
UC San Diego
UC San Diego Previously Published Works

Title
Critical role of a hydrogen bond in the interaction of phospholipase A2 with transition-state 
and substrate analogues.

Permalink
https://escholarship.org/uc/item/47q041xg

Journal
Proceedings of the National Academy of Sciences of the United States of America, 88(20)

ISSN
0027-8424

Authors
Yu, L
Dennis, EA

Publication Date
1991-10-15

DOI
10.1073/pnas.88.20.9325
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/47q041xg
https://escholarship.org
http://www.cdlib.org/


Proc. Natl. Acad. Sci. USA
Vol. 88, pp. 9325-9329, October 1991
Biochemistry

Critical role of a hydrogen bond in the interaction of phospholipase
A2 with transition-state and substrate analogues

(phospholipase A2 inhibitor/pH effect/Triton X-100 mixed micelles/interfacial binding)

LIN YU AND EDWARD A. DENNIS*
Department of Chemistry, University of California, San Diego, La Jolla, CA 92093

Communicated by Morris E. Friedkin, August 5, 1991

ABSTRACT The inhibition of phospholipase A2 by an
amide substrate analogue, 1-hexadecylthio-2-hexadecanoyl-
amino-1,2-dideoxy-sn-glycero-3-phosphocholine, and a phos-
phonate transition-state analogue, 1-hexadecylthio-1-deoxy-2-
hexadecylphosphono-sn-glycero-3-phosphocholine, is dramat-
ically influenced by pH. However, these two inhibitors show
opposite pH dependencies. The amide analogue acts more
potently under basic conditions, whereas the phosphonate acts
more potently under acidic conditions. In both cases, lgand
binding is perturbed by protonation of an enzyme functional
group with an apparent pK. of 6.1, which corresponds to that
of a histidine residue. Thus, His-48, which has previously been
implicated in catalysis, appears to be critically involved in the
hydrogen bond interactions between the enzyme and these two
inhibitors. The amide analogue binds most effectively to the
enzyme when His-48 is deprotonated. Upon protonation of the
histidine residue, the amide cannot form a critical hydrogen
bond and loses its ability to interact effectively with the enzyme.
In contrast, the phosphonate analogue binds much tighter to
the protonated form of the enzyme than to the deprotonated
form. The phosphonate analogue needs a bridging hydrogen
between the oxygen on its phosphorus atom and the N81 of
His-48 to form a strong hydrogen bond. At optimal pH values
for inhibitor binding, both the amide and the phosphonate
analogues are potent competitive inhibitors of cobra (Naja naja
naja) venom phospholipase A2. The IC5o for the amide was 4.4
x 10-4 mol fraction and for the phosphonate was 1.6 x 10-5
mol fraction. Under the experimental conditions used, this
corresponds to a bulk concentration of 2 IpM and 70 nM,
respectively.

Recently, two types of reversible, tight-binding phospholi-
pase A2 inhibitors have been rationally designed and char-
acterized. The first type is composed of amide analogues in
which an amide functional group is used to replace the scissile
ester bond at the sn-2 position of phospholipids (1, 2). The
other is composed of phosphonate analogues in which a
tetrahedral phosphonate group is used in place of the sn-2
ester bond of phospholipids to mimic the putative transition
state of phospholipase A2-catalyzed hydrolysis (3). Crystal-
lographic studies of phospholipase A2 complexed with these
analogues have suggested that both inhibitors interact with
the enzyme via a strong hydrogen bond (4-6). These studies
indicate that the amide analogue forms a hydrogen bond
through the amide hydrogen with the N61 atom of His-48.
The phosphonate analogue forms a hydrogen bond through
one of the nonbridging oxygen atoms of the phosphonate
group with the protonated N81 atom of His-48. In this
manuscript, we explore the ramifications of these findings on
the binding of various inhibitors to the enzyme.

The concept of transition-state analogues has been suc-
cessfully applied to develop potent inhibitors of a variety of
enzymes (7). Such transition-state analogues have been de-
signed based on the premise that an enzyme catalyzes a
reaction by binding the transition state much more tightly
than the ground state of the substrate (8-10). Therefore, a
molecule that closely resembles the transition state would act
as a tight enzyme inhibitor. We have now synthesized two
inhibitors, an amide and a phosphonate analogue, both of
which contain the same fatty acid chain length at the sn-2
position, a thioether function at the sn-i position, and a
phosphorylcholine head group (1); they differ only in the
amide and phosphonate functional groups in the sn-2 posi-
tion. We found that the phosphonate analogue functions as a
4-fold less potent inhibitor than the amide analogue at the pH
most often used to study the enzyme (pH 8.5), although both
compounds are effective in the micromolar concentration
range and bind to the enzyme -:z3 orders of magnitude tighter
than its natural substrate. It was surprising that the putative
transition-state analogue binds to the enzyme less well than
the amide substrate analogue. To investigate the unexpected
behavior of the phosphonate analogue, we have explored the
effect of pH on the interaction of phospholipase A2 with the
amide and phosphonate analogues. As will be shown, the
inhibition of phospholipase A2 by amide and phosphonate
analogues depends strongly on the ionization of the catalytic
histidine residue of the enzyme. Under optimal conditions,
which may not be physiologic, the phosphonate analogue is
indeed a very effective inhibitor, which binds to the enzyme
-"30-fold tighter than the amide analogue.

EXPERIMENTAL PROCEDURES
Materials. Phospholipase A2 was purified to homogeneity

from lyophilized cobra venom (Naja naja naja) as described
(11). 1-Hexadecylthio-1-deoxy-2-hexadecylphosphono-sn-
glycero-3-phosphocholine and 1-hexadecylthio-2-hexade-
canoylamino-1 ,2-dideoxy-sn-glycero-3-phosphocholine
were synthesized as described (unpublished data). 1,2-
Bis(decanoylthio)-1,2-dideoxy-sn-glycero-3-phosphocholine
(thio-PC) was prepared as described (1, 12). 4,4'-Dithiodipy-
ridine was purchased from Aldrich, and Triton X-100 was
purchased from Sigma.
Enzyme Assay. Phospholipase A2 hydrolysis of phosphati-

dylcholine in mixed micelles with Triton X-100 was deter-
mined spectrophotometrically at 324 nm using thio-PC as a
substrate (12). Activity was followed at 30°C by monitoring
the production of 4-thiopyridine, a product of the reaction of
4,4'-dithiodipyridine with the thiol released on phospholipid
hydrolysis. The standard buffer contained 0.1 M KCl, 10mM
CaC12, 0.25 mM Triton X-100, and 25 mM buffer at a given
pH. The buffers used were acetate (pH 5.5), 2-(N-morpho-

Abbreviation: thio-PC, 1,2-bis(decanoylthio)-1,2-dideoxy-sn-
glycero-3-phosphocholine.
*To whom reprint requests should be addressed.
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line)ethanesulfonic acid (pH 6.0-7.5), Tris HCl (pH 8.0-9.0).
As the extinction coefficient of 4-thiopyridine is pH depen-
dent, enzyme activity was calculated by using the corre-

spondifng extinction coefficient at each pH as reported else-
where (12).

Kinetic Studies. In this study, the thio-PC substrate is in the
form ofmixed micelles with Triton X-100, which has a critical
micelle concentration of 0.24 mM. To define this micellar
substrate, both its bulk and surface concentrations have to be
given. The bulk concentration is expressed in terms of the
molar concentration of the total substrate dissolved in the
solution and the surface concentration in the mol fraction of
the substrate in the micelle, which depends on the effective
ratio (Re) of detergent to substrate in aggregates (13). Since
some of the detergent is still present as monomers in the
mixed micellar solution, it has to be taken into account when
one calculates the substrate surface concentration. In the
present study, 0.24 mM Triton X-100 is included in the
standard buffer to approximate the monomer concentration,
so that the substrate surface concentration can be simply
calculated based on the additional Triton X-100 added.

Phospholipase A2 exhibits the phenomenon of "surface
dilution kinetics" in that its activity depends not only on the
bulk concentration of substrate, S, but also on its surface
concentration, X (14-16). This is shown-in the boxed scheme
of Fig. 1, along with the pH effects and the effect of a
competitive inhibitor that binds to the enzyme only in the
second step. This scheme was developed from the kinetic
model of Hendrickson and Dennis (16) with the assumption
of rapid equilibrium kinetics. To deal with this surface
dilution phenomenon, two sets of kinetic experiments were
carried out, each of which simplifies the kinetics into a

pseudo-single substrate system (16). In the first, substrate
dependence curves were. obtained by varying the bulk con-
centration of substrate while the surface concentration was
held constant (case I). In the second, the surface concentra-
tion of substrate was varied while the bulk concentration was
held constant (case II). In the present study, the bulk
concentration of substrate was varied in case I from 0.02 to
0.5 mM at a surface concentration of 0.111 mol fraction. In
case II, the experiments were carried out by varying the
surface concentration of substrate from 0.02 to 0.2 mol
fraction at a bulk concentration of 0.5 mM. A substrate
dependence curve was obtained for both cases I and II at
different pH values. The data from these substrate depen-
dence curves were fitted by nonlinear regression analysis.
The apparent maximal velocity, V.., and substrate dissoci-
ate constant, K., at each pH were calculated by using the
Michaelis-Menten equation for case I and the Hill equation
for case II with a Hill coefficient of 1.66.

ESI

+ Jrai~~~ JraBA-

ITY
EHSI

FIG. 1. Proposed kinetic scheme for phospholipase A2 inhibition
by the amide and the phosphonate analogues. All ofthe constants are
dissociation constants.

The kinetic parameters and the pKa were determined from
the Vapp and Kapp values obtained above by fitting the data to
Eqs. 1 and 2:

Vapp = C/(l + C2 H/Ka)

Kapp = (1 + C3 H/Ka)/(C4 + C5 H/Ka),

[1]

[2]

which are derived from the scheme in Fig. 1 in the absence
of an inhibitor. As shown in the scheme, the enzyme is
assumed to exist in both protonated and deprotonated forms,
and both forms are assumed to bind substrate but with
different affinities. In Eqs. 1 and 2, H represents the proton
concentration, Ka is the dissociation constant ofthe ionizable
group, and the meaning of the remaining constants depends
on how the experiments were carried out. They are listed in
Table 1.

Inhibition Studia. The inhibition of phospholipase A2 by
phospholipid analogues was evaluated by measuring the
half-maximum inhibition (IC50) as described (1, 2). For the
amide analogue, the enzymatic reaction was initiated by
adding the enzyme to the mixture of the inhibitor and the
substrate in Triton X-100 mixed micelles. For the phospho-
nate analogue, the assay was carried out by adding the
substrate to the enzyme solution containing the desired
amount of the inhibitor in mixed micelles to initiate the
reaction. The linear portion of the reaction progress curve
was used to calculate the initial velocity. The standard assay

mixture consisted of 0.5 mM thio-PC and 4 mM Triton X-100
in the standard buffer at a given pH. IC50 values were
calculated by fitting data to Eq. 3:

V = C/(IC50 + I) [3]

where v is the velocity at the inhibitor surface concentration
I, and C is equal to VmaxKiX/Kx. IC50 is determined by adding
the inhibitor to the substrate solution containing constant
bulk concentrations of thio-PC substrate and Triton X-100.
Since the maximal inhibitor concentration used in this study
is 0.05 mM, which is -1% of the total surfactant concentra-
tion, the dilution of the substrate surface concentration is
negligible. At a constant surface concentration of substrate,
C is also a constant. This equation is also derived from the
scheme in Fig. 1 at a constant pH with the assumption of
competitive inhibition. IC50 values are given in surface con-
centration units (mol fraction), assuming that all of the
inhibitor is bound to the mixed micelle; for discussion pur-
poses only, the corresponding bulk concentration is also
given.

RESULTS
Dependence ofEnzyme Activity on pH. To ascertain that the

pH effect on enzyme catalysis and substrate binding was not
caused by enzyme denaturation, the stability of cobra venom
phospholipase A2 at different pH values was determined. The
enzyme was first incubated at a given pH for 5 min, and then
its activity was measured at pH 8.5 using 0.5 mM thio-PC
substrate. At pH values between 5.5 and 9.0, there was no

Table 1. Parameters in Eqs. 1 and 2

Case I Case II

C1 VmaxX/(Kx + X) Vmax
C2 [Kx/a + X/(aI3)]/(Kx + X) 1/(ai)
C3 1 (KSKx + KxSla)/(KsKx + KxS)
C4 (Kx + X)/(KsKx) S/(KSKX + KxS)
C5 [Kx/a + X/(a13)]/KKx S/[(ag9)(KsKx + KMS)]

Vmax is the product of kcat and EO (total enzyme). All other
constants are defined in Fig. 1.

Proc. Natl. Acad. Sci. USA 88 (1991)
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significant change in enzymatic activity within experimental
error. This result indicates that the enzyme is stable over the
pH range used in the present studies.
A series of substrate-dependence experiments were car-

ried out at each pH, and Vapp and Kapp values were deter-
mined. The effects of pH on the apparent maximal velocity
Vapp for both case I and case II are shown in Fig. 2. The
phospholipase A2 activity increases with pH, reaching a
plateau at pH 7 for both cases, consistent with the titration of
a single base (Fig. 2). The effects of pH on the apparent
binding constants, Kapp values for case I and case II, are
shown in Fig. 3. It should be noted that the units in apparent
binding constants Kapp for case I and case II are different; mol
fraction is used for the latter and micromolar is used for the
former. The pH profiles are identical. Substrate bindings
increase with increasing pH, plateauing above pH 7. The pKa
determined was 6.1 ± 0.4, which is consistent with the pKa
value of 5.9 previously determined via calcium binding
studies (17). The kinetic parameters were also determined.
Vmax is 620 ,imol min-' mg-1. Ks is 0.233 mM and K& is 0.0425
mol fraction. a and 8 equal 1.3 and 2.6, respectively.
The kinetic data collected under case II should follow

simple Michaelis-Menten kinetics according to the working
model proposed in Fig. 1. However, the experimental data
obtained between pH 5.5 and 9.0 all fit best to a Hill equation
with the Hill coefficient of 1.66, indicating that substrate
binds to the enzyme in a cooperative manner at the interface.
Previous studies have suggested that the enzyme has two
binding sites (a catalytic and an activator site) and phosphati-
dylcholine substrates bind to both (18-20). Whether an
additional binding step should be considered for the hydrol-
ysis of thio-PC is not clear at this time.

Effect of pH on the Interaction Between Phospholipase A2
and Its Inhibitors. The analysis ofphospholipase A2 inhibition
was carried out by using Eq. 4:

IC50 = [C1 + C2(H/KA)]/[1 + H/(ayKa)], [4]

which is derived from a rapid equilibrium mechanism with
assumption of the competitive inhibition of phospholipase A2
by substrate analogues. As shown in Fig. 1, the enzyme first
binds to the lipid-water interface through as yet undefined
interactions (probably electrostatic interactions) with zwit-
terionic PC substrate and substrate analogue in the interface.
After being bound to the interface, the enzyme then binds
either a substrate or an inhibitor in the catalytic site. Since the
inhibitor concentration is always <1/100th of the substrate
concentration, its effect on the binding of the enzyme to the
lipid-water interface is negligible. Thus, the interaction ofthe
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FIG. 2. Phospholipase A2 activity (Vapp) as a function of pH.
Standard assay conditions are described in Experimental Proce-
dures. Solid lines are drawn from a nonlinear least-squares fit to Eq.
1. *, Case I; A, case II.
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FIG. 3. Plot of apparent substrate binding constants as a function
of pH. *, Kapp values for case I determined by fitting to the
Michaelis-Menten equation; A, Kapp values for case II determined by
fitting to the Hill equation with a Hill coefficient of 1.66.

enzyme and its potent inhibitor is only shown after the
enzyme binds to the interface. This kinetic scheme does not
distinguish between ordered and random additions of sub-
strate and inhibitor or between monomers and dimers as the
active form of the enzyme.

In Eq. 4, C1 is equal to (Ks/S + 1 + X/K,)Ki and C2 is equal
to [Ks/S + 1/a + X/(afKx)]Ki. As discussed in Experimental
Procedures, the effect of the addition of the inhibitor to the
assay solution on the substrate surface concentration is
negligible. Therefore, the substrate surface concentration is
considered to be a constant. Since the IC50 values were
determined under conditions where both the bulk and surface
concentrations of substrate were held constant, both C1 and
C2 are constants. The assumption that these inhibitors are
competitive was made because the crystallographic studies
indicate that a single amide or phosphonate analogue binds to
the enzyme in the putative catalytic site (4-6).
The inhibition of phospholipase A2 by the amide substrate

analogue is pH dependent. The affinity of the amide for the
enzyme is enhanced with increasing pH as shown in Fig. 4.
The data were fit to Eq. 4. Utilizing the pKa and a values
determined from kinetic studies, the difference in the disso-
ciation constant for the binding of the amide to the active site
of the deprotonated enzyme (K,) and to the active site of the
protonated enzyme (yKj) is calculated to be =17-fold. Thus,
the amide substrate analogue binds much tighter to the
deprotonated enzyme than to the protonated enzyme.

16 r-

t.

0

x
c
0

.)
0cis

E
0

0
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8

4

O L.

5 6 7 8 9 10
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FIG. 4. Effect of pH on phospholipase A2 inhibition by amide
substrate analogue. IC50 values were determined by using substrate
consisting of 0.5 mM thio-PC in Triton X-100 mixed micelles with an
R, of8:1 (Triton X-100/phospholipid). Solid line was drawn by fitting
the data to Eq. 4.
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FIG. 5. Effect ofpH on phospholipase A2 inhibition by phospho-
nate transition-state analogue. IC50 values were determined by using

substrate consisting of 0.5 mM thio-PC in Triton X-100 mixed
micelles with an Re of8:1 (Triton X-100/phospholipid). Solid line was
drawn by fitting the data to Eq. 4.

The pH dependence of phospholipase A2 inhibition by the
phosphonate analogue is shown in Fig. 5 and again the
inhibition data were fit to Eq. 4. The affinity of the phos-
phonate analogue for the enzyme is strongest in the acidic
region and diminishes with increasing pH. Using a pKa of 6.1
and an a value of 1.3, the difference in the dissociation
constants for binding of the phosphonate to the deprotonated
enzyme and to the protonated enzyme is 1620-fold. In con-
trast to the amide analogue, the phosphonate transition-state
analogue binds much tighter to the protonated enzyme than
to the deprotonated enzyme.

DISCUSSION
Previous chemical modification (21, 22) and x-ray crystallo-
graphic studies (4-6) have established the importance of
His-48 in phosphotipase A2 catalysis. Although the pKa of
this residue could be altered in the active site of the enzyme
due to a hydrophobic environment or hydrogen bonding with
other residues, His-48 is shown in this study to have an
effective pKa of 6.1, perhaps reflecting such interactions. It
is generally considered to act as a general base in the
hydrolysis catalyzed by phospholipase A2 (23-25). In our
current work, we have shown that the interaction of phos-
pholipase A2 with the substrate and transition-state ana-
logues is strongly influenced by the ionic state ofthe enzyme.
These pH effects implicate the presence in the enzyme of a

group having a pKa of 6.1 that is important for inhibitor
binding. This implies a strong correlation between the ion-
ization of His-48 and the inhibition potency of the amide and
phosphonate analogues.
The amide analogue inhibits phospholipase A2 most effec-

tively under basic conditions, in which the catalytic histidine
residue is not protonated. Recently, the x-ray crystal struc-
ture ofthe complex ofa mutant bovine phospholipase A2 with
a different amide substrate analogue has been solved and
suggested that the inhibitor is hydrogen bonded to His-48
through the proton of the inhibitor's amide group (4). In the
hydrogen bond formed between the enzyme and the amide
analogue, the former functions as a proton acceptor and the
latter functions as a proton donor as shown in Fig. 6A.
Therefore, the inhibition potency of the amide substrate
analogue depends critically on its ability to form a hydrogen
bond with the enzyme, which in turn depends on the ioniza-
tion of His-48. In the pH range used in the present study, the
catalytic histidine residue with a pKa of 6.1 exists in both

protonated and deprotonated forms. Among these two ionic
states, only the uncharged His-48 residue can function as a

A H48 \ 0-
O H-NON....Ca 00C D

o R'S 0 0

0 O-X

B H48 2

O H-NON-H O-P06- Ca" OOC D49
0 0 0-

R'S- O-P-O-X
11
0

FIG. 6. Hydrogen bonding of the amide substrate analogue (A)
and the phosphonate transition-state analogue (B) with phospholi-
pase A2.

proton acceptor. After protonation of the NO1 of His-48, the
enzyme can no longer function as a proton acceptor and loses
the ability to form a hydrogen bond with the\ amide. The
reduction of inhibition potency with decreasing pH is most
likely due to the lack of the capacity of the protonated
imidazole of His-48 to form a hydrogen bond with the amide
analogue. The formation of a hydrogen bond between the
amide inhibitor and the unprotonated enzyme provides -1.7
± 0.3 kcal/mol (1 cal = 4.184 J), which is consistent with the
values reported for the uncharged hydrogen bond donor and
acceptor in a protein-ligand complex (26).

Previous studies (1) of phospholipase A2 inhibition have
been carried out under conditions that may not have pro-
duced the correct ionic form of the enzyme to optimally
interact with the phosphonate analogue. In the presumed
transition state, the hydrated carbonyl carbon of the sub-
strate is in a tetrahedral configuration (Fig. 7). The enzyme
catalyzes the hydrolysis of phospholipid by stabilizing the
transition state partially through the formation of a hydrogen
bond with the hydroxyl group arising from the addition of a
water molecule to the substrate carbonyl group. The primary
role of the catalytic histidine in the transition state is to act
as a proton acceptor. The addition of a water molecule to the
substrate carbonyl group provides the most important bridg-
ing proton through which the enzyme forms a strong inter-
action with the transition state. Although the tetrahedral
phosphonate moiety resembles the tetrahedral transition
state, it lacks the bridging hydrogen atom under basic con-
ditions through which the oxygen atom of a phosphonate
transition state analogue can form a hydrogen bond with the
N61 of His-48 (Fig. 6B). To form this hydrogen bond, either
the histidine residue or the phosphonate group ofthe inhibitor
has to be protonated. Since the phosphonate (pKa 2) (27,
28) is much more acidic than His-48 (pKa 6.1), the bridging
hydrogen presumably comes from the protonation of His-48
rather than from the phosphonate.

IH48I
H R'

O~ H-NON --H O C O- Ca. 0.4OOC

ID10 0\ o

R'S-/O"P-O-X
11
o

FIG. 7. Postulated interactions of the catalytic residues of phos-
pholipase A2 with the tetrahedral transition state arising from addi-
tion of a water molecule to the substrate carbonyl group.
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Under the assay condition used previously (pH 8.5), <1%
of the catalytic histidine residue is protonated. This can
account for the relatively poor behavior of the phosphonate
analogue under basic conditions. At the optimal condition,
however, the phosphonate analogue indeed appears to be a
very potent phospholipase A2 inhibitor with an IC50 of 1.6 X
10-5 mol fraction (70 nM). At acidic pH, this molecule is one
of the best inhibitors reported to date that binds to the
enzyme 105 tighter than the natural substrate, dipalmitoyl
phosphatidylcholine.
The observation that the transition-state analogue binds to

the positively charged enzyme 3 orders of magnitude tighter
than to the neutral enzyme demonstrates the vital role the
hydrogen bond plays in the transition-state stabilization. The
difference in the binding affinity ofthe phosphonate analogue
to the two ionic states of the enzyme represents on average
4.4 ± 0.2 kcal/mol in binding energy. This hydrogen bond
strength is consistent with the values reported for the hydro-
gen bond interactions between a charged hydrogen bond
donor and a charged acceptor in biological systems (26, 29,
30). Under physiological conditions, only a small percentage
of the His-48 residue is protonated. Thus, the phosphonate
analogue does not fully manifest its potential to interact with
the enzyme. Interestingly, the amide has the binding proton
to form the hydrogen bond but it is more planar than
tetrahedral and its orientation must be twisted or distorted
from that expected for the substrate in order to form this
hydrogen bond. To design a molecule that can function most
effectively under physiological conditions, these results sug-
gest that a phospholipid analogue that has the tetrahedral
features as well as the bridging proton to form a hydrogen
bond with the enzyme should act as the most potent inhibitor.

In summary, the inhibition of phospholipase A2 by the
amide and phosphonate analogues is dramatically affected by
pH. Both analogues form hydrogen bonds with His-48. In the
case of the amide substrate analogue, the hydrogen binding
proton must be donated by the amide. In the case of the
phosphonate transition-state analogue, the proton must come
from His-48. Thus, the binding affinity of the enzyme for
these analogues is critically dependent on the ionic state of
His-48. This single hydrogen bond plays a central role in the
interaction of phospholipase A2 with these inhibitors and
suggests a new consideration in designing potent inhibitors.

We thank Raymond Deems for helpful and critical discussions.
Financial support was provided by National Science Foundation
Grant DMB 88-17392 and National Institutes of Health Grant GM-
20501.
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