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ABSTRACT. The secreted phospholipaseffom bee venom (bvPL#A contains a membrane binding surface
composed mainly of hydrophobic residues and two basic residues that come in close contact with the
membrane. Previous studies have shown that the mutant in which these two basic residues (K14 and
R23) as well as three other nearby basic residues were collectively changed to glutamate (charge reversal),
like wild-type enzyme, binds with high affinity to anionic phospholipid vesicles. In the present study, we
have measured the equilibrium constants for the interaction of wild-type byRhA charge-reversal

mutant (bvPLA-ES5), and the mutant in which the five basic residues were changed to neutral glutamine
(bvPLA2-Q5) with phosphatidylcholine (PC) vesicles containing various amounts of the anionic
phosphatidylserine (PS). Remarkably, bvBLES with an anionic membrane binding surface binds more
tightly to vesicles as the mole percent of PS is increased. Computational studies predict that this is due
to a significant upward shift in theia of E14 (and to some extent E23) when the enzyme binds to PC/PS
vesicles such that the carboxylate of the glutamate side chain near the membrane surface undergoes
protonation. The experimental pH dependence of vesicle binding supports this prediction.dwPLA

binds more weakly to PS/PC vesicles than does wild-type enzyme due to electrostatic-presaite
repulsion coupled with the similar energetics of desolvation of basic residues and glutamates that
accompanies enzymevesicle contact. Studies with bvPLA5 show that only a small fraction of the

total bvPLA interfacial binding energy~10%) is due to electrostatics.

Secreted phospholipases AsPLA)! are 14-18 kDa, products between substrate aggregates, it is possible to extract
calcium-dependent, disulfide-rich enzymes that liberate free the primary rate and equilibrium constants that describe the
fatty acids from thesn-2 position of glycero phospholipids interfacial reaction cycle3 4).

(1, 2). These proteins are studied as a paradigm for enzymes  Ajthough binding of SPLA to phospholipic-detergent
that act at the lipietwater interface (interfacial enzymes) mixed micelles had earlier been attributed to the interaction
(3, 4). sPLASs are Water—.soluble but must absorb' to the of the protein with a single phospholipid)( it is now
membrane surface to gain access to their water-insolublegenerally accepted that the interfacial binding surface of
phospholipid substrates. Binding of the enzyme to the sp| A's involves ~10—-20 amino acid residues that make
membrane interface is distinct from the binding of a single contact with tens of phospholipids. sPEgsit on the vesicle
phospholipid molecule in the active sitg ¢). With suitable  syrface, and hydrophobic amino acid side chains are thought
constraints on the exchange of enzyme, substrate, andg penetrate into the bilayer just below the polar headgroup
region 8—12). Among hydrophobics, the side chain of
t Supported by National Institutes of Health Grants HL36236 aromatic amino acids, especially the indole of tryptophan,
g(l;/rl.yéﬁ].) l?tg?i ;l\éllerzgzr(c%évlé)neut?g gist,tlz ﬁrrarr]]tg/lucg?csé)n?%g r}o 8.el\?|]ier makes the largest contribution to interfacial binding of
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washington.edu. For Diana Murray: tel 212-746-1184; fax 212-746- example, as observed for the potassium channel from
8587; e-mail dim2007@med.cornell.edu. Aeropyrum perniX15), and ranks as the top amino acid in

* University of Washington. . . . L .
s Weill Medical College of Cornell University. promoting the interfacial binding of peptides to membranes

1 Abbreviations: bvPLA, group Ill phospholipase Afrom bee (16). EVidence_ fpl’ the propensity of tryptophan to ?XiSt near
venom @pis melliferg; bvPLA,-E5, the mutant of bvPLAIn which the phospholipid carbonyl groups near the lipidater
Lys-14, Arg-23, Lys-85, Lys-94, and Lys-133 were changed to interface is particularly evident from the study of short

glutamates; bvPLAQS, same as bvPLAES but basic residues changed . :
to glutamine; CH, cholesterol; DOPC and DOPS, 1,2-dioleswy! transmembrane-helical peptides17) and from the study

glycero-3-phosphocholine or -phosphoserine, respectivelyfand of the structure of the gramacidin transmembrane ion channel
DO.PS, 1,2-dioleylsn-glycero-3-phosphocholine or -phosphoserine, (18).

respectively; EPR, electron paramagnetic resonance; PC, phosphati- . . . . .
dylcholine; FDPB, finite difference PoisseBoltzmann; PS, phos- Electrostatic interaction of cationic lysine and arginine

phatidylserine; SM, sphingomyelin; sPk/secreted phospholipase.A residues with anionic phospholipids including phosphati-
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Previous attempts to quantify the binding of bvPisAto
vesicles of anionic phospholipids have been hampered by
the high affinity of these enzymes for anionic vesicles. Thus,
only upper limit values for the equilibrium constant for
dissociation of the enzyme from the vesicle into the aqueous
phaseKq, have been obtained (for example, 24). In the
present study, we have examined the binding of bvPaid
its interfacial binding site mutants to phosphatidylcholine
(PC)/PS mixed vesicles with compositions reflecting those
of physiological membranes under conditions where accurate
values ofK4 could be obtained. Binding studies as a function
of pH together with finite difference PoisseBoltzmann
(FDPB) calculations of the electrostatic interactions of wild-

. L x al struct ¢ bvPLAwith a bound short type and mutant enzymes with PC/PS bilayers provide insight
IGURE 1: X-ray crystal structure of bv ith a bound short- ; P, PR ; i
chain phospholipid in the active site slot. The collar of the enzyme into the h'g.h afflmty binding of these proteins to anlonlc.
around the active site slot opening contains six basic residues (K14,Phospholipid vesicles. The results show that electrostatic
R23, R58, K85, K85, and K133, five of which have been mutated interactions between lysine and arginine protein residues and
in this study and are shown in black) and one acidic residue (D92), anionic PS molecules in the membrane contribute minimally

and the remainder are hydrophobic residues. The figure wastg the overall interfacial binding energetics of bv-PLA
generated from the X-ray structur@gj using the GRASP program

(48). EXPERIMENTAL PROCEDURES

dylserine (PS) has been proposed to play an important role Preparation of RecombinantPLA, Proteins Recombi-

in the binding of specific SPLAs to membranesi1(, 19, nant bvPLA and bvPLA-E5 were prepared as described
20). The idea that such electrostatic interactions dominate previously @1, 22). The plasmid encoding the mutant in
the binding of SPLA's to membranesl@) has recently been  which the same five basic residues were changed to
challenged 10, 12, 21), although it is likely that basic  glutamine, denoted bvPLAQ5, was prepared from the same
residues play an important role in specificity of binding of expression plasmid used for bvPLAsing the QuickChange
SPLAy’s to anionic phospholipid vesicles in preference to Multi Site-Directed Mutagenesis kit (Stratagene) according
zwitterionic ones. In addition, it is expected that electrostatic to the manufacturer’s directions. The triple-site mutation
interactions are important for membrane association in R23Q/K85Q/K133Q was introduced first in one step, the
proportion to the density of basic residues on the interfacial entire bvPLA coding region was confirmed by DNA
binding surface of sPL#s, for example, compare bee venom sequencing, the double-site mutation K14Q/K94Q was then
sPLA;, which has a net charge af2 and the membrane introduced in one step, and the entire bvBlcading region
interaction of which is not highly dependent on electrostatic was resequenced to verify that no additional mutations were
interactions (see below), and human group IIA sRL#hich introduced.

has a net charge af15 and binds significantly more strongly The plasmid encoding bvPLAQ5 was used to transform

to PS membranes than membranes composed of electricallj. coli M15/pRep4 for production of protein as described

neutral lipids 20). previously @2) except that the growth medium was 2T.

In this context, we have studied the interfacial kinetic Fusion protein was isolated froa 4 Lbacterial culture and
action of the sPLA from honey bee venom (bvPLAonN submitted to sulfonation and in vitro refolding as described
anionic phospholipid vesicle2(). The X-ray structure of  (22). After refolding, precipitated protein was removed by
this enzyme reveals the typical pattern for sBlsAnamely, centrifugation, and one-third of the protein solution was

a~15 A deep active site slot, where a single phospholipid loaded directly onto a C4 reverse-phase column (Vydac
binds in proximity to the catalytic residues, which is 214TP1010) equilibrated with water with 0.06% trifluoro-
surrounded by the interfacial binding surface (Figure 1). This acetic acid (rather than dialyzed against SP bufg®))( The
surface is mainly composed of hydrophobic residues. The column was developed with a gradient of B00% aceto-
face of the enzyme that includes the active site slot also nitrile/0.06% trifluoroacetic acid over 40 min at a flow rate
contains six basic residues (K14, R23, R58, K85, K94, and of 2 mL/min. Several protein peaks were observed, and the
K133) and one anionic residue (D92). A reasonable working desired peak (retention time21 min) was located using
hypothesis is that these cationic residues support the higheithe fluorimetric sPLA assay with 1-palmitoyl-2-pyrene-
affinity binding of bvPLA, to anionic versus zwitterionic ~ decanoyl phosphatidylmethan@2). The desired fractions
membranes. However, the mutant in which five of these six from three HPLC runs were combined, and water was added
basic residues were changed to the anionic residue glutamatep bring the acetonitrile concentration to 10%. The solution
bvPLA-E5 (K14E/R23E/K85E/K94E/K133E mutant), like was pumped directly onto a C18 reverse-phase column
the wild-type enzyme, bound essentially irreversibly to (Vydac 218TP1010) equilibrated with water with 0.06%
anionic dimyristoyl phosphatidylmethanol vesicle81)( trifluoroacetic acid at a flow rate of 2 mL/min. The column
Tight binding of bvPLA-E5 to anionic vesicles was estab- was developed with a gradient of-Q00% acetonitrile/0.06%
lished by kinetic analysis, by the fact that the enzyme trifluoroacetic acid over 40 min at a flow rate of 2 mL/min.
hydrolyses all of the phospholipids in the outer monolayer The desired protein-containing fraction (located with the
of the vesicles without desorption into the aqueous phasefluorimetric assay) eluted at21 min. The~5 mL sample
(scooting kinetics), and by fluorimetric studies that directly was concentrated to 0.5 mL in a Speed-Vac centrifugal
measure proteivesicle binding 21). vacuum concentrator (Savant Instruments) at room temper-
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ature. A trace amount of solid, if present, was removed by of all bvPLA,’s used in the study from centrifuged samples
centrifugation. SDSPAGE analysis of bvPLA2-Q5 indi-  that lacked vesicles was80%. Thus, no correction was
cated that it was~80% pure. The specific activity was needed for loss of enzyme to the walls of the polyallomar
estimated to be 120% of that of the wild-type enzyme based tubes.

on the fluorimetric assay. The yield of bvPLA2-Q5+%60 Electrostatic CalculationsThe electrostatic free energy
ug per 4 L ofbacterial culture, considerably lower than that component of the membrane interaction of bvRLEVPLA-
for wild-type enzyme 22). Q5, bvPLA-E5, and various protonated forms of bvPLEA

All bvPLA, proteins used in this study contain the E5 was obtained from a modified version of the DelPhi
N-terminal fusion peptide, RGSHHHHHHSPFR, fused to lle- program 3) that solves the nonlinear PoisseBoltzmann
1, which is the N-terminus of native bvPLAAlthough this ~ equation for a protein/membrane syste2d)( DelPhi pro-
fusion peptide has a kallikrein protease recognition site, duces finite difference solutions to the Poiss@oltzmann
SPFR, the fusion peptide was not removed because it wasequation (the FDPB method) for a system where the solvent
shown earlier that the specific activity of bvPL&Aeasured i described in terms of a bulk dielectric constant and
with the fluorimetric assay (described above) does not changeconcentrations of mobile ions, while solutes (here, enzyme
after removal of the fusion peptid@1, 22). and phospholipid membranes) are described in terms of the

Interfacial Binding StudiesDOPS was prepared as coordinates of the individual atoms, as well as their atomic

described 10). DOPC, DOPS, D@PC, cholesterol (CH), radii and partial charges. The FDPB method has previously

and egg sphingomyelin (SM) are from Avanti Polar Lipids been shown to yield excglle_nt agreement with experimental
Inc. The concentration of phospholipids in chloroform stock rr;]easu:jementi of the blndlr&gl‘zgeptldes and proteins to
solutions was determined by inorganic phosphate assay afteF1arged mem r_anes (e.g.., r i ) )
degradation with perchloric acid using the standard proce- !N the calculations described in this work, the proteins and
dure. Interfacial binding studies using sucrose-loaded, 0.1 Phospholipid bilayers are represented in atomic detail, while
«m liposomes were carried out as descritibg).(For studies the solvent is modeled as a homogeneous dielectric medium.
in the presence of calcium, vesicles were extruded in 5 mM Each atom of a protein/bilayer system is assigned a radius
MOPS, pH 7.4, 176 mM sucrose, and the binding buffer and partial charge that is located at its nucleus. The protein/
was 5 mM MOPS oH 7.4, 0.1 M KCL. 2 mM Caclo.5 membrane model is then mapped onto a three-dimensional
mg/mL bovine serum albumin. Studies at pH 6.0 were carried attice ofI° points, each of which represents a small region
out with BisTris replacing MOPS at pH 7.0 and at pH 8.0 of the protein, membrane, or solvent. The charges and radii
with HEPES replacing MOPS. For studies in the absence of US€d for the amino acids were taken from the CHARMM22
calcium, vesicles were extruded in 5 mM MOPS, pH 7.4, 2 parameter sefQ), and those used for the lipids are the ones
mM EGTA, 176 mM sucrose, and the binding buffer was 5 described by Peitzsch et aBQ) and used in previous studies
mM MOPé pH 7.4, 0.1 M Ké:l 2 mM EGTA, 0.5 mg/mL (24, 26). Regions inside the molecular surfaces of the protein
bovine serum albumin. Binding,reactions J,lﬂﬂ contained  @nd membrane are assigned a dielectric constant of 2 to
10-500 ng of bvPLA, depending on, the total lipid account for electronic polarizability, and those outside are
concentration (given in the figures) so that the lipid-to-protein 2SSigned a dielectric constant of &lLJ. An "8(\’” exclusion
ratio was at least 200 (to avoid crowding of enzyme on 'aYer is added to the solutes and extertiA beyond the
vesicles). The amount of bvPLAN the supernatant after molec_ula_r surface_Q@f). Th_e_non!mear PmssequItzm_ann
vesicles were pelleted in the ultracentrifuge was measured€duation is solved in the finite difference approximation, and

using the fluorimetric assay with 1-palmitoyl-2-pyrenede- the numerical Cﬁlcﬁl‘f’m%n f.Of ctjhe p(?]tentigl s iterﬁ.ter(]j LO
canoyl phosphatidylmethanol@, 22). Studies with radio- convergence, which Is defined as the point at which the

labeled CH and SM showed that these lipids and phospho-_p()ter?tial changes Ies_s thanﬁ(kT/_e between _successive
lipids present in the covesicles are recovered with similar iterations. Electrostatic free energies are obtained from the

yield after extrusion 10). calculated potentials3@), and the electrostatic free energy

L of interaction is determined as the difference between the
The percent of bvPLAremaining in the supematant, based  g|ectrostatic free energy of a protein in a specific orientation
on enzymatic activity (100% is the amount of bvPLA

with respect to the membrane surfa¢g,(P-M) and the

actiyity in the supernatant of a sample processed as above,|ectrostatic free energies of the prote@y(P), and mem-
but in the_ qbsence of_veS|cIe§), was pIotFed versus the tOtalbrane,Ge|(M), infinitely far apart, that is, taken separately:
phospholipid present in the binding reaction. The curve was

fit to the standard equation for equilibrium dissociation: 100- — _

([EV[E]") = Kd/([L] T + Kg), where [E] is the concentration AGq= Ge(PM) — [Ge(P) + Go(M)] @)
of bvPLA; in the aqueous phase, [Ef the concentration

of total enzyme (free and vesicle bound) in the binding
reaction, [L} is the total phospholipid concentration in the
binding reaction (expressed as total moles of phospholipid,
PS+ PC, divided by the volume of binding reaction sample),

and Ky is the equilibrium constant for the dissociation of approach to calculate thegshift of each of the glutamic
vesicle-bound enzyme into the aqueous layer. The abOveacid substitutions in bvPLAES upon interaction of the

equation applies to the present case where the total phos- oo !
pholipid concentration is in large excess over the total protein with a membrane surface:
enzyme concentration so that depletion of vesicle binding _
sites due to enzyme binding can be ignored. The recovery ApK, = H(2.XTN)[AG, — AGE] 2

Misra and Honig 83) used solutions to the nonlinear
Poisson-Boltzmann equation from the FDPB method to
calculate the K, shift of a titratable group on an antibiotic
upon binding to DNA. Their results are in excellent agree-
ment with experimental observations. We applied this



13296 Biochemistry, Vol. 43, No. 42, 2004 Bollinger et al.

where AG,, and AGg, are calculated as described for eq 1 120 —————F———7
and AG,, represents the electrostatic free energy of mem- I 2 mM CaCl
brane interaction of bvPLAE5 with all five glutamates - . . 2
unprotonated whileAGg, represents the electrostatic free 1% ]
energy of membrane interaction of bvP4-E5 with one of
the glutamic acids (E14, E23, E85, E94, or E133) in its
protonated form.

In all FDPB calculations, a sequence of focusing ru8#8 (
of increasing resolution was employed to calculate the
electrostatic potentials (e.g., 0.5, 1.0, 2.0, and 4.0 grids/A).
In the initial calculation, the protein/membrane model
encompasses a small percentage of the latti@0%6) and
the potentials at the boundary points of the lattice are
approximately zero; this procedure ensures that the system
is electroneutral. Lattice sizes of 288nd 385 were used, 20
and the calculations were performed to final resolutions of [ 30% DOetPS in DOetPC
3 and 4 grids/A, respectively. The precision in the electro- A A
static free energies of interaction, determined as the differ- 0 oot se e s ned
ence between the results obtained at the two highest 0 03 oo 18 2 25
resolution scales, is0.3 kcal/mol for all calculations. The [Phospholipid] (mM)
precision in the calculated{q shifts is<0.2 units. The K4's Ficure 2: Binding of bvPLA and bvPLA2-E5 to D@PS/DQr

of each of the five glutamic acids on the isolated protein, PC vesicles. Binding buffer at pH 7.4 contained 2 mM GaSee
that is. in solution and far from the membrane. were Experimental Procedures for additional details). The solid lines are

- . . : the fit of the data to the binding equation given in Experimental
calculated using the multiconformation continuum electro- procedures.

statics (MCCE) method36); we obtained values of 4.4, 4.3,
4.2, 5.4, and 4.1 for E14, E23, E85, E94 and E133, Itis important to use a sufficiently high lipid-to-protein
respectively. Only E94 was significantly shifted from its ratio to ensure that enzyme is not crowded on vesicles.
intrinsic value; this may be because this residue is less solventOtherwise interactions among proteins bound to the vesicle
exposed than the other glutamates (see Figure 5A). may complicate the meaning d€ys, and the amount of
Phospholipid bilayers were built as described previously enzyme in the aqueous phase may be an overestimate due
(24, 30). In this study, we considered membranes with the to insufficient vesicle surface available for enzyme binding.
following compositions: 0:1, 3:1, 2:1, 5:1, 8;1 and 1:0 PC/ Since the binding of a typical sPL,Ao vesicles prevents
PS. bvPLA was represented by the coordinates of its crystal about 46-50 phospholipids from interacting with other
structure 86, PDB identifier 1POC). Hydrogen atoms were SPLAy’'s bound on the same vesicle§) @nd because-50%
added to the heavy atoms, and the mutant forms of the of the total phospholipid is on the inner vesicle monolayer
protein were constructed with the program CHARMRA) and not accessible to enzyme, a lipid-to-protein ratio of at
We assumed that all forms of the enzyme are oriented atleast~200 is required to prevent crowding of enzyme on
the surface of a membrane, regardless of composition, asvesicles. In the present study, we used total lipid concentra-
suggested by EPR spectroscopy measurements of wild-typgions in binding mixtures down to &M. In this case, the
bvPLA,, site-selectively spin-labeled, at the surface of maximum amount of bvPLAwas 10 ng to give a lipid-to-
phosphatidylmethanol membrane8) ((see below). The  protein ratio of 200. It was found that inclusion of 0.5 mg/
calcium ion bound in the active site was included in the mL bovine serum albumin in the binding buffer was
calculations in correspondence with the experiments with necessary to prevent absorption of bvBLiA the walls of
which we were comparing our predictions. Furthermore, in the polyallomar centrifuge tubes.
our calculations, we assumed that the bilayer lipids change Binding of Wild-Type and MutantPLAc’s to Vesicles
neither their structure nor their position upon interaction with Figure 2 shows initial studies of the binding of bvPL&nd
the protein. These approximations are not unreasonable fodoVPLA-E5 to DQPS/DQPC vesicles. In these experiments,
bvPLA,, which does not penetrate the membrane interface Saturating calcium is present in the binding buffer, and thus
to a large degreesj. it is necessary to use diether phospholipid vesicles to prevent
phospholipid hydrolysis by vesicle-bound enzyme. The
RESULTS binding of bvPLA to vesicles containing 20 or 30 mol %
Approach To Study Interfacial Binding ofvBLAS'S. DO.PS in DQ{PC is too tight to determine th€; accurately
Interfacial binding of bvPLAto 0.1um unilamellar vesicles, (K4 < 0.05 mM). Additional studies using lower lipid
prepared by extrusion, of varying phospholipid composition concentrations were carried out as described below. For
was quantified by sedimenting vesicles and measuring thebvPLA,-E5, very little binding to vesicles containing 20 mol
fraction of enzyme remaining in the supernatant. Vesicles % DOPS in DQPC is seen with phospholipid concentra-
are loaded with sucrose so that they can be sedimented irtions up to 1 mM Kq > 1 mM), and binding increases
an ultracentrifuge X0, 37). Sucrose-loaded vesicles are not significantly when the amount of anionic phospholipid is
under osmotic stress because of the presence of 0.1 M KClincreased to 30 mol %K = 0.3+ 0.04 mM). Note, values
in the binding buffer outside of the vesicle®7]. Also, the of Kq are expressed in terms of the concentration of lipid in
addition of 0.1 M KCl to the binding buffer brings the ionic the outer monolayer of vesicles, taken as half of the total
strength to a value close to the physiological one. lipid concentration. Given that the interfacial binding surface

o]
o

bvPLA2-E5
20% DOetPS in DOetPC

Percent Free Enzyme
3

bvPLA2-E5
30% DOetPS in DOetPC

IN
o

| |
bvPLA2
20% DOetPS in DOetPC

T - I-f-=o==

bvPLA2
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of bvPLA,-E5 has a high anionic character (due to the (a)izo.0

presence of five glutamates and only a single cationic residue, ' ' vaUI\Z '

R58), it is remarkable that this mutant shows enhanced  100.0 25 % DOetPS in DOetPC

interfacial binding as the amount of anionic RS in o 2 mM CaCl

DO.PC vesicles is increased. These results are consistents 80.0 : §

with our earlier studies showing essentially irreversible g 60.0

binding of bvPLA-ES to vesicles composed of 100 mol % &« ]

of the anionic phospholipid dimyristoyl phosphatidylmetha- g 40.0 ]

nol (21). These initial studies show that the bvPLBinds a

at least 20-fold more tightly than bvPLAS to these PS/ 20.0 .

PC vesicles and that both proteins show enhanced binding

to vesicles as the mole percent of PS is increased. 0.0 ¥
To measure accurate values #y for bvPLA,, we used 0 0.02 0'04_ ) 0-06 0.08 0.1

25% DQ.PS in DQPC vesicles down to a lipid concentra- (b) (Lipid} mM

tion of 1 uM. We also determined values & at pH 6.0, 120.0 T ' T AzEs |

7.0, and 8.0, all in the presence of 2 mM Ca@inding 25% DOetPS in DOetPC

curves for bvPLA, bvPLA-E5, and bvPLA-Q5 are shown 100.0 pH 8.0 2 mM CaCl, 1

in Figure 3, panels A, B, and C, respectively, and values of *

Kq are listed in Table 1. bvPLAshowed a 2-fold increase 800 T

in affinity for vesicles as the pH was lowered from 8.0to S PH 7.0

7.0 and a 4-fold increase in affinity when the pH was lowered & 60.0 7

from 7.0 to 6.0. In contrast, the membrane association of £

bvPLA2-E5 was significantly affected by pH. This protein g 400 ]

did not bind to vesicles at pH 8.0 up to the maximum lipid =

concentration tested (2.5 mM), and binding increased 30- 200 ]

fold when the pH was decreased from 7.0 to 6.0. At pH 7.0,

bvPLA, bound 3400-fold more tightly than bvPLAS to 0.0 ' ' ' )

the 25% DQPS/75% DQPC vesicles, and at pH 6.0, the 0 05 ! -3 2 =

difference in affinity is reduced to 520-fold. bvPLA5 [Lipid] mM

showed a pH dependence of vesicle binding comparable t0(C)120.0 , , , : :

that for wild-type enzyme; interfacial binding affinity bvPLA2-Q5

increased 2-fold in going from pH 8.0 to 7.0 and 1.5-fold 100.0 25% DOetPS in DOetPC

increase in going from pH 7.0 to 6.0. At pH 8.0, bvPLA 2 mM CaCl

binds 4-fold more tightly to vesicles than does bvRI®@S5, 2 800 : .

at pH 7.0 the difference is 3-fold, and at pH 6.0 the difference § .

is 10-fold. 2 )
We studied the binding of bvPLAand bvPLA-Q5 to PC S 400 ]

vesicles containing various amounts of PS. Studies were & - pH 6.0

carried out at a constant pH of 7.4. Binding was studied in 20.0 - —~— -

the presence of Caglising diether phospholipids or in the S —

absence of calcium (2 mM EGTA) using diester phospho- 00 T o 0(')3 : &

lipids. Since sucrose-loaded pure L vesicles do not ' ' [Lipid] mM 004 005 0.06

sediment well (presumably due to leakage of sucrose), we
included 30% CH and 30% SM in the vesicles. Additionally, Ficure 3: Binding of bvPLA's to 25% DQPS/75% DQPC

these levels are similar to those found in mammalian cell Vesicles versus pH: (A) bvPLA(B) bv-PLAx-E5; (C) bvPLA-

: . Q5. Binding buffer contained 2 mM Caf(see Experimental
membranes, and previous studies have shown that SUCTOSES, o cedures for additional details). The solid lines are the fit of the

loaded DQPC/CH/SM vesicles readily pellet after ultra-  gata to the binding equation given in Experimental Procedures.
centrifugation {0). In the presence of Cagl vesicles

contained 0, 5, or 10 mol % DS (Table 2). Since fold more tightly than to diester vesicles containing 10% PS
bvPLA,’'s bound less tightly to vesicles in the absence of (Table 2). In the presence of CaCbvPLA, shows a 15-
calcium, we used 10, 20, and 30 mol % DOPS in DOPC/ fold increase in affinity to diether phospholipid vesicles as
CH/SM vesicles for experiments in the absence of calcium the mole percent PS is increased from 0 to 10%, whereas
(Table 2). Representative binding curves are shown in FigurebvPLA,-Q5 shows a 10-fold increase. In the absence of
4A,B, and all of theKq values are listed in Table 2. bvPLA  CaClh, bvPLA; shows a 130-fold increase in affinity to
binds 70-fold more tightly to diether phospholipid vesicles diester phospholipid vesicles as the mole percent PS is
containing 10% PS (10% DS/30% DQPC/30% CH/ increased from 10 to 30%, whereas bvRE®@5 shows a 40-
30% SM) in the presence of saturating Ca@lan in the fold increase.

absence of Cagl whereas bvPLAQ5 shows a 30-fold Glutamates on the Interfacial Binding Site offl_A-E5
increase in vesicle affinity in the presence of Gadlhe Are Predicted To Be Protonated upon Association of the
phospholipid ester carbonyl groups are not important for Enzyme with PS-Containing Vesiclda. the calculations
bvPLA, binding; in the absence of CaClbvPLA; and presented here, bvPLAvas docked at the membrane surface
bvPLA,-Q5 bind to diether vesicles with 10% PS only 1.5- as suggested by EPR spectroscopy measuren@&nts this
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Table 1: Binding of bvPLA2 to VesiclespH Dependence (A)120_0 : : ; ; . .
vesicle [Ca]  Ka(uM) K (uM) K (uM) bvPLA2

composition pH (mM) bvPLA,  bvPLA>E5 bvPLA-Q5 DOPS/DOPC/CH/SM

25%DQPS 8.0 2 0801 b 3.8+1 100.0 4 no CaCl, ]

75% DQPC 0.9+ 0.1 3.8+1

25%DQPS 7.0 2 0.46t 0.05 1500+ 300 1.44+0.2 80.0 4

75% DQPC 0.49+ 0.05 1700+400 1.8+0.3 ’

25% DQPS 6.0 2 0.16: 0.01 50+ 5 1.0+0.1

75% DQPC 0.11+ 0.02 60+ 2 1.1+ 0.1 -

10% PS

aShown are the estimated errors from the nonlinear regression fit
of the data to the binding equation. Two independent binding analyses
were carried out per condition, and valueskaf for each are listed.
b No binding up to 2.5 mM phospholipid.

Percent Activity
[«2]
o
o

40.0

Table 2: Binding of bvPLA2 to Vesicles at pH 7#S and
Calcium Dependenée

20% PS

_30%PS

vesicle Ka (uM) Ka (uM) 0.0 . .
composition [C&T] (mM) bvPLA, bvPLA-Q5 0 0.2 0.4 0.6 0.8 1 1.2 1.4
0% DO,PS 2 14+ 2 60+ 7 [Lipid] mM
40% DQ.PC 14+ 1 50+ 4 B
30% CH ( )120.0 T T T T T T
30% SM bvPLA2-Q5
5% DQ:PS 2 8+ 2 12+ 2 100.0 DOPS/DOPC/CH/SM -
35% DQ.PC 8+ 2 17+3 - no CaCI2
30% CH 2 800 .
30% SM % 10% PS
10% DQ.PS 2 0.9+ 0.2 5+0.3 < €0.0
30% DQ.PC 1.2+ 0.2 7+0.1 S
30% CH 5 400 .
30% SM o 20% PS .
10% DQ.PS 0 79+ 8 190+ 20 20.0 __ 30%PS
30% DQPC 55+ 10 190+ 20
30% CH 0.0
30% SM 0 02 04 06 08 1 1.2 1.4
10% DOPS 0 116610 270+ 50 [Lipid] mM
30% DOPC 130k 20 280+ 50 Ficure 4: Binding of bvPLA's to DOPS/DOPC/CH/SM vesicles
30% CH versus the amount of DOPS: (A) bvPEA(B) bv-PLAx-Q5.
30% SM Binding buffer at pH 7.4 lacked Casee Experimental Procedures
20% DOPS 0 5k 1 2145 ft)qrgddltlonaIIQetal[s). TheEsolld .Ilnesta{epthe ﬂé of the data to the
20% DOPC 6k 1 2345 inding equation given in Experimental Procedures.
gggf’ gl\*jl protonation states of groups on the lipid heads. We assume
? that bvPLA and the bvPLA-E5 and bvPLA-Q5 mutants
30% DOPS 0 0.80.1 8+2 adopt the same orientation with respect to the membrane
10% DOPC 1.0:0.1 7+1 f d that th : d iqnifi v al h
30% CH surface and that the mutations do not significantly alter the
30% SM conformation of the enzyme. These assumptions are con-

sistent with the fact that there are determinants in addition

aShown are the estimated errors from the nonlinear regression fit o . .
of the data to the binding equation. Two independent binding analyses {0 electrostatic interactions that mediate the membrane

were carried out per condition, and valueskaffor each are listed.  association. For example, as shown in Figure 1 and Figure
5A, the surface of the protein surrounding the active site
orientation (Figure 5A), basic and hydrophobic residues on and predicted by the EPR study to mediate membrane
the interfacial binding site (Figure 1) can interact with the association is rich in hydrophobic residues. We further
membrane surface, and the active site is well positioned to assume that the nonpolar contribution to membrane associa-
bind a lipid substrate. In our treatment, we considered tion is the same in all cases and that the only residues that
changes only in the electrostatic component of the membranemay change ionization state upon membrane association are
interaction. Hence, we calculated the relative binding, rather the five glutamic acid mutations in bvPLAS5 (E14, E23,
than the absolute binding, of bvPL£ membranes. Previous E85, E94, and E113). In order not to bias the results, no
work has shown that consideration of a single orientation of attempt was made to optimize the calculatéd phifts (eq

a protein with respect to the membrane is sufficient for 2) by altering the orientation of the protein from that
predicting how membrane association changes as a functiorsuggested by the EPR study. However, calculations based
of various properties of the system, such as the mole percenton other orientations of the enzyme with respect to the
acidic lipid in the membrane and mutations of amino acids membrane surface, that is, orientations different from that
on the protein 24—26). In the calculations presented here, suggested by the EPR data (data not shown), support the
the PS lipids have a net charge-ot and the PC lipids have  conclusions reported here: that at least one site (E14) and
a net charge of 0; we do not consider changes in the possibly two (E14 and E23) on bvPLAS5 are protonated
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FicurRe 5: Models and electrostatic properties of membrane-adsorbed &2 0A&e proteins in all three panels are in the same orientation.
Panel A presents a space-filling model for bv-BEES. In our calculations, the membrane is located beneath the protein. The residues
mutated to glutamates are colored red and labeled with the exception of E94, which is located on the back side of the protein. Hydrophobic
residues on the interfacial binding site are colored green. Panels B and C present models for the membrane-associated forms of wild-type
bvPLA; (B) and bvPLA-E5 (C) used in the FDPB calculations. The proteins are represented by their molecular surfaces (white). The
membrane composition is 2:1 PC/PS; oxygen atoms are colored red and nitrogen atoms are colored blue. Red (blue) meshes represent the
—1 kT/e (+1 kT/e) equipotential contours as calculated by the FDPB method (see Experimental Procedures) for 0.1 M KCI and visualized
in GRASP 48).

Table 3: Calculated Dependence of th€,[Bhift, ApK,, of E14 on ES When all ﬁ\_/e glutamates are fully deprotonated for
bvPLA,-E5 on the Mole Percent of PS in Vesidles enzyme in solution and membrane bound, but only 1.5 kcal/
AGo(E5S/E14p)— mol more favorable than_ the interaction of bvPEBE5 with
AG(E5), E14 fully protonated. With both E14 and E23 fully proto-
% PS ApKa pKa(membr) kcal/mol nated, the electrostatic interaction of bvPEB5 with pure
0 1.0 54 14 PS membranes is predicted to be the same as for byPLA
17 13 5.7 —-18 When bvPLA is docked at the membrane surface as
gg %? g-g :g-g suggested by the EPR studies and shown in Figure 5, there
100 25 6.9 35 is significant desolvation of both the membrane contact

= ApK. was caloulated with eq 2, as described in Experimental surfac_e of the protein and the lipids with which the protein
Procedures. The rest of the glutamic acids were assumed to beassom_ates. Thgrefore, close to t_he m?mbrane surface, elec-
unprotonated. [KCI}= 0.1 M, and a calcium ion is bound in the active  trostatic attraction between basic residues on bvPaAd
site of the enzyme. k,(membr) is the sum oApK, and the K, of acidic lipids is counterbalanced by these desolvation costs.
E14 when the protein is in solution, far from the membrak@e(E5/ Electrostatic chargecharge repulsion between E14 (and
El14p)— AGe(ED) is the predicted difference between the electrostatic E23) and anionic PS is significantly decreased by protonation
free energies of the membrane interaction of bvREA with E14 .
protonated and bvPLAES with no glutamates protonated. of the glutamates. Fu_rthermore, desolvation of the glutamat_es

has a lower penalty if they are protonated. The net effect is

when the membrane contains a sufficient fraction of acidic @ Similar electrostatic interaction predicted for the interaction
phospholipid (see below). of the E14/E23 diprotonated bvPLAS and bvPLA with

Our calculations with bvPLAE5 in the orientation  Pure PS vesicles.
depicted in Figure 5 predict that E14, which is the glutamate ~ As summarized in Table 3, thekp of E14 on bvPLA-
closest to the membrane surface, is the only glutamate thatE5 is predicted to increase significantly as a function of mole
experiences a large shift irkpwhen the protein associates percent of PS in the membrane. Even at the surface of
with the membrane. For the enzyme in solution far from the electrically neutral PC membranes, th&,pof E14 is
membrane, the calculatedpof E14 is 4.4. As determined  predicted to increase from its solution value of 4.4 to 5.4.
by eq 2 (Experimental Procedures), thE,pshift at the This is due to the desolvation of E14 by the low dielectric
surface of pure PS membranes is predicted to be 2.5, so thénembrane interface (see Figure 5A), which favors protona-
pK, of this residue when bvPLAES is membrane-bound, tion. Introduction of acidic lipids into the membrane further
as depicted in Figure 5, is 6.9 (Table 3, row 5). Hence, at increases thelf, by providing a negatively charged environ-
pH 6, E14 is likely to change from a mostly deprotonated ment: the |K, of E14 is predicted to increase by 2.5 units
form to a mostly protonated form upon association with PS to 6.9 as the mole percent acidic lipid increases from 0 to
vesicles. E23 is predicted to experience a smalley ghift 100 (Table 3).
upon binding to PS membranes (1.0 unit), while the other Comparison of the Predicted Electrostatic Component of
glutamic acids (E85, E94, and E113), which are located muchthe Membrane Interaction of Wild-Type and Mutant Forms
farther from the membrane surface for this orientation of of buPLA.. As depicted in Table 4, our computational model,
the enzyme (Figure 5A), are predicted to experience insig- which considers electrostatic interactions alone, provides, in
nificant shifts from their solution g, values (Table 3). most cases, an adequate qualitative description of the

Other FDPB calculations (not shown) predict that the difference in the membrane association of the different forms
electrostatic interaction of bvPLAwith pure PS vesiclesis  of bvPLA; considered in this study. Our calculations predict
5 kcal/mol more favorable than the interaction of bvBLA  that for protein bound to 25% PS in PC membranes, E14 is
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Table 4: Comparisons of the Calculated Electrostatic Free Energies component of the membrane association of bviPwihout

of Interaction of bvPLA, bvPLAx-E5, and bvPLA-Q5 with PC/PS the complication of a lipid being bound in the active site
Vesicleg cleft in the presence of calcium, as is the case in the
AAGe, fold change fold change experiments with calcium in the buffer. We predict that
kcal/mol,  inKp, in Kop, calcium increases the nonspecific association of bvPioA
pH comparison theory theory  experiment 8:1 PC/PS and 2:1 PC/PS membranes by 3-fold and 20-fold,
7 AGg(Wt,25%)— -4.7 2800 3400 respectively (Table 4, rows 7 and 8). These values are lower
AGe(E5,25%) than the differences observed experimentally because our
6 AG&'@"’EE’;@Z - —2.2 40 520 calculations do not account for the interaction of a lipid with
6.7 AGE|(Eeé/E14p,2p5’%)—O) o4 60 30 the catalytic cleft (see Discussion).
AG¢(E5,25%) Overall, the qualitative agreement of the computational
7 AGe(Wt25%) —0.7 3 3 predictions with the experimental observations indicates that
7 AGAel(G\Aj't(’?g(ﬁ;’_/") 12 8 15 change_s ir} _the Ky's of glutamic acid residues, spepifi_cally
AGe((Wt,0%) E14, significantly affect the membrane association of
7 AG¢(Q5,33%)— +0.5 0.4 12 bvPLA,-E5.
AG(Q5,0%)
7 AGe(wt, 10%)— —-0.7 3 70
AI(Ge|(wt,1())%,no Ca) DISCUSSION
7 AGe(Wt,33%) ~ ~18 22 b In our earlier study, we found that bvPLAnd bvPLA-

AGe(Wt,33%,n0 Ca)
aE5/E14p refers to bvPLAES with E14 protonated. [KClE 0.1

E5 bound tightly to vesicles composed purely of the anionic
M, and a calcium ion is bound in the active site of the enzyme except phosphollpgi dlmyr|sto3r/]I phﬁsphatldfyil:)rg(/a;f?nﬁﬂ.l. l.nlthe I
where noted. The composition of the membranes is denoted by thepresent study, we see t att.e use_o o Coves_'? e; allows
mole percent (%) PS given in the parenthead3, is calculated using values of the enzymevesicle dissociation equilibrium
eq 1, as described in Experimental Procedures, and it is assumed thatconstanKq to increase into the measurable range. With this
at pH 7, E14 in bvPLAES is unprotonated and that, at pH 6, E14in  new data and the study of bvPLAS for the first time, we
bvPLA; is protonated (Table SNAGq corresponds to the difference ., mmarize the interfacial binding trends as follows: (1)
in AGe/s as depicted in the “comparison” colunmhiNot determined. - . . . .
Electrostatic interactions between the five basic residues

unprotonated at pH 7 and at least partially protonated at pH (K14, R23, K85, K94, and K133) on the face of the protein
6 (Table 3, row 3; K. 6.2). In qualitative agreement with  that includes the opening to the active site slot and acidic
experiment, we predict that, at pH 7, bvPLBinds 2800- lipids in the membrane do not constitute a major determinant
fold more Strong|y to these vesicles than bvBLES, which of blndlng This is based on the observation that bvPLA2-
is assumed to be unprotonated in the calculations (Table 4,Q5 binds only 3- to 10-fold more weakly than bvPLfo
row 1), and, at pH 6, only 40-fold more strongly than PS/PC vesicles (Tables 1 and 2). This is consistent with the
bvPLAx-E5, which is assumed to be protonated at E14 (Table results from our previous EPR studie),(which suggest
4, row 2). However, at pH 6, it is observed experimentally that only two of the five basic residues are within a Debye
that bvPLA binds 520-fold more strongly than bvPLAS. length ¢-10 A for 0.1 M KClI) of the membrane surface so
This order of magnitude discrepancy between theory and that the electrostatic component to membrane association is
experiment suggests that E14 of bvPEES is not fully expected to be weak. (2) Replacing the five basic residues
protonated at the surface of a 25% PS membrane at pH 6With anionic glutamates (charge reversal) overestimates the
as indicated by the predictedpof 6.2 (Table 3), or that  contribution of the five basic residues to electrostatic binding
there are differences in the membrane-associated orientation&0 the anionic PS/PC vesicles. This is based on the fact that
of bvPLA, and bvPLA-E5. However, as shown in row 3 of at pH 7, bvPLA2-E5 binds to PS/PC vesicles 3000-fold more
Table 4, the computational comparison of the electrostatic Weakly than bvPLA2 and yet mutation of basic residues to
component of membrane binding of bvPLA2-E5 at (1) pH charge-neutral glutamines produ_ces only a 3-fold r_ec_iuctlon
7, where we assume E14 is unprotonated, and (2) pH 6,(Table 1). (3) The remarkable finding that the affinity of
where we assume E14 is protonated, is in agreement W|tthPLA2'E5 to anionic PS/PC vesicles increases as the mole
the observed 30-fold increase in membrane association ofPercent of anionic PS is increased is explained by the increase
bvPLA,-E5 when the pH is lowered from 7 to 6, suggesting in the Ka values of a subset of the introduced glutamates
that E14 is indeed mostly protonated at the surface of the When these residues transfer from bulk solution to the surface
membrane. Furthermore, our calculations correctly predict Of the anionic vesicles and that the increaseHa is larger
that the membrane association of bvBliAcreases as the s the amount of PS in the vesicles is increased (supported
mole percent PS in the membrane increases (Table 4, rowPy pH-dependent interfacial binding studies (Table 1) and
5). In addition, our calculations correctly predict that wild- calculations of Ka shifts (Table 3)). (4) The binding of
type bvPLA binds to 25% PS membranes slightly more calcium to the active site of bvPLANcreases the affinity
strongly than bvPLAQ5 (Table 4, row 4). However, we Of the enzyme for PS/PC vesicles by both a mass action effect
incorrectly predict that the membrane association of bwPLA (substrate binding in the active site is calcium-dependent)
Q5 decreases as the mole percent PS increases' whereas tﬁéld an electrostatic attraction of calcium with the anionic
membrane association is observed to increase slightly (Tablevesicle interface. Both effects are not large. These points
4, row 6). Possible reasons for this discrepancy are given inare discussed in more detail below.
the Discussion section. We present a molecular model, based on numerical
The calculations allow us to examine the contribution of solutions of the nonlinear PoisseBoltzmann equation (the
the active site calcium ion to the nonspecific electrostatic FDPB method), to describe the membrane binding behavior
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of bvPLA,. Despite the complexity of the system that we shown qualitatively in Figure 5B. The E5 mutation introduces
are considering, our simple computational model is able to a large change in the net charge of the protein, frbfnto
describe the membrane binding behavior of bvRLas well —6. The membrane adsorption of bvPLES5, thus, dramati-
as the E5 mutant. As depicted by the agreement betweencally enhances the negative character of the membrane in
theory and experiment, it is clear that there is a strong this region, as illustrated by the extended red contour in
electrostatic effect on membrane association resulting from Figure 5C. As a consequence, bvPEES5 experiences a
replacing basic residues on the interfacial binding site of strong electrostatic repulsion from the membrane surface due
bvPLA, with glutamates (Table 4, row 1). However as to the replacement of the interfacial binding site basic
discussed further below, this result does not imply that the residues with glutamates. The placement of E14 in a highly
binding of bvPLA to PS/PC vesicles is dominated by negatively charged region as well the desolvation of the
electrostatic interactions. The weaker binding of bvRLA  protein in the vicinity of E14 both contribute to the increased
E5 versus bvPLAto PS/PC is due to a combination of affinity of the side chain carboxylate for a proton. Protonation
electrostatic repulsion of anionic glutamates by the anionic of this glutamic acid on the interfacial binding site decreases
vesicle interface and of the fact that the both the anionic both the electrostatic repulsion with acidic lipids in the
glutamates of bvPLAES and the basic residues of bvPLA  membrane and the desolvation penalty of the protein and,
have a high cost of desolvation that accompanies thethus, results in more favorable membrane association, as
enzyme-vesicle binding. Thus, it is clear that replacement indicated by the qualitative agreement of the computational
of basic residues with anionic ones overestimates theresults with the experimental observations (Table 4).
contribution of basic residues to electrostatic binding to  The effect of the active site calcium ion on interfacial
anionic vesicles. binding cannot be accurately dissected from the present
Our model for protonation of glutamates on bvPLE5 studies. This is because the binding of a single phospholipid
describes the difference in membrane association betweermolecule to the active site slot of membrane-bound sfFA
wild-type bvPLA and bvPLA-ES5 (Table 4, rows £3). The requires calcium, as suggested by structural studies that reveal
glutamate protonation model is strongly supported by the the substratecalcium ligation 41) and as unequivocally
pH-dependence of protein binding to PS/PC vesicles (Tabledemonstrated using kinetic studie®(43). Thus, calcium-
1) showing that bvPLAE5 binding to PS/PC vesicles dependent substrate binding drives interfacial binding by
increases much more than for bvPLa#s the pH is dropped mass action. The interfaciaky for the dissociation of
from 8 to 6. This glutamate protonation model nicely explains dimyristoyl phosphatidylmethanol from the bvPEA
the seemingly paradoxical result that the binding of the highly substrate-calcium complex is about 0.4 mole fractiof3.
anionic bvPLA-E5 increases as the mole percent of anionic If we assume that free enzyme and the enzycacium
PS is increased in PC vesicles. Recently, Johnson et al.complex bind to vesicles with the same valuekafand if
suggested that gutamates present on the membrane binding/e assume that the interfaciél, values for the PS and PC
region of cytidylyltransferase conferred specificity for anionic phospholipids used in this study are also 0.4 mole fraction,
membranes due to an increase in théig palues as the mole  the presence of saturating calcium should increase the
percent acidic lipid in the membrane increas&8)( The interfacial binding of bvPLA by 3.5-fold (i.e., by a factor
calculation of K, shifts has previously been applied to of 1 + Xg/Ku, whereXs is the mole fraction of substrate,
describe pH effects on protein folding and protein/protein, equal to unity). On the other hand, it is likely that the binding
protein/DNA, and DNA/ligand associatio39). of bvPLA; to vesicles of anionic phospholipid is enhanced
Figure 5 illustrates how electrostatic forces may drive the by the electrostatics of a calcium dication bound to the active
protonation of glutamates on bvPLAS5. Wild-type bvPLA site. Our FDPB calculations predict that the presence of
(Figure 5B) and bvPLAES5 (Figure 5C) are shown adsorbed bound calcium increases the binding of bvRlié 10% PS/
to the surface of a 2:1 PC/PS membrane ([KEIP.1 M); PC vesicles and to 30% PS/PC vesicles by 3-fold and 20-
these configurations are consistent with our EPR stu@es (  fold, respectively (Table 4, rows 7 and 8). As shown in Table
and were used in our FDPB calculations. Red meshes2, the addition of saturating calcium increased the affinity
represent the-25 mV or —1 kT/e equipotential contours, of bvPLA2 for 10% DQPS/30% DQPC/30% CH/30% SM
and blue meshes represent tH25 mV or +1 kT/e vesicles by 60-fold. This value differs from the predicted
equipotential contours determined by solving the nonlinear value of 3.5x 3 = 10-fold (not surprisingly given the
Poissor-Boltzmann equation, as described in Experimental assumptions made), and the 6-fold discrepancy is small in
Procedures. Away from the proteins, the negative electrostaticenergetic terms~1 kcal/mol).
potential contour of the membrane is flat and located about Note also that calcium increases the interfacial affinity of
10 A beyond the membrane envelop&0) Wild-type bvPLA-E5 to about the same extent as for bvBL(Aable
bvPLA; experiences a favorable electrostatic interaction with 2). All together, the results show that protein-bound calcium
the membrane as illustrated by the overall diminution of the enhances interfacial binding of bvPLAo anionic vesicles
negative potential of the membrane in the vicinity of the by a mass action effect due to active site substrate binding
protein; this interaction is due mainly to K14 and R23, which and by an electrostatic effect. Both of these effects are
are located near the membrane surface (see Figure 5A)relatively small compared to the total interfacial binding
though other basic residues on the interfacial binding site energy (see below).
may contribute as well. The FDPB calculations are in Itis possible that calcium acts as a bridging metal to link
agreement with the experimental observations that, althoughanionic headgroups of PS and the carboxylates of bywPLA
the binding of bvPLA2 increases as the negative charge E5. However, this seems unlikely based on two reasons. First,
density of the membrane increases (Table 4, row 5), the McLaughlin and co-workers have shown that the affinity
electrostatic contribution to binding is relatively small as constant of calcium for PS in bilayers is 12"Mat an ionic
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strength very similar to that of our sample®). Thus, in lysine or arginine residues on the membrane binding surface
our studies with 2 mM CagG| the amount of PS bound to  with anionic vesicles; rather the combined effect of many
calcium in the absence of bvPLAs only about 2% of total basic residues distributed over the surface of the protein
bilayer PS. Stronger evidence against this calcium-bridging contributes to membrane association through electrostatic
model is the data in Table 1 showing that the interfacial interactions. In an earlier study of the interfacial binding of
binding of bvPLA-E5 to 25% DQPS/75% DQPC vesicles  venom sSPLA (Agkistrodon pisaiorus piscvorus D49
in the presence of saturating calcium increases significantly isoform) to anionic vesicles of polymerized phosphatidyl-
as the pH is lowered from 8 to 6 (Table 1). Protonation of glycerol, it was suggested that K7 and K10 on the interfacial
carboxylate side chains is expected to break any putativebinding site of this sPLA, together, account for nearly half
coordination of calcium, which should weaken interfacial of the total interfacial binding energy9). Mutation of these
binding, in contrast to what is observed. two basic residues to glutamates (charge reversal) led to a

The experimental and theoretical studies presented hereb00-fold increase in the value &;. Based on the present
show that the active site calcium and one or two lysine study with bvPLA, it seems reasonable to suggest that this
residues (K14 and R23) make an electrostatic contribution charge reversal mutagenesis overestimates the electrostatic
to the interfacial binding of bvPLAto anionic PS/PC  contribution of the two basic residues to interfacial binding.
vesicles. Itis clear however that electrostatic interactions are  Gadd and Biltonen studied the binding of the same venom
not the main force driving interfacial binding of bvPL Ao sPLA; to vesicles of dipalmitoyl PC containing various
vesicles. This is most apparent from the observationKgat amounts of dipalmitoyl phosphatidylglyceralq). A value
values for bvPLA and bvPLA-Q5 differ by 10-fold or less  of Kq = 5 «M was obtained for pure anionic vesicles, and a
(Table 2). Thus, the five basic residues that lie on the face value ofKq = 2800u4M was obtained for pure zwitterionic
of bvPLA; that includes the opening to the active site slot vesicles (by extrapolation of data obtained from vesicles with
cannot be the main anchoring mechanism for interfacial 0.05-1 mole fraction phosphatidylglycerol). A value of
binding of this protein. This is also suggested by the relative AAG® = 3.6 kcal/mol is obtained for the difference in PC
positioning of these lysine residues in our EPR membrane-and phosphatidylglycerol interfacial binding energies. Since
docked model (see Figure 5). Thus, it is concluded that the AG? for binding of the venom sPLAto PC vesicles is
large number of hydrophobic residues near the active sitelarger thanAG® = 3.5 kcal/mol (calculated frori{g = 2800
slot on bvPLA contribute significantly to interfacial binding.  uM), again due to the positive value 8iG2 , these authors

In the case of bvPLA what fraction of the total interfacial ~ correctly state, “thus the interaction to the zwitterionic surface
binding energy is due to electrostatics? This fraction cannot is stronger than the enhancement achieved by replacing the
be obtained by comparing the difference in free energy of them with anionic lipids. Although the binding does have
binding for bvPLA versus bvPLA-E5 (AAG®) to the free an electrostatic component, another thermodynamic compo-
energy for binding of bvPLA to vesicles (as was done nent, likely of a hydrophobic or van der Waals type, must
previously, 19). One has to compare the difference in be playing a major role in the interaction.” These results are
“intrinsic” binding free energy for bvPLAversus bvPLA- thus seen to be consistent with those of the present study
Q5 to the intrinsic binding free energy for bvPkAas indicating that electrostatics is not the major force driving
discussed previouslyl(Q, 45). The intrinsic binding free  interfacial binding of at least some sPE#
energy,AG;, is the observed binding free energy minus the ~ We also examined the membrane association of byPLA
free energy associated with the loss of transitional and Q5. The FDPB calculations correctly predict that bvBLA
rotational entropy of bvPLA in solution as it binds to  binds to 3:1 PC/PS slightly more strongly than bvBt@5
vesicles (cratic entropy ternAGg). An estimated value of  (Table 4, row 4). Interestingly, decreasing the net charge of
this cratic term is 1.5 kcal/mol for binding of a solute in the protein by 10 (as for bvPLAE5) decreases the observed
solution to a membrane interfacégj. Thus, the intrinsic membrane association by 3 orders of magnitude, whereas
free energy for the binding of bvPLAo 30% DOPS/10%  decreasing the net charge by 5 (as for bvRRQ%) decreases
DOPC/30% CH/30% SM vesicles is estimated to-b@.8 the membrane association by only 3-fold. This exemplifies
kcal/mol 1.5+ 0.59 x In(107%), Table 2), and the value  the complex interplay among charge/charge interactions and
for bvPLA2-Q5 is—8.5 kcal/mol. Thus, the difference in  macromolecular desolvation in protein/membrane interac-
intrinsic binding free energy is estimated to bd.3 kcal/ tions. However, our FDPB calculations incorrectly predict
mol, which is only 13% of the intrinsic binding free energy that the membrane association of bvRE®5 decreases as
for bvPLA,. This is consistent with the fact that only two of the mole percent PS increases, whereas the membrane
the basic residues on the interfacial binding surface modelassociation is observed to increase (Table 4, row 6). These
are in close proximity to the membrane surface, as shownresults suggest that factors other than electrostatic interac-
by our EPR docking studies. Thus, electrostatic attraction tions, for example, changes in the depth of penetration into
of the five basic residues of bvPLAvith the anionic vesicle ~ the membrane interface or a shift in the membrane-associated
interface is not the major force driving interfacial binding. orientation, may affect membrane binding as the composition

In the case of human group IIA sPLAwve have recently  of the membrane changes. In addition, interactions that
shown that this highly basic protein (23 surface lysine and depend on structural detail, such as hydrogen bonding
argine residues) binds much more tightly to anionic PS between groups on the enzyme and lipid heads, are not
vesicles than to zwitterionic PC vesicles and that the accounted for in our computational model and may also play
interaction with PS vesicles results in a supramolecular a role in stabilizing the membrane-associated state. For
aggregation involving several enzymes and vesicR. ( example, hydrogen bonding between the amide group of
Thus high affinity of this sPLAfor anionic vesicles cannot  glutamine and the carboxyl group of PS may explain the
be attributed to the electrostatic interaction of only a few increased membrane binding of bvP:-A5 as the mole
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percent PS is increased. The polar but neutral glutamines 19. Han, S. K., Yoon, E. T., Scott, D. L., Sigler, P. B., and Cho, W.
are expected to experience a lower desolvation penalty at

the membrane interface than either lysine/arginine or glutamate. ,,

The combined effect of hydrogen bonding, lower desolvation,
and, perhaps, the consequently more efficient membrane
penetration may combine to produce the relatively strong
binding of bvPLA-Q5 to PC/PS vesicles. 21
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