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Interfacial binding of secreted phospholipases A,: more than
electrostatics and a major role for tryptophan
Michael H Gelb*, Wonhwa Chot and David C Wilton

Secreted phospholipases A, have similar catalytic sites, but
vastly different interfacial binding surfaces that modulate
their binding affinity for different kinds of phospholipid
vesicles by several orders of magnitude. The
structure/function principles that dictate both the differential
interfacial binding and the physiological function of these
enzymes are beginning to be unraveled.
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Abbreviations

EPR electron paramagnetic resonance
Ky dissociation constant

sPLA2s secreted phospholipases A,

Introduction

Secreted phospholipases A, (sPLA2s) are small (~14
kDa), disulfide-rich, calcium-dependent enzymes that
hvdrolyze the s#-2 cster of glveerophospholipids to
release a free farey acid, such as arachidonic acid for
cicosanoid biosvnthesis, and a lvsophospholipid [1].
According to amino acid sequences and disulfide number
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and positioning, nine groups of sPLAZ2s have been
described [2,3]. As these enzymes act on naturally occur-
ring phospholipids that have virtually no solubility in
watcer, they must bind to the membrane interface to gain
access to their substrates. T'he purpose of this review is to
highlight some recent developments in our understand-
ing of the molecular basis of the association of sPLAZs
with the membrane interface.

Interfacial binding, catalytic site binding and
crystal structures

"T'he fact that sSP1LA2s can act in a highly processive scoot-
ing mode, in which the enzyme remains bound to the
vesicle and undergoes many lipolysis reaction cycles,
proves that the interfacial binding of the enzyme to the
membrane (E — E*) and the binding of a substrate mol-
ecule to the catalytic site of the enzyme at the interface
(E* + §* — E*eS*) are distinet steps {4,5]. The crysual
structures of pancreatic, venom and human nonpancreat-
ic sPLA2s demonstrate a high degree of structural
homology [6]. All contain a catalytic site slot that extends
from one surface of the enzyme to the opposite face (Fig-
urc 1). Recent structural studies using a novel, electron
paramagnetic resonance (EPR)-based membrane docking
technique have proven that the surface of the enzyme
that surrounds the opening to the catalytic site slot con-
stitutes the interfacial binding surface (i-face) [7°°]
(Figure 1). Interfacial binding is thought to seal the
enzyme to the membrane, in order to facilitate phospho-
lipid transfer into the catalvtice site slot. Thus, the
structural studies provide strong circumstantial evidence
for separate the interfacial binding and catalytic stte load-
ing steps. The relative importance of electrostatic and

The i-face of bee venom sPLA2. Stereo pair
depiction of the X-ray structure of bee venom
sPLA2 [32]. A short-chain phospholipid analog
bound in the catalytic site slot is shown as a
black ball-and-stick structure. Residues that lie
on the face that includes the opening to the
catalytic site slot are basic (arginine and lysine;
dark gray), hydrophobic (mid gray) and

‘ hydrophilic {histidine and threonine).
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hydrophobic interactions in interfacial binding must ulti-
mately depend both on the physicochemical composition
of the membrane and on the structure of the i-face.

Quantification of interfacial binding

Measuring the affinity of sP1LA2s for membrane interfaces
can be quite difficult, especially when interfacial binding
is high affinity. Furchermore, the products of phospholipid
hydrolysis can greatly promote the binding of sPLLA2s to
zwitterionic phosphatidylcholine vesicles (see, for exam-
ple, [5]). Conditions that prevent hydrolysis include the
use of nonhydrolyzable phospholipid analogs, such as
diether phospholipids, the absence of calcium, the use of
catalytic site mutants that lack lipolysis activity and the
use of polymerized phospholipid liposomes [8,9%,10-13].
Also, it must be remembered that the binding of the sub-
strate within the catalytic site of the interfacial bound
enzyvme is a component of the apparent interfacial K, (dis-
sociation constant) value. The use of polymerized
phospholipid liposomes or the exclusion of calcium pre-
vents the E* + 5% — E*e5* step, so that only the E — E*
step 1s measured.

Most techniques for measuring interfacial binding require
either physical separation of the bound and frec enzyme
or the use of a spectral change that is sensitive to binding,
Physical separation under equilibrium conditions involves
centrifugation to pellet the phospholipid aggregate. This
separation is only possible with heavier phospholipid
aggregates, such as sucrose-loaded large unilamellar vesi-
cles or membrane fractions. These vesicles are fragile,
however, and may not survive centrifugation; the use of
polvmerized phospholipid vesicles is helpful in this
regard. Unfortunately, small unilamellar vesicles, which
are commonly used for enzyme assavs, do not readily sed-
iment. Phospholipid-coated beads provide an alternative
for presenting a stable phospholipid surface that can be
readilv sedimented [14], but it is difficult to know at the
present time whether such aroficial surfaces fully repro-
duce the interfacial protein-binding properties  of
bilavered vesicles.

Spectral methods for measuring interfacial binding do not
require physical separation, but may require the use of
nonphysiological reporter groups. The availability of a
tryptophan residue ('Itp3) on the interfacial surface of the
pancreatic enzyme has been used, and the fluorescence
change upon interfacial binding can be explained by des-
olvation, as the indole sidechain inserts into the interface
[15]. An alternative approach involves the detection of
resonance encrgy transfer between enzymic tryptophans
and a fluorescent phospholipid, such as N-dansyl-phos-
pharidylethanolamine, chat is present at a few mole
pereent in vesicles [15,16]. A major problem with these
methods is that not only must the enzyme contain a tryp-
tophan, but the efficiency of the energy transfer is highly
variable. depending on the location of the fluorescent
fipid probe in the vicinity of enzyme at the interface. For

example, tryptophan-containing sPLLAZs give strong spec-
tral observables upon binding to anionic vesicles, but
binding to phosphatidylcholine vesicles does not always
give a response (MH Gelb, unpublished data).

There 15 a fundamental difficulty in quantifying interfa-
cial binding if the value of K, is very low (< 107 M). For
example, the sensitivity of fluorescent methods is not suf-
ficient to detect the binding of subnanomolar
concentrations of enzyme to < 10-7 M lipid. This is a sig-
nificant problem for the binding of sPLA2s to anionic
vesicles, for which values of K, are thought to be 10-8 M
or smaller [14,15]. Improved methods for measuring tight
interfacial binding are needed. The method of centrifug-
ing polymerized phospholipid vesicles has been taken to
its limit of measuring K, values in the 1-10 oM range by
very careful quantification of the free enzyme in the
supernatant in the presence of low micromolar concentra-
tions of phospholipid [17].

Amino acid determinants of sPLA2 interfacial
binding as probed by site-directed mutagenesis
Extensive mutagenesis studies of catalytic residues in
bovine and porcine pancreatic sPILA2s have been carried
out (see, for example, [18,19]), but the following discus-
ston will focus on studies that probe the contribution of
i-face residues to interfacial binding. A hallmark of
sPLLAZs 1s their relatively high affinity for anionic versus
neutral vesicles. Most sPILA2s bind weaklv to phos-
phatidylcholine  vesicles (K, in the approximately
millimolar range, except as noted below), and binding to
anionic phosphatidylmethanol vesicles is high affinity
(K, < 10-8M) [14,15]. The i-faces of sSPLAZ2s contain a col-
lar of hydrophobic residues that surrounds the opening to
the catalytie site slot and two or more cationic arginine or
lysine residues (Figure 1). As a result of these basic
residues, the i-faces of sPLLA2s have a positive electrosca-
tic potential [20], which could explain the high affinity of
these enzymes for anionic interfaces,

Bovine pancreatic sPLLAZ has 3—4 basic residues located
on its putative i-face. Of these, K10, K56 and K116 were
shown to make a contribution to interfacial binding, as
mutating them individually to glutamates resulted in a 10-
to 130-fold reduction in the affinity of binding to anionic
phospharidylglycerol vesicles [21]. A similar effect of
charge-reversal mutagenesis was found for the sPLA2
from the venom of the water moccasin snake. in that a sin-
gle. basic-residue mucation resulted in a 10- to 30-fold
reduction in anionic vesicle binding [10]. The double
murant K7E/K10E bound 500-fold weaker than the wild-
type to phosphatidylglycerol vesicles, corresponding to a
3.7 keal/mol loss of interfacial binding energy. The loca-
tion of these two basic residues matches the position of
maximal positive electrostatic potential on the surface of
the venom sPLLA2. Like the venom enzyme, human group
ITa sPLLAZ contains basic residues at positions 7, 10 and
16. which are clearly on the i-face. The human enzyme



430 Lipids

contains 11 additional basic residues that lie on the same
side of the protein as the i-face, but that appear to be
pushed back away from the planar surface of the enzyme
that includes restdues 7, 10 and 16 and the opening to the
catalytic site slot. The group Ila tiple mutant
R7E/K10E/K16E binds 300-fold weaker than the wild-
type to phosphatidvlglycerol vesicles and mutation of
groups of basic residues that make up the 11 additional
positively charged sites results in a 10- to 200-fold reduc-
tion in interfacial binding [17]. The five-sitc mutant
R7E/K10E/K16E/K124E/R1271) binds 2200-fold weaker

than the wild-type to anionic vesicles [22°].

All together, these studies show that the interfacial binding
of these sPI.A2s has a strong electrostatic component, but
other factors, besides electrostatics, are at play. For exam-
ple, the five-site group Ila sPLLAZ mutant mentioned
above has an overall negatively charged i-face and ver it
still displays a respectable binding affinity for anionic vesi-
cles (K, ~2 uM). The sPLA2 from honey bee venom has
the wypical hvdrophobic-residue collar (sce above and Fig-
ure 1) and six basic residues on or near the i-face. The &,
for this enzyme bound to anionic phosphatidvimethanol
vesicles is probubly < 1077 M| because the enzyme oper-
ates on these vesicles in the scooting mode (processive
catalvsis) over several minutes, without leaving the surface
[23]. Remarkably, a multisite mutant, in which five our of
six basic residues were changed to glutamates, still operat-
ed on anionic vesicles in the scooting mode [9°]. Although
it is possible that the interfacial A, for bee venom sPI1LA2
was increased by charge-reversal mutation (values of A,
have not been measured to date because of ctheir low mag-
nitude), it is clear that the binding of bee venom sPLA2 1o
anionic vesicles is not driven by electrostatics. ''hus, there
must be other factors besides ionic interactions that govern
the relatively high affinitv of sPLLA2s for anionic versus
zwitterionic vesicles. Differences in the packing properties
of phosphatidylcholine versus phosphatidylmethanol may
alter the ability of enzvme residues to penctrate into the
interfacial region of the bilaver. but such a working
hyporthesis is difficult to evaluate experimentally.

A new magnetic resonance technique has been recently
developed to dock peripheral membrane proteins at the
interface. Klectron spin resonance, together with mem-
brane impermeant and permeant spin-relaxing agents, is
used to determine the distances between nitroxide spin
labels, placed at specific points on the protein’s surface,
and the membrane surface [7°°]. The docking of bee
venom sPLAZ on the surface of anionic vesicles shows that
the enzvme sits on the surface of the vesicle and that the
six basic residues located on the face of the enzvme that
includes the opening to the catalvrie site slot do not direct-
by contuct the interfuce. This result provides a structural
explanation for the modest effect of charge-reversal muta-
genesis on interfacial binding (discussed above). 'he
residucs that are in dircer contact wich the interface are
hvdrophobic. “Taken together, the results suggest that

hydrophobic residues are better able to penetrate into the
interfacial region of phosphatidylmethanol vesicles than
into the interfacial region of phosphatidylcholine vesicles.
For human group Ila, water moccasin and pancreatic
sPLLAZs, one might anticipate, according to the mutagene-
sis studies described above, that the basic residues are in
direct contact with the interface, but there are no direct
structural data that relate to this issue.

Not all sP1.A2s bind weakly to phosphatidylcholine vesi-
cles. A hallmark of the cobra venom sPLLA2s is their
relatively high affinity for zwitterionic vesicles (K, for
Naja melanolenca sP1LLA2 of 8 x 10-7M [24]). These
enzymes have 1-3 tryptophans located on their putative i-
faces, and numerous ecarly studies have shown that
chemical modification of tryptophan drastically lowers the
activity of these enzymes on phosphatidylcholine vesicles
(see, for example, [25,26]). There is mounting evidence
that tryprophan is a key residue in supporting lipid—pro-
tein interactions. For example, spectroscopic scudies have
shown that simple indole analogs preferentially partition
into the interfacial region of phospholipid bilayers (the
region that includes the glyveerol backbone, the esters chat
link fatty acyl chains to glycerol and the first 1-2 CH,
groups of the farty acyl chains) [27]. The powerful cffect
of tryptophan on interfacial binding is highlighted by
studies with a mutant of human group Ila sP1.A2 contain-
ing tryptophan replacing a valine located on the
N-terminal helix that forms part of the i-face. The V3W
mutant is 200- to 1000-fold more active than the wild-type
on phosphatidylcholine vesicles [28°*]. Although there are
no direct interfacial binding data available for these pro-
teins. the large kinetic cffect of adding the i-face
trvptophan is probably the result of enhanced vesicle
affinity, because both the wild-type and the mutant show
comparable activity on anionic vesicles. Also, whereas
wild-type group la sPLLA2 dissociates from phosphatidyl-
methanol vesicles with @ half-time of a few minutes, the
V3W mutant remains bound for more than 30 min and
undergoes interfacial catalysis in the scooting mode (MK
Jain, personal communication). Likewise, bovine pancre-
aric sSPLAZ operates in the scooting mode on anionic
vesicles, but the W3A mucant intervesicle
exchange over minutes [29]. "These results show that tryp-
tophuan also enhances interfacial binding to anionic
vesicles. Recent studies, in which cobra venom trvpto-
phans have been mutated, support the chemical
moditication studies and show that the indole ring makes
a substantial contribucion to interfacial binding (W Cho
et af., personal communication).

shows

The recently discovered human group V sPLA2 behaves
very differently than the group 1 enzyme with respect to
intertacial binding. Whereas group [la sPLLA2 displays
extremely poor activity on phosphatidyicholine vesicles,
the group Voenzyme is 7000-fold more active and both
cnzymes bind tightlv to anionic vesicles ]30°]. T'he i-face
of group V sPLAZ contains a trvprophan and much fewer
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basic residues than the i-face of group Ila sPLA2. Mutation
of the i-face tryptophan to alanine renders group V sPLAZ
40-fold less active on phosphatidylcholine vesicles [30°].

Conclusions and future directions

We are beginning to understand the molecular determi-
nants of interfacial binding by sPLA2s. Clearly, for some
enzymes, electrostatic interactions involving basic amino
acids play an important role in allowing high-affinity bind-
ing to anionic vesicles. Further work is needed to
understand the role of hydrophobic residues in supporting
interfacial binding, especially in the case of bee venom
sPLLA2. Tryprophan emerges as a key residue in promoting
interfucial binding to anionic and charge-neutral vesicles.
T'his is most apparent with phosphatidylcholine vesicles,
for which the interfacial binding of sP1.A2s lacking i-face
tryptophans is low affinicy. Mammals contain multiple
forms of sPLA2s. A reasonable working hypothesis is that
these enzymes carry out different physiological funcrions
that are governed by differences in their interfacial binding
properties. FFor example, group [a sPLAZ scems best fit to
act as an antibacterial protein [31]. as this enzvme displays
a high affinity for anionic interfaces. such as bacterial
membranes. Group V sPLAZ2 is much more active than the
group lla enzyme on the outer leatlet of mammatian cell
membrancs [30°], which are rich in zwitterionic lipids.
Thus. group V sPLA2 may be a key player in releasing
arachidonic acid for eicosanoid production.
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