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ABSTRACT: Phospholipase A2 (PLA2) enzymes act at the membrane-water interface to access their
phospholipid substrate from the membrane. They are regulated by diverse factors, including the membrane
charge, fluidity, mode of membrane binding (insertion, orientation), and allosteric conformational effects.
Relative contributions of these factors to the complex kinetics of PLA2 activation are not well understood.
Here we examine the effects of thermal phase transitions and the surface charge of phospholipid membranes
on the activation of human pancreatic PLA2. The temperature dependence of the initial catalytic rate of
PLA2 peaks around the lipid phase transition temperature (Tm) whenTm is not too far from physiological
temperatures (30-40 °C), and the peak is higher in the presence of anionic membranes. High PLA2

activity can be induced by thermal perturbations of the membrane. Temperature-dependent fluorescence
quenching experiments show that despite dramatic effects of the lipid phase transition on PLA2 activity,
the membrane insertion depth of PLA2 increases only modestly aboveTm. The data show that membrane
structural disorder, and not the depth of membrane insertion, plays a major role in PLA2 activity.

Secreted phospholipase A2 (PLA2)1 enzymes hydrolyze
glycerophospholipids to lysophospholipids and free fatty
acids and are involved in various normal and pathological
processes such as lipid metabolism and inflammation (1-
3). They are typical interfacial enzymes that reach their full
activity when they bind to cellular membranes and undergo
interfacial activation (4). Electrostatic and nonpolar forces,
including desolvation and entropic components, have been
identified as the major factors in PLA2-membrane interac-
tions, which eventually result in enzyme activation (5-7).
There is solid evidence that membrane binding itself is
necessary but not sufficient for the interfacial activation.
Under certain circumstances these enzymes demonstrate a
dormant latency period before activation, which results in
complex kinetics of PLA2 activity that depends on numerous
factors, such as membrane charge, thermal phase transitions,
the presence of reaction products, and membrane structural
features (6, 8-15).

Complicated results have been reported regarding relation-
ships among lipid phase transitions, PLA2 binding, the lag
phase, and activation. Jain et al. (16) reported that porcine
group IB PLA2 (pIBPLA2), unlike a cobra venom (group
IA) PLA2, did not bind to the pure ditetradecylphosphati-
dylcholine membranes at temperatures below or above the
lipid gel-to-fluid phase transition temperature (Tm), but did
bind to membranes over a wide temperature range when
reaction products were added. The activity of pIBPLA2

against 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
vesicles increased nearTm of this lipid and was substantially
higher against 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) than DPPC vesicles at all temperatures
tested, which was interpreted in terms of easier penetration
of the enzyme into more fluid membranes (9). Data obtained
in a different laboratory indicated that the same pIBPLA2

efficiently hydrolyzed DPPC vesicles at temperatures below
but not aboveTm, although when the temperature of the
vesicle-PLA2 sample was rapidly increased toT g Tm, high
enzyme activity was detected (17). These latter data were
rationalized by effective binding of PLA2 to the membranes
in the gel phase as a prerequisite of PLA2 activation. While
membrane binding of a viper venom group IIA PLA2 was
found to weaken aboveTm (18, 19), a dimeric group IIA
PLA2 was shown to preferentially bind to and hydrolyze fluid
membranes or the fluid domains in membranes of binary
zwitterionic lipids (20). Although apparent inconsistencies
in these studies may be attributed to differences in experi-
mental conditions, methods, and PLA2 isoforms, they remain
largely unresolved and require detailed analysis of thermal
effects in PLA2 activation.

Despite extensive efforts toward understanding the possible
role of membrane insertion of PLA2 in enzyme activation,
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no consensus has yet been achieved. Early EPR and other
data suggested that partial membrane insertion was necessary
for efficient membrane binding and activity of pIBPLA2 (21,
22). The results of molecular dynamics analysis yielded two
models of a membrane-bound human group IIA PLA2, one
with insignificant membrane insertion corresponding to a low
activity state and the other with deeper insertion correspond-
ing to a high activity state of the enzyme (23). This echoes
with the idea of two membrane binding modes of PLA2,
formulated by Biltonen and colleagues (5, 24), which
proposes that transition of membrane-bound PLA2 from one
binding mode to another, probably involving deeper mem-
brane insertion, contributes to interfacial activation. Consis-
tent with this model, a recent neutron reflection and
ellipsometry study on pIBPLA2 and a cobra venom PLA2
suggested that the membrane insertion increases during the
lag phase and reaches acatalytic depththat results in onset
of high PLA2 activity (15). These conjectures are in line with
an earlier notion that “bilayer penetration may be linked to
the concept of interfacial activation” of secreted PLA2’s (9).

On the other hand, Jain and co-workers have argued that
the mechanism of the onset of high PLA2 activity that follows
the lag phase is the product-mediated enhancement in
membrane binding affinity rather than membrane insertion
of PLA2 (8, 25). The key objection against membrane
insertion has been the idea that this would require energeti-
cally unfavorable distortion of the structure of membrane
lipids (25). Irrespective of any logical arguments, the issue
can be resolved strictly on the basis of experimental data.
Significant membrane penetration of human group IB PLA2

(hIBPLA2) and a V3W mutant of human group IIA PLA2

has been identified (26, 27). However, detailed analysis of
the temperature dependence of PLA2 activity and correlation
with membrane insertion has not been carried out. Therefore,
here we conduct analysis of the temperature dependence of
the activity of hIBPLA2 against phospholipid membranes
with Tm varying in a wide range and in parallel determine
membrane insertion of PLA2 as a function of temperature.
The data indicate that despite the strong effects of the lipid
phase transition on hIBPLA2 activity, the depth of membrane
insertion of the enzyme undergoes only a moderate change
atTm. Our data show that while membrane insertion of PLA2

is probably important for tight membrane anchoring, factors
such as membrane structural perturbations contribute to the
onset of high activity of the enzyme more significantly than
the membrane insertion depth.

MATERIALS AND METHODS

Materials. The fluorescent lipids 1,2-bis(1-pyrenede-
canoyl)-sn-glycero-3-phosphocholine (bisPyPC) and 6-lau-
royl-2-(N,N-dimethylamino)naphthalene (laurdan) were pur-
chased from Invitrogen-Molecular Probes (Eugene, OR). All
other lipids, i.e., 1-palmitoyl-2-stearoyl-dibromo-sn-glycero-
3-phosphocholines (Br2PCs), POPC, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol (POPG), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-
glycero-3-phosphoglycerol (DMPG), DPPC, 1,2-dipalmitoyl-
sn-glycero-3-phosphoglycerol (DPPG), 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), and 1,2-distearoyl-sn-
glycero-3-phosphoglycerol (DSPG), were from Avanti Polar
Lipids (Alabaster, AL). The hIBPLA2 was recombinantly
expressed inEscherichia coli and purified as described

previously (28). Most of the other reagents were purchased
from Sigma-Aldrich (St. Louis, MO).

Vesicle Preparation.Lipid solutions in chloroform or a
chloroform-methanol (2:1, v/v) mixture were combined at
the desired proportions, and the solvent was evaporated under
nitrogen and then by incubation under vacuum overnight.
To prepare large unilamellar vesicles (LUVs), an aqueous
buffer was added to the dry lipid, followed by vigorous
vortexing and by extrusion through 100 nm pore-size
polycarbonate membranes, using a Liposofast extruder
(Avestin, Ottawa, Canada). Vortexing and extrusion were
done at room temperature for vesicles composed of POPC,
POPG, DMPC, DMPG, and their mixtures. For lipids with
higher Tm, it was necessary to heat the suspension above
Tm, e.g., to 50°C for DPPC and DPPG and to 60°C for
DSPC and DSPG. In the latter cases, extrusion was per-
formed with the extruder immersed in water heated to the
desired temperature in a large beaker. Following extrusion,
the lipid suspensions were allowed to equilibrate at room
temperature for 1 h prior to the measurements.

Measurements of Lipid Phase Transitions.Lipid phase
transitions were studies by measuring the generalized
polarization (GP) of laurdan as a function of temperature,
as well as by temperature-dependent changes in the fluo-
rescence spectra of bisPyPC. Vesicles, incorporating 1 mol
% laurdan or 2.5 mol % bisPyPC, were contained in a 4×
4 mm2 rectangular quartz cuvette, which was thermostated
in a sample holder of a Jasco-810 spectrofluoropolarimeter
(Jasco Corp., Tokyo, Japan) equipped with a Peltier tem-
perature controller and with an additional photomultiplier
tube mounted at 90° for fluorescence measurements. Laurdan
was excited at 360 nm, and emission spectra were recorded
between 380 and 560 nm, whereas bisPyPC was excited at
347 nm, and emission spectra were recorded between 360
and 500 nm. At temperaturesT < Tm, when the lipid is in
the gel state, tight packing of lipids minimizes water
penetration into the membrane, resulting in a nonrelaxed
fluorescence emission peak of laurdan around 440 nm, and
at T > Tm water penetration increases, giving rise to the
solvent-relaxed peak around 475 nm (29, 30). Values of GP
were calculated at various temperatures as GP) (F440 -
F475)/(F440 + F475), whereF440 andF475 are the fluorescence
emission intensities at the respective wavelengths. The lipid
phase transition from the gel to liquid crystalline state results
in a sigmoidal decrease in GP with a midpoint atTm. In
bisPyPC experiments, lipid phase transition results in a sharp
decrease in the difference between fluorescence intensities
of pyrene monomer around 378 nm and pyrene excimer
around 470 nm (see the Results for more details). The
excitation and emission slits were 1 and 10 nm, respectively.

Membrane Insertion of PLA2. The depth of membrane
insertion was determined by using differential quenching of
the fluorescence of the single Trp3 of hIBPLA2 by Br2PCs,
as described previously (27). Because 20 mol % Br2PCs
considerably affected the lipid phase transition, in all
experiments 10 mol % Br2PCs were used. The experimental
data were described using a “distribution analysis” (31, 32):

ln
F0

F
) S

σ(2π)1/2
exp[- (h - hm)2

2σ2 ] (1)
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whereF0 andF are fluorescence intensities without and with
the quencher,S is the area under the distribution curve and
is directly proportional to the degree of the exposure of the
fluorophore to the membrane hydrocarbon core,σ is the
dispersion (the half-width at half-height) of the distribution
curve and is determined by the sizes of the fluorophore and
the quencher, as well as by the structural disorder and
heterogeneity of the system,h is the distance from the
membrane center, andhm is the most probable location of
the fluorophore with respect to the membrane center. Trp
fluorescence spectra were measured in the presence of
vesicles with four different lipid compositions, i.e., containing
70 mol % DMPC and 30 mol % DMPG and 60 mol %
DMPC, 30 mol % DMPG, and 10 mol % Br2PC brominated
at the 6,7-, 9,10-, or 11,12-positions of thesn-2 chain, at a
total lipid concentration of 0.8 mM in 50 mM NaCl, 1 mM
EGTA, and 50 mM Hepes (pH 7.4). The final concentration
of PLA2 that was added to the suspension after preparation
of the vesicles was 6µM. Lipid and protein concentrations
were selected in a way that the majority of the protein was
bound to the membranes. Thus, a formalism described by
Qin et al. (28) indicates that if the dissociation constant of
hIBPLA2 for membranes containing 30 mol % anionic lipid
is ∼2 µM (28, 33), then at these lipid and protein concentra-
tions nearly 80% of all PLA2 is bound to the membranes.
Spectra of bare lipids were measured as references and used
for correction by subtracting the reference spectra (without
PLA2) from the sample spectra (with PLA2). Samples were
thermostated at each temperature for 5 min before the spectra
were recorded, with constant stirring by a magnetic stir bar
in a 4× 4 mm2 quartz cuvette. The three values of ln(F0/F),
which were obtained with three different Br2PCs, were
plotted as a function of the distance of bromines in Br2PCs
from the membrane center, i.e., 11.0, 8.3, and 6.5 Å for 6,7-,
9,10-, and 11,12-Br2PC (34). Fitting of these data by eq 1
allowed determination of the parametersS, σ, andhm.

PLA2 ActiVity Assay.PLA2 activity was measured by a
fluorescence assay, using phospholipid vesicles labeled with
2.5 mol % bisPyPC, as described previously (35). A
fluorescence spectrum of vesicles with bisPyPC was recorded
between 360 and 500 nm after equilibration of the sample
at a given temperature for 8 min, usingλexc ) 347 nm.
Immediately following addition of 1 vol % stock PLA2
solution, resulting in a final PLA2 concentration of 0.5µM,
a macro program was activated that measures consecutive
spectra with a periodicity of 1.7 min-1. All measurements
were conducted with constant stirring, and in most experi-
ments a total of 36 spectra were recorded in the presence of
PLA2. The emission spectrum of monomeric pyrene contains
two peaks around 378 and 396 nm, whereas the proximity
of pyrene moieties results in a strong excimer peak around
470 nm (35, 36). Upon lipid hydrolysis by PLA2 the two
pyrene moieties separate from each other, resulting in a
decrease in the excimer signal and increase in the monomer
signal. This allows determination of the activity asRt/R0 -
1, whereRt is the ratio of fluorescence intensities at 378
and 470 nm at timet, Rt ) (F378/F470)t, andR0 is Rt before
addition of PLA2. The initial catalytic rates of PLA2 at each
temperature were obtained by averaging the first five values
of (Rt/R0 - 1)/t, which gives the change inRt/R0 - 1 per
minute immediately following combination of PLA2 with
lipid vesicles. In cases of high PLA2 activity, where

deviations from linearity occurred at early stages of lipid
hydrolysis, the first three data points were averaged. PLA2

concentrations were determined on the basis of absorbance
at 280 nm measured on a Cary 100 spectrophotometer
(Varian Inc., Palo Alto, CA) usingε280 ) 18 910 M-1 cm-1.

RESULTS

Lipid Phase Transition.It has been shown previously that
hIBPLA2, as other cationic PLA2 isoforms, demonstrates
increased activity against membranes containing anionic
lipids (5-7, 21, 27, 28, 35). To assess the effect of the
membrane surface charge on PLA2 activity, experiments have
been carried out on membranes composed of 100% zwitte-
rionic lipid, phosphatidylcholine (PC), or combinations of
PC with 30 mol % or more of an anionic lipid, phosphati-
dylglycerol (PG). PC was chosen because it is an abundant
lipid in most animal cell membranes, and PG was chosen
among other anionic lipids because PC and PG with
identical acyl chains have similar gel-to-fluid phase
transition temperatures:Tm is -2 to -4 °C for POPC and
POPG, 23.5°C for DMPC, 24.0°C for DMPG, 41.5°C for
both DPPC and DPPG, 55.5°C for DSPC, and 54.5°C for
DSPG (37-39). Because of the similarity inTm values of
PC and PG with identical acyl chains, it was expected that
membranes composed of appropriately selected PC and PG
will undergo relatively sharp thermotropic phase transition
at their commonTm. The DMPC/DMPG system was studied
more extensively than other lipids because with these vesicles
the effect of lipid phase transition on PLA2 activity could
be analyzed without exceeding the physiological temperature
range.

The shape of fluorescence spectra of laurdan in DMPC
vesicles significantly changes as a function of temperature
(Figure 1A of the Supporting Information). With increasing
temperature, the nonrelaxed component around 440 nm
decreases and the solvent-relaxed component around 475 nm
increases, resulting in a sigmoidal decrease in the values of
GP) (F440 - F475)/(F440 + F475) with a midpoint atTm. The
lipid phase transition is completely reversible, as demon-
strated by coincident spectra obtained at heating and cooling
cycles and the thermal profiles of GP shown in Figure 1A,D
of the Supporting Information. Membranes made of DMPG
exhibit similar behavior, and at high temperatures the spectra
show better resolved relaxed and nonrelaxed components
(Figure 1B of the Supporting Information). The thermal
profile of GP values of DMPG is also similar to that of
DMPC, with nearly identicalTm values and slightly higher
values of GP at lower temperatures compared to those of
DMPC (Figure 1D of the Supporting Information). This
feature can be explained by stronger H-bonding between
DMPG molecules atT < Tm because of tighter molecular
packing in the gel phase. Laurdan fluorescence spectra in
membranes composed of 70 mol % DMPC and 30 mol %
DMPG demonstrate features intermediate between those of
DMPC and DMPG membranes, and the thermal profile of
GP shows a sharp, sigmoidal phase transition withTm )
23.5°C (heating) and 24.0°C (cooling). (Values ofTm have
been deduced from first derivatives of GP thermal profiles,
not shown.)

Because PLA2 activity at various temperatures was
measured by the change in fluorescence spectra of bisPyPC,
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i.e., an increase in the monomer signal and a decrease in the
excimer signal as a result of lipid hydrolysis, control
experiments were conducted in which the temperature
dependence of bisPyPC fluorescence was studied without
PLA2. To distinguish the temperature effects per se from
lipid phase transition effects, lipids were used that undergo
phase transitions at distinctly different temperatures. These
included POPC, DMPC, DPPC, and DSPC without or with
30 mol % of the respective PGs. Both the monomer and
excimer signals of bisPyPC demonstrated drastic changes
at the lipid phase transition, which are presented in Figure 2
of the Supporting Information for DMPC and DMPC/DMPG
(7:3) (here and in the forthcoming text molar ratios are
shown). The monomer fluorescence intensity increases with
increasing temperature, peaks atTm, and then decreases. At
T < Tm, the intensity of the excimer signal is lower than
that of the monomer signal, but sharply increases to higher
levels atTm and stays high atT > Tm (Figure 2A,B of the
Supporting Information). This results in a sharp decline in
the difference of the monomer and excimer intensities
at Tm (Figure 2C of the Supporting Information). It should
be noted that the phase transition for DMPC/DMPG (7:3)
occurs at 4-6 °C higher temperatures than for pure DMPC
membranes. Similar trends were detected for POPC,
DPPC, DSPC, and their combinations with 30% PGs with
identical acyl chains. For DPPC and DPPC/DPPG mem-
branes, the phase transition occurred at 40-43 °C and for
DSPC and DSPC/PSPG membranes at 52-56 °C (not
shown). For POPC membranes, phase transition has not
been detected between 2 and 56°C, as expected. For
combinations of POPC with 30 or 50 mol % POPG, phase
transitions were detected around 5 and 10°C, respectively,
as judged by the peak in the pyrene monomer signal (not
shown). Higher transition temperatures of membranes con-
taining increasing fractions of anionic lipid may result from
Ca2+ binding to negatively charged membranes, an effect
that is known to increase the thermal stability of lipid bilayers
(40). In phase transition experiments shown in Figure 1 of

the Supporting Information this effect is not detected because
they have been conducted in the absence of Ca2+ (1 mM
EGTA), while a buffer with 2 mM CaCl2 was used in
experiments presented in Figure 2 of the Supporting Infor-
mation to replicate the conditions under which PLA2 activity
was measured.

Temperature Dependence of PLA2 ActiVity. The temper-
ature dependence of the activity of hIBPLA2 against DSPC
and DSPC/DSPG (7:3) LUVs was measured between 8 and
60 °C. When DSPC vesicles were equilibrated at a given
temperature and then PLA2 was added, little activity was
recorded during 21 min (Figure 1A). With DSPC/DSPG (7:
3) vesicles, again very low initial PLA2 activity was detected,
although the measured activities were nearly 2-fold higher
than those with pure DSPC vesicles (Figure 1A, inset). In
both cases, the initial catalytic rate of PLA2 showed a
maximum between 30 and 40°C. Interestingly, for DSPC/
DSPG vesicles onset of high PLA2 activity occurred at 48
and 54°C approximately 10 min following addition of PLA2
to the vesicles (Figure 1A). Representative time-dependent
fluorescence spectra of bisPyPC in DSPC/DSPG vesicles at
54 °C are shown in Figure 1B. Abrupt activation of PLA2

after a relatively long lag time was detected with DSPC/
DSPG at temperatures close to the phase transition temper-
ature of these lipids (55( 0.5 °C), but not with pure DSPC
vesicles. At 56°C, PLA2 activation against DSPC/DSPG
vesicles was detected at∼34 min after addition of PLA2 to
the vesicles (Figure 1C). Notably, while the duration of the
lag increases as the temperature increases from 48 to 56°C,
the activity that follows is significantly higher at higher
temperatures.

At temperatures higher than 56°C, the lag-burst effect
(i.e., abrupt transition from a low to a high activity state)
was not detected for at least 1 h of incubation of PLA2 with
DSPC/DSPG vesicles. Two lines of evidence suggest that
this was not due to inactivation of PLA2 at high temperatures.
First, a very strong increase in PLA2 activity occurred when
PLA2 was incubated with DSPC/DSPG vesicles at temper-

FIGURE 1: Temperature dependence of hIBPLA2 activity against DSPC and DSPC/DSPG (7:3) vesicles. (A) Time course of lipid hydrolysis
obtained by consecutively measuring fluorescence spectra of bisPyPC (2.5 mol % in membranes) with a periodicity of 1.7 min-1. The dark
and gray lines correspond to DSPC/DSPG and pure DSPC vesicles, respectively. PLA2 was added between 0 and 0.5 min, followed by
measurement of 36 spectra after addition of PLA2. The inset shows the temperature dependencies of the initial rates of lipid hydrolysis
(change inRt/R0 - 1 per minute) for both types of vesicles, as indicated. Panel B shows representative fluorescence spectra of bisPyPC in
DSPC/DSPG membranes at 54°C, where onset of high PLA2 activity was detected at around 10 min after addition of PLA2. The dotted
line corresponds to vesicles before addition of PLA2, after which 36 spectra were recorded that show an increase in the monomer signal
(two peaks at lower wavelengths) and a decrease in the excimer signal (peak around 470 nm). The spectra have been smoothed using an
11-point Savitzky-Golay algorithm. Panel C shows the time dependence of lipid hydrolysis by PLA2 for DSPC/DSPG vesicles at 56°C,
when the onset of high PLA2 activity occurs∼34 min following addition of PLA2. Total lipid and PLA2 concentrations were 0.4 mM and
0.5 µM, respectively. The buffer was 50 mM NaCl, 2 mM CaCl2, and 50 mM Hepes (pH 7.4).
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atures well belowTm, e.g., 22-42 °C, and then the
temperature was rapidly increased to 56-58°C. One of these
temperature shift experiments is demonstrated in Figure 3
of the Supporting Information. During incubation of hIB-
PLA2 with DSPC/DSPG (7:3) vesicles at 32°C for 21 min,
the enzyme shows a low level of activity, values of (Rt/R0

- 1) barely reaching 0.5 (Figure 3A,B of the Supporting
Information). A temperature shift to 58°C results in a sharp
increase in PLA2 activity, with (Rt/R0 - 1) values exceeding
4.0. No abrupt increase in PLA2 activity occurs when the
enzyme is incubated with vesicles for a long time (up to 1
h) at either 32 or 58°C (the latter is demonstrated in Figure
3C of the Supporting Information). Second, when PLA2 is
incubated with DSPC/DSPG vesicles at 58°C for 30 min
and then the temperature is shifted to 54°C, onset of high
activity occurs immediately (not shown). This latter result
cannot be interpreted by a reversible inactivation of PLA2

at g58 °C because the above data demonstrate high activity
of PLA2 at 58°C following a temperature shift.

Although spontaneous lag-burst activation of PLA2 was
not observed with pure DSPC vesicles at any temperature,
we did detect high activity of PLA2 against these vesicles in
temperature shift experiments. A strong increase in PLA2

activity occurred when the temperature was rapidly changed
from relatively low values to temperatures close toTm,
e.g., 56-58 °C. Small shifts in temperature, e.g., from 56
to 58 °C, did not cause PLA2 activation, but when the
temperature was lowered, e.g., to 42°C, and then rapidly
increased back to 58°C, a very strong increase in PLA2

activity was detected (see Figure 4 in the Supporting
Information).

With zwitterionic DPPC vesicles, onset of significant PLA2

activity occurs at temperatures close toTm, e.g., 38-41 °C
(Figure 2A). With anionic DPPC/DPPG membranes, the
temperature range corresponding to high PLA2 activity is
wider, and both the rate and the degree (i.e., the values of
Rt/R0 - 1) of lipid hydrolysis are significantly higher
compared to DPPC vesicles (Figure 2A,B). Between 38 and
44 °C, high PLA2 activity was recorded immediately
following addition of PLA2 to DPPC/DPPG vesicles. At 34
and 36°C, onset of relatively high activity occurs at 3-4
min, and at 46°C a burst of high activity takes place at
around 15 min. At temperatures farther away fromTm in

both directions, e.g., at 30 or 50°C, no onset of activity
was detected for up to 45 min. When the initial PLA2

activities are plotted against temperature, a sharp activity
peak is detected aroundTm of DPPC/DPPG membranes,
whereas the increase in the initial PLA2 activity aroundTm

is much weaker for DPPC membranes (Figure 2C).
As in the case of distearoyl lipids described above, a

temperature shift from low or high temperatures, where little
activity is measured, to temperatures close toTm results in
strong activation of PLA2. This effect is demonstrated by
two examples when a temperature shift from 8 to 41°C in
the presence of DPPC/DPPG vesicles causes immediate
strong activation of PLA2, and such a temperature shift with
pure DPPC vesicles results in a high level of activity
preceded by several minutes of relatively low activity (Figure
5 in the Supporting Information). Similar effects occur when
the temperature is brought to 41°C from higher levels, such
as 50°C (not shown). When the temperature is changed from
“very low” values (e.g., 8°C) to “very high” values (e.g.,
50 °C), none of which support PLA2 activity, again signifi-
cant lipid hydrolysis is detected. However, this probably
results from PLA2 activation when the temperature passes
throughTm (41-42 °C) and not by enzyme activation at
50 °C.

Similar to the results obtained on DSPC and DSPC/DSPG
membranes, the enzyme activity that is reached upon a
temperature shift to a value close toTm strongly exceeds the
activity measured after equilibration of PLA2 at the same
temperature without a temperature shift. For example, at
41 °C the values ofRt/R0 - 1 reach approximately 1.6 for
DPPC membranes (Figure 2A), while a value of∼3 is
reached following a temperature shift from 8 to 41°C (Figure
5 in the Supporting Information).

The behavior of hIBPLA2 in the presence of DMPC and
DMPC/DMPG vesicles is similar to that with DPPC and
DPPC/DPPG vesicles, with distinct quantitative differences.
Again, initial high PLA2 activity is detected at temperatures
near Tm of these lipids, i.e., 22-28 °C (Figure 3). The
maximum initial rate is reached around 23°C for DMPC
and around 28°C for DMPC/DMPG membranes. This is
similar to a slightly higher temperature optimum for PLA2

activity against DPPC/DPPG compared to pure DPPC
membranes (Figure 2) and is consistent with a∼5 °C higher

FIGURE 2: Temperature dependence of hIBPLA2 activity against DPPC (A) and DPPC/DPPG (7:3) vesicles (B). Panels A and B show the
kinetic curves of lipid hydrolysis, as measured by the change in the fluorescence spectra of bisPyPC in vesicle membranes (see the Materials
and Methods). A change in color from blue to red corresponds to temperatures from 8 to 50°C, and the curves are labeled with the
corresponding temperatures wherever possible. The temperature dependencies of the initial rates of lipid hydrolysis for both types of
membranes, i.e., the change inRt/R0 - 1 per minute, are shown in panel C. The experimental conditions are as in Figure 1.
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phase transition temperature of DMPC/DMPG versus pure
DMPC membranes in the presence of 2 mM Ca2+ (Figure
2B,C of the Supporting Information). The temperature
dependence of interfacial activation of PLA2 can be clearly
seen from data obtained on DMPC/DMPG membranes.
Below 16 °C, no activation occurs during the first 21 min
of incubation of PLA2 with vesicles, whereas between 16
and 28°C onset of increasingly high PLA2 activity is detected
that is preceded by a lag phase, the duration of which
decreases with increasing temperature (Figure 3B). It is
noteworthy that the maximum initial rate of lipid hydrolysis
in the presence of anionic DMPC/DMPG or DSPC/DSPG
membranes exceeds that with the corresponding zwitterionic
lipids (DMPC and DSPC, respectively) by approximately
2-3-fold (Figures 1 and 3), whereas such a difference
between DPPC/DPPG and DPPC membranes is more than
20-fold (Figure 2). An explanation of this effect is presented
in the Discussion.

The data from Figure 3A,B show that higher initial PLA2

activities result in shorter lag times that are followed by
higher rates of lipid hydrolysis at the “burst”. In many of

those cases when onset of high activity is not detected at a
given temperature during the first 21 min, PLA2 activation
can be induced either spontaneously at later times or by a
temperature shift from higher or lower values to a given
temperature. Spontaneous activation of PLA2 occurs at
temperatures that are not too low or too high compared to
the Tm. For example, hIBPLA2 shows low activity against
DMPC vesicles at 28°C for about 25 min, which is followed
by a gradual and then sharper increase in activity (Figure
4A). In the case of DMPC/DMPG membranes, little activity
is measured at 30°C for up to 40 min following addition of
PLA2. However, when PLA2 is incubated for∼20 min with
the vesicles at lower or higher temperatures (i.e., 8 or 50°C
when PLA2 shows no or little activity for at least 40 min)
and then the temperature is shifted to 30°C, very high PLA2

activities are recorded either immediately or following several
minutes of delay (Figure 4B).

The activity of hIBPLA2 against POPC and POPC/POPG
membranes was very low within the temperature range from
2 to 56°C. Representative data on the time dependence of
lipid hydrolysis at 20, 36, and 56°C are shown in Figure 5.

FIGURE 3: Temperature dependence of hIBPLA2 activity against DMPC (A) and DMPC/DMPG (7:3) vesicles (B). Panels A and B show
the kinetics of lipid hydrolysis, as measured by the change in the fluorescence spectra of bisPyPC in vesicles. A change in color from blue
to red corresponds to temperatures from 8 to 50°C, and curves that show significant PLA2 activity are labeled with the respective temperatures.
The same color code is used in panels A and B. The temperature dependencies of the initial rates of lipid hydrolysis for both types of
membranes, i.e., the change inRt/R0 - 1 per minute, are shown in panel C. The experimental conditions are as in Figure 1.

FIGURE 4: Spontaneous or temperature-induced activation of hIBPLA2 on DMPC or DMPC/DMPG membranes. Panel A shows the spectra
of bisPyPC in DMPC vesicles at 28°C before (blue line) and after addition of PLA2. The red line is the last (number 80) spectrum
measured after addition of PLA2. The inset is PLA2 activity (Rt/R0 - 1; see the Materials and Methods) plotted versus time. PLA2 was
added between 0 and 0.5 min. Panel B shows induction of high PLA2 activity by a temperature shift in the presence of DMPC or DMPC/
DMPG vesicles. Initially the vesicles were incubated at 8 or 50°C, PLA2 was added between 0 and 0.5 min, and activities were measured
by recording the spectra of bisPyPC (2.5 mol % in vesicles). Squares and circles correspond to DMPC/DPMG and pure DMPC vesicles,
respectively. Data obtained before the temperature shift are presented by blue symbols and those after the temperature shift by red symbols.
One control experiment is presented (open blue squares), which shows absence of PLA2 activation on DMPC/DMPG vesicles at 50°C for
up to 40 min. The experimental conditions are as in Figure 1.
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Although an increase in POPG content to 50 mol % resulted
in better PLA2 activities, these levels were still 10-fold (or
more) lower than activities that could be measured with the
other lipids described above. In no case was spontaneous
onset of high PLA2 activity observed, even when PLA2 was
incubated with POPC/POPG (1:1) vesicles for up to 1 h at
various temperatures. One peculiarity of the POPC/POPG
system compared to the lipids with saturated acyl chains is
that theTm of POPC and POPG lies in the freezing (or at
least near-freezing) temperature region. It was not possible
to induce high PLA2 activity by a temperature shift from
relatively high values to those close toTm (e.g., from 42 to
1 °C, from 28 to 1°C, and from 20 to 2°C). Temperature
shifts from low to high values (e.g., from 2 to 20°C or from
8 to 40°C) were equally ineffective. In several experiments
the POPC/POPG (1:1) sample in the presence of hIBPLA2

was rapidly frozen below 0°C for ∼10 min and then returned
to the initial temperature (42, 20, or 8°C). In these
experiments, the lipid hydrolysis after the return to the initial
temperature was slightly higher than it would be if left at
that temperature without thermal alterations. One such
example is shown in Figure 6 of the Supporting Information
(compare the slopes before and after the shift to-3 °C).
Although this is qualitatively reminiscent of PLA2 activation
at Tm (e.g., Figure 5 in the Supporting Information), the
magnitude of the putative PLA2 activation after freezing and
thawing is too small to be considered significant.

Membrane Insertion of hIBPLA2. The onset of high PLA2
activity could be induced by various factors, including deeper
insertion into the membrane. To clarify whether activation
of PLA2 at Tm of the lipid involves a component of deeper
membrane insertion, we have conducted quantitative analysis
of insertion of hIBPLA2 into DMPC/DMPG membranes as
a function of temperature. The method of quenching the
fluorescence of the single Trp3 of hIBPLA2 by brominated
lipids has been used, as described previously (27). It was
important to first determine how Br2PCs affect the lipid phase
transition, which was measured using the temperature
dependence of laurdan fluorescence, as in Figure 1 of the
Supporting Information. The presence of 20 mol % Br2PCs
in DMPC/DMPG membranes resulted in almost complete

linearization of the temperature-dependent change in laurdan
GP (not shown). With 10 mol % Br2PCs, the thermal profile
of laurdan GP maintained both the sigmoidal shape and the
value ofTm, although the phase transition was less coopera-
tive compared to that for membranes without brominated
lipids (Figure 7 of the Supporting Information). Because 10
mol % Br2PCs did not eradicate the lipid phase transition
and still could cause significant quenching of PLA2 fluo-
rescence (see below), this content of brominated lipids was
used in membrane insertion experiments. Since in these
experiments a relatively high PLA2 concentration was used,
the effect of PLA2 on the lipid phase transition was also
assessed. LUVs were made that contained DMPC, DMPG,
6,7-Br2PC, and laurdan at molar ratios of 59:30:10:1, and
fluorescence spectra were measured between 4 and 50°C
in the presence of 6µM hIBPLA2. Laurdan could be excited
either directly, usingλexc ) 360 nm, or through excitation
of the tryptophans of hIBPLA2 and resonance energy transfer
(RET) from tryptophans to laurdan, both of which generated
good laurdan fluorescence spectra (Figure 6A,B). Note that
laurdan cannot be excited below 300 nm (29), indicating that
laurdan excitation in Figure 6A results completely from RET.
In Figure 6A the Trp fluorescence of hIBPLA2 can be clearly
seen, although its intensity is not high because of quenching
by both laurdan and 6,7-Br2PC. The important finding here
is that the combination of both brominated lipid and
membrane-bound PLA2 does not strongly affect the phase
transition of DMPC/DMPG membranes (Figure 6C), indicat-
ing that the dependence of membrane insertion of PLA2 on
the lipid phase transition can be measured under these
conditions.

To quantitatively determine the depth of membrane
insertion of PLA2 at different temperatures, differential
quenching of Trp fluorescence of PLA2 by Br2PCs has been
measured as a function of temperature. Representative
temperature-dependent spectra in the presence of DMPC/
DMPG vesicles and those containing 10 mol % 9,10-Br2PC
are shown in Figure 8 of the Supporting Information.
Temperature dependencies of Trp fluorescence intensities at
325 nm are shown in Figure 7A for hIBPLA2 free in buffer,
as well as bound to DMPC/DMPG vesicles without and with

FIGURE 5: Temperature dependence of hIBPLA2 activity against POPC and POPC/POPG vesicles. Panel A shows the kinetic curves of
lipid hydrolysis with membranes containing 0, 30, and 50 mol % POPG at 20, 36, and 56°C, as indicated. The temperature dependencies
of the initial rates of lipid hydrolysis for both types of membranes, i.e., the change inRt/R0 - 1 per minute, are shown in panel B. The
experimental conditions are as in Figure 1.
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each of the three quenchers, i.e., 6,7-, 9,10-, and 11,12-Br2-
PC. Similar plots were obtained at other fixed wavelengths,
but this particular wavelength was chosen for further analysis
because (a) it has been recommended on the basis of previous
work on membrane-bound proteins (41) and (b) the blue shift
of Trp fluorescence upon membrane binding of hIBPLA2

(27, 28) implies that the signal atλ < λmax reflects the
properties of membrane-bound protein better than the signal
at λ g λmax. The data of Figure 7A show that (a) in all cases
the Trp emission intensity decreases with increasing tem-
perature and (b) Br2PCs quench Trp fluorescence of PLA2

to different degrees. The overall fluorescence intensity is
determined byφF ) kF/{kF + kic + kis + kq[Q]}, whereφF is
the fraction of excited fluorophores that emit fluorescence
with a rate constant ofkF, while kic, kis, andkq are the rate
constants of internal conversion, intersystem crossing, and
direct quenching by a quencher at concentration [Q] (42).
(A more detailed discussion can be found in ref42, pp 436-
439.) The main reasons for a decrease in protein fluorescence
intensity with rising temperature are believed to be an
increase inkic and more efficient collisional quenching by
water or dissolved oxygen at higher temperatures (42). The
fact that Trp emission of membrane-bound PLA2 is lower
when Br2PCs are present in the membrane indicates dif-
ferential quenching of Trp by Br2PCs. At low temperatures
the quenching efficiency changes in the sequence 6,7-Br2-

PC > 9,10-Br2PC > 11,12-Br2PC, while at higher temper-
atures the sequence is 9,10-Br2PC > 6,7-Br2PC > 11,12-
Br2PC. A straightforward interpretation of these data is that
for solid-state membranes PLA2 binds to the membrane
surface peripherally so its Trp3 is quenched stronger by
bromines of 6,7-Br2PC located closer to the lipid-water
interface while for the fluid membranes PLA2 moves deeper
into the hydrocarbon region of the membrane closer to the
9,10-positions of the lipid acyl chains. This was verified
quantitatively by calculating the quenching efficiencies at
each temperature, plotting them against the distance of
bromines from the membrane center (34), and fitting those
plots with the distribution curves presented by eq 1. The three
parameters that describe fluorescence quenching at each
temperature (S, σ, and hm) were deduced from best fits
between the simulated distribution curves and experimental
data. Given the bell shape of the curves, only one unique
combination of these three parameters can properly describe
the data, implying reliability of the parameters. Experimental
data for selected temperatures, along with simulated curves,
are presented in Figure 7B, and temperature dependencies
of the quenching parameters are shown in Figure 7C. The
parametersSandσ decrease with increasing temperature at
T < Tm and then experience little change aboveTm. A
decrease of the overall efficiency of quenching can be
explained by easier dissociation between the fluorophore and

FIGURE 6: Phase transition of DMPC/DMPG membranes containing 1 mol % laurdan and 10 mol % 6,7-Br2PC in the presence of 6µM
hIBPLA2. The fraction of DMPG is 30 mol %. In panels A and B, excitation at 290 or 360 nm was used, respectively. The temperature
increases from 4 to 50°C in 2 °C steps, which corresponds to decreasing intensities at 440 nm. Panel C shows the temperature dependence
of laurdan GP at two different excitations, as indicated. Gray solid and dotted lines show the phase transition of DMPC/DMPG (7:3)
vesicles (heating and cooling, respectively) in the absence of Br2PC and PLA2 for comparison. The buffer was 50 mM NaCl, 1 mM EGTA,
and 50 mM Hepes (pH 7.4).

FIGURE 7: (A) Temperature dependence of tryptophan fluorescence emission intensities of 6µM hIBPLA2 free in the buffer (inverse
triangles) and with DMPC/DMPG vesicles without (rhombuses) or with 10 mol % 6,7-Br2PC (circles), 9,10-Br2PC (triangles), or 11,12-
Br2PC (squares). The content of DMPG is 30 mol %, and the sum of DMPC and Br2PC is 70 mol %. The total lipid concentration and the
buffer are the same as in Figure 6. (B) Dependence of tryptophan fluorescence quenching by Br2PCs on the locations of bromines with
respect to the membrane center for selected temperatures, as indicated. (C) Temperature dependence of the distance from the membrane
center (hm), dispersion (σ), and the area under the distribution curve (S) that describe insertion of hIBPLA2 into DMPC/DMPG membranes.
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the quencher because of higher lateral diffusion of both PLA2

and Br2PCs at higher temperatures (36). The fact that this
occurs atT < Tm probably reflects the steep heat-induced
decrease in the microviscosity of phospholipid membranes
below but not aboveTm (43). The location of Trp3 of
hIBPLA2 with respect to the membrane center is∼9.8 Å at
4 °C and gradually changes to 8.9 Å upon an increase of
temperature to 40°C. Thus, the change in temperature
from 4 to 40 °C causes a very modest change in the
membrane insertion depth of PLA2, indicating that PLA2
inserts into the membrane only∼1 Å deeper upon the
transition of the membrane from the gel to the liquid-
crystalline phase.

DISCUSSION

Although the effects of temperature and the lipid phase
transition on PLA2 activation have been studied previously
(see the introduction), the use of different lipids and
experimental conditions makes it difficult to reconcile the
contradictory results. Activation of PLA2 after the lag phase
is thought to result from accumulation of a critical fraction
of reaction products (free fatty acid and lysophospholipid)
in the membrane. Apitz-Castro et al. (8) found that ac-
cumulation of a total of∼5 mol % (or ∼9 mol % in the
outer layer) reaction products caused activation of pIBPLA2

against sonicated DMPC vesicles at 17°C, but up toXp )
20 mol % of both reaction products had to be added
externally to eliminate the lag. In the case of DPPC LUVs
at 38°C, Xp ) 6.9-8.3 mol % reaction products abolished
the lag (11), and for supported planar POPC membranes at
25 °C the lag phase terminated when 5( 3% of the lipid
was hydrolyzed (15). Henshaw et al. (14) have shown that
the effects of the reaction products are not simple and depend
on factors such as pH, Ca2+ concentration, and temperature.
Our data support this notion and indicate that PLA2

cannot be activated just because a certain fraction of the lipid
has been hydrolyzed. The effect of the reaction products on
the onset of high PLA2 activity is determined by the
temperature-dependent physical state of the membrane. Thus,
at 48-54 °C PLA2 activity against DSPC/DSPG (7:3)
vesicles is triggered when∼8% of the lipid is hydrolyzed,
but at 56°C PLA2 activation occurs at∼15% lipid hydrolysis
(Figure 1). Higher values ofXp aboveTm are in accord with
the data of Henshaw et al. (14) obtained on DPPC LUVs in
the presence of 1 mM Ca2+. At lower temperatures PLA2
activation does not occur when the fraction of hydrolyzed
lipid exceeds 8% (Figure 1). As shown in Figure 3 of the
Supporting Information, at 32°C hydrolysis of∼13% of
the lipid in DSPC/DSPG (7:3) membranes fails to activate
PLA2, but a temperature shift to 58°C immediately results
in high enzyme activity. On the other hand, our data present
many examples when a temperature shift causes strong PLA2

activation even in the absence of any considerable prior lipid
hydrolysis (Figure 4 here and Figure 5 of the Supporting
Information).

While Apitz-Castro et al. (8) interpret the effect of reaction
products on PLA2 activity by increased membrane binding
affinity of PLA2, product-induced lateral phase separation
and membrane structural perturbations have also been
implicated (11-14, 44). Henshaw et al. (14) explained the
higher values ofXp aboveTm in terms of sequestration of

the membrane-bound PLA2 by the product at high temper-
atures. Our data suggest that the major temperature-dependent
factor that facilitates PLA2 activation is the structural
perturbation of the membrane. When PLA2 is added to
vesicles that are equilibrated at a given temperature (e.g., at
30 °C for DMPC/DMPG membranes), little activity is
recorded (Figure 3B), but thermal perturbation of the
membrane by a rapid shift of temperature to 30°C from
low or high temperatures in the presence of PLA2 results in
very high PLA2 activities (Figure 4B). Qualitatively similar
data are obtained also for membranes composed of other
lipids (e.g., Figure 4 in the Supporting Information). These
results lead to a conclusion that structural heterogeneities in
the membrane, such as irregular boundaries between regu-
larly packed lipid domains, probably facilitate PLA2 binding
and subsequent activation. This accords with an earlier
finding of PLA2 activation by adding vesicles with high
curvature and hence with a high degree of packing defects
(13). According to this logic, the increased lateral mobility
of reaction products atT > Tm apposes domain formation,
and therefore, larger fractions of products are required to
compensate this effect and activate PLA2.

The above mechanism in conjunction with our temperature
shift experiments sheds light on previously observed thermal
effects in PLA2 activation. For example, Menashe et al. (17)
explained PLA2 activation upon a shift of temperature from
T < Tm to T g Tm by stronger membrane binding of PLA2

at lower temperatures. If this were the case, PLA2 would
not be activated upon a temperature shift to∼Tm from higher
temperatures. Our data show that this indeed happens (Figure
4), indicating that thermal perturbations and not stronger
membrane binding of PLA2 atT < Tm cause PLA2 activation.
The only requirement is that the final temperature should
not be too far fromTm.

Thermal effects in PLA2 depend on the thermotropic phase
transition of the lipid atTm and the intrinsic optimal
temperature for PLA2 activity, Topt. The highest PLA2
activities are reached when these two temperatures are close
to each other. Because the value ofTopt appears to be between
30 and 40°C, which is close toTm for DPPC and DPPG,
and because PLA2 activity increases with the anionic surface
charge of the membrane, the highest activity of hIBPLA2 is
recorded around the phase transition of DPPC/DPPG (7:3)
membranes (Figure 2). PLA2 activity decreases with increas-
ing difference betweenTm and Topt. For example, PLA2
activity with POPC or POPC/POPG membranes is very low,
with no onset of high activity under any conditions (Figure
5 here and Figure 6 in the Supporting Information) because
Tm is very low compared toTopt. At temperatures close to
Topt (30-40 °C) the enzyme activity is low because PLA2 is
only able to be highly active aroundTm. On the other hand,
at temperatures close toTm of these lipids (e.g., 2-10 °C)
PLA2 shows low activity because it is too far from its
intrinsically optimal temperature. In other words, because
of the dependence of PLA2 activity onTopt, the enzyme may
not show any significant activity even atTm whenTm is too
far from Topt.

It should also be noted that the immediate microenviron-
ment of membrane-bound PLA2 may be different from the
bulk membrane properties, which may impede accurate
determination of the actual dependence of PLA2 activity on
the temperature-dependent state of the membrane. This effect
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may not be detected at low PLA2:lipid ratios, but should
manifest itself at higher PLA2 concentrations corresponding
to large surface occupancies of bound PLA2. Figure 6 shows
the effect of PLA2 on the phase transition of DMPC/DMPG
(7:3) membranes under conditions when∼80% of PLA2 is
membrane-bound (see the Materials and Methods, Membrane
Insertion of PLA2). Taking into account the total lipid and
PLA2 concentrations (800 and 6µM, respectively) and a
binding stoichiometry of PLA2:lipid ≈ 1:36 (28, 33), it
appears that nearly 22% of the total lipid is PLA2-bound,
and yet there is little disturbance of the lipid phase transition.
In activity experiments, 0.5µM PLA2 has been used,
corresponding to a much smaller membrane surface oc-
cupancy by PLA2. These considerations show that under our
experimental conditions PLA2 binding does not significantly
perturb the membrane thermal properties.

Despite the complex dependence of PLA2 activity on
various factors, such as the membrane charge,Tm, andTopt,
it is possible to model the temperature dependence of PLA2

activity by using relatively simple analytic formulations. This
can be done, for example, by combination of two normal
distribution functions that account for maximal activities
aroundTm andTopt. The width and the height of each peak
can be adjusted by corresponding dispersions,δ1 andδ2. The
dependence of the overall activity on the membrane charge
can be provided through a preexponential coefficient,Amax,
and the dependence on the difference betweenTm andTopt

by a term involving|Tm - Topt|:

As shown in Figure 9 of the Supporting Information, this
relationship describes the temperature dependence of PLA2

activity quite reasonably. WhenTm and Topt are the same
(e.g., 40°C), a high activity peak occurs at that temperature,
as in the case of DPPC/DPPG membranes (Figure 2C,
squares). WhenTopt is left unchanged butTm is changed to
24 °C, a sharp peak atTm and a second wider and
weaker peak atTopt occur, as in the case of DMPC/DMPG
membranes (Figure 3C, squares). Note that the activity
peak in Figure 9A of the Supporting Information is much
stronger than that atTm in panel B. This is the result ofTm

) Topt in panel A but not in panel B, which reasonably
models the real situation of a substantially higher PLA2

activity peak with DPPC/DPPG than with DMPC/DMPG or
DSPC/DSPG membranes (see Figures 1-3). Note that in
Figure 9 of the Supporting Information a value ofAmax ) 1
has been used; the levels of activity at various membrane
charge densities can be adjusted by choosing appropriate
values ofAmax.

There has been considerable controversy regarding the
relationship between activation of secreted PLA2’s and
membrane insertion. While several groups have suggested
that the onset of high activity may result from deeper
insertion of PLA2 into the membrane (9, 15, 21, 23), others
have rejected the possibility of any significant membrane
insertion of these enzymes (8, 25). We have shown previ-

ously that hIBPLA2 inserts into POPC/POPG membranes so
the Trp3 reaches a depth of∼9 Å from the membrane center
(26, 27), and here we are asking the question of whether
membrane insertion changes significantly atTm. As shown
in Figure 7, the overall efficiency of quenching,S, decreases
with increasing temperature atT < Tm and then experiences
small change aboveTm. According to the static quenching
mechanism, a decrease in quenching efficiency can be
explained by easier dissociation between the fluorophore and
the quencher because of higher lateral diffusion of both PLA2

and Br2PCs in more fluid membranes (36). The dispersion,
σ, exhibits a similar behavior, indicating a sharper distance
distribution as the temperature approachesTm. Most impor-
tantly, the distance of Trp3 of PLA2 from the membrane
center (hm) decreases from 9.8 to 8.9 Å, i.e., undergoes a
diminutive change when the temperature increases from 4
to 40°C. This indicates that PLA2 has one optimal mode of
binding to a given membrane that does not change signifi-
cantly in terms of membrane insertion during the lipid phase
transition. Conceptually, this agrees with our earlier findings
that hIBPLA2 binds to phospholipid membranes in a way to
optimally satisfy Coulombic, H-bonding, and hydrophobic
interactions (26). Our model indicates that Lys121 and Lys122

of the membrane-bound enzyme are involved in ionic
interactions with lipid phosphate groups, Arg6, Lys7, Lys10,
and Lys116 are H-bonded to the lipid carbonyl oxygens, and
the side chains of Trp3, Phe19, and Leu20 are embedded in
the membrane hydrocarbon region (26). Transition of the
membrane from the gel to the liquid-crystalline phase would
promote membrane insertion of the protein, but the ionic
and H-bonding interaction at the level of the lipid polar
groups would resist such insertion. Our present data indeed
support this scenario.

In conclusion, while earlier studies suggested the existence
of two membrane binding modes of PLA2 and transition
between these states upon activation (5, 23, 24), our data
indicate that at least for hIBPLA2 the difference between
these two modes is not the depth of membrane insertion.
This does not preclude the possibility that for PLA2 isoforms
for which nonpolar interactions play a greater role in
membrane binding than electrostatic interactions, such as
human group X PLA2, deeper membrane insertion may be
an important component of activation. This can only be
clarified by further studies. Also, changes in other aspects
that determine the membrane binding mode of PLA2, such
as the angular orientation, may contribute to the enzyme
activation. In fact, our unpublished data obtained by polarized
infrared spectroscopy show that the orientational order
parameter of hIBPLA2 undergoes a significant change upon
transition from latency to the active state of the membrane-
bound enzyme (Pande, A. H., and Tatulian S. A., unpublished
data). These studies will be continued to reach a better
understanding of the molecular mechanisms of activation of
PLA2’s and other interfacial enzymes.
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without and with 9,10-Br2PC in membranes, and simulated
curves modeling the temperature dependence of PLA2. This
material is available free of charge via the Internet at http://
pubs.acs.org
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