
pubs.acs.org/Biochemistry Published on Web 05/06/2009 r 2009 American Chemical Society

5874 Biochemistry 2009, 48, 5874–5881

DOI: 10.1021/bi802280b

Interfacial Mechanism of Phospholipase A2: pH-Dependent Inhibition and
Me-β-cyclodextrin Activation

Hanna P. Wacklin*

Australian Nuclear Science and Technology Organisation, PMB1, Menai, NSW 2234, Australia and Institut Laue Langevin, BP 156,
38042 Grenoble Cedex 9, France

Received December 15, 2008; Revised Manuscript Received May 6, 2009

ABSTRACT: The pH-dependent activity of phospholipase A2 (PLA2) from Naja mossambica mossambica
venom and the membrane-water partitioning of the lipid hydrolysis products were investigated in solid-
supported palmitoyl-oleyl-phosphatidylcholine-d31 (POPC-d31) membranes using neutron reflection. At pH
5, PLA2 interacts only weakly with the substrate membrane and leads to no observable membrane
breakdown, which is consistent with protonation of the catalytic histidine (His48, pKa ∼ 6.2). The rate of
the lyso-lipid partitioning into the solution phase is the same at pH 9 as at pH 7.4, and the relative membrane-
water partitioning of the products is essentially the same; that is, the fatty acid accumulates in the membrane,
and only the lyso-lipid is solubilized. However, Me-β-cyclodextrin (Me-β-CD) activates PLA2 irrespective of
pH by facilitating the solubilization of the lyso-lipid product, but not the fatty acid, of which only 22% is
encapsulated at pH 9. Since no product solubilization is observed at pH 5 in the absence of Me-β-CD, this
suggests that the hydrolytic mechanism of PLA2 is not fully disabled at pH 5 but is inhibited by a mechanism,
which is counteracted by Me-β-CD-mediated release of the lyso-lipid. Me-β-CD does not interact with the
substrate membrane, which indicates that at low pH the product extraction occurs directly from the enzyme
active site outside the immediate membrane-water interface, whereas at pH 7-9, direct solubilization of the
lyso-lipid from the membrane can also contribute to activation of PLA2.

Phospholipase A2 (PLA2)
1 enzymes (1) selectively cleave the

sn-2 acyl chain in L-R-1,2-diacyl-sn-glycerophospholipids, releas-
ing a fatty acid and a lyso-phospholipid, both of which are
precursors to important biochemical signaling agents such as the
eicosanoids (2, 3). PLA2 enzymes hydrolyze naturally occurring
phospholipids as well as synthetic analogues with a variety of
chemical structures, but only do so when the substrate molecules
are in aggregated form, that is, in a bilayer membrane, mono-
layer, or micelles. The heterogeneous nature of PLA2 catalysis
and its wide range of physiological functions have given the
mechanism the status of a paradigm in interfacial enzymology (4).

The interfacial nature of PLA2 hydrolysis means that conven-
tional kinetic schemes cannot readily be used to analyze the
reaction. Although the membrane and enzyme form a hetero-
geneous system otherwise analogous to surface catalysis, the
enzyme partitioning between the membrane and the aqueous
phasemay change as the insoluble lipid reaction products, a fatty
acid and a lyso-phosphocholine, accumulate in the membrane.

It has been shown previously that the integrity of the substrate
membrane is compromised once a significant fraction of the
lipids have reacted, which demonstrates that the reaction pro-
ducts alter the membrane morphology, and also suggests that

some or all of the products may partition out of the membrane,
but methods to directly measure this have been limited. PLA2

digestion of supported membranes leads to the formation of
holes and defects (5, 6), which subsequently grow larger. Phos-
pholipid vesicles initially shrink (7) before being degraded into
micelles (8) or disks (9), which may also be accompanied by
fusion into micrometer-large aggregates. Monolayers of short
chain phospholipids are hydrolyzed in amanner that suggests not
all the reaction products are immediately solubilized (10, 11).
Cyclodextrins activate PLA2 (12), and it has been suggested that
this is based on removal of the reaction products as inclusion
complexes, as the products have been shown to have both
autocatalytic and autoinhibitory effects on the enzyme.

Many detailed investigations have been dedicated to elucidat-
ing the effects of the products on PLA2 activity, when they are
added to the substrate membrane a priori. An activating effect of
the products was discovered by Jain and co-workers during
extensive studies of porcine pancreatic PLA2 (13), and was
suggested to be related to a change in the bilayer phase transition
temperature Tm, and/or stabilization of defects that enhance
PLA2 binding. PLA2 activation is more sensitive to the nature of
the fatty acid than the lyso-lipid, which only has an activating
effect if added to the aqueous phase (14), rather than premixed
into the substrate vesicles (15, 16).

It was identified by Apitz-Castro et al. (15) that a critical mole
fraction of reaction products is required to abolish the inactive
lag phase of pancreatic PLA2, and itwas determined later that the
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critical fraction corresponds to the region where the products
start to cause lateral segregation in the membrane(17). It has also
been shown that the inactive lag phase of pancreatic PLA2 is
shortest at the membrane phase transition temperature (18, 19),
when defects form spontaneously (20, 21).

Detailed studies into how the individual reaction products
alter PLA2 binding and the catalytic rate (22-24) have revealed a
complex relationship between the products. In particular, addi-
tion of both products together decreases the critical product
fraction required for activation, compared to addition of either
product on its own. Fatty acid primarily promotes PLA2 binding,
but lyso-lipid also has a partially inhibiting effect.

Althoughmost of the work on product activation of PLA2 has
been concerned with pancreatic PLA2, the membrane properties
that are believed to be the causative effect, such as the membrane
fluidity and homogeneity, are properties of the membrane lipids,
and thus play a role in the activity of all PLA2 enzymes. Progress
in understanding the interfacial mechanism and activation of
PLA2 enzymes has been limited by the substrates (vesicles or
micelles) and techniques (pH titration, fluorescence assays) used,
with which it is not possible to probe membrane structure or
determine the effects of the products as they are generated in the
membrane.

A newmethod tomeasure themembrane concentrations of the
lipids, PLA2, and the reaction products as they are generated in
situ by neutron reflection was developed recently (25). The
method uses a selectively sn1-chain deuterated lipid, palmitoyl-
oleyl-phosphatidylcholine-d31 (POPC-d31), which is cleaved by
PLA2 into oleic acid and deuterated lyso-d31-palmitoyl-phospho-
choline (lyso-PC). As the fragments have neutron scattering
length densities that are distinguishable from the substrate lipid,
neutron reflection allows their amounts in the membrane to be
determined directly during the reaction, as well as measuring the
structure of the membrane and the number of enzyme molecules
bound to it. The sensitivity of neutron reflectivity to the relative
amount of the fatty acid and deuterated lyso-lipid in the
membrane during PLA2 hydrolysis is demonstrated in the
Supporting Information. Previously, a non-deuterated POPC
substrate was used to determine that approximately 50% of the
substrate mass is destroyed by PLA2 from Naja mossambica
mossambica venom (26), whereas using POPC-d31 showed that
all the deuterated lyso-PC partitions into the aqueous phase,
while the remaining membrane is composed of oleic acid and
PLA2 (25).

In this paper, the relationship between the pH-dependent
activity of PLA2 and the membrane-water partitioning of the
reaction products is investigated. Themotivation for studying the
pH dependence arose from the fact that there may be changes in
the solubility of the fatty acid product (pKa 7-8), which becomes
more negatively charged with increasing pH. As a control,Me-β-
cyclodextrin (Me-β-CD) was used to extract the reaction pro-
ducts under identical conditions to determine other pH-depen-
dent changes in the enzyme-membrane interaction.

MATERIALS AND METHODS

NeutronReflection.Details of the analysis of supported lipid
membrane structure (27) and lipid hydrolysis by PLA2 (26) using
time-of-flight neutron reflection have been described previously.
Briefly, the neutron scattering length density profile F(z) of a lipid
bilayer can be divided into separate headgroup and acyl chain
regions due to their chemical differences and water penetration.

Reflectivity analysis is based on modeling the thickness, scatter-
ing length density, lipid volume fraction, and roughness of four
layers corresponding to the lipid head groups, the acyl chain
region, and PLA2, which resides at the membrane-water inter-
face with partial penetration into the outermembrane leaflet (26).
A simplemolecular volume-based constraint, which assumes that
the total surface area covered by the membrane is the same on
both sides of the bilayer, ensures the correct distribution of the
watermolecules associated with themembrane andmaintains the
area per molecule constant across the bilayer. In membranes
containing phosphoplipid (PL), fatty acid (FA), and lysolipid
(LPC), the scattering length density Flayer is the sum of the
molecular scattering length densities Fi weighted by the volume
fractions ji of each component and water (W):

Flayer ¼ φPLFPL þ φLPCFLPC þ φFAFFA þ φWFW ð1Þ
Thus, when there are significant differences in the molecular
scattering length densities of PL, LPC, FA, and water, their
individual volume fractions can be computed from the fitted
scattering length density of the layer. In the present work, a D2O
subphase was used, as it gives the highest contrast to the partially
deuterated lipids, the enzyme, and the silicon support. It was still
possible to distinguish between the deuterated lyso-lipid product
and the D2O solvent because of the nondeuterated glycero-
phosphocholine headgroups.

The Motofit program (28) was used for optical matrix model-
ing (29) to calculate specular reflectivity from model structures.
The scattering length densities of phospholipid, lyso-lipid, fatty
acid, and PLA2 were calculated as described previously (25) and
are listed in Table 1. The errors in the structural parameters of
each sublayer were derived from the maximum acceptable
variation in the fitted thickness and lipid volume fraction that
allowed a fit to be maintained, subject to the constant molecular
area constraint. However, the errors in independent parameters
of the model sublayers are coupled in such a way that the overall
errors in membrane volume fraction and thickness are (10%
and (2 Å, respectively.
Experimental Procedures. Specular neutron reflection was

measured on the SURF reflectometer at the ISIS Neutron and
Muon Facility, Rutherford Appleton Laboratory, UK, and the
D17 reflectometer at the Institut LaueLangevin (ILL),Grenoble,
France, using neutron wavelengths λ of 0.5-6 Å (at ISIS)
and 2-19 Å (at ILL) to record reflectivity profiles between

Table 1: Molecular Volumes V and Neutron Scattering Length Densities F
Used in Fitting Data and Calculating Bilayer Compositions

compound V/ Å3 F/ 10-6 Å-2

POPC-d31 1256a 0.27c

headgroups 322a 1.8c

chains 933a 3.2c

PLA2 15451b 3.6b

oleic acid 467d -0.3c

lyso-C16:0-PC 789d 6.8c

D2O 30 6.35

CmSi 30 2.07

aFrom molecular dynamic simulations, as detailed previously (26).
bCalculated from the sequence of Naja mossambica mossambica PLA2

using values for aqueous protein solutions, taking into account the number
of exchangeable protons. cCalculated from the molecular volumes and
coherent nuclear scattering lengths of the molecules. dThe volume of oleic
acid is estimated to be half of the total chain volume of POPC-d31 and that
of the lyso-PC the volume of POPC-d31-oleic acid.
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0.01 < Q < 0.5 Å-1, where Q = (4π sin θ)/λ is the momentum
transfer vector of the neutrons in the direction (z) perpendicular
to the membrane-water interface. Under these conditions, a
typical measurement at two to three incident angles (0.35�,
0.8�, and 1.8� at ISIS and 0.8� and 3� at ILL) to obtain the
full reflectivity profile required 60-70 min. The phospholipid
bilayers were formed in the neutron reflectometer sample cham-
ber after measuring the structure of the underlying Si-SiO2

surface in two contrasts (D2O and water contrast matched to
silicon CmSi, sld = 2.07 � 10-6 Å-2). Each lipid membrane
structure was also measured in D2O and CmSi contrasts before
exposure to PLA2.
Materials. POPC-d31 was purchased from Avanti Polar

Lipids. Phospholipase A2 from Naja mossambica mossambica
venom (P7778,∼90%purity, 1500 units permg),Me-β-CD, Tris-
HCl, and D2O (>99%) were purchased from Sigma-Aldrich.
Ultrahigh quality water (R = 18.2 MΩ 3 cm) was used in all
experiments and surface preparations. The support surfaces
(silicon [111] orientation) were polished in house and cleaned
by a 1:4:5 solution of H2O2/H2SO4/H2O at 80 �C followed by
UV ozonolysis prior to the experiment. This treatment generates
a highly hydrophilic native SiO2 layer of 7-15 Å thickness and
3-5 Å roughness.
Supported Membrane Formation. Phospholipid bilayers

were formedby adsorption of sonicated small unilamellar vesicles
of POPC-d31 (0.5 mg/mL) to a silicon surface preheated to 35 �C
with an incubation period of 1-2 h prior to rinsing off the excess
vesicles and cooling to 25 �C. All PLA2 and Me-β-CD experi-
ments were carried out at 25 �C, at a PLA2 concentration of 0.01
mg/mL, in the absence and presence of 0.5 mg/mL Me-β-CD
(which was premixed into the PLA2 solution). This concentration
of Me-β-CD was chosen on the basis of previously published
studies, which have shown that similar concentrations lead to
desorption of fatty acids frommonolayers (30) and activate PLA2

(31) as well as other lipases (12).

RESULTS

POPC-d31 Hydrolysis As a Function of pH. The
reflectivity profiles recorded during the hydrolysis of POPC-d31
at pH 5 and pH 9 by 0.01 mg/mL PLA2 are shown in Figure 1,
with the scattering length density profiles corresponding to
the best fits shown in the insets. The fitted lipid scattering
length densities, thicknesses, and volume fractions (F, t, φ) and
the structural parameters derived from them (area per molecule,
A, and surface coverage, Γ) corresponding to the fits, are listed
in Table 2. There is no difference in the structure or quality
of the substrate membranes between the two experiments; both
have a high surface coverage (98%) and an area per molecule of
61 ( 6 Å2, which is typical for POPC in the liquid crystalline
phase. The membrane coverage of 98% corresponds to the lipid
volume fraction (φ = 0.98 ( 0.02) in the hydrocarbon chain
region and reflects the specific volume assigned to the lipid
chains. In this case, a specific chain volume derived from
molecular dynamics simulations of POPC at 25 �C was used,
and it is possible that the value for lipids in a supported
membrane differs by a small amount due to the lipid-surface
interactions. The statistical uncertainty in the data also leads to a
fitting error of ∼2% in the lipid volume fraction and a propa-
gated error of(6 Å or 10% in the area per lipidmolecule. Thus, it
is not possible to assign the 2% of membrane volume to physical
defects.

At pH 5, changes in reflectivity after PLA2 injection are very
small and correspond to 0.03 ( 0.01 μmol m-2 of PLA2, which
adsorbed to the membrane-water interface within the first 2 h
but did not cause any observable decrease in the membrane lipid
volume fraction or composition within 10 h. Although it is not
possible to say directly from the data that no hydrolysis occurred,
it is unlikely that a significant fraction of products were formed,
as the solubility of the lyso-lipid is unchanged at pH 5, and it
would partition into the solution phase (the fitting resolution for
Fchains in this contrast( 0.1 � 10-6 Å-2, which corresponds to a
detection limit of 0.03 for the mole fraction of lyso-lipid
solubilized).

At pH9, the lipid volume fraction started to decreasewithin 1 h,
with considerably more (0.08 ( 0.01 μmol m-2) PLA2 initially
adsorbed on the membrane surface. After 9 h, the membrane
had been completely digested into a fatty acid layer of 21 ( 3 Å
(sld=-0.3( 0.1� 10-6 Å-2), with 0.14( 0.03 μmolm-2 PLA2

attached to the lipid-water interface. Comparison of this result
with previous data measured at pH 7.4 (25) reveals that
the reaction rate is not significantly different at pH 9 than at
neutral pH.

At pH 9, the scattering length density Fchains of the lipid
decreased from 3.0 ( 0.1 � 10-6 Å-2 to 1.6 ( 0.1 � 10-6 Å-2

within 1 h, which corresponds to the hydrolysis 42% of the
phospholipids and partitioning of all the lyso-lipid into the solution
phase. At pH 7.4, Fchains decreased from 3.17( 0.1� 10-6 Å-2 to
1.44( 0.1� 10-6 Å-2 within 70min, which agrees with the pH 9
results to within the errors in determining Fchains. There was no

FIGURE 1: Neutron reflectivity profiles recorded before and during
POPC-d31 hydrolysis by 0.01 mg/mL PLA2 at (a) pH 5 and (b) pH 9.
The fitted reflectivity curves (lines) and scattering length density
profiles (in inset) correspond to the model parameters listed in
Table 2.
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difference in the solubilization of the oleic acid/oleate between
pH 7.4 and pH 9, despite its increasing ionization, and it all
remained bound to the silicon support surface. This is evident
from the surface coverage of the oleic acid/oleate layer, which
corresponds to the same number of molecules as in the original
lipid bilayer. These fatty acid bilayers are consistent with the pH
region 7-9 being favorable for the formation the acid-soap
complexes between the ionized and un-ionized forms of the
acid, which has the effect of stabilizing the bilayer geometry,
as well as increasing the apparent pKa of long chain fatty
acids(32, 33).
POPC-d31 Hydrolysis in the Presence of Me-β-CD. To

determine the effects of changing pH on PLA2 activity and the
enzyme-membrane interaction independently of the solubility of
the reaction products, hydrolysis of POPC-d31 was also investi-
gated in the presence of Me-β-CD, which has been shown to
extract fatty acids from monolayers at the air-water interface
(30, 34) and to have an activating effect on PLA2 and other lipase
enzymes(12, 31).

Figure 2 shows the neutron reflectivity and scattering length
density profiles measured during POPC-d31 hydrolysis in the
presence of 0.5 mMMe-β-CD. In contrast to the results obtained
without Me-β-CD, the hydrolysis is complete within 1 h at all
three pH values. The results in Table 3 show that in each case, a
nearly identical fatty acid layer remains on the silicon surface, but
the amount of PLA2 bound to it increased with pH from 0.08 (
0.03 μmol m-2 at pH 5 to 0.12 ( 0.03 μmol m-2 at pH 9.

As a control experiment, we tested the stability of the bilayers
in the presence of 0.5mMMe-β-CD at each pH value, and found
thatMe-β-CDdoes not adsorb on themembrane surface or cause
any changes inmembrane structure or composition over a period
of several hours. This data is available in the Supporting
Information. Contrary to the assumption that cyclodextrins
activate PLA2 by extracting the fatty acid (12), Me-β-CD
predominantly facilitated solubilization of the lyso-lipid. Only
22% of the oleic acid/oleate formed was coextracted with the
lyso-lipid at pH 9. This result is not surprising considering that
the lyso-lipid with its large zwitterionic headgroup has a much
higher critical micellization concentration (cmc = 7 μM) (35)

than the fatty acid (∼10 pM for un-ionized oleic acid if extra-
polated from the cmc of decenoic acid, which is approximately
10 nM (36)). At pH 7-9, the oleic acid and oleate also dimerize
into acid-soap complexes, which stabilize the bilayer geometry
and increase the apparent pKa, so particularly when there are
no counterions present, the solubility of the complexes is
orders of magnitude lower than the solubility of the lyso-lipid.
In our experiments, the volume of the buffer solution was
large enough to accommodate approximately 1400 times
the amount of the lyso-lipid solubilized from the supported
membrane before reaching the cmc. In addition, it may be that
the cis-double bond of oleic acid is more difficult to accommo-
date in the hydrophobic cavity of Me-β-CD (which has a
diameter of∼0.8 nm) than the straight saturated palmitoyl chain
of the lyso-lipid.

DISCUSSION

The thicknesses of the fatty acid layers (21-23 Å) after PLA2

hydrolysis are much smaller than the length of two oleic acid
molecules (C18:1cis9∼ 15 Å), suggesting that severe tilting of the
bilayer (44-50�) or interdigitation of the chains occurs or that the
molecules flip to form a monolayer with the headgroups facing
the silicon support. The formation of a monolayer would
certainly be consistent with the presence of PLA2 at the layer
surface after hydrolysis because PLA2 has a strong and irrever-
sible interaction with hydrophobic monolayers (26). Fatty acid
flip-flop would also be consistent with the lipid flip-flop rate
observed in fluid supported bilayers (37), which occurs on a 10-
20 min time scale. Interdigitation is unlikely for the unsaturated
oleic acid chains, but tilting could be caused as a result of the
decrease in lipid coverage on the support surface. It is not possible
to determine the precise structure of the fatty acid layers from the
current measurements, but we hope to pursue this question in the
future by using partially deuterated fatty acids.

The initial lipid and final fatty acid amounts and lipid-PLA2

ratios are plotted in Figure 3 with andwithoutMe-β-CD. In both
cases, the lipid to PLA2 ratio decreases with increasing pH,
indicating a stronger affinity of the enzyme for the membrane, as

Table 2: Structural Parameters of POPC-d31 Bilayers before and after PLA2 Hydrolysis at pH 5 and pH 9

description layer F/ 10-6 Å-2a Fa/ 10-6 Å-2b t/ Åc φd Aa/ Å
e Γ/ μmol m-2f

POPC-d31 pH 5 head 1 1.8 2.3( 0.2 6( 1 0.88( 0.05 61( 16

chains 3.0 ( 0.15 3.1( 0.1 31( 2 0.98( 0.02 61( 6 5.4( 0.5

head 2 1.8 2.9( 0.2 7( 1 0.75( 0.05 61( 15

POPC-d31 pH 5 + PLA2 10 h head 1 1.8 2.3( 0.2 6( 1 0.88( 0.05 61 ( 16

chains 3.0 ( 0.15 3.1( 0.1 31( 2 0.98( 0.02 61( 6 5.4( 0.5

head 2 1.8 2.9( 0.2 7( 1 0.75( 0.05 61( 15

PLA2 3.6 5.9( 0.1 21( 3 0.15( 0.07 5700 ( 3300 0.03( 0.01

POPC-d31 pH 9 head 1 1.8 2.3( 0.2 6( 1 0.88( 0.05 61( 16

chains 3.0 ( 0.15 3.1( 0.1 31( 2 0.98 ( 0.02 61( 6 5.4( 0.5

head 2 1.8 2.9( 0.2 7( 1 0.88 ( 0.05 61( 14

POPC-d31 pH 9 + PLA2 1 h head 1 1.8 3.1( 0.2 7( 1 0.75( 0.05 88( 29

chains 1.6 ( 0.15 2.6( 0.1 27( 2 0.79( 0.02 88( 9 3.8( 0.4

head 2 2.2 3.3( 0.2 5( 1 0.73( 0.05 88( 29

PLA2 3.6 5.4 ( 0.2 22( 3 0.35( 0.07 2000( 700 0.08( 0.02

POPC-d31 pH 9 + PLA2 9 h FAg -0.3 ( 0.15 2.2( 0.2 25( 1 0.62( 0.02 30( 4 5.5 ( 0.6

PLA2 3.6 2.8( 0.2 21( 3 0.60( 0.07 1200( 350 0.14( 0.03

a F = molecular scattering length density. Where no error limits for F are given, the parameters were fixed in our data-analysis. b Fa = total scattering
length density of layer a, including D2O. Head 1 refers to the inner headgroup layer facing the silicon surface. c t = layer thickness. d

φ = lipid volume
fraction. eAa is the area available permolecule. fΓ is the lipid surface coverage. gFA= fatty acid. This layer is assumed to be composed only of oleic acid, and
the values of Aa and Γ have been calculated using the molecular volume of 467 Å3 corresponding to it.
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expected when the degree of fatty acid ionization increases. In the
absence of Me-β-CD, slightly more PLA2 is recruited to the
membrane as the reaction progresses at pH 9 than at pH 7.4,
whereas with the Me-β-CD, the reaction rate is so fast at all pH
that only the final fatty acid-PLA2 ratio could be measured,
which also decreased with pH.

A closer look at the data reveals more subtle differences in the
behavior in the presence and absence of Me-β-CD. With Me-β-
CD, the amount of PLA2 at the membrane surface at pH 5 is
much higher than that in the absence of Me-β-CD, which seems
counterintuitive since the lyso-lipid extraction should not alter
the enzyme-membrane interaction when the fatty acid is un-
charged (the apparent pKa of long chain fatty acids is 8-9 in an

aggregated membrane) (32). At pH 7.4, it may be that a small
number of the fatty acids produced are ionized, but at pH 9 they
are fully ionized, which is consistent with the increase in the
reaction rate from pH 7.4 to 9 being accompanied bymore PLA2

at the membrane interface. The enzyme amount also increases
during the reaction faster at pH 9 than at pH 7.4.

Another possible cause for the pH-dependent activity are
changes in ionization state of the enzyme. The Naja mossambica
mossambica PLA2 sequence has several ionizable groups (38), of
which three histidines (pKa ∼ 6.2) change their ionization state
going from pH 9 to pH 5. It is also possible that in these
experiments some of the seven aspartates (pKa 4.5) and six
glutamic acids (pKa 4.6) of PLA2 were partially uncharged, as
pH 5 in D2O corresponds to pD 4.6(39). The net enzyme charge
(including the Ca2+ cofactor) estimated from the pKa’s of all
residues is neutral at pH 9 (when the N-terminus is deproto-
nated), +1 at pH 7.4, but becomes increasingly positive at pH 5
(+10, assuming that theAsp andGlu residues have a 50%degree
of ionization). The positively charged residues (Lys, Arg) that are
largely responsible for the activation of PLA2 by negatively
charged lipids or fatty acids are clustered on the interfacial
binding face (40), but they do not change their ionization state
within the pH 5-9 range. However, as the substratemembrane is
zwitterionic, a net positive charge on the enzyme should not lead
to repulsion between the substrate and enzyme.

The low pH inactivity could be explained by inhibition of the
active site mechanism of PLA2, which relies on nucleophilic
attack on the lipid sn-2 ester bond by a water molecule, catalyzed
by proton removal from the water by His48(41, 42). At pH 5, the
His48 is protonated, and therefore it should not be able to act as
the catalytic base. However, activation by Me-β-CD, which
cannot interact with the enzyme active site directly due to its
size, shows that the hydrolyticmechanismof PLA2 is not disabled
at pH5. In general, PLA2 is inhibited by phosphonate transition
state analogues at low pH, which has been found to be based on
hydrogen bonding of the catalytic histidine with the phosphate
group (43). It has also been shown that the protonation of
His48 promotes the binding of PLA2 to phosphorylcholine
surfactant micelles (44, 45). This suggest that PLA2 binding to
the lipid phosphate should become stronger when His48 is
protonated, but it is not reflected in the amount of the enzyme
bound to the membrane, which is lowest at pH 5. Cleavage of the
sn-2 bond is also not inhibited, because extraction of the lyso-
lipid by Me-β-CD leads to full activation. The results of the
present work therefore suggest that the mechanism by which
PLA2 can cleave the sn-2 acyl bond at low pH is not yet fully
understood.

The results also raise a question about the mechanism by
whichMe-β-CDactivates PLA2.Me-β-CDdoes not interactwith
or penetrate the membrane, and extraction of the lyso-lipid
directly from the membrane is therefore unlikely if PLA2 is
unable to release it. The substrate lipids are not encapsulated by
Me-β-CD. PLA2 binding to the membrane is weak at pH5,
suggesting that it operates via the hopping mechanism (46),
illustrated in Figure 4. At low pH, in the weak substrate-binding
limit, membrane-bound PLA2 is in rapid equilibrium with the
solution phase, and “hops” from site to site on the membrane
surface between catalytic cycles. The enzyme-product complex
unbinds from the membrane after hydrolyzing a substrate lipid,
after which Me-β-CD extracts the lyso-lipid from PLA2, which
allows the enzyme to return to the catalytic cycle. In the absence
ofMe-β-CD, the PLA2 is unable to release the lyso-lipid products

FIGURE 2: Neutron reflectivity recordedduringPOPC-d31 hydrolysis
in the presence of 0.5 mg/mLMe-β-CD: (a) at pH 5, (b) pH 7.4, and
(c) pH 9 after 1 h of PLA2 exposure, after which no more changes
were observed in the reflectivity profiles. The fitted reflectivity curves
(lines) and scattering length density profiles (in insets) correspond to
the parameters in Table 3.
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and remains inactive. An alternative mechanism would be that
the lyso-lipid, once formed, partitions out of the membrane and
inhibits PLA2 in solution, but this would not explain the pH 5
results - no lyso-lipid is observed to leave the membrane in the
absence of Me-β-CD.

The fatty acid product either remains in the membrane when
the PLA2-lysolipid complex unbinds, or partitions into it as
soon as it is released from the active site- it has been shown from
crystal structures of PLA2-product complexes that binding of
lyso-lipid and fatty acid to the same enzyme molecule may be
mutually exclusive(47).

At pH 7.4 and 9, the inhibiting effect of lyso-lipid is dec-
reased as His48 is unprotonated, and the enzyme becomes more

strongly bound to the membrane with increasing ionization
of the fatty acid. Me-β-CD still has an activating effect, but it
is possible that it extracts the lyso-lipid directly out of the
membrane, in addition to or instead of encapsulating it in
solution. However, because the hydrolysis rate is increased by
the Me-β-CD-facilitated removal of the lyso-lipid, this suggests
that its release from the enzyme or membrane still has a rate-
limiting effect.

The remainder of the mechanism is consistent with pre-
vious observations. Lyso-lipid extraction by Me-β-CD also
facilitates the enzyme-membrane interaction by decreasing the
lipid density, thus giving the enzyme easier access to the acyl
bonds and the hydrophobic chains(25). The removal of the lyso-
lipids allows aggregation of the fatty acids which, in turn,
increases the local membrane heterogeneity (20) and promotes
PLA2 adsorption. At pH 9 in the presence of Me-β-CD, there
is a small difference (22 mol %) in the final fatty acid concentra-
tion and the original lipid concentration, which shows that
only a small fraction of the ionized fatty acids are coextracted
with the lyso-lipid at alkaline pH. The fatty acid solubilization
is not rate-limiting as PLA2 is also active at pH 9 in the absence of
Me-β-CD.

Table 3: Structural Parameters of POPC-d31 Bilayers before and after PLA2 Hydrolysis at pH 5, pH 7, and pH 9 in the Presence of 0.5 mM Me-β-CDa

description layer F/ 10-6 Å-2b Fa/ 10-6 Å-2c t/ Åd φe Aa/ Å
f Γ/ μmol m-2g

POPC-d31 pH 5 head 1.8 3.1( 0.2 6( 1 0.71( 0.05 76 ( 21 4.4( 0.4

chains 3.2 ( 0.15 3.7( 0.1 29( 2 0.84 ( 0.02 77( 8

POPC-d31 pH 5+ PLA2+Me-β-CD 1 h FA -0.3 3.1( 0.1 25( 2 0.49( 0.02 38( 5 4.4( 0.4

PLA2 3.6 5.5( 0.2 24( 3 0.30 ( 0.07 2100( 800 0.08( 0.3

POPC-d31 pH 7 head 1.8 2.7( 0.2 6( 1 0.80( 0.05 67 ( 18 5.0( 0.5

chains 3.2 ( 0.15 3.5( 0. 31( 2 0.90 ( 0.02 67( 6

POPC-d31 pH 7+ PLA2+Me-β-CD 1 h FA -0.3 2.9( 0.1 23( 2 0.60( 0.02 34( 4 4.9( 0.5

PLA2 3.6 4.9( 0.2 20( 3 0.40 ( 0.07 1900( 700 0.1( 0.03

POPC-d31 pH 9 head 1.8 3.5( 0.2 7( 1 0.76( 0.05 61( 14 5.4( 0.5

chains 2.8 ( 0.15 2.8( 0.1 30( 2 1.00 ( 0.02 62( 6

POPC-d31 pH 9+ PLA2+Me-β-CD 1 h FAg -0.3 2.6( 0.1 21( 2 0.56 ( 0.02 40( 6 4.2( 0.4

PLA2 3.6 5.4( 0.2 19( 3 0.56( 0.07 1450( 500 0.1( 0.03

aWhere only one headgroup layer is given, the outer and inner layers were found to be identical. b F=molecular scattering length density. Where no error
limits for F are given, the parameters were fixed in our data-analysis. c Fa = total scattering length density of layer a, including D2O. Head 1 refers to the inner
headgroup layer facing the silicon surface. d t = layer thickness. e φ = lipid volume fraction. fAa is the area available per molecule. gΓ is the lipid surface
coverage. hFA = fatty acid. This layer is assumed to be composed only of oleic acid, and the values of Aa and Γ have been calculated using the molecular
volume of 467 Å3 corresponding to it.

FIGURE 3: Initial lipid surface concentration, final fatty acid concen-
tration and initial/final lipid: PLA2 ratios as a function of pH (a) in
the absence and (b) presence of 0.5 mMMe-β-CD (*values at pH 7.4
have been published previously(25) and are presented here for
comparison).

FIGURE 4: PLA2 activation by Me-β-CD during the hopping me-
chanism: As weakly bound PLA2 unbinds from the substrate mem-
brane after hydrolyzing a lipid substrate, the lyso-lipid is extracted
from PLA2 by Me-β-CD, which releases the enzyme back to the
catalytic cycle.
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CONCLUSION

The pH dependence of phospholipase A2 activity in the
presence and absence of Me-β-CD was investigated by neutron
reflection. The low pH inhibition of PLA2 is consistent with
protonation of the catalytic histidine and inhibition by lyso-lipid,
but activation by Me-β-CD shows that the catalytic site of the
enzyme is not fully disabled. At low pH, Me-β-CD activation
occurs by extraction of the lyso-lipid during the hoppingmechan-
ism of PLA2, outside the membrane surface. This is to our
knowledge the first time that the product-dependent activation
and inhibition of PLA2 has been by investigated in situ by direct
structure-activity measurements, and the results demonstrate
the importance of measuring membrane structure and composi-
tion concurrently with enzyme activity in interfacial enzyme
catalysis.
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SUPPORTING INFORMATION AVAILABLE

Reflectivity simulations of the removal of both products
(Figure 1S) and only the fatty acid (Figure 2S); measurement
of Me-β-CD interaction with POPC-d31 in the absence of PLA2

(Figures 3S-5S). This material is available free of charge via the
Internet at http://pubs.acs.org
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