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Structural Effects of Covalent Inhibition of Phospholipase A2 Suggest
Allosteric Coupling between Membrane Binding and Catalytic Sites

Suren A. Tatulian
Biomolecular Science Center and Department of Molecular Biology and Microbiology, University of Central Florida, Orlando, Florida 32826

ABSTRACT Phospholipase A2 (PLA2) binds to membranes and catalyzes phospholipid hydrolysis, thus initiating the
biosynthesis of lipid-derived mediators of inflammation. A snake-venom PLA2 was completely inhibited by covalent modification
of the catalytic histidine 48 by p-bromophenacyl bromide. Moreover, His48 modification affected PLA2 structure, its membrane-
binding affinity, and the effects of PLA2 on the membrane structure. The native PLA2 increased the order parameter of fluid
membranes, whereas the opposite effect was observed for gel-state membranes. The data suggest membrane dehydration by
PLA2 and the formation of PLA2-membrane hydrogen bonding. The inhibited PLA2 had lower membrane-binding affinity and
exerted weaker effects on membrane hydration and on the lipid-order parameter. Although membrane binding resulted in
formation of more flexible a-helices in the native PLA2, which corresponds to faster amide hydrogen exchange, the modified
enzyme was more resistant to hydrogen exchange and experienced little structural change upon membrane binding. The data
suggest that 1), modification of a catalytic residue of PLA2 induces conformational changes that propagate to the membrane-
binding surface through an allosteric mechanism; 2), the native PLA2 acquires more dynamic properties during interfacial
activation via membrane binding; and 3), the global conformation of the inhibited PLA2, including the a-helices, is less stable and
is not influenced by membrane binding. These findings provide further evidence for an allosteric coupling between the
membrane-binding (regulatory) site and the catalytic center of PLA2, which contributes to the interfacial activation of the enzyme.

INTRODUCTION

Secretory phospholipases A2 (PLA2) are relatively small

(13–15 kDa) water-soluble enzymes that are able to bind to

cellular membranes and hydrolyze the sn-2 ester bond of

glycerophospholipids (Six and Dennis, 2000; Berg et al.,

2001). Degradation of phospholipids by PLA2 produces

lysophospholipids and free fatty acids including arachidonic

acid, which may be metabolized, respectively, to platelet-

activating factor and eicosanoids, which are potent mediators

of inflammation, allergy, apoptosis, andcancer (Valentinet al.,

1999; Bezzine et al., 2000; Touqui and Alaoui-El-Azher,

2001). Elucidation of the catalytic and regulatorymechanisms

of these enzymes is important both for developing more

efficient antiinflammatory therapies and for understanding the

fundamental principles of interfacial enzymology.

Biochemical and crystallographic studies led to a catalytic

mechanism that involves a His48-Asp99 doublet, a conserved

water molecule that donates a proton to His48 and performs

nucleophilic attack on the sn-2 ester bond of the substrate,

and a Ca21 cofactor ion (Verheij et al., 1980; Scott et al.,

1990). The collapse of the tetrahedral intermediate is fol-

lowed by deprotonation of His48 by the sn-2 oxygen of

the lysophospholipid. More recent experimental evidence

has suggested an alternative mechanism that involves two

water molecules. One is the nucleophilic water that is in the

inner coordination sphere of Ca21, and the other is an

assisting water that is in the outer coordination sphere of

Ca21 and is H-bonded to His48 (Yu et al., 1998; Epstein et al.,

2001). Despite distinct differences between these two

mechanisms, in both cases, the central events in the catalytic

reaction are the protonation and deprotonation of the

imidazole ring of His48.

Divergent regulatory mechanisms of secretory PLA2s are

currently under consideration. The major fact is that the

binding of PLA2 to the surface of aggregated substrate such

as membranes or micelles substantially increases the enzyme

activity, an effect known as interfacial activation (Pieterson

et al., 1974; Verger and de Haas, 1976; Jain and Berg, 1989;

Gelb et al., 1995, 1999; Yu et al., 2000). Similar crystal

structures of PLA2 without and with bound inhibitors, plus

the unequivocal fact that PLA2 activity can be modulated by

the physical properties of the aggregated phospholipid, led to

a hypothesis that substrate-related factors such as increased

local concentration or productive positioning of the substrate

rather than structural changes in the enzyme account for the

interfacial activation of PLA2 (Scott et al., 1990; Scott and

Sigler, 1994a; Burack and Biltonen, 1994; Burack et al.,

1997). Although the regulatory effect of the interface is

unarguable, the key and still-unanswered question is whether

PLA2 undergoes functionally important structural changes

during interfacial activation.

Currently there is increasing evidence that allosteric

effects are probably involved in PLA2 activation. Modifica-

tion of PLA2 residues that directly interact with membranes

but do not participate in catalysis have been shown to

modulate both interfacial binding and the catalytic activity of

the enzyme (Liu et al., 1995; Han et al., 1997; Baker et al.,

1998; Yu et al., 1999, 2000). On the other hand, His48

mutations caused structural perturbations involving the
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N-terminal a-helix of PLA2, which plays important roles in

both membrane binding of the enzyme and substrate binding

to the catalytic center (Li and Tsai, 1993; Yuan et al., 1999;

Sekar et al., 1999). These findings suggest a possible allosteric

coupling between the membrane-binding surface (the regu-

latory site) and the catalytic residues of PLA2. In accord with

these findings, our previous studies indicated that membrane-

surface properties not only affect the membrane-binding

strength of PLA2, but also modulate the dynamic structure of

the enzyme that correlates with its catalytic activity (Tatulian,

2001). These results led to a reciprocal mechanism of inter-

facial activation of PLA2, which implies that both membrane-

surface properties and conformational changes in PLA2 are

mutually related, synergistic determinants of PLA2 activation.

The aim of the present work was to provide more insight into

the regulatory mechanism of PLA2 by providing further

evidence for the allosteric coupling between membrane

binding and catalytic sites of PLA2. The catalytic His
48 resi-

due of PLA2 has been covalently modified by p-bromophe-
nacyl bromide (pBPB), which is known to completely inhibit

PLA2 activity by binding to the imidazole group of His
48 and

abolishing its general base function (Volwerk et al., 1974;

Yang and King, 1980; Renetseder et al., 1988; Zhao et al.,

1998). The results of the experiments on PLA2 free in solution

and bound to phospholipid membranes as well as under

catalytic and noncatalytic conditions (i.e., in the presence and

absence of Ca21) indicate significant effects of His48 modifi-

cation on the membrane-binding properties of PLA2, the

influence of PLA2 on themembrane structure, andmembrane-

induced structural changes in the enzyme. Together, the data

suggest that covalent modification of a catalytic residue of

PLA2 affects the enzyme conformation and these conforma-

tional effects propagate to the membrane-binding surface,

which probably involves an allostericmechanism that couples

the active site of PLA2 to its membrane-binding surface.

MATERIALS AND METHODS

Materials

PLA2 was purified from the venom of the snake Agkistrodon piscivorus

piscivorus (Sigma, St. Louis, MO), as previously described (Maraganore

et al., 1984; Cho and Shen, 1999). PLA2 was covalently modified by

incubation with a 10-fold molar excess of pBPB in a buffer that contained

100 mM sodium cacodylate/HCl (pH 6.0) and 100 mM NaCl at 308C, as
described (Volwerk et al., 1974). The purity of the product was confirmed by

complete loss of lipolytic activity. The lipids were purchased from Avanti

Polar Lipids (Alabaster, AL), pBPB was from Fluka (Milwaukee, WI), and

the other chemicals were from Sigma.

FTIR, fluorescence, and circular
dichroism experiments

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) experi-

ments were carried out as described (Tatulian, 2001). Briefly, a phosphati-

dylcholine monolayer was first deposited on a germanium internal-reflection

plate (Spectral Systems, Irvington, NY) by the Langmuir-Blodgett

technique. The plate with the monolayer was assembled in an ATR sample

cell, followed by the injection of vesicles of desired lipid composition into

the cell and spontaneous formation of supported lipid bilayers. PLA2 was

injected into the ATR cell and allowed to adsorb to the supported

membranes for ;5 min. ATR-FTIR spectra were recorded using a Nicolet

740 or a Vector 22 infrared spectrometer (Nicolet Analytical Instruments,

Madison, WI and Bruker Optics, Billerica, MA) at a spectral resolution of

2 cm�1. The ATR dichroic ratios (RATR) were determined by dividing the

absorbance intensities of a given band measured at parallel (Ak) and

perpendicular (A?) polarizations of the light: R
ATR ¼ Ak/A?.

The amide hydrogen-exchange (HX) experiments were done as described

(Tatulian et al., 1998a). After recording several spectra in the H2O buffer, the

ATR sample cell was flushed with 10 volumes of a D2O buffer. The time

point of the first exposure of the membrane-bound protein to D2O was taken

as the zero time of HX. The number of scans per spectrum was gradually

increased from 128 to 1024, and the time interval between successive spectra

was correspondingly increased from 1 to 30 min, taking into account the

exponential nature of HX kinetics.

Nonradiative energy transfer (NET) from the tryptophans of PLA2 to

dansyl-phosphatidylethanolamine (DPE, 10 mol % in sonicated vesicles)

was measured using a SPEX Fluoromax spectrofluorometer (Instruments

S. A., Edison, NJ) as described (Tatulian et al., 1998b). Small unilamellar

vesicles, at a total lipid concentration of 200 mM, were obtained by

sonication of the lipid suspension with a tip sonicator. Aliquots of stock

PLA2 solutions were added to the lipid suspension in a quartz cuvette to

achieve desired PLA2 concentrations. The lipid concentration was kept

constant by adding appropriate amounts of the stock lipid sample. Binding

of PLA2 to vesicles resulted in energy transfer from the donor (the indole

group of tryptophan) to the acceptor (the dansyl group of DPE) due to short-

range dipole-dipole interactions.

Circular dichroism (CD) measurements were carried out on a Jasco J-720

spectropolarimeter (Jasco, Easton, MD) using a 0.05-cm path-length cuvette

at ambient temperature. Sonicated vesicles were prepared at a total lipid

concentration of 0.5 mM in a buffer that contained 0.5 mM EGTA and

10 mM Na-K-phosphate (pH 8.0).

PLA2 activity was measured spectrophotometrically using the sPLA2

activity kit from Cayman Chemical (Ann Arbor, MI). Hydrolysis of the sn-2

ester bond of diheptanoyl thiophosphatidylcholine by PLA2 is followed by

the exposure of free thiols, which triggers the conversion of 5,59-dithio-bis-
(2-nitrobenzoic acid) (DTNB) to 5-thio-nitrobenzoic acid that is detected

by absorbance at 414 nm. The activity of PLA2 toward supported lipid

membranes was evaluated by ATR-FTIR based on the partial removal of the

lipid-hydrolysis products from the membrane, as described (Tatulian, 2001).

The spectra were recorded between 5 and 10 min after the addition of a given

concentration of PLA2, based on the fact that under conditions of ATR-FTIR

experiments, the process of lipid removal saturates in ;5 min (see Fig. 5 in
Tatulian, 2001). Protein concentration was measured by Bradford assay

(Bradford, 1976).

Data analysis

The ATR-FTIR absorbance spectra are dominated by the signal from the

supported membrane, including the membrane-bound protein, whereas the

molecules far from the membrane do not contribute to the ATR-FTIR

spectra (see Fig. 1 in Tatulian, 2001). This makes the ATR-FTIR

spectroscopy a surface-sensitive technique that allows one to study protein

binding to supported membranes, the enzymatic activity of PLA2, and

structural changes in both membrane lipids and the protein that result from

protein-membrane interactions.

ATR-FTIR experiments on the membrane binding of PLA2 were

repeated three times and were reproducible. The number of PLA2 molecules

bound per unit area of the membrane was determined as n ¼ 2(P/L)/A,

where A is the cross-sectional area per lipid molecule and P/L is the bound

protein-to-lipid molar ratio, which was determined as described (Tatulian,

2001). Values of A ¼ 68 Å2 have been used for both 1-palmitoyl-2-
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oleoylphosphatidylcholine (POPC) and 1-palmitoyl-2-oleoylphosphatidyl-

glycerol (POPG) (Seelig et al., 1993). The binding of PLA2 to membranes

was described using a Langmuir adsorption isotherm supplemented with the

Hill cooperativity coefficient:

n ¼ NCaHKaH

11CaHKaH
; (1)

where N is the number of binding sites per unit area, C is the PLA2

concentration, K is the apparent binding constant, and aH is the Hill

coefficient. Values of N, K, and aH were found from Scatchard plots as

described (Tatulian, 2001).

The order parameter of the lipid acyl chains was determined by ATR-

FTIR technique as SL¼ 2B/(3Ez
2� B), where B[ Ex

21 Ez
2� RATREy

2; and

Ex, Ey, and Ez are the orthogonal components of the electric vector of the

evanescent field in the membrane (Fringeli, 1993).

The dynamic structures of the native and modified PLA2s free in solution

and bound to supported membranes were studied by analyzing the

differences between the normalized amide I spectra of two samples at

similar times of HX as described in more detail by Tatulian et al. (1998a).

Changes in the secondary structure of PLA2 induced by membrane

binding were evaluated by CD and FTIR techniques. Far-ultraviolet (UV)

CD spectra of PLA2 free in solution and in the presence of lipid vesicles

were compared to reveal changes in the content and flexibility of a-helices

upon binding of the enzyme to membranes. FTIR spectra of the free and

membrane-bound enzymes were obtained by direct-transmission FTIR

without polarization and by the ATR-FTIR technique at parallel and

perpendicular polarizations, respectively. The second derivatives of direct-

transmission spectra were calculated using the raw spectra. Before

calculation of the second derivatives of the ATR-FTIR spectra of the

membrane-bound protein, the spectra measured at parallel and perpendicular

polarizations of the incident light (i.e., Ak and A?) were used to obtain the
total (i.e., polarization-independent) absorbance spectrum: A ¼ Ak 1 GA?,
where the scaling factor G is 0.78 under the present experimental conditions

(Marsh, 1999). Likewise, the polarized ATR-FTIR spectra were corrected

according to this procedure before calculation of the difference amide I

spectra.

RESULTS

Effect of His48 modification on PLA2 activity

PLA2 activity against supported membranes was assessed by

monitoring the PLA2 concentration-dependent decreases in

the lipid methylene stretching bands in the 3000–2820 cm�1

region (Tatulian, 2001). Action of the native PLA2 on

supported bilayers composed of POPC and POPG resulted in

a dose-dependent decrease in the lipid methylene stretching

bands (Fig. 1, A and C, trace 1). In contrast, the addition of
increasing concentrations of His48-modified PLA2 to mem-

branes of similar lipid composition had no effect on the lipid

CH2 bands, demonstrating complete inhibition of the enzyme

activity by bromophenacylation (Fig. 1, B and C, trace 2).
Inactivation of pBPB-treated PLA2 was also demonstrated

by diheptanoyl thiophosphatidylcholine/DTNB assay (not

shown). Inhibition of secretory PLA2s by pBPB is in agree-

ment with our earlier results on the same PLA2 isoform,

AppD49 (Tatulian et al., 1998b), as well as with the data

obtained for PLA2s from porcine pancreas (Volwerk et al.,

1974) or from snake venom (Halpert et al., 1976; Yang and

King, 1980).

Membrane binding of native and
His48-modified PLA2s

Binding of PLA2 to lipid vesicles and to supported bilayers

was measured, respectively, by NET and by ATR-FTIR

spectroscopy. The data of Fig. 2 show that under noncatalytic

conditions (0.5 mM EGTA), the efficiency of energy transfer

from both the native and covalently inhibited PLA2s to

membranes composed of POPC and 10% DPE significantly

increases when the membranes contain 20 mol % negatively

changed lipid, POPG. This is consistent with previous

findings indicating stronger binding of group I/II PLA2s to

membranes with increased negative surface potential (Gelb

et al., 1995, 1999; Han et al., 1997; Tatulian, 2001). It was

shown earlier that DPE does not specifically interact with

secretory PLA2s (Jain and Vaz, 1987). Therefore, binding of

PLA2 to vesicles is not likely to be strongly modulated by the

presence of DPE. Despite this, the results of NET experi-

ments have not been used for quantitative characterization of

PLA2-membrane interactions and for comparison of mem-

brane binding of the native and inhibited PLA2s, because the

bromophenacylated PLA2 partially quenched the fluores-

cence emission, which was probably due to the presence of

bromine in modified PLA2 samples (Fig. 2).

The binding of the native and pBPB-modified PLA2s to

supported membranes that contained POPC in the lower

FIGURE 1 Effect of the native (A) andHis48-

modified (B) PLA2 enzymes on the lipid

methylene stretching bands in supported mem-

branes that contain POPC in the lower leaflet

and POPC/POPG (4:1 ratio) in the upper leaflet.

TheATR-FTIR spectra (A andB) correspond to

PLA2 concentrations of 0, 0.05, 0.15, 0.5, 1.5, 5,

and 30mM(from top to bottom). PanelC shows

the dependence of the normalized intensities of

the lipid methylene stretching bands on the

concentrations of the native (trace 1) and His48-

modified (trace 2) PLA2. The buffer contained

(in mM) 100 NaCl, 15 KCl, 2 CaCl2, 1 NaN3,

and 10 HEPES (pH 8.2).
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leaflet and a POPC/POPG (4:1) mixture in the upper leaflet

was measured by ATR-FTIR both in the absence of free

Ca21 (0.5 mM EGTA) and in the presence of 2 mM CaCl2.

In the absence of Ca21, i.e., under conditions that prevent

lipid hydrolysis by the native enzyme, the experimental data

were fitted by Eq. 1 using K ¼ 2.5 3 105 M�1, N ¼ 0.095

nm�2, and aH ¼ 1.2 for the native PLA2 and K ¼ 1.23 105

M�1,N¼ 0.08 nm�2, and aH¼ 1.0 for the inhibited enzyme

(Fig. 3). In the presence of 2 mM CaCl2, the binding of the

native PLA2 was characterized by K ¼ 3.43 105 M�1, N ¼
0.088 nm�2, and aH ¼ 1.86, whereas the parameters for the

inhibited PLA2 were K ¼ 1.2 3 105 M�1, N ¼ 0.076 nm�2,
and aH ¼ 1. Note that the binding parameters were

determined independently using two types of Scatchard plots

as described by Tatulian (2001). These data indicate that 1). in

the presence of Ca21 (which supports catalysis), the binding

constant of the native PLA2 moderately increases, the

binding-site density decreases, and PLA2-membrane in-

teraction becomes more cooperative; and 2). membrane

binding of pBPB-inhibited PLA2 is weaker and noncooper-

ative compared to that of the native PLA2 and exhibits little

dependence on Ca21. Although distinct differences were

detected between the membrane-binding parameters of the

native PLA2 in the presence and absence of Ca21, these

changes inmembrane-binding characteristics were clearly not

as significant as those caused by His48 modification of PLA2.

These results suggest that factors other than removal of the

protein-bound Ca21 ion, probably involving conformational

changes in the protein, are responsible for the impaired

membrane binding of His48-modified PLA2.

Effects of PLA2 on membrane structure

The physical state of membranes is an important determinant

of the activity of membrane-bound PLA2 (Gelb et al., 1995,

1999; Burack and Biltonen, 1994; Burack et al., 1997; Berg

et al., 2001; Tatulian, 2001). Lipid hydrolysis and dissoci-

ation of a fraction of reaction products from the membrane

significantly modulate the membrane structure and thereby

affect PLA2 activity. Therefore, for the understanding of the

reciprocal mechanisms involved in the interfacial activation

of PLA2, it is important to examine the effects of PLA2 on

the membrane structure. The structural effects of PLA2 on

both the interfacial headgroup region and the hydrocarbon

core of phospholipid membranes are described below.

Lipid polar headgroup region

Addition of the native PLA2 to supported membranes under

both catalytic and noncatalytic conditions (i.e., in the

presence and absence of Ca21) resulted in a decrease in the

frequency of the lipid carbonyl stretching band. The second-

derivative spectra revealed two components at ;1742 and

;1728 cm�1, a pattern that was observed previously for

diacyl phosphatidylcholines in aqueous media (Blume et al.,

1988). Data obtained under catalytic conditions, i.e., in the

presence of 2 mM CaCl2, are presented in Fig. 4. With

increasing concentration of native PLA2, the relative in-

tensity of the lower frequency component increased while

that of the higher frequency component decreased, resulting

in a shift of the whole C¼O band toward lower frequencies.

FIGURE 2 Fluorescence emission spectra of lipid vesicles composed of

90%POPC and 10%DPE (traces 1, 2, and 4) or 70%POPC, 20%POPG, and

10%DPE (traces 3 and 5) in the absence (trace 1) or presence (traces 4 and 5)

of 3mMnative orHis48-modifiedPLA2 (traces 2 and3). Excitationwas at 284

nm. Fluorescence emission bands around;350 and;510 nm are generated

by tryptophan and dansyl groups, respectively. Note energy transfer from the

tryptophans of PLA2 to the dansyl group of DPE in vesicle membranes,

indicating binding of the enzyme to membranes. The buffer contained (in

mM) 100 NaCl, 15 KCl, 1 NaN3, 0.5 EGTA, and 10 HEPES (pH 8.2).

FIGURE 3 Binding of the native (n and }) and His48-modified PLA2 (�
and h) to supported membranes that contain POPC in the lower leaflet and

POPC/POPG (4:1 ratio) in the upper leaflet. The buffer contained (in mM)

100 NaCl, 15 KCl, 1 NaN3, and 10 HEPES (pH 8.2) plus 0.5 EGTA (� and

}) or 2 CaCl2 (n and h). The curves were simulated using Eq. 1 with the

following parameters: trace 1, K ¼ 3.4 3 105 M�1, N ¼ 0.088 nm�2, aH ¼
1.86; trace 2, 2.53 105 M�1,N¼ 0.095 nm�2, aH¼ 1.2; trace 3,K¼ 1.23
105 M�1, N ¼ 0.08 nm�2, aH ¼ 1.0; and trace 4, K ¼ 1.2 3 105 M�1, N ¼
0.076 nm�2, aH¼ 1.0. The standard deviations from the average data points

were typically 5–15% and are not shown for the sake of clarity.
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The bromophenacylated PLA2 exerts a much weaker effect

on the lipid carbonyl band. Similar results were obtained

under noncatalytic conditions, i.e., in the presence of 0.5 mM

EGTA (not shown).

Infrared vibrational frequencies are proportional to the

square root of the force-field constants of corresponding

vibrational modes. On the other hand, the strength of a

covalent bond decreases upon hydrogen bonding of one or

both participating atoms, predicting a lower stretching

frequency for hydrogen-bonded C¼O groups. Indeed, the

carbonyl-stretching band components of membrane lipids at

;1742 and ;1728 cm�1 were shown to represent C¼O
groups that are, respectively, dehydrated or hydrogen

bonded to water (Blume et al., 1988). Therefore, an increase

in the ratio of intensities A1728/A1742 indicates a PLA2

concentration-dependent increase in the fraction of hydro-

gen-bonded lipid carbonyl groups. In the presence of PLA2,

the lipid C¼O groups could form hydrogen bonds either with

water or with membrane-bound PLA2. To determine whether

the increase in the relative intensity of the component at 1728

cm�1 results from hydrogen bonding of the lipid with water

or with PLA2, the effect of PLA2 on membrane hydration

was determined based on the spectral shifts of DPE

fluorescence as a function of PLA2 concentration. The

fluorescence emission frequency of the dansyl chromophore

of DPE increases as its microenvironment becomes less

polar, or when the polar solvent (water) is removed from the

membrane surface (Jain and Vaz, 1987; Lakowicz, 1999). A

significant blue shift was detected in the DPE fluorescence

with increasing PLA2 concentration, indicating a reduction

of the polarity of the membrane surface (Figs. 2 and 5). The

most straightforward interpretation of this effect is mem-

brane dehydration as a result of PLA2 binding. Binding of

either the native or the modified PLA2 to vesicles caused

a considerably larger blue shift of DPE fluorescence when

the membranes contained 20 mol % acidic lipid, POPG, and

the effect induced by the native PLA2 was stronger than that

of the modified PLA2 (Fig. 5), indicating a correlation

between the strength of membrane binding of PLA2 and

membrane dehydration. An increase in the hydrogen

bonding of the lipid carbonyl groups (Fig. 4) and a reduced

hydration of the membrane surface with increasing PLA2

concentration (Fig. 5) suggest that PLA2 binding to the

membranes results in membrane dehydration and formation

of PLA2-membrane hydrogen bonding. Data presented in

Figs. 2, 3, 4, and 5 indicate that His48 modification results in

a weaker membrane binding of PLA2 and an impairment in

the ability of the enzyme to dehydrate the membrane surface

and to form hydrogen bonding with membrane lipids.

Lipid hydrocarbon chain region

The effect of the native and modified PLA2 on the con-

formation of hydrocarbon chains of lipids was monitored by

ATR-FTIR spectroscopy. It is known that a transition of

lipids from the well-ordered gel state to the more disordered

liquid-crystalline state is accompanied by 1), an increase in

the methylene stretching frequencies, 2), a broadening of the

corresponding absorbance bands, and 3), a decrease in the

acyl chain order parameter (Mendelsohn and Mantsch, 1986;

Mantsch and McElhaney, 1991). ATR-FTIR experiments

revealed that the lipid methylene stretching frequencies were

higher and the order parameters were lower for membranes

composed of POPC and POPG as compared with mem-

branes composed of DPPC and DPPG, indicating more

ordered packing of lipids with saturated acyl chains.

Interestingly, the CH2 stretching frequencies of POPC/

POPG membranes decreased and the order parameter

increased as a function of the concentration of native

PLA2, whereas the opposite effect was observed for DPPC/

DPPG membranes (Fig. 6). These data imply that under

FIGURE 5 Maximum wavelength (lmax) of DPE (energy acceptor)

fluorescence emission as a function of the native (traces 1 and 2) and

His48-modified (traces 3 and 4) PLA2 concentration as derived from the

experiments described in Fig. 2. The vesicles were composed of 90% POPC

and 10% DPE (traces 1 and 3) or 70% POPC, 20% POPG, and 10% DPE

(traces 2 and 4).

FIGURE 4 Second-derivative ATR-FTIR spectra of supported mem-

branes that initially contained POPC in the lower leaflet and POPC/POPG

(4:1 ratio) in the upper leaflet. The change of the color code from purple to

red indicates a change in the concentration of the native (A) and His48-

modified (B) PLA2 from 0 to 30 mM. The buffer contained (in mM) 100

NaCl, 15 KCl, 1 NaN3, 2 CaCl2, and 10 HEPES (pH 8.2).
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catalytic conditions, the native PLA2 increases the order of

membranes in the fluid phase but induces more disorder in

the gel-phase membranes. Inhibition of PLA2 by EGTA only

accentuated the ordering effect of the enzyme on POPC/

POPG membranes as judged from a steeper decrease in the

methylene stretching frequencies and an increase in the order

parameter as a function of PLA2 concentration (Fig. 6). On

the other hand, the disordering effect of the native PLA2 on

DPPC/DPPG membranes is more moderate when free Ca21

is removed by EGTA (data not shown). A common effect

accompanying lipid hydrolysis by PLA2, i.e., a broadening

of methylene stretching bands, was observed for both POPC/

POPG and DPPC/DPPG membranes, implying that in both

cases, a component with increased motional flexibility of

lipid acyl chains is involved. Finally, PLA2 that was in-

hibited by bromophenacylation of His48 did not have any

significant effects on the structure of either POPC/POPG or

DPPC/DPPG membranes (Fig. 6, insets).

These data suggest a complex nature of the influence of

PLA2 on the structure of membrane lipids, involving both

ordering and disordering effects. PLA2 probably modulates

the lipid structure by a dual mechanism: binding of PLA2 to

the membrane surface, by itself, makes the membrane more

ordered (primary effect), whereas lipid hydrolysis perturbs

the membrane structure (secondary effect). Recent electron

paramagnetic resonance spectroscopy data on the effect of

PLA2 on membrane structure have been interpreted in a

similar manner (Tatulian, 2002).

Effects of membrane binding on the structure
of the native and His48-modified PLA2

Previous studies indicated that the interfacial activation of

PLA2 by binding to the membrane surface is accompanied

by structural changes in the enzyme, i.e., induction of

a-helices with increased flexibility (Tatulian et al., 1997;

Tatulian, 2001). CD and FTIR results (including amide HX)

presented here identify distinct conformational effects in

both the native and His48-modified PLA2 that are induced by

membrane binding.

CD data

CD experiments revealed typical a-helical spectra with

double minima at ;210 and ;224 nm for both the native

and His48-modified PLA2s. The mean residue molar

ellipticity (symbolized by [u]) of the modified enzyme was

more negative in this region, indicating an increased

a-helical content in the His48-modified PLA2 (Fig. 7).

Binding of the native PLA2 to vesicles resulted in more

negative [u] values, indicating an increase in the a-helical
content, but this effect was weaker for the modified enzyme.

Distinct differences in the shapes of CD spectra of the native

and modified proteins have been revealed: the ratio [u]222/
[u]211 was higher for the modified than the native PLA2

(Figs. 7 and 8). Also, the parallel pp* exciton band, which
occurs at ;208 nm in normal a-helices, was red-shifted in

the spectrum of the modified enzyme. Both the increased

[u]222/[u]211 ellipticity ratio and the red-shifted pp* transi-
tion indicate helices with decreased rigidity (Cooper and

Woody, 1990; Zhou et al., 1992; Graddis et al., 1993). There-

fore, the CD data suggest an increased level of more flexible

a-helices in the modified PLA2. This conclusion was con-

firmed by FTIR and amide HX experiments.

FTIR data

Earlier studies identified a splitting of the a-helical com-
ponent of the amide I band of the native PLA2 upon mem-

brane binding (Tatulian et al., 1997). In addition to the

component at ;1650 cm�1, a new component at ;1658
cm�1 appeared in the membrane-bound enzyme that was

ascribed to a more flexible a-helical structure, possibly an

FIGURE 6 Dependence of the lipid symmetric methylene stretching

frequency (nsym; A) and the lipid acyl chain order parameter (B) on the

native (open symbols) and His48-modified PLA2 concentration (closed

symbols, insets) obtained by ATR-FTIR experiments. Circles and triangles

correspond to membranes containing POPC in the lower leaflet of the

supported membranes and a 4:1 mixture of POPC/POPG in the upper leaflet,

whereas squares correspond to membranes composed of DPPC in the lower

leaflet and a 4:1 mixture of DPPC/DPPG in the upper leaflet. The buffer

contained (in mM) 100 NaCl, 15 KCl, 1 NaN3, and 10 HEPES (pH 8.2) plus

0.5 mM EGTA (n) or 2 mM CaCl2 (�, d, and h, n).
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aII-helix. The resolution-enhanced (second derivative)

amide I spectra of the His48-modified enzyme revealed

a split signal in the a-helical region that comprised two

components at;1656 and;1649 cm�1 both in solution and
in the membrane-bound state (Fig. 9). These data imply that

less-stable helices with increased amide I frequencies are

present in the modified PLA2, and membrane binding exerts

little effect on its structure. Analysis of the amide I bands of

the native and modified enzymes indicated higher a-helical
content in the modified protein, which is consistent with

the CD studies described above. Altogether, CD and FTIR

experiments suggest that the modified PLA2 contains a larger

fraction of a-helix that is characterized by decreased sta-

bility. Although the native PLA2 acquires more dynamic

properties upon membrane binding, the structure of the

modified enzyme is not significantly affected by interactions

with membranes.

Amide hydrogen exchange data

To directly assess the changes in the dynamic structures of

both the native and inhibited PLA2s upon membrane

binding, amide HX was measured for both forms of PLA2

using FTIR spectroscopy. The HX can be measured by

observing the shift of the amide I band toward lower

frequencies after exposing the sample to D2O (Tatulian et al.,

1997; Tatulian et al., 1998a,b). The difference spectra of

amide I bands at similar time points of deuteration directly

indicate differences in the dynamic structure of the protein in

the two samples. The difference spectra between the free and

membrane-bound native PLA2 show that before the initiation

of HX, the amide I band of the membrane-bound enzyme

occurs at higher frequencies; but in the course of HX, shifts

toward lower frequencies much more extensively than that of

the free enzyme, reflecting an increase in the flexibility of

PLA2 structure upon membrane binding (Fig. 10 A). Similar
difference spectra of the His48-modified PLA2 indicate little

spectral shifts in the course of deuteration for both free and

membrane-bound forms of the inhibited enzyme (Fig. 10 B).
Finally, the difference spectra of membrane-bound native

minus modified PLA2s indicate that the amide I band of the

native PLA2 progressively moves from higher to lower

frequencies, whereas the modified enzyme shows little

spectral shifts (Fig. 10 C). Together, CD and FTIR results

(including HX experiments) imply that during interfacial

activation via membrane binding, the native PLA2 molecule

acquires more dynamic properties, which presumably confer

plasticity to the enzyme that is required for the multistep

FIGURE 8 The mean residue molar ellipticities at 222 nm (A) and the

ratios of ellipticities at 222 and 211 nm (B) as functions of the mol % of

POPG in POPC/POPG mixed vesicles for both the native and His48-

modified PLA2s, as indicated. These data were derived from the CD

experiments described in Fig. 7. The data for values of % POPG \ 0

correspond to the absence of lipid in the PLA2 sample.

FIGURE 7 Circular dichroism spectra of the native (A) and His48-

modified (B) PLA2 free in solution and in the presence of sonicated POPC or

POPG vesicles, as indicated. Spectra were also measured in the presence of

vesicles composed of POPC and POPG at varying proportions; some

characteristics of those spectra are shown in Fig. 8. The buffer contained

0.5 mM EGTA and 10 mM Na-K-phosphate (pH 8.0).
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catalytic process. The covalently inhibited PLA2 is probably

arrested in some intermediate conformation that is not

affected by membrane binding.

DISCUSSION

Because of initial indications that pBPB is an active site-

directed inhibitor of PLA2 rather than a general histidine

modifier (Volwerk et al., 1974; Halpert et al., 1976; Yang

and King, 1980), this compound attracted substantial interest

as an efficient tool for pharmacological and mechanistic

studies on PLA2s. The crystal structure of His
48-bromophe-

nacylated PLA2 from the venom of A. h. pallas (PDB access

code: 1bk9) shows the pBPB moiety embedded in the

substrate-binding pocket in a way that completely blocks the

access of the substrate to the catalytic site of the enzyme. In

addition to blockage of the substrate access and abolition of

the general base function of His48, bromophenacylation

results in the displacement of the catalytic water molecule(s),

impairment of Ca21 binding, and distortion of the hydrogen-

bonding network that maintains the structural integrity of

the enzyme (Halpert et al., 1976; Yang and King, 1980;

Renetseder et al., 1988; Zhao et al., 1998). The present

results imply that modification of the catalytic His48 residue

of PLA2 not only inhibits the enzyme, but also exerts sig-

nificant effects on its dynamic structure and membrane-

binding properties, suggesting that the membrane-binding

surface acts as a regulatory site and is structurally coupled to

the catalytic center of PLA2.

The presence of Ca21 ions increases the apparent binding

constant and binding cooperativity of native PLA2 for

negatively charged membranes and decreases the binding-

site density. Calcium could affect membrane binding of

PLA2 by diverse mechanisms. First, Ca
21 activates PLA2 as

a mandatory cofactor, resulting in accumulation of phos-

pholipid hydrolysis products in the membrane that have been

shown to increase the affinity of PLA2 for membranes (Jain

et al., 1982; Jain and de Haas, 1983; Bayburt et al., 1993;

Burack et al., 1997). Second, binding of Ca21 to PLA2 may

increase its cationic charge and thereby increase its binding

constant for negatively charged membranes. Third, Ca21-

dependent changes in the structure of PLA2 (Scott and

Sigler, 1994b) may affect the binding constant and co-

operativity of PLA2-membrane interactions. The increase in

PLA2 binding-site density after the removal of Ca21 by

EGTA may be explained in terms of a competition between

Ca21 and PLA2 for negatively charged lipids in the mem-

brane. Calculations using previously evaluated parameters

of Ca21 binding to acidic lipids (Tatulian, 1995) indicated

that 2 mM Ca21 could neutralize ;40% of the acidic lipid

in the membrane. In the presence of PLA2, however, 2 mM

Ca21 decreases N by only ;8%, probably because PLA2

competitively removes most of the membrane-bound Ca21

from the membrane surface.

His48 bromophenacylation of PLA2 impairs its membrane-

binding capabilities (Figs. 2 and 3). Displacement of the

Ca21 ion by pBPB modification of PLA2 (Renetseder et al.,

1988; Zhao et al., 1998) and subsequent reduction of the

effective cationic charge of the enzyme is not likely to

account for this effect. Significant difference between the

effects of EGTA and pBPB on the membrane binding of

FIGURE 10 FTIR difference spectra in the

amide I region, revealing differences in the

dynamic structures of the native and His48-

modified PLA2s free in solution and bound to

supported membranes. (A) The difference

between the spectra of free and membrane-

bound native PLA2. (B) Difference between the

spectra of free and membrane-bound His48-

modified PLA2. (C) Difference between the

membrane-bound native and modified PLA2s.

The spectra of PLA2 free in solution and bound

to supported membranes composed of POPC

and POPG (4:1 ratio) were measured by direct-

transmission and ATR-FTIR techniques, respectively. The change of color code from purple to red corresponds to an increase in the hydrogen exchange time

from 2 to 1220 min. The buffer contained (in mM) 100 NaCl, 15 KCl, 1 NaN3, 0.5 EGTA, and 10 HEPES (pH 8.2).

FIGURE 9 Second-derivative amide I spectra of the native and His48-

modified PLA2 free in solution (dotted lines) and bound to POPC/POPG

(4:1 ratio)-supported membranes (solid lines) measured, respectively, by

direct-transmission and ATR-FTIR techniques. The buffer contained (in

mM) 100 NaCl, 15 KCl, 2 CaCl2, 1 NaN3, and 10 HEPES (pH 8.2).
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PLA2 indicates that PLA2 modification by pBPB has more

complex consequences than simply removing the Ca21 ion.

The His48-attached pBPB is hidden in the substrate-binding

pocket and is relatively far from the putative membrane-

binding residues (see PDB file 1bk9); it cannot make a direct

contact with the membrane and thereby modulate the mem-

brane binding of PLA2. These considerations lead to a

conclusion that the effect of covalent modification of PLA2

on its membrane-binding properties probably results from

conformational changes in the protein that extend from the

catalytic site to the membrane-binding surface of PLA2. CD

and FTIR data discussed below provide support for this

conclusion.

Significant differences between the far-UV CD spectra of

the native and modified PLA2s (increased ratio of ellipticities

at 222 and 211 nm in the latter case; see Figs. 7 and 8)

suggest that a-helices of His48-modified PLA2 are more

flexible and undergo smaller structural changes upon mem-

brane binding as compared to the native enzyme. Further-

more, FTIR experiments indicate that membrane binding

of the native PLA2 results in the appearance of an additional

a-helical component at higher frequencies (Fig. 9) that has
been attributed to a more flexible helical structure with

weaker hydrogen bonding (Tatulian et al., 1997; Tatulian,

2001). An increase in the flexibility of the native PLA2

structure upon membrane binding is confirmed by amide

HX data (Fig. 10). In conjunction with the results of Figs.

4 and 5, which suggest PLA2-induced dehydration of the

membrane surface and formation of PLA2-membrane hy-

drogen bonding, these data imply that modification of the

helices of PLA2 upon membrane binding may (partially)

result from hydrogen bonding between membrane lipids and

the backbone atoms of a-helices of PLA2. Interestingly,

high-resolution structures of both mature and pro-PLA2

crystallized in the presence of sulfate or phosphate anions

(which mimic the anionic charge of the membrane surface)

indicated hydrogen bonding between the backbone amide

groups of PLA2 and the oxyanions (Pan et al., 2001; Epstein

et al., 2001), which provides additional support for this

conclusion. Removal of membrane-bound water is likely to

favor PLA2-membrane interactions not only by allowing

PLA2 to form hydrogen bonds with membrane lipids, but

also by decreasing the free energy of the system through the

entropic factor. PLA2-membrane hydrogen bonding at the

expense of helical hydrogen bonds of PLA2 will stabilize

PLA2-membrane interactions and, at the same time, impart

conformational flexibility to the enzyme. Both stronger

PLA2-membrane interactions and increased plasticity of the

enzyme are probably required for efficient lipolysis, i.e., lipid

binding, hydrolysis, and release of the products.

Next, the a-helical signal of the His48-modified PLA2 is

split both in solution and in the membrane-bound state, but

the higher frequency component is weaker and is slightly

red-shifted as compared to that in the spectrum of the

membrane-bound native PLA2 (Fig. 9). This means that

His48 bromopheacylation of PLA2 destabilizes the helices of

the protein. However, the structure of the modified PLA2 is

not influenced by membrane binding. Amide HX experi-

ments support this conclusion by indicating that 1) upon

membrane binding, the structure of the native PLA2 becomes

more flexible, whereas that of the modified PLA2 does not

change; and 2) the structure of the membrane-bound native

PLA2 is more flexible than that of the membrane-bound

modified PLA2 (Fig. 10).

Comparison of the crystal structures of native and pBPB-

modified bovine pancreatic PLA2s indicates that the distance

between the Ne2 atom of His48 and the side-chain carboxyl

oxygen of Asp99 (Od1 in the orthorhombic form and Od2
in the trigonal form) increases by 0.47 Å upon pBPB

modification, which is enough for disruption of the His48-

Asp99 hydrogen bonding that is crucial in both structural

and functional terms (see PDB files 1bp2 and 2bpp). This is

likely to decrease the structural stability of PLA2, which is

confirmed by the present data. Conformational effects

accompanying the interfacial activation of PLA2 evidently

involve destabilization of a-helices. These structural changes
do not occur upon membrane binding of the His48-modified

enzyme, probably because pBPB has already distorted the

structural elements determining the interfacial activation

competence of the enzyme. Finally, these results indicate

a coupling between the catalytic and membrane-binding sites

of secretory PLA2s. Structural effects caused by the modi-

fication of a catalytic residue are reflected at the membrane-

binding surface, which acts as a regulatory site of the enzyme

and uses the same coupling mechanisms to transmit mem-

brane-induced structural changes to the catalytic center in the

process of interfacial activation of PLA2.

The PDB file for the pBPB-modified bovine pancreatic PLA2 was kindly

provided by Prof. Bauke Dijkstra (University of Groningen). Purification of

the native PLA2 and its modification with pBPB in Prof. Rodney L.

Biltonen’s lab is gratefully acknowledged.
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