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Toward Understanding Interfacial Activation of Secretory Phospholipase
A, (PLA,): Membrane Surface Properties and Membrane-Induced
Structural Changes in the Enzyme Contribute Synergistically to

PLA, Activation

Suren A. Tatulian
Section of Biochemistry and Biophysics, Department of Molecular Biosciences, University of Kansas, Lawrence, Kansas 66045 USA

ABSTRACT Phospholipase A, (PLA,) hydrolyzes phospholipids to free fatty acids and lysolipids and thus initiates the
biosynthesis of eicosanoids and platelet-activating factor, potent mediators of inflammation, allergy, apoptosis, and tumor-
igenesis. The relative contributions of the physical properties of membranes and the structural changes in PLA, to the
interfacial activation of PLA,, that is, a strong increase in the lipolytic activity upon binding to the surface of phospholipid
membranes or micelles, are not well understood. The present results demonstrate that both binding of PLA, to phospholipid
bilayers and its activity are facilitated by membrane surface electrostatics. Higher PLA, activity toward negatively charged
membranes is shown to result from stronger membrane-enzyme electrostatic interactions rather than selective hydrolysis of
the acidic lipid. Phospholipid hydrolysis by PLA, is followed by preferential removal of the liberated lysolipid and accumulation
of the fatty acid in the membrane that may predominantly modulate PLA, activity by affecting membrane electrostatics and/or
morphology. The previously described induction of a flexible helical structure in PLA, during interfacial activation was more
pronounced at higher negative charge densities of membranes. These findings identify a reciprocal relationship between the
membrane surface properties, strength of membrane binding of PLA,, membrane-induced structural changes in PLA,, and
the enzyme activation.

INTRODUCTION

Phospholipase A(PLA,) catalyzes the hydrolysis of the subgroups based on their amino acid sequences, disulfide
sn2 ester bond of glycerophospholipids and generates frebonding patterns, tissue distribution, and functional proper-
fatty acids and lysophospholipids that serve as precursotses (Heinrikson, 1991; Tischfield, 1997; Maxey and Mac-
for lipid-derived mediators with a wide range of biological Donald, 1998; Dennis, 1997, 2000). These enzymes per-
activities (Gelb et al., 1995, 1999; Tischfield, 1997; Dennis,form phospholipid hydrolysis using a His-Asp doublet plus
2000). Many fatty acids themselves act as bioactive media conserved water molecule as a nucleophile anda ©a

ators (Goodfriend and Egan, 1997; Forest et al., 1997)as a cofactor. Secretory PL#A undergo a substantial in-
Eicosanoids, the oxygenated metabolites of arachidonigrease in their catalytic activity upon binding to the surface
acid, play key roles in normal and pathological cell func-of phospholipid membranes or micelles (Pieterson et al.,
tions including cell signaling, inflammation, allergy, apo- 1974: Verger and de Haas, 1976; Jain and Berg, 1989; Gelb
ptosis, and tumorigenesis (for recent review see Heller et alg¢ al., 1995, 1999). Studies on the molecular mechanism of
1998; Dennis, 2000). The other product of FLAysophos-  jyierfacial activation of PLAs led to conceptually diverse
pholipid, may be metabolized either to platelet-activating;nerpretations of this effect. According to one interpretation
factor, which is known as a potent inflammatory and aller- o ‘sybstrate hypothesis), the physical properties of the
gic mediator (Kume and .Sh'm'Zl.J’ 1997; Japkson et al'membrane, including membrane fluidity, curvature, surface
1998)’. or to Iysoph_qsphatldlc acid, a signaling mOIeCUIecharge, and others were considered as major determinants of
vvllthlrggg)genlc activities (Fourcade et al,, 1998; Gennaro ®the activation of PLA at the membrane surface. The other
al., .

Secretory PLAs constitute a large family of structurally (enzyme hypothesis) was that conformational changes in

- . . PLA, are primarily responsible for the interfacial activation
and mechanistically related enzymes with relative molecu- . .
of the enzyme. Indeed, unequivocal evidence has been

lar masses of 13-16 kDa. They are widespread in various ided for the i . ¢ the phvsical state of th

mammalian cells and tissues, as well as in snake, lizard, arf©vicaed for the |mpor ance o . e' physical state of the

insect venom, and are divided into several groups an ggregated substrate in the activation of secretory BLA
Verger and de Haas, 1976; Thuren et al., 1984; Jain and

Berg, 1989; Burack and Biltonen, 1994; Burack et al., 1993,
Received for publication 27 June 2000 and in final form 27 November1995; 1997; Gelb et al., 1995, 1999; Berg et al., 1997). The

2000. abrupt increase of PLAactivity in the presence of zwitte-
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al., 1982; Volwerk et al., 1986; Burack and Biltonen, 1994). Our earlier attenuated total reflection Fourier transform
Strong effects of non-ionized fatty acids, lysophosphatidyl-infrared (ATR-FTIR) studies identified modification of the
choline, cholesterol, diacylglycerol, or phosphatidylethano-«-helices in a group 1A PLAupon binding to lipid bilayers
lamine on PLA activity suggested that, apart from electro- (Tatulian et al., 1997). In this work, the advantages of
static effects, perturbations of the membrane structure bATR-FTIR spectroscopy have been further exploited to
these agents are crucial for PLActivation (Jain and de establish a relationship between the surface properties of
Haas, 1983; Bell and Biltonen, 1992; Bell et al., 1996; membranes and membrane-induced structural changes in
Henshaw et al., 1998; Liu and Chong, 1999). PLA,. The data indicate that both the strength and cooper-
Considerable efforts have been directed to the characteativity of PLA, binding to membranes, as well as PLA
ization of structural changes in PLAnvolved in the en- activity, increase at higher negative surface potentials of
zyme activation. X-ray crystallography revealed similarmembranes. Phospholipid hydrolysis by BL& followed
structures of secretory PLA with and without bound mo- by preferential removal of the lysophospholipid and accu-
nomeric substrate analogs (Brunie et al., 1985; Scott et almulation of the fatty acid in the membrane that could
1990a,b; White et al., 1990; Thunnissen et al., 1990; Cha enodulate the enzyme activation either through increasing
al., 1996; Sekar et al., 1997), which was considered agegative electrostatic potential at the membrane surface or
evidence against structural changes in the enzyme during itsy affecting the membrane morphology and stability. When
interfacial activation (Scott and Sigler, 1994). Smalfi(A) PLA, was applied to bilayers composed of an equimolar
structural changes in PLA upon binding of monomeric mixture of dipalmitoylphosphatidylglycerol (DPPG) and di-
inhibitors have been detected by several x-ray studies (Scoptalmitoylphosphatidylcholine with fully deuterated acyl
et al.,, 1991; Tomoo et al., 1994; Schevitz et al., 1995);,chains [DP(d,)PC], both lipids were hydrolyzed at similar
however, these changes were considered by others as insigfficiencies, indicating that membrane surface electrostat-
nificant (Cha et al., 1996; Sekar et al., 1997). Interpretatiorics, rather than specific recognition of acidic lipids by the
of x-ray results in the context of interfacial activation of enzyme, plays a major role in increased activity of BLA
PLA,s is not straightforward because PjsPare activated toward negatively charged membranes. A correlation has
by binding to the surface of phospholipid bilayers or mi- been established between the induction of previously de-
celles but not upon binding of the monomeric substrate; thecribed modified helices in PLAduring interfacial activa-
binding of the substrate to the active site of the membranetion (Tatulian et al., 1997) and negative surface charge
bound enzyme might have quite different structural conseeensity of membranes. These findings delineate a reciprocal
guences. NMR experiments revealed that in porcine panrelationship between membrane electrostatic properties,
creatic PLA, (group IB) the N-terminal helix and the membrane binding strength of PLAand membrane-in-
catalytically important residues HfSand Asp® adopt a duced structural changes in the enzyme that contribute to
fixed conformation only in a ternary complex of the enzymePLA,, activation in a synergistic manner.
with an inhibitory substrate analog and dodecylphosphocho-
line micelles (Peters et al., 1992; van den Berg et al., 1995)
which might be implicated in more productive enzyme- MATERIALS AND METHODS
substrate complex formation (Yu et al., 1999). Evidence fonaterials
a possible allosteric coupling between the interfacial ad-

: : : The secretory PLA has been purified from the venom of the snake
sorption |QA . . e .
P and catalytic machinery of PL#\has also been Agkistrodon piscivorus piscivorusccording to Maraganore et al. (1984)

_prO_Vid_ed by fluorescence spectroscopy. Distinct shifts ih the,;md was kindly supplied by Dr. R. L. Biltonen of the Department of

intrinsic Trp fluorescence of PLAhas been detected during pharmacology of the University of Virginia School of Medicine. The lipids

the activation of the membrane-bound enzyme (Jain andere purchased from Avanti Polar Lipids (Alabaster, AL) and the other
Maliwal, 1993; Bell and Biltonen, 1989; Burack and Bil- chemicals from Sigma (St. Louis, MO).

tonen, 1994; Burack et al., 1995). Combined site-directed

mqtageness .and spectro;coplc s'tudles shoyved that SUb.SlgFeparation of supported membranes

tutions of residues in the interfacial adsorption surface (i-

face) of a pancreatic PLAaffect both the enzyme-substrate Supported lipid bilayers for ATR-FTIR experiments were prepared on a
interaction constant (gallostery) and the rate constant of 1 X 20 X 50 mn? germanium internal reflection plate (Spectral Systems,

the catalvtic turnoverl@ alloster ) implvina an allosteric Irvington, NY) using two different techniques. The plate was washed by
Yy at Y), Implying chloroform and methanol and processed in an argon plasma cleaner (Har-

effect that propagates from the i-face to the catalytic resiyick, ossining, NY) immediately before use. The first technique involved
dues of PLA (Rogers et al., 1998; Yu et al., 1999). Al- preparation of a monolayer of phosphatidylcholine at the surface of an

though these data provide evidence that interfacial activaaqueous buffer (10 mM Tris/acetic acid, pH 5) in a Langmuir trough
tion of PLA, may involve conformational changes in the (model 611, Nima, Coventry, UK). The monolayer was deposited onto the

enzvme. the nature of these conformational chanaes a rmanium plate by slowly~2 mm/min) withdrawing the plate from the
yme, I 9 r&iueous phase vertical to the air/water interface. The plate with the

their relation to the physical properties of membranes ar@onolayer was assembled in a perfusable liquid ATR cell. Vesicles of
not well understood. desired lipid composition were prepared either by sonication, using a
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Branson tip sonicator, or by extrusion through 100-nm pore size polycar-
bonate membranes using a Liposofast extruder (Avestin, Ottawa, Canade
Vesicles were injected into the ATR cell that contained the germanium
plate with the monolayer and incubated fel.5 h to allow the vesicles to
spread on the lipid monolayer and yield supported bilayers. This was
followed by gently flushing the ATR cell with buffer and washing the
excess lipid out of the cell. The advantage of this method is that it can be
used for preparation of either symmetric or asymmetric membranes, de
pending on the choice of the lipids for preparation of the monolayer and the
vesicles. Its disadvantage is that the membrane leaflet facing the plat
cannot include acidic lipids because in that case the monolayer does ni
efficiently adsorb to the germanium plate, probably due to electrostatic
effects. The second procedure that has been employed in this study pe
mitted preparation of supported bilayers containing acidic lipids in both
leaflets. According to this procedure, sonicated phospholipid vesicles arg|GURE 1 Schematic depiction of an ATR sample cell with an internal
prepared that contair20% anionic lipid (e.g., phosphatidylglycerol) in a reflection plate (the yellow trapezoid in the center) that has lipid bilayers
buffer containing~5 mM CaCl. When the vesicles are injected into the at both surfaces. The protein molecules are shown as red ellipsoids. The
ATR cell that contains a bare germanium plate and are incubatedffdr, infrared beam is shown to enter the plate, perform several internal reflec-
a lipid bilayer is formed at the surface of the germanium plate that istions, and exit the plate. The exponentially decaying evanescent field that
presumably stabilized by €a bridges between the acidic lipids and the s created at each internal reflection illuminates the membrane and the
germanium plate, which is hydrophilized by argon ion plasma processingmembrane-bound proteins whereas the molecules far from the membrane
After preparation of supported bilayers, PA#vas injected into the ATR  are “invisible” and do not contribute to the absorption spectrum. The outlet
cell and allowed to adsorb to the supported membranes for 5-10 mingf one-half of the ATR sample cell is connected to the inlet of the other
followed by recording of ATR-FTIR spectra. Protein concentration was half, allowing for simultaneous perfusion of the whole cell.

measured by the Bradford assay (Bradford, 1976).

and plotted as a function of PLAoncentration. The less intense symmet-
ric methylene band was used because it, unlike its more intense asymmetric
counterpart, is generated by an isolated vibrational mode and is free of
ATR-FTIR experiments were carried out on a Nicolet 740 infrared Spec_Fermi resonance contributions (Rana et a_l., 1993). The removal_fr_om the
trometer (Nicolet Analytical Instruments, Madison, WI) using a liquid- SUPPorted membranes of the free fatty acid or the lysophospholipid were
nitrogen-cooled mercury/cadmium/telluride detector at a nominal spectrafi€termined from changes in the olefinic CH stretching bands, which were
resolution of 2 cm. A four-mirror model 57 single-beam ATR system lntegratgd between 3023 and 2996 chfor IIpIQS containing unsatgrated
was used (Buck Scientific, East Norwalk, CT). Normally, 1000 scans wereSt2 chains), and of the phosphate symmetric stretching bands integrated

co-added to achieve a reasonably good signal-to-noise ratio of the spectrdétween 1106 and 1078 crh respectively. To estimate the removal from
The incident infrared light was polarized using a gold grid polarizer the membranes of PLAgenerated free fatty acid for lipids with fully

(Perkin-Elmer, Beaconfield, UK). To obtain spectra including both the saturated hydrocarbon chains, selectiv@ii-chain deuterated lipids were
lipid and the protein components in the sample, the single-beam spectra &€d- o o

the buffer in the ATR cell with the germanium plate were used as refer- 1he protein/lipid (P/L) molar ratios in supported membranes were
ence. The absorbance spectra of the membrane-bound protein in the p,ﬁigtermlnt_ed_ using the ratio of |n_tegrated intensities of_ the proteln an_mde |
form were obtained by using as reference the single-beam spectra of ttfdd the lipid methylene stretching bands at perpendicular polarization of
supported membranes that were measured before injection of the proteifft€ infrared radiationd, p andA, |, which was corrected for correspond-
These latter spectra were free of any contributions of the lipid to thel"d molar extinction coefficientser and ., and for the orientation
spectral regions of the protein absorbance bands. The measurements wé@&tors, a;:
preceded by extensive purging of the instrument with dry air to remove

humidity (H,O vapors) and C®and to minimize their interference with the —
spectra. L A L opephp

ATR-FTIR experiments

P Apoen

1)

In Eq. 1, 0; = (Ssirfe)/2 + (1 — S)/3, wherei = P or L, § is the
corresponding orientational order parameter, anpé the angle between
the corresponding transition dipole moment and the molecular director.

The exponentially decaying evanescent field that is created at the germd-he subscripts P and L signify protein and lipid, respectivalyjs the
nium/membrane interface at each internal reflection of the infrared bearfumber of peptide bonds in the protein amds the number of methylene
makes it possible to detect all membrane components, including the men@"oups in the lipid hydrocarbon chains. A valueepf= 4.7 X 10° cm/mol
brane-bound protein, while the molecules far from the membrane do noP€" CH: group of the lipid has been used (Fringeli et al., 1989). The amide
contribute to the ATR-FTIR spectra (Fig. 1). This makes the ATR-FTIR ! molar extinction coefficients of proteins depend on their secondary
spectroscopy a uniguely well suited technique for quantitative characterstructure. A weighted average f = 5.7 X 10" cm/mol per peptide bond
ization of protein binding to supported membranes, the enzymatic activi®f PLA2 was found assuming that the protein secondary structure incor-
of PLA,, selective hydrolysis of different lipid components in membranes, Porates 50%, 10%3, and 40% irregular structure (Ami and Ward, 1996;
and dissociation of lipid hydrolysis products from the membrane. Han et al., 1997) and using the corresponding integrated molar extinction

The activity of PLA, toward the supported lipid membranes was eval- coefficients (Venyaminov and Kalnin, 1990). The number of protein mol-
uated based on a PLAconcentration-dependent decrease in the intensityeCU|eS per unit area of the membrane was determined using the protein/
of lipid absorbance bands, which was shown to result from the partiafiPid molar ratio as

Data analysis

removal of the lipid hydrolysis products from the membrane. The meth- 2P/L
ylene symmetric stretching bands were integrated between 2878 and 2830 n= (2)
cm* (or between 2111 and 2071 crhfor deuterated lipid acyl chains) A’
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whereAs the cross-sectional area per lipid molec#les 50 A°was used  curves of Fig. 2 using Eq. 3. The data of Table 1 and the
for dipalmitoylphosphatidylcholine (DPPC) and DPPG (Seddon, 1993).c,rves presented in Fig. 2 demonstrate that at low ionic

PLA, binding to supported membranes was quantitatively characterized b)étren ths the enzvme bindina to membranes is saturable and
plotting n against PLA concentration and by describing these plots using 9 y 9

a Langmuir-type adsorption isotherm supplemented with the Hill cooper-COOperative' Al thr?e bind_ing para}meters, i.e., th? bindir.‘g
ativity coefficient: constant, the density of binding sites, and the Hill coeffi-
cient, decrease at higher ionic strengths.
NC™K g g

=1+ coke ®)

where N is the number of binding sites per unit are@,is the PLA, Determination of PLA, activity by
concentration,K is the apparent binding constant, ang, is the Hill ATR-FTIR spectroscopy

coefficient. The values dfl were found from extrapolated intersections of . .
the n/C versusn plots with then/C = 0 line. The Hill coefficients and the Supported membranes that contained 1-palmitoyl-2-

dissociation constants () were determined respectively as the inverted 0leoylphosphatidylcholine (POPC) in the lower (facing the
slopes of the Lri{/n — 1) versus L& plots and the PLA concentrations  germanium plate) leaflet and a 4:1 mixture of POPC and
corresponding to their intersections with the Nif — 1) = 0 line, i.e., 1-palmitoyl-2-oleoylphosphatidylglycerol (POPG) in the
whenn = N/2. upper leaflet were prepared and flushed several times with
buffer. After each flush, polarized ATR spectra were re-
RESULTS corded as control measurements. This was followed by
- . injection of PLA, that resulted in the appearance of a
Q-ua|_1t|tat|ve characterization of membrane prominent amide | absorbance band, indicating binding of
binding of PLA, the enzyme to the membrane (Fig. 4). The intensity of the
Adsorption isotherms characterizing the binding of Blté  lipid methylene stretching band gradually decreased at each
supported bilayers containing DPPC in the lower (facing theflush with buffer and then was stabilized, reflecting removal
germanium plate) leaflet and a 3:2 mixture of DPPC andof excess lipid from the membrane. Binding of PLi the
DPPG in the upper leaflet at different ionic strengths weresupported membrane was accompanied by a concomitant
obtained by measuring the surface density of membraneabrupt decrease in the intensity of the lipid signal (Fig. 5).
bound PLA, n, as a function of PLA concentration (Fig. This result is interpreted in terms of PLA&atalyzed lipid
2). As shown in Fig. 3A, at low ionic strengths the/C hydrolysis and dissociation of a fraction of the reaction
versusn dependencies were concave downward, indicatingroducts from the membrane. Several lines of evidence
positive cooperativity in PLA binding to negatively confirm this suggestion. First, before injection of PLihe
charged membranes (Cantor and Schimmel, 1980). Theembrane was flushed with the buffer until the lipid signal
binding parameter¥, N, and o, were determined as de- was stabilized; i.e., additional flushes without PLeid not
scribed above and were used to calculate the theoreticalffect the lipid signal (Fig. 5). Second, when PLivas
inhibited by EGTA, or when nonhydrolyzable lipids were
used to prepare supported bilayers, such as dipalmitoyl-
glycerol (DPG), dihexadecylphosphatidylcholine (DHPC)
in combination with cardiolipin (CL) or arachidic acid

0.20 (AA), PLA, did not cause any significant decrease in the
lipid signal (Fig. 6). Third, partial inhibition of PLAby
015 ZnCl, (Mezna et al., 1994; Yu et al., 1998) substantially
o reduced the effect of PLAon the lipid methylene band
i= intensity (cf. Fig. 6E and Fig. 7B). These experiments
% 0.10 demonstrate that the decrease in the lipid methylene stretch-
ing band intensity reflects PLAactivity that can be mea-
0.05 sured by ATR-FTIR spectroscopy.
0.00 Differential removal from the membrane of
107 107 107 107 phospholipid hydrolysis products
PLA, concentration (M) Because the existing experimental evidence suggests that

o both products of phospholipid hydrolysis by PLA.e., the
FIGURE 2 Binding of PLA to supported membranes composed of free fatty acid and the lysophospholipid, contribute to the
DPPC at the lower leaflet and a 3:2 mixture of DPPC and DPPG at the_ .. . . .
upper leaflet. The buffer contained 5 mM Tris (pH 8.2), 0.5 mM EGTA, 1 aCt!Vatlon of PLA? _at the memprane surface, it was inter-
mM NaN, plus 0, 0.01, 0.1, b1 M NaCl (curves 1-4respectively). The ~ €Sting to quantitatively determine whether one of the two

curves are simulated by Eq. 3 using the parameters summarized in Table products preferentially accumulates in the membrane and

Biophysical Journal 80(2) 789-800
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FIGURE 3 Scatchard plots that have been
used to evaluate the parameters describing the
binding of PLA, to supported bilayers contain-
ing 60 mol % DPPC and 40 mol % DPPG. _~ 40+
Curves 1—4 correspond to NaCl concentrations =

0, 0.01, 0.1, or 1 M added to the buffer: 5 mM (\‘.E 304
Tris (pH 8.2), 0.5 mM EGTA, 1 mM NaN E
The numbers of binding sites per unit aré§ ( 6
were found from extrapolated intersections of &
the curves ofA with then/C = 0 line. The Hill
coefficients ) and the dissociation constants 10+
(1/K) were determined as the inverted slopes of

the lines of B and the PLA concentrations 0
corresponding to the intersections with the line 0"00 0 65 0 '10 0 '15 0 '20
Ln(N/n — 1) = 0. ’ ) ’ ’

50+

Ln(N/n - 1)

n (nm'z) Ln [PLA,] (molar)

plays a dominant role in the enzyme activation. Althoughnormalized integrated intensities of respective absorbance
partial removal of PLA reaction products from phospho- bands were used as the fractions of retaise@ andsn-1
lipid monolayers and bilayers has been demonstratedhains following phospholipid hydrolysis, i.eAA,,., and
(Gericke and Hbnerfuss, 1994; Speijer et al., 1996; Cal- AA,,, ;. For lipids with unsaturatedn-2 chains, the follow-
lisen and Talmon, 1998), this question has not yet beeing relationship was fulfilledAA,,, ., + AA;.1 = 2AAgiar
answered. Therefore, for the membranes composed of DPPC and
The results of the action of PLAon supported mem- DPPG that lack olefinic groups\A,,., was calculated as
branes of three different lipid compositions are presented iRAA ., — AAg,_;. Data presented in Fig. 8 demonstrate that
Fig. 7. In all three cases, the lipids contain a palmitic acidalthough the lipid hydrolysis is followed by partial removal
residue at thesn-1 position, but thesn2 position is esteri- from the membrane of both the liberated fatty acid and the
fied by linoleic, oleic, and palmitic acids that contain two, lysophospholipid, the fraction of lysophospholipid that is
one, and zero unsaturated olefinie-HHC=CH—) groups, removed from the membrane significantly exceeds that of
respectively. The fractions of the total lipid components
(i.e., the free fatty acid and the lysophospholipid) that re-
mained in the membrane at each RLA&oncentration,
AA . Were determined based on the integrated intensity of Lipid CH, Lipid C=0

the symmetric CH stretching band normalized relative to \

the corresponding intensity in the absence of BLAo MSh_#/\M

determine the differential removal from the membrane of %1 —_—

the fatty acid and the lysophospholipid that results from NZ —

phospholipid hydrolysis by PLA the olefinic CH stretch- _‘/_/\_/kf ﬁ

ing band at 3005-3010 cm was used as a marker for the %g  ~———————
6 _/\,_—-v—\_,

fatty acid liberated from then-2 position of lipids contain-

ing unsaturategn-2 chains (Fig. 7), whereas the phosphate

PO, symmetric stretching band at1090 cm * was used as +PLA,

a marker for the lysophospholipids (inset in Fig. 7). The _/M S tein amide |
1 I I I 1 I i T T

3000 2950 2900 2850 2800 1750 1700 1650 1600

TABLE 1 Parameters characterizing PLA, binding to Wavenumber (cm_1)
supported membranes composed of DPPC and DPPG at a 3:2
molar ratio at different ionic strengths

Absorbance

FIGURE 4 ATR-FTIR spectra of a supported bilayer containing POPC
lonic strength K(M™Y N (nm2) oy in the lower leaflet and a 4:1 mixture of POPC and POPG in the upper
leaflet subjected to several flushes with buffer followed by injection of 5

3 X . . .
§8mr,r\1/|M ;zx ig 8 i;g i gg uM PLA,. The buffer contained 5 mM Hepes (pH 8.2), 100 mM NacCl, 15
01M 1.9>< 108 0.166 1'24 mM KCI, 2 mM CacCl,. The lipid methylene and carbonyl stretching bands
1'0 M 2.8>< 10t 0'070 0'93 and the protein amide | band are marked. Note a decrease in the lipid signal

and appearance of a strong protein amide | signal following injection of
The buffer contained 5 mM Tris (pH 8.2), 0.5 mM EGTA, and 1 mM PLA,, indicating binding of the enzyme to the membranes and lipid
NaN;. The ionic strength was adjusted by NacCl. hydrolysis.
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0] “ + PLA, |4 mAU
o * N é
g -
8 Protein amide | 0.02 AU z
& 3 Flush with : @ :
3 buffer 1110 1100 1090 1080 1070
Ne]
s L]
z :
o 2_DDQDDQq c
g Lipid CH, 3
= tau::)m-n-n-n-n—n-{l—ﬂ-ﬂ—ﬂ 8
<
1, : . . B
Minutes

FIGURE 5 Dependence of the integrated intensities of the lipid methyl-
ene and the protein amide | bands on flushes with buffer and injection of C
5 uM PLA,, as described in Fig. 4. I T T T

3000 2050 2900 2850
-1
Wavenumber (cm )

the fatty acid, implying a predominant accumulation of the
fatty acid in the membrane. FIGURE 7 Lipid methylene (and phosphate, in these) stretching
Because the olefinic stretching mode is not present irbands at different concentrations of PLAThe lipid composition of the
lipids with fully saturated hydrocarbon chains, and its in- asymmetric supported bilayers was as follow§.RLPC/(PLPC+ PLPG);
tensity is low even in lipids containing chains with one or (8 POPCAPOPCt POPG); €) DPPCIDPPCH DPPG). In all three
double bonds. a second method has been used to asscases, the fraction of the acidic lipid in the upper leaflet is 20 mol %. The
two dout ' ( §&ffer contained 5 mM Hepes (pH 8.2), 100 mM NaCl, 15 mM KCI, 2 mM
the relative depletion of the fatty acid and the lysophosphocacy,. in each of the three families of spectra, PL&oncentration was
lipid resulting from lipid hydrolysis. Supported bilayers increased from 0 to 5aM (from top to bottom).

were prepared using 1-palmitoyl@-2-palmitoylphos-
phatidylcholine in which thesn-1 chain is fully deuterated
0.02 AU while the sn2 chain is not. Substitution of methylene hy-
drogens by deuterium results in>a700-cm * shift of the
methylene stretching modes toward lower frequencies, be-
cause of the heavier nuclear mass of deuterium (Fig. 9).
Also, the CD, stretching mode is broader and approximately
twofold weaker than the CHmode due to the lower ex-
tinction coefficient of the former vibrational mode (Rana et
al., 1993). The plots of the normalized integrated areas of
the CH, and CD, symmetric stretching bands as a function
of PLA, concentration showed that lipid hydrolysis is fol-
lowed by a preferential removal of tle-1 chain of DPPC
(i.e., the lysophospholipid) whereas the-2 chain, which
belongs to the free fatty acid, tends to stay in the membrane
4 (Fig. 10). This result is consistent with the suggestion of the
Wavenumber (cm ) above experiments that the free fatty acid predominantly
contributes to interfacial activation of PLAy 1) increas-
FIGURE 6 Lipid methylene stretching bands at different concentrationsing negative electrostatic potential at the membrane surface

of PLA,. The lipid composition of the asymmetric supported bilayers was -
as follows. &) DPPC/(DPPG+ DPPG) (4-1): B) DPGI(DPG+ CL) (9:1). 2nd/or 2) affecting the membrane morphology.

(C) DPG/(DPG+ AA) (4:1); (D) DHPC/(DHPC+ AA) (4:1); (E) POPC/
(POPC+ POPG) (4:1). The buffer contained 5 mM Hepes (pH 8.2), 100 T .
mM NacCl, and 15 mM KCI with the following additions: 0.5 mM EGTA Effect of the acidic lipid on PLA2 activity

(A), 2mM CaC} (B-D), and 2 mM CaClplus 0.5mM ZnC} (E). Ineach  The effect of the acidic lipid in supported membranes on the
of five families of spectra, PLAconcentration was increased from 0 to 50 tivity of PLA tudied b ina bil d of
uM (from top to bottom). The spectra of DHPC/(DHPEAA) (D) were ac IV_I y o 2 Was siudied by usmg I r_:lyers compo_se 0
more intense and were reduced by a factor of 2 to maintain proportionality® Mixture of POPC and POPG in which the fraction of

the others are presented as measured. POPG was increased form 0 to 0.5. The plots of the meth-
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_m %}%

3000 2950 2900 2850
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1.0- the surface of membranes with higher anionic surface
0.8 charge.
0.6
04 Correlation between membrane surface
0.2 properties and membrane-induced structural
0.0 changes in PLA,
2 1.0 Our earlier studies identified significant differences be-
> B tween the amide | bands of free and membrane-bound,PLA
2 081 (Tatulian et al., 1997). The second-derivative spectrum of
g 0.6 } L the free enzyme demonstrated a major componentl&s0
% 0.4-+PLA, 3 cm %, indicating a predominantlg-helical structure for the
< 02 protein (Mendelsohn and Mantsch, 1986; Arrondo et al.,
2 2 1993; Jackson and Mantsch, 1995), whereasctelical
® 001/ e i signal of the membrane-bound protein was split into two
b 1.0 C subcomponents at1658 and~1650 cm *. Less stable
0.8 a-helices are characterized by stronger carbonyl stretching
064 | 1 force constants because of weaker helical hydrogen bonding
3 and, consequently, their amide | vibrational mode occurs at
0.4+ PLA, higher frequencies (Dwivedi and Krimm, 1984). Therefore,
0.2 2 the appearance of the higher-frequency signal inattree-
0.0 g lical region of the amide | band of PLAs interpreted in
o od ] 10 terms of increased flexibility of the-helices of membrane-

bound PLA. The resolution-enhanced (second-derivative)
amide | spectra of PLAbound to supported membranes of
o _ _, POPC containing 0, 5, 20, and 50% POPG indicated a clear
FIGURE 8 Normalized integrated intensities due to the total methylene lation between the intensity of th moonent at 1658
stretching model[(]), sn-1 acyl chains 4), andsn2 acyl chainsQ) of the CorI?a on be ee, € intens yo : eco ponent a
bilayers composed of PLPC/(PLP& PLPG) in A, POPC/(POPC+ cm * and the fraction of the acidic IIpId in the membrane

POPG) inB, and DPPC/(DPPG+ DPPG) inC as a function of PLA  (Fig. 14).
concentration under conditions described in Fig. 7. For details, see the text.

PLA, concentration (uM)

DISCUSSION

ylene stretching intensities as a function of PLéoncen- ~ Strength and cooperativity of
tration indicated that PLAexhibited higher activity toward PLA,-membrane interactions

membranes with higher fractions of the acidic lipid POPGygry high binding affinities have been reported for associ-

(Fig. 11). To determine whether the correlation betweenyion of secretory PLAs with anionic phosphatidylglycerol
PLA, activity and the membrane negative surface Charg%urfaces, ieK~10° M tandK ~ 5 x 10’ M~ < for
density is due to stronger electrostatic attraction between thyman group 1A PLA and AppD49, respectively (Han et
cationic PLA, and negatively charged membranes org|  1997; Snitko et al., 1997). Electrostatic effects at least
whether this effect results from stronger affinity of the partly determine the high affinities of these PjsAfor
acidic lipid to the enzyme active center, experiments Wergegatively charged membranes. Consistent with this, much
conducted on supported bilayers composed of 50%ower binding constants<(10>* M~%) have been measured
DP(ds;)PC with deuterated acyl chains and 50% unlabeledor the binding of both enzymes to zwitterionic phosphati-
DPPG (Fig. 12). These membranes were prepared by usingyicholine vesicles (Han et al., 1997; Bayburt et al., 1993).
the method of direct spreading of sonicated vesicles onto thghe data presented in Figs. 2 and 3 and in Table 1 demon-
bare germanium plate, which ensured an equimolar conterfrate that not only the apparent binding constant of
of the zwitterionic and acidic lipids in the membranes. AppD49 for anionic membranes but also the density of
Dependencies of integrated intensities of £&hd CD,  binding sites and binding cooperativity decrease when sur-
symmetric stretching bands on PL&oncentration showed face electrostatics is suppressed by high ionic strengths.
that both lipids were hydrolyzed at similar efficiencies (Fig. Higher apparent binding constants at low ionic strengths are
13), indicating that the acidic lipid is not preferentially evidently due to electrostatic attraction between the cationic
hydrolyzed by PLA. Instead, the greater activity of the PLA, and negatively charged membranes. Binding of Na
enzyme toward membranes containing higher fractions oifons to the acidic lipids in the membrane, which are prob-
acidic lipids results from stronger binding of the enzyme toably involved in the creation of binding sites, may account
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sn-2 chain (CH,) \c// sn-1 chain (CD,)

FIGURE 9 Methylene stretching bands of the
sn-1 (right) andsn-2 (left) acyl chains of 1-palmi-
toyl(ds,)-2-palmitoylphosphatidylcholine.

Absorbance

3000 2950 2900 2850 2250 2200 2150 2100 2050

Wavenumber (cm'1) Wavenumber (cm'1)

for the decrease in the binding site density at high NaCktatic effects exerted by negatively charged membranes may
concentrations (Tatulian, 1993, 1999; Tatulian and Bil-facilitate dimerization of the monomeric enzyme at the
tonen, 1997). Increased binding cooperativity at low ionicmembrane surface (see also Welches et al., 1993).
strengths can be explained by hypothesizing that the en-
zyme forms dimers at the membrane surface; i.e., eac
membrane-bound enzyme induces the binding of anothe%
one for dimer formation. Dimerization of PLAat the mem-
brane surface may be facilitated by decreased electrostatithe role of phospholipid hydrolysis products, the free fatty
repulsion between the cationic enzyme molecules becausgid and the lysophospholipid, in PLActivation is impor-

of the negative surface potential of the membrane, an effeaant for understanding 1) the mechanism of Blativation

that would be more efficient at lower ionic strengths. Inter-at the membrane surface in general and 2) the factors that
estingly, the dimeric and monomeric isoforms of AppD49 make cell membranes susceptible to the action of PIA

are structurally similar to each other (Scott et al., 1994), buhas been shown that phospholipid vesicles maintained their
the dimeric isoform is acidic (excess charge at neutral pH istructural integrity upon complete hydrolysis of the lipid in
—1) whereas the monomeric form is strongly basic (excessheir outer leaflet by PLA (Jain et al., 1986; Berg et al.,
charge is+6). This agrees with the hypothesis that electro-1991; Bayburt et al., 1993), indirectly implying that most, if

ole of phospholipid hydrolysis products in
LA, activation

2 1.0 2

% sn-2 chain (CH,) _;::

=, 0.8+ 4 =

2 )

B 0.6+ PLA, , o

£ sn-1 chain (CD,) 2

S ‘q

© 0.4+ 3]

© 5

5 0.2 5 0.2

3 8

- O'O"ﬂ-/...... —r T T L 0'0'—-7/ T T T
0 0.1 1 10 0 0.1 1 10

PLA, concentration (uM) PLA, concentration (uM)

FIGURE 10 Normalized integrated methylene stretching intensities ofFIGURE 11 Normalized integrated intensities of methylene stretching
the deuteratedn1 and unlabeledn2 acyl chains of 1-palmitoyl(d)-2- bands of lipids in supported bilayers composed of POPC plus 0, 5, 20, and
palmitoylphosphatidylcholine in supported membranes as a function 060 mol % POPG dqurves 1-4respectively) as a function of PLAcon-
PLA, concentration in the presence of 2 mM CaCl centration in the presence of 2 mM CaCl
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FIGURE 14 Second derivatives of the ATR-FTIR spectra in the amide |
FIGURE 12 ATR-FTIR spectra of a supported membrane composed ofegion of PLA, bound to supported membranes composed of POPC plus 0,
an equimolar mixture of DPPG and DRGPC as a function of PLA 5, 20, and 50 mol % POPG, as indicated, in a buffer containing 5 mM
concentration, as indicated, in the presence of 2 mM Callie CH, Hepes (pH 8.2), 100 mM NaCl, 15 mM KCI, 2 mM CaCNote the

stretching bands of DPPG and the CBtretching bands of DPPC are increase in the intensity of the component -al658 cm* at higher
indicated by thin rectangles. fractions of the acidic lipid, POPG, in the membrane.

not all, reaction product stays in the membrane following
phospholipid hydrolysis. The lipid degradation products in
the membrane were further shown to promote Plakti-

fuss, 1994), and by cryo-transmission electron microscopy
for unilamellar vesicles (Callisen and Talmon, 1998). The
. e present results indicate that phospholipid degradation by
vation by modifying the membrane structure and Strength_PLA2 is followed by dissociation from the membrane of a

ening PLA-membrane interactions (Jain et al., 1982, 1986 ‘ . .
Jain and de Haas, 1983; Apitz-Castro et al., 1982: Baybur‘_ftractlon of both the free fatty acid and the lysophospholipid

et al., 1993; Burack and Biltonen, 1994; Burack et al.,and that the _Iys_ophosphol|p|d is removed from the mem-
1997). For example, the binding affinity of human groupbrane to a significantly larger extent than the fatty acid
’ ' (Figs. 8 and 10). This leads to the accumulation of the free

lIA PLA for phosphatidylcholine vesicles increased b.yfatty acid in the membrane, which would modulate mem-

three ord_ers of magnitude in the presence of 18% reaCt'OBrane binding and activity of PLAthrough electrostatic
products in the membrane (Bayburt et al,, 1993). and/or morphological effects. In fact, an increase in the

On the other hand, removal of a significant fraction of negative surface potential of both lipid vesicles and planar
lipid hydrolysis products has been demonstrated by ellip- g P b b

sometry for bilayers supported on silicon discs (Speijer e{‘nembranes has been observed in the presence of, PLA
al., 1996), by external reflection FTIR spectroscopy forunder catalytic conditions (Cherny et al., 1990, 1992). Ad-

monolayers at the air/water interface (Gericke aridhiar- dlthn of f_atty acid, but r_10t Iysophosphatldylchql|ne, to I|p|d_
vesicles increased their negative zeta potential, suggesting

that the PLA-induced negative surface potential may result
from the accumulation of the fatty acid in the vesicle mem-
branes (Cherny et al., 1992). It should be noted that al-
though most of the liberated fatty acid stays in the mem-

-
(]
1

2

£

£ 0.81 DPPG (CH,) _ X - 4

§ brane, a fraction of it partitions into the aqueous phase.
B 061+ pLA, Probably only an optimal amount of the fatty acid in the
£ J membrane is required for efficient lipolysis by PLAFor-

© 041 DPPC (CD,) mation of 2:1 fatty acid/phosphatidylcholine complexes has
° 021 been observed by several studies (Cevc et al., 1988, and
% ' references therein). At moderate fractions of Bigener-

2 0.0 ated fatty acid, complexes between intact phospholipid and

_(')'/"“0"1 T ; o "'”;'0 T fatty acid may form and serve as PLRinding sites that are
' , characterized by local negative curvature and increased

PLA, concentration (uM) . . . .
anionic charge, although very high fractions of the fatty acid

FIGURE 13 Normalized integrated intensities of methylene stretchingmay inhibit PLA, activity by laterally segregating into neg-

bands of DPPGQ) and DP(¢,)PC (1) as a function of PLAconcentra-  atively charged patches and electrostatically sequestering
tion, calculated from the data of an experiment described in Fig. 12.  PLA,, from its substrate.
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The other PLA reaction product, the lysophospholipid, is between the membrane surface electrostatics, the strength
also able to activate PLA(Jain and de Haas, 1983; Bell et and cooperativity of membrane binding of PLAmem-
al., 1996; Henshaw et al., 1998). It should be noted that thérane-induced structural changes in BLAnd PLA, activ-
present data indicate predominant, but not complete, reity. The data suggest that conformational changes do occur
moval of the lysophospholipid from the membrane follow- in PLA,, during its interactions with membranes and that the
ing lipid hydrolysis. Disproportional removal from the membrane surface properties and structural changes in the
membrane of the fatty acid and the lysophospholipid isenzyme contribute synergistically to PLActivation. This
likely to perturb the membrane structure and stimulatesynergistic mechanism of the interfacial activation of BLA
PLA, activation to a greater extent than in the case ofimplies that the factors controlling membrane binding of
proportional removal or preservation of both products. Thisp| A, determine structural changes in the enzyme that result
is consistent with the observation that exogenous lysophosn the activation of the enzyme. It should be emphasized
phatidylcholine reduces the ability of fatty acid to enhancethat, as described in Tatulian et al. (1997), the structural
interfacial activation of PLA (Henshaw et al., 1998), prob- changes upon membrane binding of Rldccur under both
ably by repairing the fatty-acid-induced structural irregular-cataytic and noncatalytic conditions. Therefore, these struc-
ities in phospholipid membranes. These conclusions, whicly, 4 changes are likely to take place during the membrane-
are drawn from the studies on model membranes, are Colyinging step of the complex process of interfacial activation
sistent Wlth the results obta_med on cell cultures suggestings PLA,, independent of the substrate binding to the active
that proinflammatory cytokines render the membranes ofgnier However, they are a prerequisite for the activation of
the affected cells susceptible to the action of BLBY  p| o at the membrane surface, provided there is calcium in
modifying the structure of cell membranes (Murakami et al.,;; aqueous phase and a hydrolyzable lipid in the mem-
1998). brane. This is consistent with the notion that although the

membrane binding of PLAand the catalytic turnover are
o .. temporally dissociated and involve different residues, there

Role of acidic lipid in PLA, activity is a close structural and functional coupling between them.
Higher PLA, activity toward membranes with increased
anionic surface charge has been observed by several earlier
studies. Thus, porcine pancreatic Pl#ad a two- to three-
fold preference for anionic lipids (Ghomashchi et al., 1991).CONCLUDING REMARKS
AppD49, which was used in this study, exhibited a three- toSecretory PLAs are perhaps the most extensively studied
fivefold preference for catalysis of anionic versus zwitteri- enzymes that catalyze reactions at the lipid/water interfaces
onic lipids (Han et al., 1997). When human group IIA PLA (Jain and Berg, 1989; Scott and Sigler, 1994; Mukherjee et
was applied to polymerized phosphatidylglycerol vesiclesal., 1994; Arni and Ward, 1996: Gelb et al., 1995, 1999;
containing 1 mol % pyrene-phosphatidylglycerol or pyrene-Dennis, 1997, 2000). However, certain aspects of interfacial
phosphatidylethanolamine, the anionic lipid was hydrolyzedhctivation of these enzymes, including the structural
10 times faster (Snitko et al., 1997). On the other hand, N@hanges in the enzyme upon membrane binding and their
significant discrimination by this enzyme between acidiccorrelation with the membrane physical properties, are still
and zwitterionic lipids was detected by the double-radiolanot well understood. The present study demonstrates that
bel technique (Bayburt et al., 1993). Consistent with these\TR-FTIR spectroscopy is uniquely well suited for inves-
latter results, the present data indicate that although thﬁgating a wide range of problems pertaining to the activa-
activity of AppD49 increased with increasing mole fraction tjon of PLA, at the membrane surface. The data indicate a
of the acidic lipid in the membrane (Fig. 11), the enzymeeciprocal relationship between the membrane surface prop-
d|q not demonstrate intrinsic preference for the anionic “p'derties, membrane binding strength of PLAstructural
(Fig. 13). changes in the enzyme, and PLActivity. This finding
unifies the substrate and enzyme hypotheses of interfacial
activation of PLA and implies that both the membrane and
enzyme factors are complementary and synergistic determi-
nants of the activation of membrane-bound BLAhe
surface properties of the membrane are indeed important for
As described in the Introduction, studies on the interfaciaPLA; activation. But they are only a prerequisite for binding
activation of PLA, have been focused either on the role of of PLA, to the membrane surface in a proper way, probably
the membrane surface properties or, in fewer cases, on thiecluding the strength of binding, the depth of membrane
structural changes in PLAcaused by membrane binding, insertion, and the orientation, which is required for the
leading to the conceptually different substrate and enzym@duction of the conformational changes in PLihat ulti-
hypotheses. The results of this work identify a correlationmately activate the enzyme.

Correlation between membrane surface
charge and membrane-induced structural
changes in PLA,
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