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ABSTRACT: Secreted phospholipases A2 (sPLA2’s) are enzymes that hydrolyze glycerophospholipids at
the sn-2 position, which leads to the production of lipid mediators of many cellular processes. These
interfacial enzymes are regulated by their lipid specificity at two levels: membrane binding and substrate
recognition. Different sPLA2’s utilize different combinations of electrostatic and hydrophobic interactions
to adsorb to membrane surfaces, which results in the wide range of membrane binding behaviors observed.
Here, the finite difference Poisson Boltzmann (FDPB) method is used to quantitatively analyze the
contribution of electrostatic interactions to the membrane association of two highly basic group II
sPLA2’s: Agkistrodon pisciVorus pisciVorus(AppD49) sPLA2 and nonpancreatic human group IIA (hGIIA)
sPLA2. The calculations predict how membrane binding is affected by ionic strength, membrane
composition, substitutions of residues in the enzymes, and the presence of calcium in the active site. In
addition, the results provide molecular models for the membrane-associated forms of the enzymes.
Furthermore, these models account for (1) changes in orientation and protonation state of both the native
and charge reversal forms of the enzymes at the membrane surface and (2) the effect of protein/vesicle
aggregation, as observed for hGIIA sPLA2. Importantly, the modeling quantitatively describes the complex
membrane binding behaviors of these interfacial enzymes in terms of simple physical forces and provides
structural information that is difficult to obtain experimentally. The computational analysis shows that
nonspecific electrostatic interactions not only play a major role in recruiting these enzymes to membrane
surfaces but also orient the enzymes for productive catalysis at the membrane interface.

The reversible binding of proteins to membrane surfaces
is critical to many biological processes and is often ac-
complished through lipid-interacting protein domains. The
membrane association of many peripheral membrane proteins
has been shown to be mediated, at least in part, by
electrostatic and hydrophobic interactions (1-13). Secreted
phospholipases A2 (sPLA2’s)1 are generally recruited to
membrane surfaces through a combination of nonspecific
electrostatic and hydrophobic interactions, the balance of
which can be quite different for different sPLA2 groups (12).
Dissecting the physical interactions involved and describing
the molecular basis of these protein-membrane interactions
are crucial to both a unified description and a more detailed
understanding of the individual functions and the regulation
of these proteins.

sPLA2’s have long served as a model family for the study
of peripheral membrane association. They have a broad
species distribution: they were originally discovered in
porcine pancreatic fluid and snake venoms and were
subsequently detected in the venoms and pancreatic fluids
from a variety of animals (14-17). More recently, the family
has been expanded to include mammalian nonpancreatic
sPLA2’s, and currently, 10 distinct forms of mammalian
sPLA2’s are recognized (14). sPLA2’s are interfacially
activated enzymes. They catalyze the hydrolysis of glycero-
phospholipids at thesn-2 ester bond and are clinically
important; the products of their catalytic activities, lyso-
phospholipid, and free fatty acids, such as arachidonic acid,
have many downstream roles. For example, lysophospholipid
is important in cell signaling and phospholipid remodeling,
and arachadonic acid can function both as a second mes-
senger and as the precursor of eicosanoids, which are potent
mediators of inflammation (18, 19).

sPLA2’s have a number of common characteristics, low
molecular mass (∼14 kDa), a well-conserved compact three-
dimensional structure, which is stabilized by several (5-8)
disulfide bonds, and a similar calcium-dependent catalytic
mechanism (20, 21). However, there is significant diversity
in their membrane binding behaviors. Membrane adsorption
and substrate binding have been shown to be separable as
two distinct mechanistic steps, and consequently, the physi-
ological functions of sPLA2’s are regulated, primarily, by
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their membrane binding preferences, and, secondarily, by
their active site selectivity (22-24). Generally, the surface
on sPLA2’s that surrounds the active site, termed the
“interfacial binding site” or “IBS”, adsorbs to membrane
surfaces and is rich in basic and hydrophobic residues but
may also contain acidic and polar residues. It is believed
that the residue composition of the IBS determines the
membrane binding preference of sPLA2’s (12).

There is a large body of experimental literature examining
the membrane binding properties of sPLA2’s (25-27). In a
number of cases, the effect of specific IBS residues on
membrane association and enzyme activation has been
elucidated. However, details regarding the relative contribu-
tions of electrostatic and hydrophobic forces to membrane
association are not clear, and there is a lack of consensus on
the significance of electrostatics (12, 28-31). To this end,
we have chosen to analyze two highly basic sPLA’s from
the IIA subgroup, a snake speciesAgkistrodon pisciVorus
pisciVorus(AppD49) sPLA2 (32) and a human nonpancreatic
(hGIIA) sPLA2 (33), to more fully characterize the role of
electrostatic interactions in membrane adsorption in cases
in which electrostatics is believed to be a driving force. The
structures for both enzymes are known and are illustrated
by their CR backbone traces in Figure 1. While both contain
several hydrophobic residues (green) surrounding the active
site cleft, the strong positive equipotential profiles (blues
meshes) underlie the observations that both enzymes have
very high affinity for anionic membranes but negligible
affinity for electrically neutral zwitterionic membranes (31,
34).

We used the finite difference Poisson-Boltzmann (FDPB)
method (35) to quantitatively analyze the electrostatic
component of the membrane interaction of the AppD49 and
hGIIA sPLA2’s. The FDPB method has been successfully
applied to a number of biological systems, and the solution
of the full (nonlinear) PB equation has been especially useful
in characterizing highly charged systems, such as protein/
membrane and protein/nucleic acid systems (36-40). Both
AppD49 and hGIIA sPLA2’s have been the subjects of
extensive experimental analyses. Therefore, there are many
results with which to compare our predictions. Importantly,
since our theoretical method is based on well-defined
physical principles, the connection between computational
and experimental data provides meaningful mechanistic
insight unobtainable from experiment alone. Although our
calculations employ static models of both the protein and
membranes, the comparison with experimental data shows
that our analysis captures the physical essence of the
biomacromolecular interaction. The computational modeling
presented describes how electrostatic forces not only drive
the membrane association of two highly basic sPLA2’s but
also productively orient these enzymes at the membrane
interface for efficient catalysis.

EXPERIMENTAL PROCEDURES

The electrostatic free energies and potential profiles were
obtained from a modified version of the Delphi program (35)
that solves the nonlinear Poisson-Boltzmann equation for
protein-membrane systems (37). The solution for this
equation is obtained by using the finite difference (FDPB)
method, in which the solvent is described in terms of a bulk

dielectric constant and a density function for the mobile ions
in the mean field approximation, while solutes (here, the
enzymes and phospholipid membranes) are described in
terms of the coordinates of their constituent atoms as well
as their atomic radii and partial charges (37).

Structural Models.The enzymes AppD49 sPLA2 (PDB
identifier 1VAP) and hGIIA sPLA2 (PDB identifier 1POD)
were represented by the coordinates of their crystal structures
(34, 42). The AppD49 sPLA2 structure was solved in the
absence of calcium. Therefore, a calcium ion was placed into
its active site by structurally aligning it, using the structure
superposition program CE (Combinatorial Extension) (43),
with a related protein structure that has a calcium ion in its
active site cleft (1JIA, a basic sPLA2 from the snake species
Agkistrodon halys pallas). The two structures superimpose
with a root-mean-square deviation (rmsd) of 0.8 Å with a
relatedZ-score of 6.7. Once superimposed, the coordinates
for the calcium ion from 1JIA were transferred to 1VAP.
For both AppD49 and hGIIA sPLA2’s, it was assumed that
the calcium-free and calcium-bound structures are similar

FIGURE 1: Models for the membrane-associated states of two Group
IIA sPLA2 enzymes, AppD49 (A) and hGIIA (B) for a PS
membrane in 0.1 M KCl. The models are derived from calculations
using the FDPB method and orientational sampling (see Experi-
mental Procedures). The proteins are represented by their CR
backbone traces. The atoms of basic and hydrophobic residues on
the interfacial binding surfaces (IBS) are represented as blue and
green spheres, respectively. Residues discussed in the text are
labeled. The membrane surface is represented schematically as a
dotted line. Blue (red) meshes represent the+1 kT/e (-1 kT/e)
equipotential contours as calculated by the FDPB method for 0.1
M KCl and visualized in GRASP (51). Residues were labeled
according to the nomenclature followed in refs33 and34. In the
case of AppD49, residues labeled 21, 31, 48, 119, and 120 in the
figure correspond to residues numbered 20, 30, 47, 109, and 110,
respectively, in the PDB file (1VAP). Similarly, for hGIIA, residues
labeled 20, 48, 70, and 125 in the figure correspond to residues
numbered 19, 47, 63, and 115, respectively, in the PDB file (1POD).
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and differ only by the absence or presence, respectively, of
the active site calcium. This is a valid assumption, consider-
ing the structural rigidity of sPLA2’s (several disulfide
bonds) and the fact that the calcium-free and calcium-bound
forms of other sPLA2’s whose structures were solved are
structurally similar. For example, in the case of hGIIA
sPLA2, a pair of structures solved with (1POD) and without
(1BBC) calcium superimpose with an rmsd of 1.4 Å and a
Z-score of 6.6. The program CHARMM (44) was used to
add hydrogen atoms to the heavy atoms and to construct
residue-substituted forms of the proteins.

Phospholipid bilayers were built as described previously
(37, 45), except for calculations modeling vesicle aggregation
(see below). In this study, we considered membranes with
the following compositions: 0:1, 3:1, 2:1, 5:1, and 1:0 PC/
PS (PC, phosphatidylcholine; PS, phosphatidylserine). As in
previous work (37-40, 45), we assumed that the bilayer
lipids change neither structure nor position upon interaction
with the protein (see Discussion for further comments on
this point).

Electrostatic Calculations.Each atom of a protein/bilayer
system is assigned a radius and partial charge that is located
at its “nucleus”; that is, each atom is considered a simple
sphere. The protein/membrane model is then mapped onto
a three-dimensional lattice ofl3 points, each of which
represents a small region of the protein, membrane, or
solvent. The charges and radii used for the amino acids were
taken from a CHARMM22 parameter set (44), and those
used for the lipids are the ones described in Peitzsch et al.
(45) and used in our previous studies. Regions inside the
solvent-accessible surfaces of the protein and membrane are
assigned a dielectric constant of 2 to account for electronic
polarizability, and those outside are assigned a dielectric
constant of 80 (46). An ion exclusion layer is added to the
solutes and extends 2 Å beyond their molecular surfaces.
The nonlinear Poisson-Boltzmann equation is solved in the
finite difference approximation, and the numerical calculation
of the potential is iterated to convergence, which is defined
as the point at which the potential changes less than 10-4

kT/e between successive iterations (35). Electrostatic free
energies are obtained from the calculated potentials (41), and
the electrostatic free energy of interaction is determined as
the difference between the electrostatic free energy of a
protein in a specific orientation with respect to the membrane
surface,Gel(P‚M), and the electrostatic free energies of the
protein,Gel(P), and membrane,Gel(M), infinitely far apart;
that is, taken separately

Misra and Honig (47, 48) solved the nonlinear Poisson-
Boltzmann equation with the FDPB method to calculate the
pKa shift of a titratable group on an antibiotic upon binding
to DNA. Their results are in excellent agreement with
experimental observations. More recently, we applied a
similar scheme to predict the pKa shifts of glutamates on
the IBS of bee venom sPLA2 (bvPLA2) upon membrane
association (39)

where∆G-
el and∆G°el are calculated as described for eq 1,

and∆G-
el represents the electrostatic free energy of mem-

brane interaction of the enzyme, while∆G°el represents the
electrostatic free energy of membrane interaction of the
enzyme with the residue of interest, that is, either a glutamate
or a histidine, in its protonated form. The positive/negative
pKa shifts calculated depend on how favorable/unfavorable
it is for that residue to be protonated in the presence of the
membrane.

All electrostatic free energies (eqs 1 and 2) are calculated
for various distances of separation between the van der Waals
surfaces of the enzyme and membrane. The protein and
membrane are treated as static entities, and only the relative
orientation of the protein with respect to the membrane is
varied. In cases where it is known or predicted that
hydrophobic residues penetrate the membrane interface, the
side chains of these residues are removed so that the
membrane-docked protein more realistically approximates
the enzyme in its membrane-associated state. Removing the
side chains of these residues changes the molecular surface
of the IBS of the enzyme and places charged residues in
closer proximity to the membrane surface (39, 40).

In all FDPB calculations, a sequence of focusing runs (49)
of increasing resolution was employed to calculate the
electrostatic potentials (i.e., 0.375, 0.75, 1.5, 3.0 grid/Å). In
the initial calculation, the protein/membrane model encom-
passes a small percentage of the lattice (∼20%), and the
potentials at the boundary points of the lattice are ap-
proximately 0; this procedure both ensures that the system
is electroneutral and provides initial values for the boundary
grid points. Lattice sizes of 2893 (cubic grid points) were
used, and the calculations were performed to final resolutions
of 3.0 grid/Å. The precision in the electrostatic free energies
of interaction, determined as the difference between the
results obtained at the two highest resolution scales, that is,
1.5 grid/Å and 3.0 grid/Å, ise0.3 kcal/mol for all calcula-
tions, though a precision of 0.1 kcal/mol was more typical.
We stress that precision is not the same as accuracy, and
that there may be many factors that affect the latter for which
we do not account (see Discussion). The precision in the
calculated pKa shifts ise0.2 units. The solution pKa values,
for those residues whose pKa shifts were predicted at the
membrane surface based on our electrostatic free energy
analysis, were calculated using the multiconformation con-
tinuum electrostatics (MCCE) method (50). All values
calculated with MCCE are compiled in Tables S1 (for
AppD49 sPLA2) and S2 (for hGIIA sPLA2) in the Support-
ing Information. Since the residues we examined are located
on the protein surface and largely solvated, most of the
solution values are similar to those expected for the isolated
amino acids, that is, pKa (Glu) ∼ 4-5 and pKa (His) ∼ 6-7.
However, several residues are predicted to have solution pKa

values that are significantly different from the isolated pKa

values. For example, some glutamates have very low solution
pKa values. This may be due to the highly basic character
of the surface on which these residues are located (Figure
1), which would tend to drive the pKa’s of glutamates in
these regions to lower values than those obtained in less
electropositive regions. On the other hand, the calculated
solution pKa for the AppD49 K16E substitution is∼7. When
the structure is analyzed, it is observed that the side chain
of E16 is partially buried, which would favor the protonated
form and a higher pKa value. However, the native K16 has

∆Gel ) Gel(P‚M) - [Gel(P) + Gel(M)] (1)

∆pKa ) [1/(2.3kT)][∆G-
el - ∆G°el] (2)
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a much longer side chain, whose terminus is solvent-exposed.
Thus, the calculated solution pKa for E16 may be an artifact
of our modeling of the residue swap. It is noteworthy that
MCCE uses the linearized Poisson-Boltzmann equation
which may not be appropriate for the highly charged group
II sPLA2’s considered here. Indeed, the equipotential dif-
ference map calculated from linear versus the nonlinear
electrostatic calculations for AppD49 sPLA2 suggests sig-
nificant differences in potential values near the surface of
the protein that may affect the calculated solution pKa values
(see Figure S1 in Supporting Information).

Determining the Minimum Electrostatic Free Energy of
Interaction between an sPLA2 and the Membrane Surface.
As qualitatively illustrated by the potential profiles in Figure
1, favorable values for∆Gel, as determined by eq 1, are
expected for a wide range of orientations for both enzymes
at the membrane surface. To identify more precisely the
minimum electrostatic free-energy orientations of the en-
zymes at the membrane surface,∆Gel was calculated for
orientations sampled about the one which was judged visually
to approximate the minimum free-energy orientation based
on the potential profile of the enzyme as obtained in GRASP
(51). The enzyme was rotated in steps of 10° in the X- and
Y-directions (Z is normal to the membrane surface). If, after
comprehensive sampling, a more favorable orientation, that
is, ∆Gel, was obtained, this was then taken as the minimum
free-energy orientation. Previous work has established that,
for peripheral association, both the relative binding free
energies and the electrostatic contribution to absolute binding
free energies are well-approximated by consideration of the
minimum free-energy orientation alone (37, 38, 40, 52). In
the case of hGIIA sPLA2, because of its contiguous positive
potential distribution (Figure 1B), sampling analysis resulted
in two equivalent minimum electrostatic free-energy orienta-
tions (see Results). Hence, to represent a catalytically active
minimum electrostatic free-energy orientation, we used the
orientation in which the IBS faces the membrane for most
of our calculations. The minimum electrostatic free-energy
orientation for AppD49 sPLA2 obtained from orientation
sampling analysis (Figure 1A) has its IBS directed toward
the membrane and is, thus, predicted to be a catalytically
competent orientation.

Calculations for Membrane Aggregation Induced by hGIIA
sPLA2. Our goal is to produce an unbiased model for
membrane aggregation that does not have the known
outcome built into it. Larger 2:1 and 0:1 PC/PS bilayers (340
PS lipids per leaflet) were used than those in the calculations
described previously so that multiple sPLA2’s may be
spatially accommodated at the membrane surfaces. Each
hGIIA sPLA2 is oriented on the first bilayer in its minimum
electrostatic free-energy orientation as determined previously
with its active site facing the membrane surface, in the
absence of other sPLA2’s. The apposing bilayer is placed
parallel to the first but approximately 2 Å away from the
van der Waals surface of the opposite surface of the enzyme
docked at the surface of the first bilayer; this placement of
the second bilayer corresponds to a second minimum
electrostatic free-energy orientation for the hGIIA sPLA2
(see Results). To simulate the aggregation behavior, the
electrostatic free energies of interaction between the mem-
branes in the presence and absence of enzyme are compared
under two conditions, as described in Results. For all

configurations, the membranes overlap the imprint of the
sPLA2’s by at least 20 Å (greater than 2 D lengths in 0.1 M
KCl) in order to avoid edge effects. Lattice sizes of up to
4013 were used, and the calculations were performed to final
resolutions of up to 4.0 grids/Å. The electrostatic free energy
of aggregation is given as the difference between the
electrostatic free energy of the membrane/enzyme/membrane
configuration,Gel(M‚P‚M), and the electrostatic free energy
of enzyme prebound to one membrane surface,Gel(M‚P),
and a second membrane,Gel(M), infinitely separated (analo-
gous to eq 1)

RESULTS

Nonspecific Electrostatic Interactions Facilitate the Ad-
sorption of AppD49 and hGIIA sPLA2’s at Membrane
Surfaces in Catalytically ProductiVe Orientations.Electro-
static forces play an important role in orienting many
peripheral proteins at membrane surfaces (53, 54). One of
the first studies to suggest this visually inspected the
electrostatic potential profiles for a number of sPLA2’s of
known structure and predicted that the large positive potential
profiles surrounding the active sites should contribute to the
adsorption of sPLA2’s to anionic membranes (28). Here, we
test this prediction more quantitatively by predicting the
minimum electrostatic free energy orientations of AppD49
and hGIIA sPLA2’s using atomic models for the proteins
and membranes and the FDPB method. Calculations were
performed with mixed zwitterionic/acidic phospholipid bi-
layers and 0.05-2.0 M KCl as appropriate to the experi-
mental studies. The minimum electrostatic free-energy
orientations were obtained by sampling many different
orientations of each sPLA2 with respect to the membrane
surface and calculating∆Gel, the electrostatic free energy
of interaction, as described for eq 1 in Experimental
Procedures. The minimum electrostatic free-energy orienta-
tions obtained for the AppD49 and hGIIA sPLA2’s are
shown in Figures 1, panels A and B, respectively. Hydro-
phobic residues surrounding the active site cleft are colored
green, and the blue and red meshes represent positive and
negative equipotential contours, respectively. It is apparent
that both enzymes are oriented so that their interfacial binding
surfaces (IBS) interact with the membrane, that is, in
presumably catalytically productive orientations. Hence, the
electrostatic characteristics of these proteins are optimally
configured to support enzymatic function. Experimental
studies have shown that the hydrophobic residues on the IBS
penetrate the membrane interface. In the case of AppD49
sPLA2 (Figure 1A), experiments (55) show that the fluo-
rescent intensities of residues W21 and W119 (pink arrows
in Figure 1A), but not residue W31 (black arrow), are
affected by the presence of anionic vesicles, indicating that
the former are part of the IBS, as we predict, while the latter
is located away from the membrane, also consistent with
our prediction. In the case of hGIIA sPLA2 (Figure 1B), we
predict a membrane-associated orientation consistent with
residue-substitution experiments that have identified the IBS
(31) as well as the EPR-determined orientation of hGIIA
sPLA2 on the surface of an anionic membrane (56).
Additional IBS residues that were determined experimentally

∆Gel(aggregation)) Gel(M‚P‚M) - Gel(M‚P) - Gel(M)
(3)
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and predicted based on our analysis are labeled in Figure
1B. The minimum free-energy orientations depicted in Figure
1 are used throughout this study unless stated otherwise.

Nonspecific Electrostatic Interactions Contribute Signifi-
cantly to the Membrane Recruitment of AppD49 and hGIIA
sPLA2’s.Figure 2 shows the electrostatic free energy curves
for both enzymes, that is,∆Gel plotted as a function of the
minimum distance between the van der Waals surfaces of
the enzymes and membrane. Even when the protein is at
least 1 D in length (∼10 Å for 0.1 M KCl) away from the
membrane surface, there is a significant Coulombic attraction
to the negatively charged membrane. For both enzymes, the
minimum electrostatic free energy of interaction is predicted
to occur when both the enzyme and membrane are almost
fully solvated; the minimum free-energy orientations depicted
in Figure 1 for AppD49 and hGIIA sPLA2’s occur atR )
2.0 and 1.5 Å, respectively. In addition, the minimum
electrostatic free energy of interaction is∼2.5 kcal/mol more
favorable for hGIIA sPLA2 (triangles, Figure 2) than for
AppD49 sPLA2 (circles, Figure 2); this is consistent with
the fact that the net charge of hGIIA sPLA2 is almost twice
as large (+17) as that of AppD49 sPLA2 (+8). However,
as seen in Figure 1, the positive charge is spread uniformly
over the surface of hGIIA sPLA2, whereas the charge
distribution of AppD49 sPLA2 is more polarized and the
positive potential is localized to the IBS. It is important to
note that atR ) 0 Å, where there is significant desolvation
of both the highly charged protein and membrane,∆Gel is
still quite favorable for both enzymes:∆Gel (R ) 0 Å) ∼
-5.5 and-9.5 kcal/mol for AppD49 sPLA2 and hGIIA
sPLA2, respectively. This implies that favorable electrostatic
interactions contribute significantly not only to the recruit-
ment of the enzymes to membranes (at largeR) but also to
their final binding free energies when they are in close
apposition to the membrane surface (i.e., atR ∼ 0 Å).
Therefore, favorable nonpolar interactions, mediated by the
partitioning of hydrophobic residues on the IBS into the
membrane interface, should combine with the favorable
electrostatic interaction at smallR to produce enhanced
membrane association.

The basic residues which are responsible for the enzymes’
high affinity for anionic membranes also select against
neutral membranes. This is illustrated in Figure 3 , panels A
and B, which plot the predicted minimum∆Gel for the

AppD49 and hGIIA sPLA2’s as a function of mole percent
PS in the membrane for 0.05 M KCl without calcium and
0.1 M KCl with calcium, respectively, to match the experi-
mental conditions. (For PC membranes,∆Gel calculated at
R ) 2 Å for both enzymes is plotted.) As expected, when
there is no acidic lipid in the membrane, there is no favorable
electrostatic interaction in this (or any) orientation; in fact,
the interaction is repulsive at all distancesR between the
enzymes and the membrane (data not shown). For example,
at R ) 0 Å, the electrostatic free energy of interaction is
about +3.0 and+2.6 kcal/mol for AppD49 and hGIIA,
respectively, on a PC membrane. Similarly, for a purely
anionic membrane, as stated above, the corresponding values
are-5.7 and-9.5 kcal/mol (Figure 2). This suggests that
electrostatic repulsion with a PC membrane, but not a
membrane containing PS, would likely preclude the proteins
from binding the membrane in a catalytically productive

FIGURE 2: Nonspecific electrostatic contribution to the membrane
association of Group IIA sPLA2’s. The electrostatic free energies
of interaction for AppD49 (circles) and hGIIA (triangles) sPLA2’s
in their minimum free-energy orientations are calculated as a
function of the distance between the van der Waals surfaces of the
enzymes and a PS membrane in 0.1 M KCl.

FIGURE 3: Dependence of the nonspecific electrostatic interaction
between Group IIA sPLA2’s and the membrane surface on mole
percent acidic phospholipid (A and B) and ionic strength (C). The
electrostatic free energy of interaction of AppD49 (A) and hGIIA
(B) sPLA2’s decreases as the mole percent acidic lipid in the
membrane increases at an ionic strength of 0.05 M KCl without
calcium and 0.1 M KCl with calcium, respectively. The closed
symbols are the calculated minimum electrostatic free energies, and
the open symbols correspond to experimentally derived free-energy
values for the respective enzymes (AppD49 sPLA2 (30); hGIIA
sPLA2 (29)). (C) The electrostatic free energy of interaction of
AppD49 and hGIIA sPLA2’s with a PS membrane surface increases
as the salt concentration is increased as seen experimentally (34,
56-58).
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orientation even in the presence of nonpolar contribu-
tions.

Experiments show that both AppD49 and hGIIA sPLA2’s
bind very strongly to membranes containing acidic lipids (29,
30; Figure 3A,B open circles). In the case of AppD49 sPLA2,
our predictions underestimate the binding at lipid composi-
tions containing less than 20 mol % acidic lipid; this may
be due to the dominance of favorable nonpolar contributions
over electrostatic repulsion (see Discussion). Alternatively,
experiments show that AppD49 sPLA2 may experience
different binding modes as a function of mole percent acidic
lipid (30). Because of its highly basic nature and problems
associated with vesicle aggregation (see below), it is techni-
cally difficult to measure the affinity of hGIIA sPLA2 to
membranes containing greater than 30 mol % acidic lipid.
Our predictions of the relative binding as a function of the
mole percent acidic lipid in the membrane are in good
agreement with experiments as depicted in Figure 3A,B
(compare filled and open symbols); the electrostatic free
energy of interaction becomes significantly more favorable
as the acidic lipid concentration is increased. For example,
experiments show that AppD49 sPLA2 (in 0.05 M KCl)
binds 30-fold more strongly to PG (phosphatidylglycerol)
membranes than to membranes containing 20 mol % PG (30),
while hGIIA sPLA2 (in 0.1 M KCl) binds 10-fold more
strongly to membranes containing 30 mol % PS versus 20
mol % PS (29); our calculations predict the binding is
stronger by 45-fold for AppD49 sPLA2 and 12-fold for
hGIIA sPLA2, in excellent agreement with these observa-
tions.

As seen in Figure 3A,B, the minimum∆Gel is -2.5 and
-4.5 kcal/mol for AppD49 sPLA2 and hGIIa sPLA2,
respectively, when there is 17 mol % PS in the membrane.
The minimum∆Gel decreases further (to-5.8 and-8.0 kcal/
mol, respectively) for 33 mol % PS. Therefore, the change
in the minimum∆Gel is quite dramatic in a physiological
range of acidic lipid, suggesting there is a strong selectivity
for negatively charged membrane surfaces. The slope in
Figure 3A,B becomes less steep above 33 mol % acidic lipid
because there is an increasingly significant unfavorable
desolvation of the more negatively charged membrane
surfaces by the proteins that is strong enough to compensate
for gains in the favorable Coulombic attraction (Mirkovic
and Murray, unpublished results).

Experimental studies on both enzymes (34, 56-58) have
shown that increasing the ionic strength of the solution affects
their membrane binding properties as expected for electro-
statically driven interactions. In the case of AppD49 sPLA2,
the binding to acidic phospholipid vesicles is 500-fold weaker
in 1 M KCl than in 0.16 M NaCl. Our calculations predict
that the binding decreases∼1000-fold as the ionic strength
increases from 0.1 to 1 M KCl, in good agreement with
experimental data (Figure 3C). In contrast, there are no direct
measurements of the salt dependence of the membrane
binding of hGIIA sPLA2. However, Beers et al. (57) observe
that under conditions of high salt (2 M KCl) the electrostatic
contribution to the lipase activity of hGIIA sPLA2 on small
unilamellar vesicles is minimal; the absolute specific activity
of the native enzyme decreased from 96 to 43 (nmol/min)/
µg when the salt was increased from 0.1 to 2 M, while the
activity of a residue-substituted variant with a more hydro-
phobic IBS (V3W) increased from 111 to 251 (nmol/min)/

µg. Since these are interfacial enzymes, it is reasonable to
assume that a weakened electrostatic interaction accounts for
the lower activity of the native enzyme, whereas the activity
of V3W increases with salt, which is known to enhance
hydrophobic interactions. As seen in Figure 3C, our calcula-
tions predict that membrane binding is significantly depressed
with increasing ionic strength.

Experimental and structural studies have elucidated the
indispensable role of calcium in the catalytic activity of
sPLA2’s. In addition, experiments (39, 59) suggest that
calcium in the active site may increase the membrane binding
affinity of AppD49 and bee venom sPLA2’s. Attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectros-
copy was used to determine the effect of calcium on the
binding of AppD49 to 20% PG membranes in 0.115 M NaCl.
A slight increase in membrane binding was observed with
respect to membrane binding in the absence of calcium
(∆∆Gel ) -0.3 kcal/mol). However, the interpretation of
these results is not clear, as hydrolysis of lipids was observed
when calcium was present. Our predicted∆∆Gel for 17%
PS in 0.1 M KCl of -0.6 kcal/mol is consistent with the
small experimental observation. Similar experimental studies
have not been performed for hGIIA sPLA2, whose inherent
basic nature already confounds membrane binding studies.
For pure acidic phospholipid membranes in 0.1 M KCl, we
predict that the presence of a calcium ion in the active site
decreases∆Gel for the AppD49 and hGIIA sPLA2’s by 1.6
and 2.5 kcal/mol, respectively. In our previous study on bee
venom sPLA2 (bvPLA2;39), our calculated∆∆Gel values
significantly overestimated the observed effect of calcium
as the experiments were not able to tease out the contribution
of bound lipid in the active site. Hence, our calculations have
value in estimating how calcium alone, in the absence of
bound substrate, enhances the electrostatic binding of
sPLA2’s to membranes containing anionic phospholipids.

Overall, our calculations provide a more detailed descrip-
tion of the nonspecific electrostatic component to the
membrane association of the group IIA sPLA2’s than is
obtainable from experimental analysis both because our
calculations can isolate the electrostatic interactions and
because the extremely high affinity of these enzymes for
anionic membranes renders experimental analysis extremely
challenging.

Large pKa Shifts Are Predicted for Glutamate Residues
on the IBS of Membrane-Adsorbed sPLA2’s.Many studies
on the membrane association of sPLA2’s have relied on
charge reversal substitutions to discern the effect of basic
residues and, hence, electrostatic interactions on membrane
adsorption; generally, lysine and arginine residues on the IBS
are changed to glutamates (12). However, these charge
reversal substitutions, that is, the replacement of a basic
residue by an acidic residue, could potentially overestimate
the contribution of the native basic residue to favorable
electrostatic interactions with a negatively charged membrane
surface if the acidic residue introduces a charge-charge
electrostatic repulsion with the membrane. In other words,
if we assume that the desolvation of both the basic residue
and its substituted acidic residue is similar, then the apparent
contribution of the basic residue will not only be the loss of
favorable Coulombic attraction but also an additional quan-
tity, that is, the electrostatic repulsion between the acidic
residue and acidic lipids. This situation is not straightforward
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as there is no direct evidence as to how the protein responds
to a charge reversal substitution at the membrane surface.
Recent studies (39, 60, 61) suggest that glutamates on the
membrane binding surfaces of peripheral proteins may
become protonated and, hence, neutralized at the membrane
interface. Thus, charge reversal substitutions may be less
perturbing than described above. In addition, the magnitude
of the effect is expected to depend on the biophysical
character and shape of the IBS on a protein, the amount of
acidic lipid in the membrane, and the ionic strength of the
solution. Indeed, our previous work on bvPLA2 concluded
that there is no universal prescription for dealing with this
issue and that each case has to be considered separately (39).
There is a large amount of data on the effect of charge
reversal substitutions on the membrane association of
AppD49 and hGIIA sPLA2’s, which affords us the op-
portunity to test the ability of electrostatic theory to explain
a wide range of experimental observations (25-27, 29-34).

The pKa shifts (∆pKa’s) of glutamates present on the IBS
of both the native and glutamate-substituted forms of
AppD49 and hGIIA sPLA2’s were calculated for PS
membranes in 0.1 M KCl, and the results are listed in Tables
1 and 2, respectively, for each enzyme. To understand the
effect of membrane proximity on the pKa shifts, the calcula-
tions were performed under three different conditions: (1)
when the distance of closest approach between the van der
Waals surfaces of enzyme and membrane is 2 Å, which
corresponds approximately to the minimum electrostatic free-
energy orientation (see Figure 2), so that both the enzyme
and membrane are mostly solvated (column 2); (2) when
the distance of closest approach between the van der Waals
surfaces of the enzyme and membrane is 0 Å, that is, the
surfaces are just touching but no hydrophobic residues are
penetrating the interface (column 3); and (3) when the
hydrophobic residues on the IBS are assumed to be penetrat-
ing the membrane interface (column 4). Since our calcula-
tions are based on static representations of the enzymes and
membranes, we modeled the third condition by simply
removing the side chains from the hydrophobic residues on
the IBS of each enzyme, as described in Experimental
Procedures, and performing the FDPB calculations with these
altered forms; this is meant to approximate the situation of

an interfacially associated enzyme, and the predicted pKa

shifts calculated for these forms are, thus, likely the most
physiologically representative.

As depicted in Table 1 for AppD49, significant pKa shifts
are predicted for E6 in the native enzyme (row 1) as well as
for E7 and E10 for glutamate-substituted forms (rows 3 and
4) under almost all conditions (1.1e ∆pKa e 3.5). As
illustrated in Figure 4A, each of these positions are centrally
located on the IBS. Not surprisingly, the largest predicted
shifts are obtained for condition 3 in which the IBS is closest
to the membrane interface (note that∆pKa increases con-
sistently from column 2 to 4 in Table 1). Furthermore, Figure
5 (circles) illustrates how∆pKa increases dramatically for
E6 in native AppD49 sPLA2 with the mole percent acidic
lipid in the membrane (assuming condition 3, i.e., column 4
of Table 1). Note, however, that the calculated∆pKa is
actually negative (-0.8) for electrically neutral (PC) mem-
branes. This is in sharp contrast to our earlier work on the
“E5” form of bvPLA2 (bvPLA2-E5, where five basic
residues were substituted by glutamates) for which we predict
significant positive pKa shifts for glutamates close to the
interface of a PC membrane (39). The origin of this effect
lies in the dramatic difference in the electrostatic properties
of the interfacial binding surfaces of these two enzymes. The
overall electronegative character of the IBS of bvPLA2-E5
ensures that it is energetically favorable for the probability
of protonation to increase for glutamates close to the interface
of a membrane of any composition. In the case of a PC
membrane, protonation would serve to decrease the desol-
vation penalty of the acidic IBS upon membrane adsorption.
In contrast, for the IBS of native AppD49 sPLA2, its
electropositive character is so strong and its basic residue
density is so high (Figures 1A and 4A), that a negatively
charged glutamate will help reduce the desolvation upon
adsorption to a PC membrane by neutralizing, at least in part,
neighboring basic residues. Hence, protonation at the surface
of a PC membrane is disfavored. It is only when repulsive
charge-charge interactions between the glutamate and acidic
lipids become sufficiently strong that the pKa shift is large
and positive, that is, when the mole percent PS is greater
than 33 (Figure 5, circles). Relevant to experiments, since

Table 1: pKa Shifts Calculated for the Substituted Glutamates in the
IBS of AppD49 sPLA2a

pKa shift of the
mutated residue
at the membrane
prior penetration

pKa shift of
the mutated

residue at the
membrane after

penetrationenzyme form, residue for
which pKa was calculated R ) 0.0 Å R ) 2.0 Å R ) 0.0 Å

native, E6 2.0 1.5 2.6
engineered, K7E/K10E 2.8 2.1 5.0
engineered, K7E 1.4 1.1 1.8
engineered, K10E 1.9 1.4 3.5
engineered, K11E 0.9 0.7 1.1
engineered, K16E 0.9 0.7 1.1
engineered, K54E 0.1 0.1 0.1

a pKa shifts were calculated using the FDPB method for the
orientation in Figure 1A and PS membrane in 0.1 M KCl. The values
are calculated as a function of distance,R, between the van der Waals
surface of the enzyme and membrane. Values in column 4 were
calculated with the side chains of hydrophobic residues on the IBS
that probably penetrate the membrane interface removed.

Table 2: pKa Shifts Calculated for the Substituted Glutamates in the
IBS of hGIIA sPLA2a

pKa shift of the
mutated residue
at the membrane
prior penetration

pKa shift
at the

membrane
after penetration

enzyme form, residue for
which pKa was calculated

R ) 0.0 Å
(no

penetration) R ) 2.0 Å

R ) 0.0 Å
(assumed

penetration)

native, E17 2.2 1.7 ∼4.0-4.5
R7G/K10G, E17 1.8 1.3 3.5
R7E/K10E/K16E, E17 1.5 1.0 4.5
K74E/K87E/R92E, E74 0.6 0.5 0.7
K7E, E7 1.2 0.9 1.7
native, H6 1.8 1.4 2.3
H6E, E6 2.1 1.6 ∼3.8-4.1

a pKa shifts were calculated using the FDPB method for the
orientation in Figure 1B and a PS membrane in 0.1 M KCl. The values
are calculated as a function of distance,R, between the van der Waals
surface of the enzyme and membrane. Values in column 4 were
calculated with the side chain of hydrophobic residues on the IBS that
probably penetrate the membrane interface removed.
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AppD49 sPLA2 does not bind appreciably to PC membranes,
these calculations indicate that, upon membrane adsorption,
the desolvation of substituted or native glutamates on the
IBS and the strong electrostatic environment due to the
negatively charged membrane surface both play significant
roles in the upward shifts of the pKa’s of these residues.

As suggested by Figures 1 and 4, there is large desolvation
of both the enzyme and membrane when the enzyme is in a

catalytically competent membrane-adsorbed orientation. In
addition, the electrostatic charge-charge repulsion between
an IBS glutamate and the surface of a negatively charged
membrane is also large, even though the overall electrostatic
attraction between the enzyme and membrane is still quite
strong (in Figure 2 (circles),∆Gel ∼ -6 kcal/mol atR ) 0
Å). Based on the predicted∆pKa’s (Table 1) and the
calculated solution pKa’s (as obtained from MCCE; see
Experimental Procedures and Table S1, Supporting Informa-
tion), we predict that in the final membrane-adsorbed state
(for 100 mol % PS and 0.1 M KCl), the pKa of E6 is 3.3+
2.6 ) 5.9, while the pKa’s of E7 and E10 in the substituted
enzymes are 3.4+ 1.8 ∼ 5.2 and 3.7+ 3.5 ) 7.2,
respectively, where the first number in the sum is the solution
pKa and the second is the calculated pKa shift. Hence,
depending on the accuracy of the solution pKa calculations
(see Experimental Procedures for a discussion of this point),
E6 in the native enzyme may be partially protonated, while
E10 in the K10E substitution is likely protonated. The pKa

shifts for glutamates at other positions, for example, 11 and
16 (Table 1, rows 5 and 6), are small because these residues
are located at the periphery of the IBS (Figure 4A) and,
hence, may experience less desolvation and electrostatic
repulsion upon membrane association. In the case of the
double substitution, K10E/K11E, a calculated “effective pKa

shift” (Table 1, row 2) does not have physical meaning, per
se, but rather indicates how much more favorably the doubly
protonated state would bind a PS membrane than the
unprotonated state. In this case, we predict that the membrane
association of the double substitution with both glutamates
protonated is more favorable by∼7 kcal/mol than the
unprotonated form. Finally, as a control, we calculated∆pKa

for the K54E substitution, which is located on the face of
the enzyme opposite to the IBS. As expected, a negligible
shift is predicted (last row, Table 1), since this residue is far
from the membrane surface (i.e., on the opposite side of the
enzyme that is illustrated in Figure 4A).

We performed a series of similar calculations for the
hGIIA sPLA2. As depicted in Table 2, pKa shifts of
magnitudes even larger than those calculated for AppD49
are predicted for glutamates on the IBS (Figure 4B). In
particular,∆pKa for E17 is very high both in the context of
the native enzyme (4.0; Table 2, row 1) and in the context
of enzymes with charge-neutralized (R7G/K10G) and charge-
reversal (R7E/K10E/K16E) substitutions (3.5-4.0; Table 2,
rows 2 and 3) leading to membrane-associated pKa’s of 2.2
+ 4 ∼ 6.2, 4.0 + 3.5 ) 7.5, and 4.0+ 4.0 ) 8.0,
respectively. Hence, when the positive charge on the IBS is
reduced, the probability that E17 is protonated increases
significantly; that is, the membrane-associated pKa is pre-
dicted to increase from 6.2 to 7.5-8.0. Overall, the same
trends observed for AppD49 sPLA2 are predicted here;∆pKa

increases as the enzyme is moved closer to the surface of
negatively charged membranes, is largest for our simulated
membrane-penetrated configurations, and increases with the
mole percent acidic lipid in the membrane (Figure 5). In
addition, a large pKa shift is predicted for H6 in the native
enzyme (∆pKa ) 2.3; membrane-associated pKa ) 5.4 +
2.3 ) 7.7). H6 is centrally located on the IBS (Figure 4B)
and is, thus, likely protonated and positively charged upon
membrane association.

FIGURE 4: Space filling representations of the AppD49 and hGIIA
sPLA2 IBS depicting residues whose electrostatic contributions to
membrane association have been examined experimentally and, in
this study, computationally. AppD49 (A) and hGIIA (B) sPLA2’s
are oriented with their IBS facing the viewer. The catalytic histidine
is colored yellow, and residues for which significant pKa shifts are
predicted (see Tables 1 and 2) are labeled as follows: red represents
wild-type glutamates, blue represents basic residues that are
substituted by glutamates, and magenta represents the IBS histidine
in hGIIA sPLA2.

FIGURE 5: Dependence of the pKa shifts of glutamates on the IBS
of native Group II sPLA2’s on the mole percent acidic phospholipid
in the membrane. The calculated pKa shifts of Glu6 on AppD49
sPLA2 are denoted by circles, and those for Glu17 on hGIIA sPLA2
are denoted by triangles. In both cases, the pKa shift increases as
the mole percent acidic lipid is increased in the membrane at a
fixed ionic strength of 0.1 M KCl.
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Models for the Membrane Association of Charge-ReVersal
Forms of AppD49 and hGIIA sPLA2’s.Combining our
results on the electrostatic component of the membrane
association of the native enzymes with the pKa shift analysis
of engineered glutamates, we analyzed the effect of changes
in the protonation states of the glutamates on the minimum
electrostatic free-energy orientations of the enzymes at the
membrane surface and compared the predictions with
experimental measurements. We used the FDPB method to
test explicitly three possibilities: (1) glutamates on the IBS
do not become protonated upon membrane association, and
the minimum electrostatic free-energy orientation is the same
as that previously predicted; (2) glutamates on the IBS
become protonated upon membrane association, and the
minimum electrostatic free-energy orientation is the same
as that previously predicted; and (3) glutamate-substituted
enzymes do not become protonated but assume different
minimum free-energy orientations than those predicted for
the native enzymes. Note, however, that, since in the
experimental studies the residue-substituted enzymes are still
catalytically competent, it is unlikely that their membrane-
associated orientations change significantly from those of
the native enzymes.

Our results are displayed in Figure 6 for AppD49 sPLA2,
where∆∆Gel ) ∆Gel(wt) - ∆Gel(engineered enzyme). The
light gray bars represent the experimentally derived values
from the study by Han et al. (34). The experiments were
performed with 0.16 M KCl, while the calculations were
performed with 0.1 M KCl. However, in all cases, relatives
differences,∆∆Gel, are considered. As depicted by the white
bars, which represent condition 1 in which the glutamates
are not protonated and the substituted enzyme retains the
same minimum free-energy orientation as the native enzyme,
the calculations predict too positive or unfavorable a value
for ∆Gel(engineered enzyme), the electrostatic free energy

of the substituted enzymes; that is, likely either the enzyme
changes orientation or an IBS glutamate is protonated (or a
combination of both). The other two conditions, assuming
either that the glutamates are protonated (dark gray bars) or
that the substituted enzymes assume a slightly different
orientation than the native enzymes (black bars), produce
better agreement with experimental data. In particular, taking
computational uncertainty into account (see Experimental
Procedures), the protonation model (dark gray bars) appears
to be, overall, the more adequate model. A similar extensive
analysis for hGIIA sPLA2 was not performed because of a
lack of experimental data due to the in vitro aggregation
behavior of this enzyme (see below). However, calculations
for one of the hGIIA sPLA2 substitutions, for which there
is clean experimental data, also predict significantly better
agreement with experimental observations when the substi-
tuted glutamate was protonated (data not shown). The
electrostatic free-energy results discussed above, in addition
to the pKa shift analysis, support our hypothesis that specific
residues in close proximity to the membrane surface upon
association may change their protonation states. Alternatively,
our calculations are consistent with a model in which the
glutamates are not protonated but assume new minimum free-
energy orientations (Figure 6, black bars).

In some cases, better agreement with experimental data
may be achieved if both scenarios (protonation and re-
sampling) are taken into account. For example, as seen in
Figure 6, the protonation model produces much better
agreement with experimental data than the sampling model
for K16E. However, E16 is still in very close proximity to
the membrane surface for the re-sampled orientation, and
may, thus, become protonated. Assuming E16 becomes
protonated after sampling in this engineered enzyme sig-
nificantly improves agreement with experimental data:∆∆Gel

(Expt)) -1.2 kcal/mol and∆∆Gel (Sampling)) -1.9 kcal/
mol; however,∆∆Gel (Sampling then Glu Prot)) -1.2 kcal/
mol. This suggests that protonation and reorientation may
work in concert to produce the final membrane-associated
state.

Mechanistic Model for the Formation of Supramolecular
Aggregates InVolVing Human Group IIA sPLA2 and Anionic
Membranes.Experimental studies based on continuous wave
and time domain electron paramagnetic resonance (EPR)
spectroscopy and light scattering (56) show that the hGIIA

FIGURE 6: Comparison of the calculated differences in electrostatic
free energies of interaction between native AppD49 sPLA2 and
charge reversal-substituted forms according to various hypotheses.
Experimental electrostatic free-energy differences (“Expt”, light
gray bars) were obtained from a previous study on anionic
membranes with 0.16 M NaCl (34). The calculated values include
scenarios in which the substituted glutamates are (1) unprotonated
and in the native minimum free-energy orientation (“Unprot”, white
bars); (2) protonated and in the native minimum free-energy
orientation (“Glu Prot”, dark gray bars); and (3) unprotonated but
in a minimum free-energy orientation predicted based on sampling
the substituted form (“Sampling”, black bars). Electrostatic free
energies of interaction were calculated with a PS membrane and
ionic strength of 0.1 M KCl.

FIGURE 7: Nonspecific electrostatic contribution to the membrane
association of the surface of hGIIA sPLA2 opposite the IBS. The
electrostatic free energy of interaction with a PS membrane was
calculated as a function of the distance between the van der Waals
surfaces of the enzyme and the membrane in 0.1 M KCl.
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sPLA2 forms supramolecular complexes with anionic phos-
pholipids vesicles. Because the phenomenon was not ob-
served for sPLA2’s with a significantly less basic character
(e.g., bvPLA2 has a pI ∼ 5.8 versus hGIIA sPLA2 which
has a pI ∼ 9.5) and because anionic phospholipids are
required, it was suggested that electrostatic interactions are
involved in this process. As indicated by the electrostatic
potential calculations in Figure 1B and described above,
hGIIA sPLA2 has a surface, located on the opposite side of
the enzyme from the IBS, which is expected to interact
strongly with PS membranes. But unlike the IBS, this surface
lacks hydrophobic residues, and hence, its interaction with
membranes is likely driven solely by electrostatic interac-
tions. We calculated the electrostatic free energy of interac-
tion with a PS membrane (in 0.1 M KCl) for the enzyme in
an orientation that is rotated 180° about an axis perpendicular
to the plane of the page with respect to the orientation
depicted in Figure 1B. The calculated electrostatic free energy
curve (Figure 7) has a minimum∆Gel similar to that depicted
by the curve in Figure 2 (triangles) for the IBS. The ability
of this enzyme to interact strongly with anionic membranes
through more than one surface has been suggested as a
possible mechanism for the observed aggregation (29, 56).
Here, we propose a minimal model for enzyme-induced
aggregation and examine quantitatively whether favorable
electrostatic interactions between membranes and both
surfaces of hGIIA sPLA2 are indeed sufficient to overcome
the large electrostatic repulsions experienced between two
“undressed”, that is, enzyme-free, negatively charged mem-
brane surfaces.

We considered the electrostatic free energy of a protein-
membrane “aggregate complex”, such as that shown in
Figure 10, consisting of the two opposite surfaces of hGIIA
sPLA2 (Figures 1, 2, and 7) adsorbed to two apposing PS
(or 2:1 PC/PS) membranes. The electrostatic free energy of
aggregation (∆Gel(aggregation); eq 3) is calculated for the

two scenarios depicted schematically in Figures 8. In all
cases, the envelopes of the apposed membrane surfaces are
∼40 Å apart; this distance accommodates the height of the
enzyme plus∼2 Å on either side between the van der Waals

FIGURE 8: Schematic representations of the configurations used for the calculation of the electrostatic component of the membrane aggregation
induced by hGIIA sPLA2. (A) First scenario: the first membrane surface is represented as a rectangle to which hGIIA sPLA2’s (represented
as spheres A, B, C, and D) are pre-bound in their minimum free-energy orientations. The second membrane, which is brought near this
complex and binds the upper surfaces of the enzymes, is not shown for clarity. (B) Second scenario: the change in membrane surface area
per sPLA2 is represented as rectangles of decreasing areas, and hGIIA sPLA2 is represented as an ellipse.

FIGURE 9: The electrostatic free energy of hGIIA sPLA2-induced
membrane aggregation,∆Gel(aggregation). (A)∆Gel(aggregation)
as a function of the number of enzymes per constant membrane
surface area; the calculations are based on the scheme outlined in
Figure 8A. (B)∆Gel(aggregation) as a function of the membrane
surface area for a single enzyme; the calculations are based on the
scheme outlined in Figure 8B. The FDPB calculations were
performed with either PS or 2:1 PC/PS membranes with 0.1 M
KCl.
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surfaces of the enzyme and membranes. The values for∆Gel-
(aggregation) denote the change in electrostatic free energy
upon bringing the second membrane to its final position,
either in the absence (N ) 0) or presence (N> 0) of enzyme-
(s).

In each scenario depicted in Figure 8A, the lateral
membrane surface area is invariant, and∆Gel(aggregation)
was calculated as a function of the number of enzymes
adsorbed to the membrane surfaces (Figure 9A). In the
absence of enzyme, the repulsion, even at an intermembrane
separation of 4 D lengths, is quite large, ranging between
∼+5 to +10 kcal/mol for 2:1 PC/PS and PS membranes,
respectively. The introduction of a single enzyme dramati-
cally reduces this repulsion. Additional enzymes were
included so that the protein/protein interaction free energies,
both in the absence and presence of membrane, are negligible
(calculations not shown).This ensures that protein/protein
repulsion does not counterbalance the favorable protein/
membrane interaction calculated by eq 3. As the number of
enzymes increases, the electrostatic free energy of aggrega-
tion becomes dramatically more favorable. These results
indicate that (1) electrostatic interactions alone can drive
aggregation and (2) the surface density of enzyme required
for aggregation can be relatively low, that is, [P]< [L]. This

is illustrated more quantitatively in Figure 9B, which is based
on the calculations depicted schematically in Figure 8B; one
enzyme per 280, 212, or 135 lipids (per one leaflet)
significantly reduces the electrostatic repulsion between
undressed PS membranes and results in calculated electro-
static free energies of aggregation of-3, -4, or -6 kcal/
mol, respectively (Figure 9B). Our predicted required
minimum surface density (∼ one protein per 20 000 Å2) is
in good agreement with estimates based on experimental
studies (56).

Figure 10 illustrates qualitatively the aggregating effect
of hGIIA sPLA2 on two apposed PS membranes. Figure 10A
shows the equipotential potential profiles in the absence of
enzyme, and Figure 10B depicts the corresponding potential
profiles in the presence of enzymes oriented so that their
two membrane binding surfaces are simultaneously adsorbed
to both membranes. In Figure 10A, the-1 kT/e (-25 mV)
negative potential contours from each membrane (red
meshes) overlap each other and produce the strong repulsion
calculated in Figure 9A (N ) 0). In Figure 10B,C, the strong,
localized positive potential associated with each enzyme
(blue meshes,+1 kT/e,+25 mV) creates an electrostatically
favorable condition; this is illustrated by the potential
difference map of Figure 10D (cyan mesh,+0.5 kT/e,+12.5

FIGURE 10: Qualitative illustration of the electrostatic forces involved in hGIIA sPLA2-induced membrane aggregation. Blue (red) meshes
represent the+1 kT/e (-1 kT/e) equipotential contours as calculated by the FDPB method for 0.1 M KCl and visualized in GRASP (51).
The calculations were preformed with PS membranes and 0.1 M KCl. (A) Two opposed PS membranes experience a large electrostatic
repulsion in the absence of enzyme. Two (B) or four (C) hGIIA enzymes, represented by their molecular surfaces (white), are sandwiched
between the membranes, as described in the text. In the presence of enzyme, the electrostatic repulsion between the two membranes is
reduced, and the membrane/protein/membrane system is stabilized by favorable protein/membrane interactions. (D) Difference map obtained
by subtracting the electrostatic potentials in panel B from those in panel A (cyan represents the+0.5 kT/e equipotential contour). Because
of discreteness of charge effects, the enzymes do not merely neutralize the membrane surfaces but contribute additional favorable electrostatic
interactions.

2594 Biochemistry, Vol. 45, No. 8, 2006 Diraviyam and Murray



mV), which shows that the system in panel B has a more
positive character than that of panel A. Thus, due to the
“discreteness of charge effect” seen in many other systems,
the enzymes in panels B and C do not merely neutralize the
membrane/membrane electrostatic repulsion, but also produce
favorable protein/membrane interactions.

Our model predicts that enzymes will be recruited to
regions of membrane/membrane contact until the enzyme/
enzyme repulsion out-competes the favorable enzyme/
membrane attraction. This supports the hypothesis that the
enzymes in the observed aggregates are in “close proximity”
(56). Our results clearly illustrate the central role of
nonspecific electrostatics and provide a quantitative model
for the formation of hGIIA sPLA2/membrane supramolecular
complexes. The overall dramatic basic character of hGIIA
sPLA2 facilitates the enzyme-induced membrane aggrega-
tion.

DISCUSSION

As a family, secreted phospholipases A2 (sPLA2’s) exhibit
a rich diversity in membrane binding behavior despite high
sequence and structure similarity (12, 14, 28). The residue
character of the interfacial binding surface (IBS) of these
enzymes appears to define the unique admixture of electro-
static and hydrophobic properties responsible for nonspecific
membrane selectivity. Because of the complex, and often
subtle, interplay between these simple physical interactions,
especially upon alterations in the physical characteristics of
the system, for example, residue substitutions on the IBS,
membrane composition, and ionic strength, it has been
difficult to tease out the contribution of each of the individual
components experimentally. Our computational approach to
this problem, which is based on well-defined physical
principles, and the comparison of our predictions with
experimental observations have helped elucidate the quan-
titative mechanistic role of electrostatics in the membrane
association of Group II sPLA2’s.

Specifically, we examined the experimentally and structur-
ally well-characterized enzymes AppD49 and hGIIA sPLA2’s.
Both have a significant number of basic residues on the IBS,
which interact strongly with membrane surfaces that are
negatively charged through favorable electrostatic interac-
tions (31, 34). Our calculations show that even under
conditions of high desolvation, when the IBS is in close
apposition to the membrane interface, that is, the conditions
expected during lipid catalysis, there is still a significantly
favorable electrostatic component that may act cooperatively
with the interfacial penetration of hydrophobic residues on
the IBS (see Figure 2,R ) 0 Å). It is interesting to compare
this result with our recent analysis of the Group III bee
venom sPLA2 (bvPLA2) (39). In this case, electrostatics was
correctly predicted to play a relatively minor role in terms
of its contribution to the free energy of binding and was
attributed to the presence of two basic residues located close
to the membrane surface, as inferred from EPR studies (62),
while other basic residues, which are located further from
the catalytic cleft, were predicted not to contribute signifi-
cantly. bvPLA2 has a net charge of+4, while AppD49 and
hGIIA sPLA2’s have net charges of+8 and+17, respec-
tively. Each of these three enzymes shows a marked
preference for anionic membranes, albeit at different degrees.

When the surface characteristics of these enzymes is
compared with sPLA2’s that have high affinity for neutral
vesicles, such as human Group X (63) and cobra venom
(Naja naja naja) (64) sPLA2’s, which are overall acidic, we
find that the IBS of each enzyme contains a similar number
of hydrophobic residues, but the electrostatic potential
profiles of the IBS regions are dramatically different. The
magnitude of the potential profiles of the IBS regions of
human Group X and cobra venom sPLA2’s is similar to that
of bvPLA2 but is significantly diminished with respect to
the magnitude of the profiles surrounding the IBS of AppD49
and hGIIA sPLA2’s. However, the profiles of the former
are negative, while those of the latter three enzymes are
positive. In addition, the positive profile on the IBS of
AppD49 sPLA2 is weaker than that of hGIIA sPLA2 (Figure
1). These observations have a number of implications: (1)
Those enzymes with the diminished profiles, negative or
positive, that is, human Group X and both cobra and bee
venom sPLA2’s, will have a relatively enhanced ability to
associate with electrically neutral membranes in a catalyti-
cally competent mode because the nonpolar interactions due
to the insertion of their IBS hydrophobic residues into the
membrane interface are sufficient to overcome the relatively
minor electrostatic desolvation. (2) Those enzymes with
diffuse negative potentials on their IBS, that is, Group X
and cobra venom sPLA2’s, will select against anionic
membranes due to charge-charge repulsions with acidic
phospholipids. (3) Those enzymes with any amount of
positive potential surrounding the IBS, that is, human Group
IIA, AppD49, and bee venom sPLA2’s, will exhibit selectiv-
ity for anionic membranes due to charge-charge attractions.
Thus, for example, bvPLA2, which has a diminished positive
potential surrounding its IBS, exhibits the ability to bind to
both neutral and anionic membranes because of the unique
basic/hydrophobic character of its IBS. At least in the case
of AppD49 sPLA2, it has been shown that the binding mode
is affected according to the anionic property of the membrane
(30). The computational analysis stresses the importance of
the location of the membrane-interacting residues and the
physical character of the IBS that gives each enzyme its
unique binding behavior. The composition of the membrane
and the ionic strength are also important determinants of
membrane binding ability.

Generally, charge reversal substitutions, specifically chang-
ing basic residues to glutamates, have been used in the
analysis of the membrane association of sPLA2’s to elucidate
the contribution of particular basic residues to the membrane
association of the native enzyme (31, 34, 65). Our compu-
tational analysis suggests that charge reversal substitutions
can affect membrane association in ways which may
complicate the interpretation of such contributions. Figure
5 indicates that native glutamates (E6 in AppD49 sPLA2
and E17 in hGIIA sPLA2) may become protonated upon
membrane association and that the pKa shifts required for
protonation may be sufficient when the membrane contains
only 33 mol % acidic lipid, a composition that has been used
in the experimental analysis of these enzymes. Our calcula-
tions further indicate that similar considerations may hold
for charge reversal substitutions (Tables 1 and 2). Indeed,
the protonation of glutamates has been observed in other
systems as well: (1) In the case of Saposin C, a small
glycoprotein, neutralization of glutamates on its membrane
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binding surface is essential for its fusogenic function (61).
(2) Glutamates on an amphipathicR-helix of Cytidylyltrans-
ferase regulate membrane association by becoming proto-
nated and inducing membrane association only in the
presence of acidic lipids (66). (3) Our previous analysis of
glutamate-substituted forms of bvPLA2 (39) illustrated pH-
dependent differences in membrane binding affinity; this was
attributed to the pH-dependent protonation of only one or
two out of five glutamates on the IBS of a glutamate-
engineered form of the enzyme. Hence, it is clear that it is
necessary to consider changes in the ionic states of residues
located on the membrane binding surfaces of peripheral
proteins upon membrane adsorption.

Our calculations also provide alternative models for how
the charge substitution forms of sPLA2’s may associate with
anionic membranes. As illustrated in Figure 6 for AppD49
sPLA2, the calculated change in electrostatic free energies
of membrane interaction for charge reversal substitutions in
which the substituted glutamates are protonated (dark gray
bars) or whose orientations are in their respective minimum
electrostatic free-energy orientations (black bars) correlates
better with experimental observations (light gray bars) than
with the assumption that the engineered enzymes adopt the
same membrane-associated orientations as the native en-
zymes (white bars) (31, 34). Hence, our calculations are
consistent either with the enzymes adopting orientations that
differ slightly from the native orientations (Figure 6, black
bars) or with an engineered glutamate becoming protonated
(dark gray bars), thus, relieving the charge-charge repulsion
set up upon membrane association. Depending on the
electrostatic characteristics of the IBS and the membrane
interface, nonpolar interactions (mediated by hydrophobic
residues on the IBS) exert an influence in contributing to
the final membrane-associated orientation. The overall agree-
ment of our predicted membrane-associated models, based
on the consideration of electrostatic interactions alone, with
indirect experimental observations of the docking of these
enzymes to membrane interfaces (56, 62), indicates that for
hGIIA sPLA2 electrostatic interactions are a main driving
force or that the membrane binding characteristics of the
electrostatic aspects of the IBS are consistent with the
hydrophobic aspects. For the determination of the catalyti-
cally competent membrane-associated orientation of AppD49
sPLA2, electrostatic interactions appear to play a more
important role when the membrane contains greater than 20
mol % acidic lipid, whereas hydrophobic contributions likely
dominate at lower anionic lipid concentrations.

Last, our calculations provide a quantitative model for how
electrostatic interactions can induce the experimentally
observed aggregation of hGIIA sPLA2’s in the presence of
anionic vesicles. Two electrostatically equivalent orientations
for the hGIIA enzyme (Figures 1B, 2, and 7) are predicted:
(1) an interaction with the membrane surface through the
IBS and (2) an interaction through the surface opposite the
IBS. Thus, membrane-associated hGIIA sPLA2 might exist
in a dynamic equilibrium between these two orientations.
Since only the IBS has a significant proportion of interfa-
cially associating hydrophobic residues, it is likely the
preferred membrane binding surface as observed in EPR
studies (56). Generally, the opposite face of the enzyme is
free to interact with a second membrane, and this would be
facilitated if the lipid concentration is sufficiently high. Our

results predict an approximate surface density of sPLA2’s
required to aggregate two PS membranes; one hGIIA sPLA2
per 144 nm2 or 212 lipids (per each vesicle surface) produces
an electrostatic free energy of aggregation of-4 kcal/mol
(Figure 9B). Higher surface densities produce more favorable
free energies of aggregation (Figure 9). The EPR data (56)
predicts patches of enzymes that are sandwiched between
vesicles, similar to the complexes depicted in Figure 10.
However, the physiological significance of electrostatic-
induced aggregation is not clear. One role may be related to
the activity of hGIIA sPLA2 against bacteria which have a
highly negatively charged surface layer (56). Another may
be related to atherosclerosis. Intriguingly, hydrolysis of low-
density lipoproteins by hGIIA sPLA2, and more recently
Group V sPLA2, has been implicated in particle aggregation
(71, 72). Such particle fusion is thought to promote athero-
sclerosis (71). For hGIIA sPLA2, particle aggregation may
be mediated by the mechanism outlined here. However, there
is no structure available for a Group V sPLA2. We built a
comparative model for rat Group V sPLA2 (SwissProt
accession number P51433; see Figure S2 in Supporting
Information). The magnitude of the electrostatic potential
of the IBS on the Group V model is predicted to be smaller
and overall less positive than the hGIIA sPLA2, but the
model predicts that there is a similar, large lobe of positive
potential on the “backside” of the enzyme as shown in Figure
1B. This is a characteristic that the Group V enzyme may
share in common with hGIIA sPLA2, and hence, the Group
V enzyme may similarly induce anionic vesicle aggregation
(Figure 10). Our model, although simplistic, suggests that
electrostatics may play a role in LDL particle aggregation
(71).

Molecular dynamics (MD) simulations have been used
previously to study the membrane association behavior of
hGIIA sPLA2 (69) and the effect of hydrolysis products on
the integrity and electrostatic properties of membranes (70).
With simulations, Zhou and Schulten (69) found that (1) the
conformation of hGIIA sPLA2 did not change appreciably
at the membrane surface over the course of the simulation
period (120 ps) and (2) significant desolvation occurred only
for hydrophobic residues on the IBS. The former result
supports our use of a static model for the enzyme, although
the simulations were relatively short, and the latter result
supports our model for calculating pKa shifts of glutamate-
substituted enzymes, that is, that the enzyme is surface-
adsorbed. Hyvonen et al. (70) used 1-ns simulations to predict
that membranes consisting of sPLA2-hydrolyzed lipid prod-
ucts have a “loosened structure” with respect to unhydrolyzed
membranes, which suggests a model for the experimentally
observed hydrolysis product-induced activation of sPLA2’s.
However, these studies also showed that the surface potential
of membranes composed of negatively charged hydrolysis
products is over-attenuated by counterions and the strongly
enhanced ordering of water molecules, which is due to effects
related to truncation of electrostatic forces in the simulations.
While our calculations do not account for lipid motions, they
accurately represent electrostatic interactions. A further
advantage of our approach is the ability to examine, with
currently available computational resources, a comprehensive
range of conditions, that is, different membrane compositions,
ionic strengths, residue substitutions, and relative orientations
of the enzyme with respect to the membrane. In future work,

2596 Biochemistry, Vol. 45, No. 8, 2006 Diraviyam and Murray



time frames from MD simulations of sPLA2/membrane
systems will be examined with the continuum methods
described in this study to more accurately account for lipid-
mediated effects. Preliminary work with model systems is
currently under way.

Overall, we hypothesize models for the membrane binding
behaviors of these two enzymes. AppD49 sPLA2 has a nearly
dipolar potential profile with positive potential concentrated
about the IBS (Figure 1A). This enzyme is recruited to
negatively charged membranes through nonspecific electro-
static interactions. Electrostatic forces orient the enzyme at
the membrane surface, which facilitates the penetration of
hydrophobic residues on the IBS. Very likely, the native E6
is protonated upon interfacial binding, further increasing
membrane association through the decrease in both charge-
charge repulsion with acidic lipids and desolvation repulsion
of the charged residue now protonated. In contrast, the
potential profile of hGIIA sPLA2 is almost completely basic
(Figure 1B), giving rise to the vesicle aggregation behavior
discussed above. For hGIIA sPLA2, two residues on the
native IBS are likely protonated: (1) E17, for which similar
considerations apply as discussed above in regard to E6 of
AppD49 sPLA2, and (2) H6, which likely becomes positively
charged and, thus, contributes to the electrostatic binding
through attraction to acidic lipids. In the case of glutamate-
engineered forms of both sPLA2’s, we predict that the
enzymes experience a slight change in orientation at the
membrane surface, relative to the native enzymes, as well
as protonation of the engineered glutamates once the enzymes
assume a catalytically competent orientation, which is closer
to the minimum free-energy orientation of the native enzyme
and would, thus, bring these residues closer to the membrane
interface. We note that, for both enzymes, protonation, which
is dependent on the acidic lipid concentration of the
membrane, may be an important factor in orienting the
enzymes optimally for catalysis. Under physiological condi-
tions, the change in acidic lipid content will be contributed
by the accumulation of fatty acids as a result of lipid
hydrolysis. The enzyme, thus, probably exhibits multiple
dynamic binding states that are dictated by the biophysical
nature of both the protein and the membrane surface.

SUPPORTING INFORMATION AVAILABLE

Work referred to in the text regarding the calculation of
intrinsic pKa’s of titratable amino acids in sPLA2’s and the
construction of the comparative model for the rat Group V
sPLA2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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