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ABSTRACT: We have investigated the phospholipase A2 catalyzed hydrolysis of supported phospholipid
bilayers using neutron reflection and ellipsometry. At the hydrophilic silica-water interface, hydrolysis
of phosphatidylcholine bilayers by phospholipase A2 from Naja mossambica mossambicavenom is
accompanied by destruction of the bilayer at an initial rate, which is comparable for DOPC and DPPC
but is doubled for POPC. The extent of bilayer destruction at 25°C decreases from DOPC to POPC and
is dramatically reduced for DPPC. Neutron reflectivity measurements indicate that the enzyme penetrates
into the bilayers in increasing order for DOPC, POPC, and DPPC, while the amount of enzyme adsorbed
at the interface is smallest for DPPC and exhibits a maximum for POPC. Penetration into the hydrophobic
chain region in the bilayer is further supported by the fact that the enzyme adsorbs strongly and irreversibly
to a hydrophobic monolayer of octadecyltrichlorosilane. These results are rationalized in terms of the
properties of the reaction products and the effect of their accumulation in the membrane on the kinetics
of enzyme catalysis.

Phospholipase A2 catalyses the hydrolysis ofsn-1,2-diacyl-
phospholipids into ansn-1-acyl-lyso-phospholipid and a fatty
acid, and it belongs to a class of soluble enzymes that
function at the polar-apolar interface between a membrane
and water (1, 2). PLA2

1 enzymes occur in a wide range of
environments and perform an amazing variety of biological
functions, but their overall structure and catalytic site
mechanism are conserved across species and class (2, 3).
The ternary structure ofNaja naja najaPLA2, which is
common to all Indian cobra venoms, is shown in Figure 4a.
Apart from many invertebrate and insect venoms, PLA2’s
are found both inside and outside cells, where they play a
key role in phospholipid remodeling (4, 5), signal transduc-
tion (6, 7), and production of arachidonic acid (8-11), a
precursor to the inflammatory mediators prostaglandins and
eicosanoids (12). Considering the evidence that PLA2’s
participate in host defense at both local and systemic levels
(13), they are a potential target for drug development aimed
at their inhibition (14) and drug delivery based on their
selective activation at the site of inflammation (15).

The PLA2’s are water soluble but only act when they
adsorb at a membrane surface. They are therefore hetero-
geneous catalysts, which means that conventional kinetic
measurements cannot discriminate the different rate processes
when there is an equilibrium between surface and bulk. The
heterogeneity of the reaction also diminishes the usefulness
of the atomic resolution structures of the PLA2’s (16-19),
because PLA2 interaction with the membrane is an interaction
with an assemblyof molecules (20), whose collective
response may be more important than the specific catalytic
site mechanism in determining the course of hydrolysis.

To date, research on PLA2 kinetics has largely been carried
out in bulk phospholipid dispersions or in Langmuir mono-
layers at the air-water interface. In vesicle or micelle
dispersions, only the overall rate of product formation can
be monitored (21-23), and no information has been obtained
about the location of the enzyme or the distribution of
reaction products between the surface and bulk phases. At
the air-water interface, kinetic experiments have been
limited to short-chain phospholipids, which have soluble
reaction products and allow the membrane composition to
be maintained constant (24). In a typical biological mem-
brane, however, the products are usually of limited solubility,
and their accumulation in the membrane can change its
physical properties and morphology significantly. In either
case, the research has been largely limited to saturated chain
phosphatidylcholines, although oleic acid and other 9-cis
unsaturated fatty acids are very common in natural mem-
branes, and the presence of such double bonds is known to
have a great effect on both molecular and membrane
properties (solubility, compressibility, and morphology). For
example, fluorescence microscopy studies of asymmetric
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phospholipid monolayers have revealed that the morphologi-
cal changes induced by PLA2 hydrolysis are very sensitive
to the solubility of the fatty acid product in particular (25,
26). Brewster angle microscopy (27, 28), atomic force
microscopy (29, 30) and cryo-transmission electron micros-
copy (31) have been used to detect membrane break up in
supported bilayers as well as monolayers and liposomes, but
these methods lack the resolution to detect the presence of
the enzyme directly. To understand how the physical
interactions between PLA2 and a membrane interface regulate
enzymatic hydrolysis, it is desirable to monitor the membrane
association of the enzyme together with the structural and
compositional changes induced by the hydrolytic reaction.

In this paper we describe the application of specular
neutron reflection and ellipsometry to monitor the hydrolysis
of supported phosphatidylcholine bilayers by phospholipase
A2 from Naja mossambica mossambicavenom. We have
recently developed a method for depositing phospholipid
bilayers on silicon supports by coadsorption with a soluble
surfactant (32), and we have shown that surfactant-free
bilayers can be formed from phospholipids with varying
degrees of unsaturation (33, 34). An advantage of using self-
assembled supported bilayers as a substrate is that their
structure and composition can be determined in-situ by
neutron reflection prior to the introduction of the enzyme.

Specular neutron reflection and ellipsometry are techniques
that noninvasively probe interfacial structures. In both cases,
the structural parameters (thickness, surface coverage, refrac-
tive index) of an adsorbed film are derived from variation
in reflected intensity as a function of angle (neutrons) or
polarization (ellipsometry). Ellipsometry has a time-resolu-
tion that enables the observation of adsorption/desorption
kinetics, while neutron reflection offers the unique power
of contrast variation. Essentially, the neutron refractive index
of hydrogenous materials can be manipulated by deuterium
exchange, making it possible to obtain several independent
reflectivity profiles from the samechemicalsituation. Both
methods are suitable for structure determination in systems
that exhibit no lateral ordering in the interfacial plane, as is
typical of biological membranes, and can be employed at
buried interfaces (i.e. under water).

1. NEUTRON REFLECTION

Neutron reflection measures the structure and composition
of an adsorbed thin layer perpendicular to the interface, and
experiments are routinely performed at both air-liquid and
liquid-solid interfaces. The sensitivity of neutron reflectivity
to the layer structure depends on its scattering contrast to
the surrounding media. The reflection of neutrons gives rise
to interference fringes from a thin film, whose thickness is
related to the fringe separation and whose reflection ampli-
tude is proportional to the scattering length density profile
of the system. The neutron scattering length densityF(z) is
defined in eq 1,

wherebj is the neutron scattering length of nucleusj and
nj(z) is the number density of nuclei in the direction of the
surface normal. For a planar adsorbed film, the specular
reflectivity R(F) can be calculated using an optical matrix

model (35), which divides the surface region into homoge-
neous layers distinguished by their scattering length density.
The calculated reflectivity is fitted to experimental results
using a computer program such as the AFit (v. 3.1) program
(36), which uses the optical matrix method and allows the
simulation of reflectivity profiles by characterizing each layer
by its thickness, scattering length density, solvent volume
fraction, and roughness.

In the case of a mixed layer of two or more components,
the resultant scattering length density will be a sum of the
individual scattering length densities of all the components
weighted by the volume fractions at which they are present
in the layer. For example, in a mixture of phospholipid (l),
enzyme (E), and water (w), the scattering length density will
be

The thickness resolution of neutron reflection can be of
the order of 1 Å at high contrast, and in particular, it can be
increased by use of contrast variation (37), that is, altering
the scattering length density profile via deuteration of the
solvent and/or film. The accuracy of the model structure is
improved by simultaneous fitting of reflectivity profiles of
the same system in different contrasts, that is, constraining
the isotopically different situations to the same physical
structure. This way, for a phospholipid bilayer supported at
the silica-water interface, the overall bilayer thickness and
hydration should be the same for a hydrogenated phospho-
lipid in D2O (F ) 6.35 × 10-6 Å-1) and a deuterated
phospholipid in water contrast matched to silicon (F ) 2.07
× 10-6 Å-1). The silica-D2O contrast is very sensitive to
the volume fraction of hydrogenous phospholipids and also
other molecules with low scattering length densities.

To construct a bilayer model for fitting, we used phos-
pholipid volume fractions from molecular dynamics simula-
tions of DOPC, POPC, and DPPC bilayers (38), that have
been shown to agree excellently with experimental data (39-
42). For phospholipase A2, the scattering length was calcu-
lated from theNaja mossambica mossambicaamino acid
sequence (43, 44) and the molecular volume was estimated
from amino acid volume data adapted for aqueous solutions
(45). The scattering length density of PLA2 was calculated
by taking into account the number of exchangeable protons
in each polar amino acid residue (46).

The component volumes and scattering length densities
used in data fitting and calculations are shown in Table 1.
In the AFit program, the reflectivity profile of the pure
phospholipid bilayer was first fitted using a three-layer
model, assuming that the headgroups and hydrocarbon chains
could be modeled as noninterpenetrating homogeneous slabs.
The thickness and solvent content of the hydrocarbon core
(which are the most sensitive parameters of the bilayer in
D2O) were fitted to the observed reflectivity, and the solvent
fraction in the headgroup region was adjusted using a
stoichiometric constraint, that is, that the area per molecule
must remain constant to within(1 Å2 throughout the bilayer.
This constraint requires that the number of headgroups and
chains in the bilayer must agree to within 2%, and it was
the minimum practicable value with which good quality fits
could be found to all the data sets. The area per molecule
itself was not one of the fitting variables and has an error

F(z) ) ∑
j

nj(z)bj (1)

Flayer ) φlFl + φEFE + φwFw (2)
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associated with it, which is derived directly form the
acceptable variation in the bilayer thickness and lipid volume
fraction and listed in the tables of results. It was not necessary
to incorporate any interfacial roughness into the bilayer
model, nor was a solvent layer of the dimensions previously
suggested (47, 48) found to be present between the head-
groups and the SiO2 surface. We believe that it is possible
that the absence of the solvent layer may be related to the
method used in the formation of supported bilayers, which
in our case was from lipid-surfactant micelles as opposed
to Langmuir-Blodgett or vesicle deposition. If quartz is used
as a substrate, the surface can develop a thick (up to 200 Å)
gel layer with a large fraction of water (65%), which can be
misinterpreted as a layer of solvent in data fitting (49).

2. ELLIPSOMETRY

We used multiple-medium null ellipsometry (50) to follow
the hydrolysis of phospholipid bilayers, that had been
previously formed in-situ. The ellipsometric anglesψ and
∆ were determined from measurement of the incident and
final angles of polarization and are used to compute the
complex reflection amplitude ratioF:

where rs and rp are the reflection coefficients for s- and
p-polarizations andδrs and δrp represent their phase shifts
upon reflection. An optical model for the solid substrate was
first derived by measuring its ellipsometric angles in air and
water (50). This was done to find the oxide layer thickness
in order to accurately characterize the thickness of the
phospholipid bilayers. We used a three-layer model to
characterize the silicon-silicon oxide air/water system to
yield values for the silicon refractive index ofn2 ) (5.5 (
0.05)-(0.25( 0.05)j andn1 ) 1.48( 0.005 for the oxide
layer, whose thickness was typically 270-300 Å. All
measurements were done at a wavelength of 4015 Å and an
incident angle of∼68°.

During phospholipid adsorption and phospholipase hy-
drolysis the ellipsometric angles were recorded every 3-60
s, and using a four-layer model based on the previously
determined substrate model, the bilayer surface excess was
computed using de Feijter’s method of finding the surface
excess of a surfactant as in eq 4.

n andn0 are the refractive indices of the adsorbate and bulk
solvent, respectively,d is the adsorbed film thickness, and
dn/dc is the refractive index increment of the adsorbate
measure by classical refractometry. For all phospholipids we
used a dn/dc value of 0.154, which has been measured for
DOPC. The standard deviation in determining the ellipso-
metric anglesψ and ∆ was estimated previously to be of
the order of 0.001° and 0.002°, respectively (50). Although
the errors in thickness and refractive index can be quite large
at low adsorbed amounts, they fall to<5% above 2 mg m-2

and are coupled in a way which cancels out when the surface
excess is computed. Thus, the surface excess is the most
reliably computed property of very thin films (<30 Å) and
was our primary interest in these experiments.

3. EXPERIMENTAL SECTION

Ultrahigh quality water (Ω ) 18.2 Ω) was used in all
experiments. D2O for experiments was provided from the
reactor at the Institut Laue Langevin, Grenoble. The phos-
pholipids, phospholipase fromNaja mossambica nossambica
(P7778, 1500 units/mg), Tris-buffer, andâ-D-dodecyl mal-
toside were purchased from Sigma-Aldrich at 99% purity
and used without further purification. The solid supports for
neutron reflection were polished in house and cleaned for
15 min in a mixture of 1:4:5 H2O2/H2SO4/H2O at 80-85
°C, followed by ozonolysis on the day of the experiment
(51). This treatment leaves a natural oxide layer of 7-10 Å
thickness and 3-5 Å roughness with 5-10% water on the
Si(111) surface. For ellipsometry, p-type boron doped (100)
silicon wafers were preoxidized to 300 Å by baking for 1 h
at 920°C. The wafers were cleaned by (i) 1:1:5 H2O2/NH3/
H2O for 10 min and (ii) 1:1:5 H2O2/HCl/H2O before
ultrasonication in water (18.2Ω) and ethanol. The slides were
stored in ethanol until use and dried and plasma-cleaned at
3 × 10-2 mbar for 5 min in a Harris Scientific PDC-3XG
plasma cleaner.

Neutron reflection experiments were carried out on the
D17 reflectometer at the Institute Laue-Langevin in Grenoble,
France. All measurements were done in the time-of-flight
mode, using wavelengths of 2.2-19 Å on D17. The sample
solution is contained in a Teflon trough clamped against the
Si surface with hollow aluminum plates that allow temper-
ature equilibration by a circulating water bath to an accuracy
of (0.3 °C. The cell has an inlet and outlet, allowing the
change of contents without exposing the surface to air, and
a cavity for a magnetic flea for stirring the bulk solution.

A typical neutron experiment procedure for has three
separate stages: characterization of the silica support,
adsorption of the phospholipid bilayer from a 6:1 w/w
mixture of â-D-dodecyl maltoside and the requisite phos-
pholipid, and injection of 0.2 mg/mL phospholipase in buffer
solution (10 mM Tris-HCl at pH 7.4). All manipulations were
performed in-situ in the neutron reflectometer, with reflec-
tivity recorded before and after phospholipid adsorption and
continuously during PLA2 hydrolysis. In an ellipsometry
experiment, the substrate SiO2 layer is first characterized in
water and in air, and the ellipsometric angles are recorded
continuously during bilayer formation and enzyme hydroly-
sis.

Table 1: Scattering Length Densities and Molecular Properties of
Phospholipids and Phospholipase A2

a

h-DPPC DOPC POPC
Naja m. mossambica

PLA2

b (×10-5 Å-1) 27.5 39.1 33.3 558
Vmol (Å3) 1215.8 1322.8 1255.9 15451
M (g mol-1) 734.0 786.0 760.0 13219
F (×10-6 Å-2) 0.226 0.296 0.265 3.61
Vheadgroup(Å3) 326.3 337.1 322.1
Fheadgroup(×10-6 Å-2) 1.84 1.78 1.86
Vchains(Å3) 889.2 985.0 933.7
Fchains(×10-6 Å-2) -0.37 -0.21 -0.29

a Molecular volumes are calculated from phospholipid component
volumes obtained from bilayer molecular dynamics simulations (38),
and from amino acid volume data adapted for aqueous solutions (45).

Γ )
(n - n0)

dn/dc
d (4)

F ) |rp

rs
| exp(δrp - δrs) ) tanψ exp(i∆) (3)
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Ellipsometry experiments were carried out using a Rudolph
Research thin film ellipsometer type 43603-200E, which has
a vertical reflection geometry. The angle of incidence for
all measurements was∼68 ( 0.5°, for which a trapezoidal
quartz cuvette was used to provide normal incidence to the
beam. The sample cell was kept at 25( 0.3 °C by a
circulating water bath, and further details of the experimental
set up have already been published elsewhere (52). The
substrate was characterized in air and water, and optical
imperfections of the instrument were accounted for by
performing four-zone averaging (53) of the substrate ellip-
sometric (nulling) angles. Both phospholipids and phospho-
lipase were introduced by dilution of a small aliquot (10-
250 µL) into the cuvette volume (5 mL).

Phospholipid bilayers were formed by adsorption of
micellar mixtures of the phospholipids with the sugar-
surfactantn-â-D-dodecyl maltoside, the details of which have
been published elsewhere (33, 34). Gradual dilution of the
bulk micellar solution leads to preferential adsorption of the
phospholipid while all surfactant is removed by rinsing,
leaving behind a well-characterized supported bilayer.

4. RESULTS

4.1. Ellipsometry.The hydrolysis of DOPC, POPC, and
DPPC bilayers by PLA2 from Naja mossambica mossambica
venom was investigated using ellipsometry and neutron
reflection. Figure 1 shows the evolution of bilayer thickness
d and surface excessΓ as a function of time for the three
lipids after the introduction of 0.02 mg/mL PLA2 at t ) 0.
In all cases, hydrolysis causes a gradual removal of the
bilayer from the silicon-water interface, but the rate and
extent of reaction are different in each case. After 14 h the
reaction has become very slow for DOPC and POPC, and
at this point their surface excess values are 0.5 and 0.75 mg
m-2, respectively (Table 2). These correspond to 11% and
19% of the original bilayer mass, which was somewhat
higher for DOPC than POPC. The initial rates of decrease
in surface excess were analyzed using a linear curve fit and
found to be 0.803µmol m-2 s-1 (DOPC), 2 µmol m-2

s-1(POPC), and 0.8µmol m-2 s-1 (DPPC). In the case of
DPPC, however, although the initial rate is comparable to

DOPC, the reaction stops after only 14% or 0.8 mg m-2 has
been removed.

The behavior of POPC during hydrolysis is qualitatively
similar to that of DOPC, but the rate of disappearance of
material is initially faster for POPC, which seems counter-
intuitive because it is the more saturated of the two. One
would expect the partitioning of lyso-palmitoyl-phospho-
choline into the solution phase to be a slower process than
that of unsaturated lyso-oleyl-phosphocholine, as, in terms
of the solubility of a hydrocarbon chain, a double bond is
generally equivalent to reducing the number of carbons by
two. DPPC, on the other hand, shows remarkably different
behavior, even though the PLA2 catalytic rate as such is not
thought to be sensitive to the hydrocarbon chains of the
substrate. The differences in the cases of POPC and DPPC
are the initial state of the bilayer, and the nature of the fatty
acid produced. As POPC is hydrolyzed, oleic acid and lyso-
palmitoyl-PC are created, whereas the initially condensed
DPPC bilayer becomes a mixture of DPPC, palmitic acid,
and lyso-palmitoyl-PC.

Differential scanning calorimetry and FTIR studies on the
effect of fatty acids in PC bilayers (54) have shown that the
presence of palmitic acid causes a significant increase in the
rigidity of a DPPC bilayer but that the presence of oleic acid
causes only a small lowering of the main phase transition
and no change in the packing of DPPC. At the same time,
neither lyso-PC nor fatty acid leads to significant perme-
ability in fluid bilayers, even though their effects on
condensed bilayers are dramatic (55).

The effect of fatty acids and lysolipids on bilayer properties
can be used qualitatively to explain the difference in the

FIGURE 1: Changes in (a) surface excess and (b) bilayer thickness during hydrolysis of DOPC, POPC, and DPPC supported bilayers.

Table 2: Summary of Ellipsometry Results on Bilayer Hydrolysis
by 0.02 g/LNaja mossambica mossambicaPhospholipase A2a

DOPC POPC DPPC

bilayer surface excess
(mg m-2/µmol m-2)

4.4/5.6 4.0/5.2 5.8/7.9

initial slope (µmol m-2 s-1) 0.8 2.0 0.8
final surface excess

(mg/µmol m-2)
0.50/0.6
(11%)

0.75/1.0
(19%)

5.0/ 6.8
(86%)

a The figures in parentheses indicate the amount of bilayers removed
relative to its original mass.
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behavior of bilayers during hydrolysis. In DOPC and DPPC
bilayers the initial rate of removal from the interface is
virtually identical, and this suggests that the enzyme initially
interacts with both bilayers in a similar way. The condensed
nature of the DPPC bilayer can however cause a reduction
in enzyme penetration into the layer or a significant decrease
in the diffusion rate of the enzyme at the interface. The
accumulation of palmitic acid in the DPPC bilayer leads to
an even tighter packing of the lipid material but also an
increased electrostatic attraction to the enzyme due to the
negative charge. The reaction would then grind to a halt when
the enzyme either is pushed out of the membrane entirely
or is bound too tightly in fatty-acid-rich regions to access
the substrate molecules by diffusion. Our observations of
the rates of desorption are consistent with fluorescence
microscopy results on 6,16-PC and 16,6-PC monolayers (25),
where PLA2 action caused phase separation in the palmitic
acid containing membranes, but not if the fatty acid product
was the soluble caproic acid, with the PLA2 itself accumulat-
ing at the domain edges of the condensed regions.

The POPC bilayer should have a lower mean density
initially than DOPC due its slightly lower surface excess,
and neither the lyso-palmitoyl-PC nor the oleic acid product
should have a significant effect on the packing or perme-
ability of the membrane. A lower membrane density should
create more room for the enzyme to access the membrane
and/or to diffuse more freely, and this could explain the
initially higher rate of disappearance of material from the
interface. At the enzyme concentration used (0.02 mg/mL),
not all the enzyme is initially bound to the membrane and
there is also a replenishing pool of enzyme in the bulk
solution that can be attracted to the bilayer as negative charge
accumulates.

What causes the desorption of material as a result of
hydrolysis cannot be determined without the knowledge of
the distribution of the products and phospholipid between
the surface and the bulk phases as the reaction proceeds.
We have in this instance used neutron reflection to elucidate
the differences between phospholipids by determining the
amount and location of the enzyme at the interface.

4.2. Neutron ReflectiVity. Phospholipid bilayers were
formed by coadsorption of lipid withâ-D-dodecyl maltoside
on SiO2 surfaces previously characterized in D2O. After
recording the reflectivity of each bilayer, a small amount of
enzyme stock solution (3-5 mL) was injected into the
sample cell (15 mL), and changes in reflectivity were
typically monitored overnight. In each case, advantage was
taken of the ability of time-of-flight reflectometry (56) to
capture 10-20 min “snapshots” of the initial changes in
reflectivity. Because specular reflectivity decreases rapidly
with increasing angle of incidence, this was done at a low
enough angle (in this case 0.8°) to allow reliable data
collection in 10 min. Theq-range obtainable at any given
angle depends on the available range of neutron wavelengths,
and in this caseλ ) 2-20 Å enabled us to record reflectivity
from the critical edge (q ) 0.0148 for the interface between
Si and D2O) up toq ∼ 0.1 Å-1. The presence of a region of
total reflectivity (i.e. R(q) ) 1 by definition) allows the
scaling of data to an absolute scale, which is important for
the accuracy of data analysis. While data modeling was
limited by the truncation of reflectivity atq ∼ 0.1, these
data could be qualitatively fitted to estimate the changes in

bilayer surface coverage during the reaction and to obtain a
qualitative picture of the initial interaction of PLA2 with
different lipids. After several hours of hydrolysis, when either
most of the bilayer had been removed or the rate had become
very slow, the reflectivity recorded was up toq ) 0.25 Å-1

at two angles, 0.8° and 3°, in a 1.5 h measurement.
The reflectivity profiles of phospholipid-PLA2 bilayers

were analyzed using the phospholipid bilayer structure as a
reference. The phospholipids were modeled assuming that,
on average, they maintain their planar arrangement during
hydrolysis and that the average molecular area remains
constant across the layer. Hydrolysis was assumed to lead
to desorption of some of the bilayer material, but the presence
of products was assumed to leave the bilayer scattering length
at a given surface excess unchanged. Hence, the largest
contribution to changes in reflectivity arises from the
decrease in bilayer surface coverage. As the hydrolysis
proceeds, it is possible that gaps and holes are created in
the bilayer, as has been previously observed for PLA2-
phospholipid systems by atomic force microscopy (30). The
structure determination of neutron reflectivity is based on
measuring the scattering length density profile normal to the
surface, averaged over the entire illuminated area (typically
65 × 30 mm2). The specular reflectivity contains no
information about the lateral distribution of molecules over
this area, and hence, the average area available per phos-
pholipid molecule determined does not necessarily cor-
respond to the actual volume occupied by individual
molecules.

We modeled the PLA2 interaction by assuming that in
order to catalyze hydrolysis of the supported phospholipids
the enzyme must reside at the bilayer-water interface or
possibly partly submerged into the bilayer. As there is a large
contrast between the phospholipids and D2O, we found the
reflectivity to be very sensitive to the overall thickness of
the phospholipid-PLA2 bilayer, despite only small amounts
of the enzyme at the interface. The reflectivity of the mixed
bilayers could be fitted well with a structure where the
enzyme partially penetrates into the upper leaflet and
displaces an equivalent volume of phospholipid. No evidence
was found for the enzyme penetrating into the lower
phospholipid leaflet.

Figure 2 shows the reflectivity profiles of a DOPC bilayer
before and after 4 h and 10 min of hydrolysis by 0.01 g/L

FIGURE 2: DOPC bilayer before and after hydrolysis: (filled
triangles) SiO2 substrate in D2O; (open circles) DOPC bilayer in
D2O; (open squares) DOPC bilayer 4 h and 10 min after injection
of 0.01 mg/mL PLA2.
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PLA2. The silica substrate reflectivity is shown in compari-
son. It is immediately obvious from the lowered contrast that
a significant amount (38%, as given in Table 3) of the bilayer
material has been removed from the interface.

The molecular parameters for both phospholipids and
enzyme (and the related errors) were derived directly from
the fitting variables, namely the thickness of each layer (e.g.
headgroups) and the volume fraction of solvent in each layer.
Using the molecular volumes and component volumes listed
in Table 1, the actual volume occupied by each molecule or
molecular fragment (e.g. headgroups) is calculated, and using
the layer thickness, the molecular area and, hence, the surface
excess are obtained. The results from fitting the reflectivity
from the DOPC-PLA2 bilayer 4 h and 10 min after enzyme
injection are shown in Table 3 with a comparison to the
original DOPC bilayer. The results indicate that 62% of the
bilayer mass remains on the surface along with a diffuse 20
Å thick layer of the enzyme. Although a reasonable fit to
the data could be obtained with no penetration of the enzyme
into the bilayer, the fit was improved if the enzyme molecules
are partially embedded in the headgroup region of DOPC.
This is determined by constraining the phospholipid molec-
ular area to be the same on both sides of the bilayer, which
requires that an increased scattering length density of 2.15
× 10-6 Å-2 is assigned to the outer headgroups in order to
provide a fit to the observed reflectivity. We interpret this
value to be a consequence of a mixture of 80% DOPC and
20% PLA2, calculated as indicated in eq 2.

There are two types of fitting error quoted in the tables of
results. The errors in thickness, scattering length density, and
volume fraction for any single sublayer are estimated from
the maximum variation in the acceptable fit subject to the
constraints of space-filling and stoichiometry. However,
because variations in sublayer structure are highly coupled
in scattering length density, the overall errors in surface
coverage and bilayer thickness are reduced to(10% and
(2 Å, respectively. A roughness of 1-3 Å at a given
interface would have more or less the same effect on the

reflectivity as a(1-3 Å uncertainty in the thickness of the
layers, but it was not necessary to include roughness in the
bilayer models in order to improve that fit to the data.

A model illustrating our interpretation of the mean enzyme
location and the DOPC bilayer structure used in data fitting
is shown in Figure 4b. The bilayer water content is taken to
be a composite of the natural headgroup hydration and water
occupying the bilayer defects.

Figure 3 shows a set of reflectivity profiles recorded at
10-20 min intervals atθ ) 0.8° during the initial stages of
DOPC hydrolysis. There is a small increase in reflectivity
during the first 10 min after PLA2 injection, indicating
association of the enzyme with the bilayer. As observed by
ellipsometry, theNaja m. mossambicaPLA2 begins to
hydrolyze DOPC immediately, and the reflectivity results

Table 3: DOPC Bilayer before and afterNaja mossambica mossambicaPLA2 Hydrolysis

lipid layer Fa (×10-6 Å-2) FR
b (×10-6 Å-2) d (Å) φ Aa (Å2) Γ (mg m-2)

DOPC head 1.78 3.47( 0.2 6( 1 0.63( 0.05 89( 26 2.9( 0.5
Tris pH 7.4 chains -0.21 1.36( 0.1 29( 2 0.76( 0.02 89( 9 2.9( 0.5
cobra PLA2 head 1 1.78 4.25( 0.2 5( 1 0.46( 0.05 144( 53 1.8( 0.4 (-38%)
0.01 g/L chains -0.21 2.94( 0.1 26( 2 0.52( 0.02 143( 18 1.8( 0.4 (-38%)
4 h 10 minc head 2+ PLA2 2.35 4.51( 0.2 5( 1 0.46( 0.05 144( 53 1.8( 0.4 (-38%)

PLA2
d 3.61 5.53( 0.2 21( 3 0.30( 0.07 3700( 1700 1.2( 1.1

a F ) molecular scattering length density.b Fa ) total scattering length density of layer a. Head 1 refers to the headgroup layer facing the silicon
surface.c Reflectivity was fitted assuming that the enzyme penetrates 5 Å into the outer headgroup region of the bilayer.d Molecular parameters
are calculated for the total thickness of the layer containing PLA2, using the molecular volume and volume fraction of PLA2.

Table 4: POPC Bilayer before and afterNaja mossambica mossambicaPLA2 Hydrolysis

lipid layer Fa (×10-6 Å-2) FR
b (×10-6 Å-2) d (Å) φ Aa (Å2) Γ (mg m-2)

POPC head 1.86 4.11( 0.2 6( 1 0.50( 0.05 107( 33 2.35( 0.4
pH 7.35 chains -0.28 2.37( 0.1 29( 2 0.60( 0.02 107( 12 2.35( 0.4
cobra PLA2 head 1 1.86 2.73( 0.2 3( 1 0.4( 0.05 161( 62 1.56( 0.3 (-34%)
0.01 g/L chains -0.28 2.84( 0.1 15( 2 0.55( 0.02 162( 24 1.56( 0.3 (-34%)
6 hc chains+ PLA2 1.08 3.56( 0.1 5( 1 0.55( 0.02 162( 24 1.56( 0.3 (-34%)

head 2+ PLA2 2.47 4.95( 0.2 5( 1 0.4( 0.05 161( 62 1.56( 0.3 (-34%)
PLA2

d 3.61 5.38( 0.19 22( 2 0.35( 0.07 2010( 705 2.19( 2.1
a F ) molecular scattering length density.b Fa ) total scattering length density of layer a. Head 1 refers to the headgroup layer facing the silicon

surface.c Reflectivity was fitted assuming that the enzyme penetrates 5 Å into the outer headgroup region of the bilayer.d Molecular parameters
are calculated for the total thickness of the layer containing PLA2, using the molecular volume and volume fraction of PLA2.

FIGURE 3: Reflectivity changes during the initial stages ofNaja
mossambica mossambicaPLA2 hydrolysis of DOPC recorded atθ
) 0.8° (0.01 Å-1 > q > 0.1 Å-1) at 10-20 min intervals: (crosses)
Si-SiO2 substrate in D2O; (filled circles) DOPC bilayer in 10 mM
D2O-Tris buffer at pH 7.35; (open squares) DOPC bilayer 10 min
after PLA2 injection; (open triangles) DOPC 80 min after PLA2
injection; (open diamonds) DOPC bilayer 4 h and 10 min after
PLA2 injection.
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show that, after 80 min, the reflectivity has started to
decrease, indicating a decreasing surface excess.

The reflectivity profiles of a POPC bilayer before and after
hydrolysis are presented in Figure 5, and the results derived
from data fits are summarized in Table 3. In comparison
with the case of DOPC, only 34% of the original bilayer
material is removed during 6 h of hydrolysis, representing
the same trend as seen in the ellipsometry data, that is, that
although the rates for DOPC and POPC were very similar,
the surface excess of the amount of POPC remaining on the
surface was higher than that for DOPC.

The results in Table 4 are illustrated in Figure 4c, showing
a model of the POPC-PLA2 bilayer. In contrast to DOPC,

PLA2 penetrates 5( 1 Å into the chain region as well as
the headgroups of the outer POPC leaflet. Also, the scattering
length densities fitted to this region and the outer headgroups
correspond to 35% of the lipid volume being replaced by
the enzyme, which is 5% higher than that in the DOPC
bilayer.

The presence of 5% more PLA2 in the POPC bilayer is
also supported by the kinetic data (not shown) recorded at
the same time intervals as those for the initial hydrolysis of
DOPC. The initial increase in reflectivity is larger for POPC,
and both of these findings are consistent with the ellipsometry
observation that the initial rate of POPC hydrolysis was twice
that of DOPC. DOPC and POPC form fluid supported
bilayers, which are of similar density. This difference in the
volume fraction of PLA2 at the interface and the rate
information support the idea of enzyme penetration into the
membranes, because they are a clear demonstration that a
small difference in the lipid chains has a regulating effect
on the enzyme.

The chain melting temperature of DPPC is 41°C, and it
forms condensed bilayers at room temperature. By ellip-
sometry it was found that PLA2 hydrolysis appears to stop
after only 14% of the bilayer material has left the interface,
and the neutron reflection results confirm this observation,
as only 11% of the bilayer is removed by PLA2. The
reflectivity of a DPPC bilayer before and after 6 h and 40
min of cobra PLA2 hydrolysis is shown in Figure 6. The
results are summarized in Table 5, and again, the enzyme is
found to penetrate 5 Å into the outer chain region, replacing

FIGURE 4: (a) Ribbon structure of PLA2 from Naja naja najavenom (pdb IA3D) (44). (b) A model for the interaction of PLA2 with DOPC.
The enzyme is located in a 20 Å thick layer at the membrane-water interface and penetrates into the outer headgroup region of the bilayer
and 5 Å. (c) A model for the interaction of PLA2 with POPC, with enzyme penetration through the outer headgroup region by 5 Å into the
outer chain region. (d) A model for the interaction of PLA2 with POPC, with enzyme penetration through the outer headgroup region and
5 Å into the outer chain region.

FIGURE 5: POPC bilayer before and after hydrolysis: (filled
triangles) SiO2 substrate in D2O; (open circles) POPC bilayer in
D2O; (open squares) POPC bilayer 6 h after injection of 0.01 mg/
mL PLA2.
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20% of the lipid volume. A model representation of the
structure is given in Figure 4d.

The increase in reflectivity during the first 10 min after
PLA2 injection is much smaller for DPPC than for DOPC
or POPC, suggesting that the initial binding of the enzyme
to the condensed bilayer is weaker. Both reaction products
from DPPC have saturated chains and are less likely to
partition out of the bilayer. One possible reason for the short
reaction with PLA2 is that all the fatty acid produced
condenses the bilayer to such an extent that the enzyme can
no longer access the bonds to be hydrolyzed. If the enzyme
penetrates into the bilayer, it may simply become trapped
into fatty-acid-rich regions, as has been observed in mono-
layers.

The results obtained on phospholipid hydrolysis at the
silicon-D2O interface demonstrate that neutron reflectivity
can be used to monitor changes in bilayer structure and
composition during a surface reaction, and support the idea
of phospholipase A2 penetration into the bilayer.

Given the uncertainty in the reasons for the different PLA2

interactions with different neutral lipid systems, we inves-
tigated the adsorption of porcine pancreatic phospholipase
A2 on a hydrophobic self-assembled monolayer. Although
this enzyme belongs to a different class, its catalytic site and
tertiary structure are very similar to those of theNaja
mossambica mossambicaPLA2. The reflectivity results on
a deuterated octadecyltrichlorosilane (d-OTS) in D2O in
Figure 7 show strong and irreversible adsorption of a dense
enzyme layer. The fitted results are summarized in Table 6.

Upon introduction of 0.01 g/L porcine pancreatic PLA2,
a 21 Å layer with a volume fraction of 80% PLA2 is
adsorbed, and no more is adsorbed from a 0.02 g/L solution,

nor is any removed upon rinsing with D2O. After being left
overnight at 25°C, the enzyme remains in a 22 Å layer with
a surface excess of 5.3 mg m-2. The area per enzyme
molecule is 875 Å2, and each enzyme is associated with 64
water molecules. These dimensions correlate well with the
molecular dimensions, and it is therefore probable that the
enzyme retains its tertiary structure, which is very robust
and supported by seven disulfide bridges. Adsorption at
hydrophobic surfaces has been studied for a number of
soluble proteins, for example, lysozyme (57), â-casein (58),
andâ-lactoglobulin (59), and in most cases the adsorption
is irreversible, while denaturation depends on the details of
the protein-surface interactions.

The strong and irreversible adsorption of PLA2 on a
hydrophobic, uncharged surface promotes the hypothesis that
the enzyme penetrates into the hydrophobic chain region of
phospholipid bilayers during hydrolysis and that electrostatic
interactions between PLA2 and the interface act to stabilize
the enzyme in a position that allows it to hydrolyze the ester
bonds.

5. DISCUSSION

The pattern of hydrolysis of the three different lipids
DOPC, POPC, and DPPC by cobra venom phospholipase
A2 is very similar in both neutron reflection and ellipsometry.
The rate of hydrolysis and extent of reaction decrease with
increasing lipid saturation, and this can be attributed to the
increasing hydrophobicity of the reaction product mixture.
Neutron reflection additionally shows that the penetration

Table 5: Properties of anL-R-DPPC Bilayer before and afterNaja Mossambica MossambicaPLA2 Hydrolysis

lipid layer Fa (×10-6 Å-2) FR
b (×10-6 Å-2) d (Å) φ Aa (Å2) Γ (mg m-2)

L-DPPC head 1.84 3.69( 0.2 8( 1 0.59( 0.05 69( 16 3.51( 0.5
pH 7.35 chains -0.36 1.85( 0.1 38( 2 0.67( 0.02 70( 6 3.51( 0.5
cobra PLA2 head 1 1.84 3.64( 0.2 7( 1 0.6( 0.05 77( 20 3.13( 0.5 (-15%)
0.01 g/L chains -0.36 1.99( 0.1 30( 2 0.65( 0.02 78( 7 3.13( 0.5 (-15%)
6 h 40 min chains+ PLA2 0.44 2.51( 0.1 5( 1 0.65( 0.02 78( 7 3.13( 0.5 (-15%)

head 2+ PLA2 2.19 3.85( 0.2 7( 1 0.6( 0.05 77( 20 3.13( 0.5 (-15%)
PLA2 3.61 5.80( 0.2 22( 2 0.20( 0.07 3510( 1600 1.25( 1.2

a F ) molecular scattering length density.b Fa ) total scattering length density of layer a. Head 1 refers to the headgroup layer facing the silicon
surface.c Reflectivity was fitted assuming that the enzyme penetrates 5 Å into the outer headgroup region of the bilayer.d Molecular parameters
are calculated for the total thickness of the layer containing PLA2, using the molecular volume and volume fraction of PLA2.

FIGURE 6: DPPC bilayer before and after hydrolysis: (filled
triangles) SiO2 substrate in D2O; (open circles) DPPC bilayer in
D2O; (open squares) DPPC bilayer 6 h after injection of 0.01 mg/
mL PLA2.

FIGURE 7: Porcine pancreatic PLA2 adsorption on a hydrophobic
surface: (open diamonds) self-assembledd27-octadecyl trichlorosi-
lane monolayer on Si-SiO2 in D2O; (open circles) 0.02 mg/mL
porcine pancreatic PLA2 in 10 mM Tris-HCl (D2O); (open squares)
porcine pancreatic PLA2 after D2O rinse. Experimental error bars
are indicated on each reflectivity profile. The solid lines indicate
data fits to the reflectivity using the parameters listed in Table 7.
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depth of this enzyme is smallest for DOPC and increases
for POPC and DPPC to extend to the lipid chain region.
The amount of bound enzyme, however, showed a weak
maximum for POPC (30% of lipid volume). The amounts
of enzyme in DOPC and DPPC bilayers were comparable,
even though the enzyme hydrolyses DOPC much faster than
DPPC. However, a significant amount of surfactant was
found to be present in the final DOPC bilayers, and its role
cannot be ignored. Although 28% of surfactant should act
as a diluting agent on DOPC surface concentration, it appears
to lead to an increased reaction rate, which suggests that
either it disturbs the lipid packing so that the ester bonds
are more easily accessible to PLA2 or its presence increases
the strength of enzyme binding to the mixed layer compared
to a pure DOPC bilayer. No literature reference was found
on pure DOPC substrates to compare with the rates seen on
the mixed layers. Otherwise, the increased penetration depth
of the enzyme into DPPC seems to serve as an inhibiting
effect, which would be consistent with significant accumula-
tion and phase separation of palmitic acid, which is known
to increase the packing density of DPPC (54). Accompanying
the formation of what are thought to be product-rich domains
in DPPC and other monolayers containing palmitic acid,
phase separation of the enzyme itself into condensed domains
has been observed by fluorescence microscopy (24, 25).

Finally, the interaction of PLA2 with a hydrophobic self-
assembled monolayer was found to be irreversible and
produced an adsorbed layer whose dimensions correlate well
with the molecular dimensions of the enzyme, suggesting
that it retains its conformation. PLA2’s have one of the most
robust tertiary structures held together by seven disulfide
bridges (16), so this is not surprising. The strength of the
interaction with an uncharged monolayer also suggests that
a hydrophobic force plays a major role in the enzyme binding
and activity at lipid interfaces.

6. CONCLUSION

To conclude, neutron reflection experiments on phospho-
lipase A2 strongly support the idea that the enzyme does
indeed penetrate into membranes during hydrolysis and that
supported phosphatidylcholine bilayers become unstable to
compositional changes caused by hydrolysis. The combina-
tion of these two observations suggests a means by which
PLA2 hydrolysis can be regulated by lipid chain interactions.

The chemical difference between the three lipids lies
mainly in the hydrophobicity and packing order of the lipid
chains and in the properties of the product mixture. Palmitic
acid is only produced in the hydrolysis of DPPC, and the
striking difference in the extent of reaction compared to
DOPC and POPC suggests that it plays a major role.

Saturated fatty acids are known to make condensed phos-
pholipid bilayers more rigid, whereas unsaturated fatty acids
have a negligible effect. Also, aggregation of DPPC reaction
products and phase separation of the enzyme have been
directly observed by fluorescence microscopy, which is
consistent with the idea that, as the enzyme becomes more
and more strongly bound to the fatty-acid-rich membrane,
it eventually becomes trapped and can no longer release the
products or access the next substrate molecule. This would
mean that PLA2 regulation would mainly be a nonspecific
interfacial control on the enzyme activity rather than a
mechanism inhibiting/promoting the chemical catalytic step
itself.

LIST OF SYMBOLS

b ) coherent neutron scattering length
F ) scattering length density of a molecule or fragment
Fa ) scattering length density of layer a including solvent
q ) momentum transfer) (4π sin θ)/λ
λ ) wavelength
r ) Fresnel reflection coefficient
t ) Fresnel transmission coefficient
R ) intensity of reflection
θ ) grazing angle of reflection
N ) optical refractive index) n - jk
â ) phase thickness) (2π/λ)nd sin θ
n ) neutron refractive index
d ) layer thickness
ψ ) ratio of reflected p and s polarized light; tanψ ) rp/rs
∆ ) phase difference between reflected p and s polarized light
A ) area per molecule
φi ) volume fraction of componenti
Γ ) surface excess
Vm ) molecular volume
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