresponding author: Bristol-Myers Squibb, 100 Forest Avenue, Buffalo, NY 14213,
USA. Tel.: 716-887-7615. Fax: 716-887-7661.
Abbreviations used: cPLA,, cytosolic phospholipase As; [“*CIPAPC, 1-palmitoyl-2-arachido-
noyl-{arachidonoyl-1-'"*C]-sn-glycero-3-phosphocholine; DMPM, 1.,2-dimyristoyl-sn-glycero-3-
phosphomethanol; hnp-sPLA,, human non-pancreatic secreted phospholipase As.
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inhibitor bound to the enzyme at the interface (K[**") was determined to be 0.5 +0.1 mole%
versus an apparent dissociation constant for the arachidonate-containing phospholipid of
0.4+0.1 mole%. Thus, 1 represents a novel structural class of inhibitors of cPLA, which
partitions into the phospholipid bilayer and competes with the phospholipid substrate for the
active site.

Keywords: Cytosolic phospholipase A,; Inhibition; Interfacial catalysis
INTRODUCTION

Cytosolic phospholipase A, (cPLA,) catalyzes the hydrolysis of the sn-2
arachidonoyl ester of phospholipids.'? Because of its apparent role in the
generation of leukotrienes and prostaglandins, potent inflammatory media-
tors metabolized from arachidonate, cPLA, has received considerable
interest as a target for novel anti-inflammatory agents.

The cPLA, is a calcium-dependent enzyme which is present in a number
of different tissues and cells including monocytes, neutrophils, and plate-
lets.> > The enzyme is normally located in the cytosol, but translocates to
the membrane in response to submicromolar concentrations of calcium.®’
Moreover, agonist-induced phosphorylation at Ser-505 of cPLA; has been
proposed to regulate the enzyme in vivo,® although phosphorylation of the
enzyme does not appreciably affect its catalytic activity.” It has also been
shown that enzyme phosphorylation and an influx of calcium are not suffi-
cient to activate cPLA, in U937 cells, and that activation of a pertussis
toxin-sensitive G-protein is required.'® Additionally, the enzyme shows a
cooperative behavior, with respect to the mole fraction of arachidonate-
containing phospholipids, which may account for another mechanism of
regulation.'!

The catalytic mechanism of ¢cPLA, is thought to be much like that of
serine esterases and proteases: the enzyme forms an acyl enzyme inter-
mediate between arachidonate of the phospholipid substrate and an active
site serine residue. Site-directed mutagenesis has been used to provide
evidence that serine-228 is this putative active site nucleophile.'>'* Other
evidence for this mechanism comes from the fact that the enzyme also cata-
lyzes, to a small extent, a transacylase reaction which is most simply
explained by invoking an acyl enzyme intermediate.'*'*> Additionally, the
arachidonoyltrifluoromethyl ketone, which is a potent inhibitor of the
enzyme, shows kinetic and spectroscopic characteristics consistent with
the formation of a hemiketal with a serine residue in the active site.'s!’
The presence of glycerol, which enhances the activity of the enzyme,'"'®
results in the formation of monoarachidonoyl glycerol which further
demonstrates that the enzyme possesses a transacylase activity. '
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Since the phospholipid substrate on which the enzyme acts is in the
form of an aggregate rather than water soluble monomers, the enzyme
must first bind to the surface of the lipid/water interface before a phospho-
lipid molecule can bind to the active site.'” The enzyme contains a calcium-
dependent interfacial binding site, separate from the active site, which is
responsible for the translocation of the enzyme to the interface. The loca-
tion of this interfacial binding site is at the N-terminal end of the
enzyme.”*® This portion of the enzyme has significant sequence homology
to the CaLB lipid binding domains of both protein kinase C and phospho-
lipase C7|.7

The interfacial binding step has presented a great challenge when per-
forming kinetic analysis of the enzyme. However, the analysis of phospho-
lipase catalysis at the interface has received considerable investigation and
has led to kinetic schemes describing the action of phospholipases.Z"22 The
kinetics can be described using classical Michaelis-Menten kinetic theory
applied to interfacial catalysis,>® which facilitates determination of numer-
ous kinetic parameters and binding constants.'"

In this paper, we provide a detailed characterization of the inhibition of
¢PLA, by a $-lactam-containing inhibitor, 1, which was identified by high-
throughput screening of a compound library. Surprisingly, the inhibitor is
shown to act not by acylating the enzyme, but by inhibiting the enzyme in
a reversible, competitive manner when the enzyme is at the lipid-water
interface.

H H
H5;C(CH,) I\Il b': H
S g
N

MATERIALS AND METHODS

Enzymes and Substrates

All non-radiolabeled phospholipids were obtained from Avanti Polar
Lipids except for DMPM, which was from Calbiochem. The radio-
labeled ["*C]JPAPC was from DuPont/NEN (55mCi/mmol). The human,
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premonocytic U937 cell line was obtained from the American Type Cul-
ture Collection. [*HJarachidonate-labeled U937 membranes were prepared
from U937 cells which had been prelabeled with [*H]arachidonate (100 Ci/
mmol) as previously described.’

The human, recombinant cPLA, was expressed in Sf9 insect cells and
highly purified as previously described.'’ The hnps-PLA,, which was puri-
fied from human platelets according to the procedure of Raghupathi and
Franson,?® was obtained from Dr. R.C. Franson (Virginia Commonwealth
University) along with the [1-'*C]-oleic acid-labeled E. coli membrane
substrate (3000 dpm/nmol phospholipid).

Enzyme Assays

Sonicated phospholipid covesicles comprised of DMPM and containing
['“C]JPAPC or other phospholipids, were prepared using the general meth-
ods described previously.!?%?” With this synthetic substrate, enzymatic
assays were performed using the general procedure of Burke et al'! in
which ¢PLA; (210-390 ng/mL) was added to solutions of the radiolabeled
covesicles (150-270 uM bulk phospholipid) in 25mM BisTris Propane
containing 7mM CaCl,, 0.4mg/mL albumin (BSA, essentially fatty acid
free), and 4 M glycerol at pH 8. All components except enzyme were incu-
bated at 37°C for 5Smin before the addition of enzyme. At various times,
100 1L aliquots were removed and quenched by addition into 1.9 mL tetra-
hydrofuran. The hydrolyzed, radiolabeled fatty acid was then isolated
using aminopropyl solid-phase extraction columns as described pre-
viously.®® Under these assay conditions, the high calcium concentration
catalyzes vesicle fusion with continuous exchange of phospholipids.'"*

Assays of cPLA, activity using the [*Hlarachidonate-labeled U937
membranes as substrate used 0.6 pg/mL enzyme and membrane substrate
(22 uM) in 20 mM HEPES buffer, pH 8, containing 6 mM CaCl,, 0.9 mg/mL
HSA and 0-4 M glycerol. Enzyme assays were allowed to proceed for 20 min
at 37°C before quenching with THF. The radiolabeled fatty acid product
was isolated as described above.

Assays of hnps-PLA; utilizing radiolabeled E. coli membrane as sub-
strate were performed as described previously.?®

Degradation of Compound 1 in the Assay

Enzyme (440 ng/mL) was added to a solution of 1 (50 pM) in an assay
mixture containing the non-radiolabeled covesicles of PAPC/DMPM
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(270 uM bulk phospholipid, 8 mole% PAPC) in 25mM BisTris Propane
containing 7mM CaCl,, and 0.4 mg/mL albumin (BSA, essentially fatty
acid free) at pH 8. This mixture was then incubated at 37°C. At various
times, aliquots were removed and analyzed by HPLC for the amount of 1
remaining. A control without enzyme was also analyzed.

HPLC analysis employed a Waters p-Bondapak c18 reverse phase
column (3.9 x 150mm) and an isocratic elution with 75:25 CH;CN/
S0mM K,HPO, at 1.5mL/min. Under these conditions, 1 had a retention
time of 5.6 min.

Synthesis

3.3-Dimethyl-6-(3-lauroylureido)-7-0xo0-4-thia-1-azabicyclo[3,2,0lheptane-
2-carboxylic acid, potassium salt (1) was prepared according to the proce-
dure of Naito er al.**

Lauroylureidopenicilloic  acid, mono potassium salt (2) A solution of
3,3-dimethyl-6-(3-lauroylureido)-7-oxo-4-thia- 1-azabicyclo[3,2,0]heptane-2-
carboxylic acid, potassium salt (1.00 g, 2.08 mmol) in water (40mL) was
treated dropwise at 22°C with 1M KOH (2.0mL, 2.0mmol) and the
resulting mixture was stirred for 3h. After adjusting to pH 5.8 with 0.2N
sulfuric acid, the solution was then chromatographed on reversed phase
silica gel (u-Bondapak c-18). Elution with a gradient of acetonitrile (0-
50%) in water gave 0.426 g (41%) of lauroylureidopenicilloic acid mono
potassium salt as a white powder after lyophilization. [2]*D +66.6° (c 1.0,
H>0). IR (KBr) vpax (em™'): 1690 (C=0O of amide) and 1600 (C=0 of
carboxylate). '"H NMR 400 MHz (D,0) é (ppm): 0.90 (3H,t,J=6.5Hz,
CHa,), 1.28 and 1.59 (2 x 3H, 2s, 2 x CH3), 1.3 and 1.7 (16H and 2H, 2m,
(CHs)y), 2.45 (2H,t,J=7.3Hz,CH,CO), 3.63 (1H,s), 4.24 and 5.21
(2x 1H,2d,J =4.9Hz).

RESULTS AND DISCUSSION

(-Lactam 1 is a Selective Inhibitor of cPLA,

U937 cells treated with [*HJarachidonate incorporate this radiolabeled fatty
acid into phospholipid pools. An assay using membranes isolated from
these radiolabeled U937 cells as substrate was used to measure the activity of
human, recombinant ¢cPLA,. Synthetic compounds from the Bristol-Myers
Squibb compound collection were tested, resulting in the identification of
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the $-lactam, 1, as an inhibitor of the enzyme. As shown in Figure 1, the
dose-dependent inhibition gave an ICs, value of 72 uM.

The human, nonpancreatic secreted phospholipase A; (hnp-sPLA) is an
enzyme which shows no structural, genetic, or mechanistic homology to
the cPLA; even though the two enzymes catalyze the same reaction (for a
review, see Reference 30). As depicted in Figure 1, 1 showed much less
activity against the hnp-sPLA, with less than 25% inhibition at concentra-
tions as high as 250uM. Thus, 1 showed a marked selectivity for the
c¢PLA, as compared to the hnp-sPLA,.

Moreover, 1 inhibited neither other types of phospholipases such as
phospholipase A, phospholipase C or phospholipase D, nor arachidonate-
metabolizing enzymes such as cyclooxygenase and 5-lipoxygenase (results
not shown).

Noncovalent Mechanism of Inhibition by 1

2 Since the cPLA, is a serine esterase, it may not seem surprising that a g-
3 lactam such as 1 inhibits the enzyme. Indeed, the inhibition of D-alanine
= . . . .
T carboxypeptidase, another serine protease, by [(-lactam-containing peni-
g cillins results from an acylation of the active site serine.’!
o
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FIGURE | Dose-Dependent Inhibition of ¢cPLA, and hnp-sPLAv by 1. Closed circles,
Inhibition of the activity of cPLA; assayed using membranes from [*Hlarachidonate-labeled

U937 cells as substrate; open circles, inhibition of hnp-sPLA,. See Materials and Methods for
details. The data represent the average of duplicate measurements.
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To detemine whether 1 inhibits cPLA, by a similar mechanism, the
time-dependency of the inhibition was measured. As shown in Figure 2,
the rate of hydrolysis of covesicle substrate comprised of ['*CIPAPC dis-
persed within DMPM is, as expected, linear. The further observation that
the inhibition observed with 1 is immediate rather than time-dependent,
however, is inconsistent with an inhibition mechanism in which the active
site serine is acylated. It would have been predicted that covalent modi-
fication of the serine would have resulted in a time-dependent inhibition
(inactivation) of the enzyme.*?

This lack of time-dependent inhibition can be reconciled with an acylation
mechanism if a putative acyl-enzyme intermediate formed between 1 and the
active site serine is quickly hydrolyzed. That is, 1 may function as a substrate
for the enzyme. This possibility was investigated by determining the rate of
degradation of 1 by cPLA; under the conditions of the assay. As shown in
Figure 3, this rate of degradation was not significantly different than the
surprisingly fast nonenzymatic rate of degradation (t;,=3.2+0.2h and
3.8 +0.5h, respectively). This data indicates that 1 is not acting by acylating
the active site serine of cPLA,, even in a transient manner.

Definitive evidence against an acylation mechanism of inhibition comes
from the use of 2, the ring-opened analog of 1. When assayed using the
[*H]arachidonate-labeled membranes from U937 cells as substrate, a

50000 A

40000

[*Cl-Arachidonate
Product 30000
(dpmvymL)

20000

10000 -l

T ) 1 1
0 1 2. 3 4 5 6
Time (mins)

FIGURE 2 Effect of 1 on the cPLAy-catalyzed hydrolysis of ['*CJPAPC dispersed in
covesicles with DMPM. [**C]Arachidonate produced in the absence of inhibitor (closed
circles), and in the presence of 25 uM 1 (open circles). [Enzyme] =207 ng/mL, [phospholipid] =
150 uM. See Materials and Methods for details. The data represent the average of duplicate
measurements.
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FIGURE 3 Rate of degradation of 1 in the cPLA; assay. The inhibitor, 1, was incubated in
the presence (open circles, solid line) or absence (closed circles, dotted line) of cPLA, and the
amount of compound remaining over time (%BBP-301) as compared to time=0 was
determined by HPLC. See Materials and Methods for details.

dose-dependent inhibition by 2 was observed with an ICsy value of 81 uM
(data not shown). The observation that 2, which is unable to acylate the
serine residue, inhibits cPLA, with a potency nearly equal to that observed
with 1 demonstrates that the mechanism of inhibition does not proceed
through an acyl-serine intermediate.

H H

| |
H3C(CH2)10\H/N \"/N 7/(
N7 oK

Inhibition of cPLA; by 1 at the Lipid/Water Interface

The equilibrium binding of cPLA, to the substrate involves a dependency
on two processes as defined in Scheme 1.'"' These include the intrinsic
equilibrium binding to the interface (defined by a dissociation constant,
Ks) and the equilibrium binding of phospholipid substrate to the active
site at the interface (defined by a dissociation constant, Ky*).
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Ks Km* kcat
E+A === EA*+S =—= EAS* ——> products
SCHEME | Kinetic Scheme for Binding of ¢PLA; to Phospholipid. E is defined as the free
enzyme; A is the phospholipid vesicle, EA* is the enzyme bound to the lipid/water interface; S

is the phospholipid substrate within the vesicle; and EAS” is the interface-bound enzyme
containing an active-site-bound phospholipid substrate.

A competitive, reversible inhibitor of phospholipase A, which acts at the
lipid/water interface is a compound which partitions into the phospholipid
bilayer and binds to the active site of the enzyme when the enzyme is
bound to the interface.*® This type of inhibitor is competitive: It competes
with the individual phospholipids for the active site.

Definitive proof that 1 is acting as a competitive, reversible inhibitor at
the lipid/water interface comes from the use of covesicles of ['*CJPAPC
dispersed within DMPM. This covesicle substrate allows for the determi-
nation of the equilibrium dissociation constants of phospholipids and
inhibitors from the active site at the interface.!' Using these covesicles, the
concentration of 1 was varied while measuring the cPLA-catalyzed rate of
hydrolysis of the covesicles containing different mole percentages of
['*CIPAPC. As long as the bulk phospholipid concentration is large
enough to ensure that essentially all of the enzyme is at the interface (e.g.,
at 270 uM phospholipid over 98% of the enzyme is interface-bound),’
the following equation describing competitive inhibition of cPLA, at the
interface is valid:''*>%¢

o *xapp
((%,:w }/f—'x Xi/(1 - X)), (1)
K_;wﬁpﬁ

where (vo)°/(vy)' is the ratio of initial rates in the absence to that in the
presence of a competitive inhibitor; Ky™ and K[*"" are defined as the
apparent dissociation constants for the substrate and inhibitor, respec-
tively;*” X, is the concentration of inhibitor (in units of mole fraction); and
(Xs°) is the mole fraction of radiolabeled substrate (['"*C]JPAPC) in the
absence of inhibitor. The unit of concentration in the interface is mole
fraction which is related to the surface concentration of substrate, rather
than bulk concentration which has units of molarity.

Using these covesicles as substrate for cPLA,, the dose-dependent inhi-
bition by 1 was plotted in Figure 4 as (v()°/(vo)' versus X;/(1 — X,) at each
(Xs°) value.® As predicted by equation (1), linear correlations were
obtained. Nonlinear regression analysis of the data as fit to equation (1)
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4.0 VvV 10 mole%
3.5 4
(o) tvg)!

30
2.

1
2.0 4
1.5
1.0 4

1 T ) ] 1 -1
000 005 010 015 020 025 0.30

X/(1-X,)

FIGURE 4 Correlation of the inhibition of hydrolysis of ['*CJPAPC/DMPM covesicles with
the concentration of 1 (X;). Enzyme was assayed in a solution containing radiolabeled
covesicles under fusing conditions. These ['“CJPAPC/DMPM covesicles contained 0-23
mole% 1 and had Xs° values (in terms of ['*C]PAPC concentrations) of: open circles, 6 mole%;
closed circles, 8 mole%; open triangles, 10 mole%. The data was fitted to equation (1) which
describes competitive inhibition at the interface. [Enzyme]=390ng/mL, [phospholipid]=
270 uM. See Materials and Methods for details. The data represent the average of duplicate
measurements. To determine the X; values, the inhibitor was assumed to be completely
partitioned into the bilayer.

yielded Kjj* and K" values of 0.4+0.1 and 0.5+ 0.1 mole%, respec-
tively. The value of K" determined here is in good agreement with the
value of 0.3+ 0.1 mole% determined previously. "'

That the inhibition of ¢cPLA, can be defined by equation (1) demon-
strates, unequivocally, that 1 is a competitive, reversible inhibitor at the
interface. That a compound such as 1 becomes incorporated into the bilayer
is not surprising since an energetic hydrophobic interaction between the
n-alkyl chain of the inhibitor and the fatty acid tails of the phospholipids
comprising the bilayer would be expected.

This mechanism is of particular relevance to the design of pharmaco-
logically active compounds since inhibitors which act at the interface will
always show inhibition due to the requirement that the enzyme must be at
the interface in order to hydrolyze the phospholipid. Inhibitors of this type
may be pharmacologically advantageous in vivo as compared to inhibi-
tors which act on the enzyme in the aqueous phase since the degree of
inhibition will not be dependent on the fraction of enzyme bound to the
interface.
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In conclusion, -lactams and peptide analogs such as 1 and 2 represent
an important step in the development of potent inhibitors of cPLA, for
use as novel antiinflammatory agents. Work is ongoing in our laboratory
to determine which chemical moieties of 1 and 2 provide for interactions
with the active site.
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