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ABSTRACT: Phospholipases A2 (PLA2) catalyze the hydrolysis reaction of sn-2
fatty acids of membrane phospholipids and are also involved in receptor signaling
and transcriptional pathways. Here, we used pressure modulation of the PLA2
activity and of the membrane’s physical−chemical properties to reveal new
mechanistic information about the membrane association and subsequent
enzymatic reaction of PLA2. Although the effect of high hydrostatic pressure
(HHP) on aqueous soluble and integral membrane proteins has been investigated
to some extent, its effect on enzymatic reactions operating at the water/lipid
interface has not been explored, yet. This study focuses on the effect of HHP on
the structure, membrane binding and enzymatic activity of membrane-associated
bee venom PLA2, covering a pressure range up to 2 kbar. To this end, high-
pressure Fourier-transform infrared and high-pressure stopped-flow fluorescence
spectroscopies were applied. The results show that PLA2 binding to model
biomembranes is not significantly affected by pressure and occurs in at least two kinetically distinct steps. Followed by fast initial
membrane association, structural reorganization of α-helical segments of PLA2 takes place at the lipid water interface. FRET-
based activity measurements reveal that pressure has a marked inhibitory effect on the lipid hydrolysis rate, which decreases by
75% upon compression up to 2 kbar. Lipid hydrolysis under extreme environmental conditions, such as those encountered in the
deep sea where pressures up to the kbar-level are encountered, is hence markedly affected by HHP, rendering PLA2, next to
being a primary osmosensor, a good candidate for a sensitive pressure sensor in vivo.

■ INTRODUCTION

Biomembranes play a key role in regulating a wide range of
cellular processes by providing an active two-dimensional lipid
matrix within which biochemical reactions can occur. The
structure and dynamic lateral organization of these membranes
selectively modulate the activity of membrane associated
proteins, such as receptors and channels.1−3 One important
class of membrane associated proteins are phospholipases. On
the basis of their cellular location, phospholipases are generally
divided into two groups: 14−16 kDa secretory PLA2 (sPLA2)
and 80−85 kDa intracellular PLA2s.4 The structure of sPLA2 is
dominated by three α-helices, two of them coupled by an
antiparallel β-sheet. This assembly forms a hydrophobic
channel that extends from the surface of the molecule to the
active site, allowing incorporation of a lipid substrate molecule
to access the catalytic site. The protein’s main structural
features also include the catalytic Asp-His dyad, the calcium
binding loop, and the interfacial binding site with its hydrogen
bonding network, which is responsible for the attachment of
the protein to the lipid membrane.5 For phospholipid
hydrolysis, PLA2s require to bind to the membrane-water
interface. The rates of interfacial activation and hydrolysis are
influenced by the membrane’s physical−chemical properties,
including membrane curvature, compressibility, lateral diffu-
sivity, surface charge, and hydration.6,7 In contrast to varying

interface binding surfaces of the enzymes across sPLA2
members,8 the active site structure, residues involved in calcium
binding and catalysis, as well as orientations of the catalytic
water are highly conserved,5 implying common modes of their
reaction. While PLA2s are attractive targets for pharmacological
applications,9 the relationship between their mechanistic action
and physiological function remains still poorly characterized.10

Using pressure modulation of the activity of PLA2 and of the
membrane’s physical−chemical properties, one aim of this work
was to reveal novel kinetic and mechanistic information about
the membrane association process and subsequent reaction of
the enzyme. In fact, the interest in using, next to temperature
and chemical potential (or activity), pressure as a thermody-
namic and kinetic variable has been largely growing in
physical−chemical studies of biological systems in recent
years.11,12 Generally, pressure acts on the structure and
dynamics of biomolecular systems through changes in specific
volume that are largely due to changes in hydration or packing
efficiency. Thus, high hydrostatic pressure (HHP) is uniquely
well suited for studying the role of solvation in folding,
dynamics and interactions of proteins and other biomolecules.
Moreover, high pressure may increase the population of so far
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undetected excited states (e.g., conformational and functional
substates) and allows modulating biochemical processes,
thereby enabling determination of reaction constants which
otherwise cannot be obtained.13

Besides the general physical−chemical interest in using high
pressure as a tool for understanding the structure, phase
behavior and energetics of biomolecules, HHP is also of
biotechnological (e.g., for steering enzymatic processes by
pressure modulation, for which the term baroenzymology has
been coined) and physiological (e.g., for understanding the
physiology of deep-sea organisms living in cold and high-
pressure habitats) interest. Interestingly, though the biological
membrane seems to be one the most pressure sensitive
biological system,12−17 pressure effects on binding and activity
changes of membrane associated proteins are largely unknown.
In particular mechanisms how external pressure stress is sensed
and how this information is transferred in organisms being
exposed to high pressure stress are still largely unknown.
Membrane stretch-activated sensors, membrane-localized pro-
teins whose activities are modulated by mechanical forces
generated in the membrane, appear to be promising candidates
for the role of detecting changes in external stress.18−22 Various
kinds of environmental stresses, such as temperature stress,
osmotic and hydrostatic pressure stress, cause severe alterations
in the physical properties of the membrane lipids in model
membranes and in living cell membranes. In particular, dynamic
properties and the membrane’s lateral organization are
significantly altered upon compression.23 Hence, promising
candidates for the role of detecting changes in external stress,
such as pressure, include mechanosensitive ion channels and
membrane-localized enzymes such as phospholipase A2
(PLA2). The activity of PLA2 is sensitive to packing of the
lipid bilayer of the cell and is responsive to osmotic changes,
i.e., will be a prime candidate to look into pressure effects as
well. As the rates of interfacial activation and hydrolysis will be
significantly influenced by the membrane’s physical−chemical
properties, marked pressure effects can be envisioned.1−3 As the
lipid head groups region is relatively incompressible compared
to the hydrocarbon interior, pressure affects membrane
function essentially by increasing the packing density and
order parameter of lipid chains and, for heterogeneous
membranes, their lateral organization.24,25 Furthermore,
pressure can affect membrane-associated processes by modu-
lation of the membrane protein’s conformational substates and
altering interactions of these proteins with membrane
components, ligands and receptors.13,20

Phospholipases A2 superfamily enzymes are involved in
regulatory processes as they interact directly with the
membrane by altering both its chemical composition and
physical state by hydrolysis of the sn-2 ester bond of
phospholipids to produce free fatty acids (arachidonic acid)
and lysophospholipids, which take part in cell signaling,
immune system responses against bacterial infections and
stimulation of inflammations.26−31 As they play an important
role in membrane remodeling processes as well as in cellular
signaling cascades, they should be able to serve as effective
pressure sensor. Hence, as a second aim of this study, we set
out to explore the pressure sensitivity of bee venom
phospholipase A2, bvPLA2, and study its binding process and
enzymatic activity upon HHP stress using appropriate model
biomembrane systems. To this end, we used a rapid mixing
high-pressure stopped-flow spectroscopy platform, which
enabled us to obtained new structural, thermodynamic and

kinetic information on the action of PLA2 in various model
biomembrane systems at HHP conditions. We demonstrate
that the rate of the PLA2-membrane penetration is not
significantly influenced by pressure. In contrast, the application
of pressure drastically inhibits the activity of the membrane-
attached enzyme, rendering it a potentially effective pressure
sensing system. Moreover, our results deepen our under-
standing of membrane-associated pressure effects in deep-sea
organisms, where pressures up to the kbar-level are
encountered.

■ RESULTS

Effect of Pressure on the Conformation of BvPLA2 in
Bulk Solution and upon Membrane Binding. To reveal
the pressure stability of the enzyme first, we measured high-
pressure FTIR spectra of bvPLA2 in the pressure range from 1
bar to 10 kbar and analyzed the pressure-induced changes in
the amide I′ spectral region of the protein (Figures 1a,b, S1).
The second derivative spectra of the amide I′ band allow a
better visualization of the changes occurring and are shown
here in Figure 1c,d for the protein in bulk solution and in the
presence of a lipid bilayer. BvPLA2 displays an amide I′ band
contour with similar contents of stable α-helices and β-sheets as
well as β-turns and random coil secondary structures, in good

Figure 1. Pressure-induced changes in the amide I′ spectra, their
second derivative and curve fitting results of the FTIR data at 1 bar for
bvPLA2 in bulk solution (a,c,e) and in the presence of the lipid bilayer
(b,d,f). The raw FTIR spectrum is shown in black, the fitted spectrum
in red, and the component bands assigned to the secondary structure
elements are marked as well according to the assignment given in
Table S1. Secondary structural changes (▲ α-helices, ◆ β-sheets, ▼
random structures, ● and ■ turns and loops) of bvPLA2 as a function
of pressure at 37 °C in (e) bulk solution and (f) in the presence of the
lipid bilayer.
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agreement with the X-ray crystal structure data (Table S1). The
bvPLA2 protein maintains its compact tertiary structure even at
high pressures of 10 kbar, indicating a high pressure stability of
this protein. Linear pressure-induced frequency shifts (elastic
effects) are frequently observed as a result of pressure-induced
compression of the chemical bonds equivalent to changes of the
force constant. All secondary structural elements except β-
sheets exhibit this blue shift. The band position for intra-
molecular β-sheets observed at 1635 cm−1 remains constant
throughout the entire pressure range, indicating the absence of
solvent exposed β-sheets up to 10 kbar.13 Only small, but
reversible changes in spectral shape are visible upon
pressurization (Figures 1c,d, S1), which renders bvPLA2 a
very attractive model for detailed high-pressure enzymological
studies of membrane associated proteins. For bvPLA2 in bulk
solution, we notice a small decrease is the observed α-helical
content upon compression with a concomitant increase of β-
sheets, but the contribution of unordered secondary structure
elements does not increase. At pressures above ∼5 kbar, a
subband appears at 1667 cm−1, suggesting pressure-induced
formation of solvated turns/loops.32 The pressure-induced
secondary structural changes can be more easily monitored by
means of a quantitative fit analysis of the amide I′ band region
using mixed Gaussian and Lorentzian line shapes for
deconvolution. As can be deduced from Figure 1e,f, the α-
helix content deceases by about 7%, and intramolecular β-
sheets increase concomitantly by about 10% altogether. Hence,
these data indicate a minor pressure-induced shift toward more
β-sheets at the expense of α-helices in the high-pressure state of
the protein.
Members of the sPLA2s are activated by attaching to the

plasma membrane, thereby rendering the membrane inter-
action of the bvPLA2 proteins crucial for their function.
Therefore, the effect of membrane binding on the pressure-
induced conformational changes needs to be explored and
compared with the bulk solution behavior. FTIR amide I′
spectra were recorded for bvPLA2 bound to the anionic model
raf t membrane DOPC/DOPG/DPPC/DPPG/Chol
20:5:45:5:25 (molar ratio) under noncatalytic conditions. We
observe small secondary structural changes in the protein upon
membrane binding at ambient pressure (Figure 1a,b). Changes
are mainly observed in the α-helical regions when compared to
the bulk behavior, suggesting their involvement in membrane
binding. This result is consistent with earlier observations by
Pande et al., showing that bvPLA2 predominately exhibits
membrane interaction through the helical region that is lying at
the lipid interface (Figure 2).33 The α-helical peak at 1651 cm−1

has also been found to split into two subcomponents at ∼1650
and ∼1658 cm−1 in the presence of POPC/POPG lipid
vesicles, the latter supposed to being due to a flexible, more
dynamic α-helix.34 A subband for solvated turns/loops at 1667
cm−1 (minimum in the second derivative spectra) in the
presence of membrane appears at rather low pressures, which
becomes more clearly visible at higher pressures. This small
difference compared to the bulk solution structure can be
linked to formation of a more flexible conformation of the
PLA2 upon membrane binding due to disruption of a few
intrahelical hydrogen bonds and formation of such bonds
between the enzyme and the phosphate, carbonyl, and hydroxyl
groups of membrane lipids, resulting in stabilization of the
transition-state complex for efficient catalysis.34,35

Figure 1d displays the variation of the secondary structural
contents of membrane-bound bvPLA2 with increasing pressure.

For membrane-bound bvPLA2, upon compression, the helix
content decreases by about 7%, similar to the bulk behavior,
with a concomitant increase in β-sheets by 6%, whereas
observed changes for unordered structures and turns/loops are
less than 1%, i.e., insignificant within the accuracy of the
experiment. Interestingly, these pressure-induced small con-
formational changes appear for the membrane associated
protein at much higher pressures (>4 kbar) compared to the
bulk (>∼1.5 kbar), indicating strong stabilization of the
conformation of bvPLA2 in its membrane-bound form (Figure
1e,f).

Membrane Association of BvPLA2. In order to study the
association of PLA2 with liposomes, we used a fluorescence-
based assay for the kinetic analysis of this interaction.36 The
spatial approximation of bvPLA2 to liposomes was detected by
Förster resonance energy transfer (FRET) from the intrinsic
protein tryptophans to a PC-based fluorescent dye (β-DPH
HPC) embedded in the lipid bilayer, allowing emission to be
observed in the range of 420−520 nm. The 15-kDa bvPLA2
protein has 2 tryptophan residues, at positions 8 and 128.
Detected changes in the intensity of the fluorescent signal upon
PLA2-liposome binding were in the range of 10−40% (Figure
3a,b).
The time course of the association process could be

described by a biexponential function, implying that the
bvPLA2-membrane interaction occurs in at least two steps.
From a biexponential fit of the association curves at different
lipid concentrations, the corresponding observed rate con-
stants, kobs,1 and kobs,2, were derived and the binding kinetics
quantified. For the interaction of 0.35 μM bvPLA2 with 62.5
μM lipids in unilamellar vesicles at 37 °C, the fast association
process for the phase-separated anionic raft-like membrane,
exhibiting liquid-ordered (lo)/liquid-disordered(ld) domain
coexistence, revealed a rate, kobs,1, of about 39 s−1, which is
almost 10 times higher than that of the slower process with a
rate, kobs,2, of about 3.0 s−1. The second process contributed
approximately 40% to the entire FRET signal increase (Figure

Figure 2. (a) Model of a lipid vesicle binding bvPLA2. The
hydrophobic residues surrounding the substrate binding cleft and
involved in membrane anchoring, Ile-1, Ile-2, Phe-24, Ile-78, and Phe-
82, are colored in yellow, and the cationic residues that support
membrane binding by ionic and/or H-bonding interactions with the
lipid polar groups, Lyz-14, and Arg-23, are colored in blue. Trp-8 and
Trp-128 are colored green (ball and stick format). The active site
residues, the His-34 Asp-64 diad, and the bound Ca2+ are shown in
magenta. BvPLA2 orientation to the membrane-water interface and
the depth of insertion is accessed from.33 (b) Bee venom
phospholipase A2, bvPLA2, with a phosphonate transition-state
analogue (1-O-octyl-2-heptylphosphonyl-sn-glycero-3-phosphoetha-
nolamine) in the active site (pdb entry 1POC).5 Atoms of the
transition-state analogue are represented by colored spheres: C
(green), H (white), O (red), P (gold), and N (blue).
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S2). Increasing the lipid concentration stepwise from 31.3 to
125 μM, with the concentration of PLA2 kept constant at 0.35
μM, displayed a marked increase of the fast association rate as a
function of lipid concentration, ranging from 30 to 50 s−1. The
slower component, however, remained approximately constant
at 3.0 s−1, i.e., is essentially independent of the lipid
concentration.
In a second experimental series, we studied bvPLA2 binding

to the homogeneous anionic membrane DOPC/DOPG (lipid
bilayer with a molar ratio 90/10) which exhibits an all-fluid (ld)
phase, only. We found that, in contrast to that of raft-like phase
separated membranes, binding of PLA2 to vesicles composed of
the DOPC/DOPG mixture displays an about 2-fold faster rate
constant for kobs,2 (about 7.5 s−1), and this slower second
process contributes only 10% to the entire FRET signal
increase (Figure S2). The fast component kobs,1 is of similar
magnitude at low to medium lipid concentrations. A careful
analysis of the slow binding kinetics of bvPLA2 to the
heterogeneous anionic raft-like membrane with respect to the
homogeneous DOPC/DOPG membrane reveals a more
complex behavior, which might be due to effects of changes
in localization and/or lipid sorting to reach a favorable fluid
environment which is required for PLA2 function.
A linear fit to the observed rate constants (kobs = kon [Lipid]

+ koff) allowed the calculation of the dissociation constant, Kd,1
= koff,1/kon,1, for the fast binding step 1. Taking into account
that one bvPLA2 molecule is surrounded by about 20 lipids
forming its binding site,37 an apparent second-order association
rate constant for the first rapid phase, kon, was obtained from
the slope of the plot shown in Figure 3c,d, yielding a value of
kon= (0.203 × 106 M−1 s−1 × 20) = 4.07 × 106 M−1 s−1 for the
raft mixture, and the dissociation rate constant, koff, from the
intercept with the ordinate, amounts to 25.4 s−1, which
corresponds to a first-order rate constant for the reverse
reaction. Hence, the fast membrane binding phase of bvPLA2

to raft-like lipid vesicles is associated with a Kd,1 value of 6.2
μM. Following the same considerations, a Kd,1 value of 2.5 μM
was obtained for DOPC/DOPC vesicles. The overall process
including the fast and slow phases of binding bvPLA2 to these
model membranes is expected to proceed with a dissociation
constant in the submicromolar range (Kd < 1 μM).38

Figure 4 displays the binding reaction of bvPLA2 to model
membranes under HHP conditions, measured using the high-

pressure stopped-flow technique with fluorescence detection.
Interestingly, pressure has a minor effect on the binding rate
constant of PLA2 to the lipid membranes. The observed fast
association rate observed in this high-pressures setup is in
excellent agreement with the ambient-pressure stopped-flow
data (Figure S2), yielding, for example, a value of kobs,1 = 38 s−1

for the 62.5 μM lipid concentration at ambient pressure, which
decreases slightly with increasing pressure, only. The inset of
Figure 4 exhibits the overlap of normalized fluorescence curves
for the different pressures studied, demonstrating the pressure-
insensitivity of kobs,1. The amplitude of the FRET signal of the
binding process decreases markedly with pressure, however,
implying a decrease in the equilibrium association constant,
which may be due to a continuous increase in lipid chain
packing upon pressurization. In fact, 2H NMR-experiments on
fluid lipid bilayers revealed a decrease of the chain-cross
sectional area of about 10 Å2/kbar.39 However, the intrinsic
pressure dependence of the fluorescence intensity of the β-
DPH-HPC molecule suggests that a part of the observed effect
may be due to the reduction of the emission intensity of the β-
DPH-HPC fluorophore with increasing pressure (Figure S3).

Pressure Dependence of the Hydrolysis Reaction of
BvPLA2. The kinetics of the hydrolysis reaction of
phospholipid vesicles by PLA2s can be described by the
Michaelis−Menten formalism.8,40 Figure 5a,b display the
reaction progress curves, i.e., the increase of Bodipy
fluorescence of the reaction product with time, for the action
of the bvPLA2 on lipid vesicles containing the heterogeneous
raft-mixture and the homogeneous fluid-like DOPC/DOPG
mixture, respectively. The rate of hydrolysis is enhanced as the
substrate concentration increases and exhibits a curved
dependence on lipid vesicle concentration. The initial rates of
the corresponding data were fitted to the Lineweaver−Burk
equation to determine the steady-state kinetic parameters KM
and kcat of the enzyme (Figure 5c). While the Michaelis
constant KM is inversely proportional to the affinity or strength
of a substrate binding to the active site of the enzyme, the
turnover number, kcat, provides information on the maximum

Figure 3. PLA2 binding to lipid membranes. Association curves
expressed in relative fluorescence units (IRFU) of a stopped-flow kinetic
experiment with 0.35 μM bvPLA2 and increasing concentrations of
liposomes, (a) anionic raft-like vesicles DOPC/DOPG/DPPC/
DPPG/Chol/DPH-HPC 19/5/43/5/24/4 mol % and (b) DOPC/
DOPG/DPH-HPC 86/10/4 mol %. The FRET measurements reveal
a fast concentration-dependent and a slower concentration-independ-
ent association process for (c) the anionic raft-like and (d) the
DOPC/DOPG lipid vesicles.

Figure 4. Pressure-independent PLA2 association kinetics to lipid
bilayers composed of (a) the anionic raft-like and (b) DOPC/DOPG
lipid vesicles. Thin solid lines represent double-exponential fits to the
experimental data. The inset shows the intensity-normalized
fluorescence curves.
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number of molecules of substrate that an enzyme can convert
to product. Precise quantification of the hydrolysis rate is
difficult to assess as the available lipid substrate concentration is
not easy to determine accurately. The PLA2 kinetics has been
extensively studied based on the hydrolysis of only the
phospholipids on the outer monolayer of the bilayer under
the assumption that the enzyme is operating in a scooting
mode (remains in the interface during thousands of catalytic
cycles).40,41 In contrast to these findings, a later study
demonstrated that the reaction kinetics of bvPLA2 is also
controlled by flip-flop process and both leaflets of the
membrane are apparently hydrolyzed simultaneously.42 Arbi-
trary units of the Bodipy containing product fluorescence signal
were converted to μM s−1 by using calibration measurements
on the same samples assuming full hydrolysis of the
corresponding vesicles after 24 h of the reaction. The
Lineweaver−Burk double-reciprocal plot of the kinetic data
yield the following values for the anionic raft-like membrane:
KM = 0.8 mM, kcat = 1048 s−1 and kcat/KM = 1.3 × 106 M s−1,
while for DOPC/DOPG vesicles values of KM = 0.6 mM, kcat =
1442 s−1, and kcat/KM = 2.4 × 106 M s−1 are obtained,
respectively. The kcat values are 10−15 times larger in
comparison to those of bvPLA2 on vesicles composed of 1,2-
dimyristoylglycero-sn-3-phosphomethanol (DMPM) with
blocked flip-flop.41 The catalytic efficiency of the enzyme,
kcat/KM, is comparable to that of human secretory PLA2.43

PLA2 activation and the recognition of membrane lipids are
believed to be largely determined by lipid protrusion.44 The
enzyme operating on the DOPC/DOPG model membrane
substrate displayed a higher catalytic efficiency compared to
that of the phase separated anionic raft-like mixture. This effect
is probably due to a lower concentration of hydrolysis-

competent disordered fluid lipid phase lipids in the
heterogeneous membrane, which contains also 25% cholesterol,
which is known to partially block the activation of PLA2.45

The effect of pressure on the activity of bvPLA2 was
determined by measuring the steady-state enzyme kinetics at
high pressure using rapid-mixing high-pressure stopped-flow
(HPSF) methodology, which allows measurements up to 2
kbar with 2 ms time resolution and rapid fluorescence
detection. Representative reaction traces for the two membrane
systems are displayed in Figure 6a,b. The slope of the time-

dependent fluorescence change of the Bodipy-labeled reporter
group in the reaction product decreases drastically with
increasing pressure, indicating reduced hydrolysis rates upon
pressurization. With respect to ambient pressure, the rate of the
hydrolysis reaction decreases by a factor of 1.14 (∼12% at 400
bar) at low and of 2.6 (∼60% at 1600 bar) at high pressures in
the model raft mixture, and by corresponding factors of 1.3
(∼22%) and 3.3 (∼70%), in the DOPC/DOPG membrane,
respectively. As demonstrated by the FTIR data discussed at
the beginning, these effects are not due to a pressure-induced
denaturation of bvPLA2, which does not change its structure up
to 4 kbar (Figure 1f). Analysis of Michaelis−Menten
parameters for the pressure dependent study on the anionic
raft-like membrane yields KM values, which are within the
experimental error bar of about 20% essentially independent of
pressure, whereas kcat decreases by a factor of 4−5 in the
pressure range from 1 bar to 2 kbar.
The activation volume, i.e., the volume difference between

the transition state and the reactants, ΔV‡, can be deduced
from the slope (−ΔV‡/RT) of the ln(S/So) vs p plot (Figure
6c), where S is the slope of the fluorescence signal, (dIpr/dt)p, at
pressure p relative to that at 1 bar, S0.

46 As can be clearly seen,
the effect of pressure on the rate of the reaction is nonlinear,
rendering ΔV‡ pressure dependent. ΔV‡ for the enzyme activity
in the anionic raft mixture increases from about 13 ± 3 mL

Figure 5. PLA2 activity in the presence of lipid membranes monitored
by the fluorescence increase of the product (DBPC), Ipr, as determined
by stopped-flow kinetic experiments using 0.35 μM bvPLA2 and
increasing concentrations of liposomes: (a) anionic raft membrane
DOPC/DOPG/DPPC/DPPG/Chol/DBPC 19.5/5/44/5/24.5/1 mol
%, and (b) homogeneous anionic bilayer DOPC/DOPG/DBPC 89/
10/1 mol %. (c) Double reciprocal plot of the initial rate of hydrolysis
as a function of substrate concentration, [S], for the anionic raft
mixture (black) and the DOPC/DOPG membrane (red). Calibration
was performed on the same samples after 24 h of the reaction,
assuming full hydrolysis of the substrate.

Figure 6. Effect of hydrostatic pressure on the rate of DBPC
hydrolysis by bvPLA2 for (a) anionic raft-like and (b) DOPC/DOPG
lipid vesicles. (c) Pressure dependence of the enzymatic activity in the
presence of anionic raft-like (black rectangles) and DOPC/DOPG
(red circles) membrane. S and S0 are the slopes of the fluorescence
intensity as a function of time at pressure p and ambient pressure (1
bar), respectively.
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mol−1 at low pressures to 23 ± 6 mL mol−1 approaching 2 kbar.
Corresponding values for the DOPC/DOPG lipid mixture
amount to 26 ± 10 mL mol−1 and 10 ± 3 mL mol−1,
respectively. The positive ΔV‡ values obtained reveal that the
volume increases upon formation of the transition state.
Alternatively, the pressure dependence of ln(S/So) can be
analyzed using ln(kcat/k0) = −ΔV‡p/(RT) + Δκ‡p2/(2RT), i.e.,
by adding a compressibility term, where Δκ‡ is the activation
compressibility, i.e., the partial molar compressibility difference
between the transition and the reactant state. In this case, we
yield a pressure independent activation volume for the anionic
raft-like membrane of ΔV‡ = 9 mL mol−1 and a negative Δκ‡
value of −8.7 × 10−3 mL mol−1 bar−1, which reflects a larger
compressibility of the enzyme−substrate complex compared to
the transition state.

■ DISCUSSION AND CONCLUSIONS
In an attempt to better understand the structural-functional
relationship of multifunctional PLA2s, including conditions of
harsh environmental conditions such as high pressure, we
explored the structure, binding and activity of the membrane-
associated protein at atmospheric and high-pressure conditions
by means of various biophysical methods. As demonstrated by
our FTIR spectroscopic data, bvPLA2 is a very pressure-stable
protein, displaying minor reversible conformational changes
between about 1 bar and 10 kbar, only. A small decrease of α-
helices is observed with a concomitant small increase of β-
structures upon compression, only. Upon membrane binding,
small conformational changes are observed by exposure of α-
helical regions to the lipid interface. These data are in
agreement with findings of Tatulian et al., who showed that
the free enzyme in solution displays more resistance to amide
1H/2H exchange than the membrane-bound enzyme, suggest-
ing an increase in flexibility in α-helical regions induced by
snake venom PLA2 binding to lipid bilayers.34 It has been
proposed that more flexible helices are formed at the expense of
disruption of a few intrahelical hydrogen bonds for membrane
attachment and enzyme−substrate hydrogen bonding, leading
to transition-state complex stabilization for efficient cataly-
sis.34,35 Membrane binding leads to an enhanced conforma-
tional stability of the protein, rendering the protein insensitive
to conformational changes upon compression up to 4 kbar
(Figure 1), which makes the system very suitable for studying
pressure effects on its enzymatic activity.
Secretory PLAs are water-soluble enzymes that must adsorb

to the substrate membrane interface for phospholipid
hydrolysis to occur.4 Even though the secreted enzymes exhibit
similar catalytic mechanisms, for example with respect to the
orientation of the catalytic water and the active site histidine
and aspartate residues which are very similar in bvPLA2 and
porcine pancreatic PLA2,5 the mechanism of interfacial
activation and specificity to membrane components upon
binding seems to vary significantly. PLA2s with an excess of
basic residues on the lipid binding surface display the strongest
affinity toward negatively charged lipid surfaces, and PLA2s
containing a tryptophan in the lipid binding surface display
strong affinity toward neutral lipid substrates.47 It has been
suggested that binding of bvPLA2 to phospholipids occurs
predominately in a nonelectrostatic fashion with hydrophobic
interactions together with hydrogen-bonding providing a major
portion of the interfacial binding energy.37,38 Hydrophobic and
basic residues of bvPLA2 involved in membrane anchoring are
depicted in Figure 2. Additionally, interfacial activation is

affected by membrane fluidity and curvature,41,48 which are
known to be largely affected by temperature and pressure.23,49

Interestingly, the activity of bvPLA2 appears to be less sensitive
to membrane fluidity. Substitution of DOPC with the more
rigid POPC decreases the activity by only 8% in contrast to a
51% reduction of porcine pancreatic PLA2.50 The reason might
be that bvPLA2 does not penetrate as deep into the
hydrocarbon core of the lipid bilayer like other PLA2s such
as porcine pancreatic or human PLA2s do.33,51 It has been
suggested that isoform-specific differences in membrane-
binding modes between PLA2s are likely related to their
mechanistic differences.33

The stopped-flow kinetic binding studies illustrate that
membrane-association of bvPLA2 can be explained using a two-
step model in which a substrate concentration dependent fast
phase is followed by a slower concentration independent
process. For the interaction of 0.35 μM bvPLA2 with 62.5 μM
lipids in raft-like liposomes, the fast association process
displayed a rate (k1) approximately 10-fold higher than that
of slower process, with a rate (k2) of about 3.0 s

−1. The fast step
should involve the initial attachment of the enzyme upon
binding to the lipid vesicles, while the slower second phase is
expected to represent the reorientation of the enzyme at the
lipid interface in a catalytically productive manner, involving
structural rearrangements of α-helical regions of the bvPLA2 as
observed in the FTIR measurements. In the case of the
heterogeneous raft-like lipid mixture, it is very likely that the
slower process involves also lipid sorting and lateral diffusion to
ensure a suitable lipid environment for optimal function of the
bvPLA2. In heterogeneous phase-separated model membranes,
phase boundaries are believed to be a preferential site of
phospholipase action.7,48,52

Using fluorescence resonance energy transfer from the PLA2
tryptophan residue to DPH-labeled membranes revealed that
pressure does not significantly affect the rate of PLA2 binding
to the membranes. Considering that charges and the hydration
of the membrane surface and also the packing of the lipid head
groups are not expected to change markedly in the 1−2000 bar
pressure range,24 a high packing efficiency of the protein with
the membrane interface seems to be mainly responsible for the
pressure independence of the association rate and the high
stability of the membrane-bound protein, which forms a tight
complex. Other studies revealed that membrane-associated
mellitin and phospholipase Cβ are unaffected by pressure,
concluding that previously observed displacement of integral
membrane proteins with hydrostatic pressure are not a primary
effect of increased lipid packing.53,54

The interfacial binding surface of the sPLA2 is distinct from
the active site (Figure 2). Typically, the membrane attached
enzyme can be found in three states: without bound substrate
in its active site, with a substrate phospholipid molecule
forming a classical Michaelis complex, or with bound product.41

Generally, PLA2 specificity to substrate is regulated by a
combination of two factors. First, PLA2’s ability of membrane
surface binding (E ↔ E*), which is related to an equilibrium
dissociation constant. Second, after attachment to the
membrane surface, the rate of hydrolysis of different substrates
species by E* is governed by the relative interfacial specificity
constant (kcat* /KM*), where KM* is related to the strength of PLA2
binding to a substrate molecule in its active site upon E*S
complex formation (E*+S ↔ E*S), while kcat* displays the rate
constant for the breakdown of the E*S complex (E*S → E
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+P).4 Hence, binding and activity should be studied separately
for allowing a detailed interpretation of PLA2 action.
We determined the effect of pressure on the activity of

bvPLA2 using an efficient fluorescence dequenching assay with
the DBPC fluorophore incorporated into the anionic raft-like
and DOPC/DOPG bilayers. To directly proof the hetero-
geneity of the raft-membrane and to visualize the action upon
addition of PLA2, we carried out atomic force microscopy
(AFM) measurements (Figure S4). In fact, the hydrolysis
reaction has a dramatic effect on the lateral organization of the
raft domain, finally leading to a complete loss of the lipid phase
separation and to formation of holes in the lipid bilayer due to
desorption of product molecules (see SI).
The overall characteristics of the membrane, including lipid

packing, curvature, cholesterol level as well as phase separation
into domains of different lipid order and fluidity have been
shown to have a marked influence on PLA2 activation and
hydrolysis.7,48,55 As pressure has a marked effect on all these
parameters,33,51 pressurization is expected to largely control the
hydrolysis rate of PLA2s. In particular, lipid bilayer thickness,
dynamic properties and the membrane’s lateral organization are
significantly altered upon compression.23,56 For example,
membranes may contain lipid domains, i.e., aggregates of lipids
in liquid-ordered (lo) phases dispersed in liquid-disordered (ld)
phase lipids. The lo phase is characterized by tight chain
packing, reduced fluidity, high cholesterol level and extended
lipid chains, although the lipid mobility is still high. Since high
pressure promotes chain order, the application of pressure
diminishes the disordered domains and the physical properties
of the phases will become increasingly similar to pressure. Such
scenario is expected to occur in our model raft mixture,56 but
domain coexistence is still persisting up to the 2 kbar region as
applied here.25 Conversely, DOPC vesicles remain in the liquid-
disordered state under all studied pressure conditions, owing to
its very low gel-to-fluid transition temperature (Tm ≈ −20
°C).57 The lipid bilayer thickness increases by about 1 Å kbar−1

in the liquid-like phase, only.39

Under atmospheric pressure conditions, the enzyme
operating on DOPC/DOPG model membrane substrate
displayed a higher catalytic efficiency compared to that of the
phase separated anionic raft-like mixture (Figure 5c). Since the
structure of bvPLA2 remains unperturbed up to 2 kbar, changes
in activity upon pressure application should mainly result from
the activation of the bvPLA2-phospholipid complex. If the
transition state has a molecular volume different from that of
the total volume of the reactants, i.e., V(E+S) ≠ V(ES‡), a
volume change in forming the activated complex can be directly
measured from the pressure dependence of the rate constant
kcat (Figure 6). Clearly, a positive activation volume, ΔV‡, of
13−26 mL mol−1 indicates that pressure creates an elastic
barrier to transformation by favoring the smaller-volume
reactant state. Further interpretation of the sign and magnitude
of the activation volume is not a straightforward task because
the experimentally obtained value can be represented by the
sum of various contributions, including (i) intrinsic structural
changes that result from disruption or formation of new bonds,
(ii) solvation changes, which is often the dominating
contribution that arises from the rearrangement of water
molecules around interacting groups in the course of the
reaction,58 which is especially prominent when charge and
dipole changes occur in the reacting molecules, and (iii) a
substrate-induced volume change of the enzyme’s conformation
associated with chemical steps of the reaction, which includes

possible changes in size of cavities and voids.11,58 The proposed
mechanism of PLA2 catalysis by Scott et al. suggests that the
transition state is stabilized by displacement of two water
molecules to the bulk solvent, while no significant deformation
of the enzyme structure is required to achieve substrate transfer
to the productive binding mode.59 Clearly, release of two
tightly bound water molecules from the active site of enzyme to
the bulk can increase the net volume of the transition state. On
the other hand, it has been shown that the interfacial activation
of the enzyme involves allosteric coupling between the
membrane-binding site and the catalytic center of PLA2.6,60

The latter mechanism could involve creation of cavities, i.e.,
void volume, to the observed overall volume increase upon
formation of the transition state.
To conclude, in this work we have investigated the structure,

membrane binding and catalytic activity of bvPLA2 using
pressure modulation and changes in membrane’s physical−
chemical properties. We could show that the PLA2 binding
kinetics to model membranes is not markedly affected by
pressure even up to 2 kbar and occurs in at least two kinetically
distinct steps. Followed by fast initial membrane association,
structural reorganization of α-helical segments of PLA2 takes
place at the lipid water interface. Obtained rate constants
displayed an about 2-fold increase of the slower component for
the all-fluid DOPC/DOPG mixture compared to that of the
heterogeneous raft-like lipid bilayer, which offers more fluid-like
hydrolysis-competent phospholipid molecules. FRET-based
activity measurements reveal that pressure has a drastic
inhibitory effect on the lipid hydrolysis rate, rendering it a
potentially effective pressure sensing system. The enzymatic
activity of bvPLA2 decreases by ∼75% in the pressure range
from 1 to 2000 bar. The reduced activity is largely due to an
expansion of the enzyme−substrate structure upon transition
state formation, with an activation volume, ΔV‡, of about 13−
26 mL mol−1, which is in the order of 1−2 water molecules,
only. Additionally, a decrease in membrane fluidity upon
compression may impede conformational changes accompany-
ing various reaction steps, thereby reducing the rate of the
overall reaction bvPLA2.
The study of membrane-bound proteins such as PLA2 using

HHP modulation clearly has the potential to provide novel
information regarding molecular interactions that cause a
protein to bind to membranes and their associates with other
proteins on the membrane surface, also for extreme environ-
mental conditions. Hence, these results also deepen our
understanding of membrane-associated pressure effects on
phospholipase-controlled processes in deep-sea organisms,
where pressures up to the kbar-level are encountered. Next
to being a primary osmosensor, PLA2 is prone to sense high
hydrostatic pressure as well, leading, by its changes in activity,
to changes in signaling transduction cascades involved in
accumulation and activation of ion channels and of compatible
osmolytes and, thus, also to changes in cell volume.

■ MATERIALS AND METHODS
Materials. The phospholipids 1,2-dioleoyl-sn-glycero-3-phospho-

choline (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
sodium salt (DOPG), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) so-
dium salt (DPPG) were purchased from Avanti Polar Lipids
(Alabaster, USA). The fluorescent lipids 2-(3-(diphenylhexatrienyl)-
propanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (β-DPH
HPC) and O-(6-DABCYL-aminohexanoyl)-2-O-(12-(5-BODIPY-en-
tanoyl)-aminododecanoyl)-sn-glyceryl phosphatidylcholine (DBPC)
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were from Setareh Biotech (Eugene, OR, USA) and Echelon
Biosciences (Salt Lake City, UT, USA), respectively. Cholesterol
(Chol) and Phospholipase A2 from honey bee venom (Apis mellifera),
bvPLA2, was obtained from Sigma-Aldrich (Deisenhofen, Germany).
High-Pressure FTIR Spectroscopy. The pressure-dependent

FTIR spectra were recorded using a Nicolet 6700 IR spectrometer
equipped with liquid nitrogen cooled MCT (HgCdTe) detector
(Thermo Fisher Scientific Inc., MA, USA). The infrared light was
focused by a spectral bench onto the pinhole of a diamond anvil cell
(with type IIa diamonds from Diamond Optics) as described
previously.61 FTIR measurements have been carried out in D2O as
the solvent to avoid spectral overlap of the amide I′ band with the
bending mode of H2O. For H/D exchange bvPLA2 was kept in pure
D2O for 5 h. After lyophilization, protein (2 wt %) was hydrated with
20 mM bis-Tris buffer, pD = 8.0, 100 mM NaCl, 15 mM KCl, 2 mM
CaCl2 or 0.5 mM EGTA in the presence of vesicles (protein to lipid
molar ratio 1:40). Large unilamellar vesicles, after five freeze−thaw−
vortex cycles, were formed by extrusion through polycarbonate
membranes of 100 nm pore size at 65 °C.25 Spectral analysis was
carried out using Grams software (Thermo Electron Corp., MA,
USA). Secondary structure estimation was performed by fitting
subbands to the amide I′ band, whose peak wavenumbers are
characteristic for the secondary structure elements, and areas are
proportional to their fractions. Initial peak wavenumbers for the fitting
analysis were picked from second derivative spectra and by Fourier
self-deconvolution (FSD).
Ambient Pressure Stopped-Flow Measurements. Fast kinetics

measurements of bvPLA2 membrane binding and activity at
atmospheric pressure were performed using an SX18 MV stopped-
flow spectrometer (Applied Photophysics, Leatherhead, UK) by rapid
mixing of 0.35 μM bvPLA2 with liposomes of varying concentration.
In the binding experiment, fluorescence of the intrinsic tryptophans of
bvPLA2 was excited at 280 nm filter using a slit width of ±1 nm.
Fluorescence emission of the lipid β-DPH HPC dye resulting from
FRET with bvPLA2 was recorded through a 420 nm cutoff filter.
Typically, 5−8 single injections were accumulated for each
experimental condition, monitored over 2 s binding reaction time.
Unless indicated otherwise, all binding measurements were performed
at 37 °C in buffer containing 20 mM Tris/HCl, pH 8.0, 0.5 mM
EGTA to avoid vesicle hydrolysis during the fluorescent measure-
ments. The observed association rate constants were obtained from fits
assuming multiphasic exponential processes; typically, a biphasic time
course displayed a sufficient approximation of the experimental data.
The lipid concentration was chosen to be much higher (>100×) than
the concentration of the protein, to be able to analyze the data in
terms of a pseudo-first-order association model in which the
phospholipid concentration is rate-determining.
In the catalysis experiment, a fluorogenic analogue of the PLA2

substrate PC, named DBPC (O-(6-DABCYL-aminohexanoyl)-2-O-
(12-(5-BODIPY-entanoyl)aminododecanoyl)-sn-glyceryl phosphati-
dylcholine), was used.62 In this fluorescence dequenching assay, the
DBPC molecule, containing the quencher DABCYL, via intra-
molecular energy transfer, quenches emission of the excited BODIPY
fluorescent dye when the phospholipid substrate is not hydrolyzed.
Loss of this intramolecular spatial correlation of the two fluorophores
in DBPC by hydrolysis of the sn-2 acyl chain results in strong
enhancement of fluorescence of BODIPY attached to the released
lyso-fatty acid analogue. This increase of fluorescence emission of the
BODIPY dye resulting from release of the reaction product was
recorded for 100 s through a 530 nm cutoff filter, after excitation at
488 nm. All enzyme activity measurements were performed at 37 °C in
buffer containing 20 mM Tris/HCl, pH 8.0, 5 mM MgCl2, 2 mM
CaCl2.
High Pressure Stopped-Flow Measurements. Rapid reaction

pressure-dependent kinetic experiments of binding and activity were
both monitored by means of a Hi-Tech Scientific HPSF-56 high-
pressure stopped-flow spectrophotometer (TgK Scientific, Bradford
on Avon, U.K.) at pressures between 1 and 2000 bar. The syringe
assembly of the high-pressure stopped-flow unit is mounted inside a
high-pressure vessel that has pressure-stable sapphire windows for the

entering and fluorescence light. The dead time of the system is <10 ms
(for details of the instrument and setup see the literature63).
Measurements of the enzymatic activity were carried out under
conditions that confer to a pseudo-first-order reaction kinetic behavior
by using 0.35 μM bvPLA2 and 98.2 μM lipid vesicles. Typically, 3−6
reaction traces were measured at each pressure condition with an
interval of 400 bar. We confirmed that the application of pressure had
an insignificant effect on the emission of released BODIPY upon
hydrolysis, increasing the initial baseline signal of the lipid vesicles,
only, which was corrected for in the final data analysis.
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