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ABSTRACT: Phospholipase A2 (PLA2) enzymes become activated by binding to biological membranes and
hydrolyze phospholipids to free fatty acids and lyso-phospholipids, the precursors of inflammatory
mediators. To understand the functional significance of amino acid residues at key positions, we have
studied the effects of the substitution of Val3 (membrane binding surface) and Phe5 (substrate binding
pocket) of human group IIA PLA2 by tryptophan on the structure and function of the enzyme. Despite the
close proximity of the sites of mutations, the V3W mutation results in substantial enhancement of the
enzyme activity, whereas the F5W mutant demonstrates significantly suppressed activity. A structural
analysis of all three proteins free in buffer and bound to membranes indicates that large differences in
activities result from distinct conformational changes in PLA2s upon membrane binding. Although PLA2

and the V3W mutant demonstrate a decrease in helical content and an increase in helix flexibility, the
F5W mutant experiences partial distortion of theR-helical structure presumably resulting from the tendency
of Trp5 to insert into the membrane. Furthermore, whereas the PLA2 and the V3W mutant bind to the
membrane at similar and apparently productive-mode orientation, the F5W mutant binds to membranes
with a distinctly different orientation. It is suggested that both the stimulatory effect of the V3W mutation
and the inhibitory effect of the F5W mutation result from the high affinity of Trp for the membrane-
water interface. Although Trp3 at the membrane binding face of PLA2 facilitates the proper membrane
binding of the enzyme, Trp5 in the internal substrate binding site causes partial unwinding of theN-terminal
helix in order to interact with the membrane.

Enzymes of the phospholipase A2 (PLA2)1 family hydro-
lyze the sn-2 ester bond of glycerophospholipids and are
involved in physiological activities ranging from dietary lipid
digestion to inflammation, allergy, and tumorigenesis through
lipid-derived mediators such as eicosanoids and platelet
activating factor (1-5). Certain mammalian isoforms of
secretory PLA2s demonstrate antibacterial activity (6, 7) and
participate in lipoprotein-mediated atherosclerosis (8), whereas
snake venom PLA2s exert a myotoxic effect that may involve
interactions with growth factor receptors (9, 10).

PLA2s belong to the class of interfacial enzymes that
undergo a dramatic increase in activity upon binding to
phospholipid membranes or micelles (11, 12). Group IB
PLA2s demonstrate reasonable hydrolytic activity toward
zwitterionic phosphatidylcholine (PC) membranes (13-15),
whereas group IIA PLA2s show appreciable membrane
binding and activity only when the membranes contain>15
mol % acidic lipid (16, 17). Such functional features are
apparently determined by the primary and the 3-D structures
of PLA2s as well as their pI values and excess charge (11,
12, 18-20). The N-terminal amphipathicR-helix of group
I/II PLA 2s significantly contributes to the enzyme function
by providing key residues for surface binding and by
facilitating phospholipid entrance into the hydrophobic
substrate-binding pocket (19-24). Group IB enzymes contain
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a unique Trp3 residue, which is conserved across species and
determines the ability of PLA2 to bind to and hydrolyze PC
membranes. The third position of other PLA2 isoforms is
occupied by aromatic or hydrophobic residues, such as Tyr,
Phe, Val, Leu, or Ile. Although these residues might support
the binding of respective PLA2s to zwitterionic membranes
by means of hydrophobic interactions, they are not as
effective as Trp, which is now recognized as a mediator of
protein-membrane interactions (25, 26). The only other
known case of the occurrence of Trp in theN-terminal helix
is Trp6 in certain snake venom PLA2s (27-29).

While the cationic residues of theN-terminal helix
contribute to the electrostatic component of the membrane
binding of group I/II PLA2s, residues at positions 3 and 5
seem to be crucial for nonelectrostatic membrane binding
and substrate binding, respectively. The mutation of Trp3 of
bovine group IB PLA2 with Ala caused a 3-7-fold decrease
in activity of the enzyme toward dimyristoylphosphatidyl-
methanol membranes or diheptanoyl-PC micelles (20),
whereas the replacement of Val3 of human group IIA PLA2
with Trp substantially increased its capability to bind to and
hydrolyze PC membranes (16, 30, 31). Interestingly, Trp
mutations of the other seven nonpolar residues that constitute
the hydrophobic membrane-binding surface of PLA2 had
either no or smaller stimulatory effects compared to that of
the V3W mutant (31).

The substrate-binding face of theN-terminal helix is lined
with strongly hydrophobic residues at the 2-, 5-, and
9-positions, with an invariant Phe at position 5. Atomic
resolution structures of group I and II PLA2s with bound
inhibitors indicate intimate van der Waals contacts between
the side chain of Phe5 and the hydrophobic moieties of the
inhibitor (32-35). The tight contact between Phe5 and the
substrate appears to be critical to the function of PLA2s
because replacement of Phe5 by either hydrophobic or
aromatic residues, smaller or larger in size, strongly inhibit
the activity of bovine IB PLA2 (20, 21). These findings
suggest that Phe5 may serve to facilitate a productive
phospholipid-PLA2 interaction, at least for group IB en-
zymes.

These studies clearly underscore the functional importance
of Trp3 and Phe5. The enhanced activity of the V3W mutant
of human group IIA PLA2 (hIIAPLA2) against PC mem-
branes was interpreted in terms of Trp-mediated stronger
membrane binding of PLA2 (30, 31). It is interesting,
however, to see how this mutation affects the enzyme activity
against short-chain phospholipid micelles when the mono-
disperse lipid can efficiently compete with that in the micellar
form. Also, the functional roles of the hydrophobic residues
at the substrate-binding face of theN-terminal helix of group
II PLA2s, most importantly Phe5, have not been addressed
by means of mutagenesis. Furthermore, structural aspects of
interfacial activation of PLA2s and the effects of mutations
at the membrane- or substrate-binding sites have not been
studied systematically. Therefore, in this work, we have
studied the effects of V3W and F5W mutations in hIIAPLA2

on the structure and activity of the enzyme, using activity
assays and a variety of biophysical approaches. Our data
indicate a strong increase in the activity of the V3W mutant
and substantial inhibition of the F5W mutant toward phos-
pholipid micelles and membranes. Structural studies show
that the hIIAPLA2 and the V3W mutant undergo an increase

in conformational flexibility upon membrane binding, but
the F5W mutant experiences significant perturbation of the
structure and dynamics and binds to the membrane with a
distinctly different orientation. The data indicate that single
Trp mutations at closely located sites have dramatically
different effects on the structure and function of the enzyme
and open new opportunities for the regulation of enzyme
function by site-directed mutagenesis.

MATERIALS AND METHODS

Materials. Miniprep and PCR purification kits were
obtained from Qiagen (Valencia, CA). Designed primers for
point mutation were from Molecula (Herndon, VA), pGEM-T
vectors and DH5R bacteria were from Novagen (Madison,
WI), and restriction enzymes were from Amersham (Piscat-
away, NJ). The sPLA2 activity kit was from Cayman
Chemical (Ann Arbor, MI). The hIIAPLA2 synthetic gene
inserted in a pET11a vector was kindly provided by Professor
David C. Wilton (University of Southampton, U.K.). The
PLA2 sequence incorporates a N1A mutation in order to
facilitate the removal of the initiator methionine inE. coli.
Because the structure and activity of the N1A mutant of
hIIAPLA2 are nearly identical to those of the wild-type
enzyme (22), in the forthcoming text, we will refer to the
enzyme as hIIAPLA2. Correspondingly, the two Trp mutants
will be designated V3W and F5W. The lipids 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) were
purchased from Avanti Polar Lipids (Alabaster, AL), 1,2-
bis-(1-pyrenedecanoyl)-sn-glycero-3-phosphocholine (bisPy-
PC) was from Molecular Probes (Eugene, OR), andN-(fluo-
rescein-5-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (FPE) was from Invitrogen Corp.
(Carlsbad, CA). Most of the other chemicals were obtained
from Sigma-Aldrich Co. (St. Louis, MO).

Production of Recombinant Proteins.The expression
plasmid pET11a-N1A containing the gene of hIIAPLA2,
which incorporates an N1A mutation, was used as a template
for the production of the V3W and F5W mutants. The
mutated genes were generated by PCR, using the following
forward primers: 5′-TACAT ATG GCC CTG TGG AAC
TTC CAC CGT ATG-3′ for V3W and 5′-TACAT ATG GCC
CTG GTA AAC TGG CAC CGT ATG-3′ for F5W (mutated
codons are underlined). The same reverse primer was used
for both constructs: 5′-TCA TCG ATA AGC TTC ACT
ATT AGC-3′. The PCR product was cloned into a pGEM-T
vector and was sequenced using a Beckman-Coulter CEQ
2000 XL DNA sequencer (Fullerton, CA). Each mutated
PLA2 gene sequence was subcloned into pET21a(+) using
the NdeI/HindIII sites. The pET11a-N1A and the pET21a-
(+) plasmids harboring the V3W and the F5W mutated genes
were electroporated intoE. coli DH5R and amplified, using
standard procedures. A positive clone of each of the three
constructs, as identified by sequencing, was placed inE. coli
BL21(DE3) for T7-driven expression. The proteins were
expressed and purified using a protocol described previously
(22) and modified to optimize the yield and the purity of
PLA2. All proteins were expressed as inclusion bodies and
were denatured and refolded using standard procedures (23).
Because of the strong tendency of hIIAPLA2 to adsorb to
surfaces, all glassware, plastic tips, and tubes were first
coated with Sigmacote (Sigma-Aldrich Co.) to reduce the
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loss of protein by binding to contact surfaces. The bacterial
cell lysis buffer was supplemented with 0.2 mg/mL lysozyme
in order to enhance cell lysis and maximize the yield of the
protein. An important modification of hIIAPLA2 purification
was the use of a HiLoad Superdex 75 size-exclusion column
(Amersham) following initial protein purification with a
Heparin column. This yielded highly pure and active
hIIAPLA2. The V3W and F5W mutants were expressed and
purified using the same procedures. All proteins have been
lyophilized from pure water and kept at-80°C, under which
conditions the structural features and the enzymatic activity
were maintained for at least several months.

PLA2 ActiVity Assays.The activity of PLA2 was measured
using two different assays. The enzyme activity against
diheptanoyl thiophosphatidylcholine (DHTPC) micelles was
measured using a sPLA2 activity kit from Cayman Chemical,
as described earlier (23). The activity was also measured
against large unilamellar vesicles (LUVs), which were
prepared by extrusion through 100 nm pore-size polycar-
bonate membranes using a Liposofast extruder (Avestin,
Ottawa, Canada). This assay was carried out in a buffer
containing 50 mM NaCl, 2.2 mM CaCl2, and 50 mM Hepes
at pH 7.5, using phospholipid vesicles of desired lipid
composition and containing 5 mol % bisPy-PC, at a total
lipid concentration of 0.5 mM. The reaction was initiated
by adding PLA2. The pyrene moiety of bisPy-PC was excited
at 347 nm, and emission spectra were recorded between 370
and 490 nm. The emission spectrum of monomeric pyrene
contains two peaks at 380 and 396 nm, whereas the close
proximity of pyrene moieties results in a strong excimer peak
at 470 nm (19, 36). As PLA2 hydrolyzes the bisPy-PC, the
free fatty acid and the lysolipid, each of which has a pyrene
moiety, separate from each other, resulting in a decrease in
the excimer signal at 470 nm and an increase in the monomer
signal at 380 nm. This allows the determination of activity
asRt/R0 - 1, whereRt is the ratio of fluorescence intensities
at 380 and 470 nm at timet, Rt ) (F380/F470)t, andR0 is Rt

before the addition of PLA2.
Concentrations of all proteins were determined using the

respective extinction coefficients at 280 nm (ε280), which
were determined by weighing 1 mg of the protein, preparing
a protein solution of precisely known concentration, and
measuring the absorption at 280 nm, using a 4 mmpath-
length quartz cuvette and a Cary 100 spectrophotometer
(Varian Inc., Palo Alto, CA).

Membrane Binding Experiments.Binding of PLA2 to
vesicle membranes was measured on the basis of an increase
in fluorescence emission intensity of FPE in membranes of
LUVs upon protein binding, as described previously (19, 37,
38). In brief, FPE was incorporated at 2 mol % into POPC/
POPG (3:2) vesicles, which were prepared as described
above. Total lipid concentration was [L] ) 0.175 mM, in a
buffer of 10 mM Hepes, 1 mM NaN3, and 1 mM EGTA at
pH 7.4. Fluorescence spectra were measured using a J-810
spectrofluoropolarimeter (Jasco Co., Tokyo, Japan). This
instrument is a spectropolarimeter equipped with a Peltier
temperature controller and an additional photomultiplier tube
mounted at 90°, which can be used for fluorescence or light-
scattering measurements in addition to circular dichroism
(CD) measurements (19, 23, 39). Excitation was at 490 nm,
and emission spectra were recorded between 500 and 540
nm at 25°C, using a 4× 4 mm2 rectangular quartz cuvette.

Excitation and emission slits were 4 and 10 nm, respectively.
After recording an initial spectrum of vesicles in the buffer,
the protein was added to the lipid suspension at increasing
concentrations from a stock solution. After each consecutive
addition, the suspension was allowed to equilibrate for 2 min
with constant stirring before fluorescence emission spectra
were collected. Changes in the peak fluorescence intensity,
∆F, were determined for each protein concentration, [P]. In
control experiments, similar volumes of the buffer were
added instead of the protein solution in order to correct the
values of∆F for the dilution effect. The corrected values of
∆F were plotted as a function of∆F/[P] in order to obtain
Scatchard plots. The extrapolated intercept with the∆F axis
and the slope of the Scatchard plots were used to evaluate
two parameters, the maximum value of∆F at saturating
protein concentration,∆Fmax, and the protein concentration
corresponding to half saturation, [P]1/2. The experimental
binding isotherms were constructed by plotting∆Frel ≡ ∆F/
∆Fmax as a function of [P]. Theoretical binding isotherms
were obtained using a previously derived equation (19)

where

In eqs 1 and 2,KD is the dissociation constant,N is the
number of lipid molecules corresponding to a protein binding
site (i.e., the number of lipids that become inaccessible for
protein binding upon binding of each protein molecule), and
δ is the total fraction of lipids accessible to protein binding.
It can be shown (19) that at half-saturation of protein binding
the following relationship holds.

Because [P]1/2 can be determined on the basis of experimental
binding data, as described above, and under conditions when
the protein is added to preformed 100 nm unilamellar
vesicles,δ ) 0.52 (19), eq 3 represents an explicit relation-
ship betweenKD and N. This means that eqs 1-3 can be
combined (by inserting the expression forKD from eq 3 into
eq 2 and then insertinga into eq 1) to obtain a binding
isotherm that contains only one unknown,N. This isotherm
was used to fit the experimental binding data, andN was
varied until a best fit was obtained. Then, the best fit value
of N was used to determineKD through eq 3.

Fluorescence and Circular Dichroism Experiments.Fluo-
rescence and CD measurements were conducted using the
J-810 spectrofluoropolarimeter, described above. For CD
experiments, the proteins were dissolved in 10 mM Na-
phosphate buffer at pH 7.4, at a concentration of 0.1 mg/
mL, and measurements were conducted using a 0.2 mm
optical path-length quartz cell. Ten scans were collected
between 260 and 180 nm, which were averaged and corrected
for background by subtracting the buffer spectra. Mean
residue molar ellipticities [θ] were calculated as described
earlier (23).

∆Frel ) a - xa2 -
N[P]

δ[L]
(1)

a ) 1
2(N(KD + [P])

δ[L]
+ 1) (2)

KD ) [P]1/2 -
δ[L]
2N

(3)
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FTIR Experiments.Fourier transform infrared (FTIR)
experiments were carried out using a Vector 22 FTIR
spectrometer (Bruker Optics, Billerica, MA), as described
previously (23). For direct transmission experiments, the
protein, lyophilized from pure H2O, was dissolved in a D2O-
based buffer containing 100 mM NaCl, 1mM NaN3, 1 mM
EGTA, and 50 mM Hepes (pH* 7.0, which is equivalent to
pH 7.4 after correction for the isotope effect) and was
immediately assembled between two CaF2 windows, using
a 25 µm Teflon spacer, and consecutive spectra were
recorded for 1 h. Spectra of the protein dissolved in a H2O-
based buffer were also recorded, using a 6µm spacer. For
attenuated total reflection Fourier transform infrared (ATR-
FTIR) experiments, a model 611 Langmuir-Blodgett trough
(Nima, Coventry, U.K.) was used to deposit a POPC
monolayer on a germanium internal reflection plate (Spectral
Systems, Irvington, NY). The plate with the monolayer was
assembled into an ATR flow cell, and sonicated POPC/POPG
(7:3, mol/mol) vesicles were injected to form supported
phospholipid bilayers. Excess lipid was removed by flushing
with buffer. The protein in a H2O-based buffer containing
100 mM NaCl, 1mM NaN3, 1 mM EGTA, and 50 mM Hepes
(pH 7.4) was then injected into the ATR cell and permitted
to adsorb to the membrane for 15 min, followed by gently
flushing with a D2O-based buffer of the same composition.
Spectra were collected at parallel and perpendicular polariza-
tions of the incident infrared light at varying time points for
1 h. For both direct transmission and ATR-FTIR measure-
ments, time of deuteration of the protein amide hydrogens
was counted starting at first exposure of the protein to D2O.
All spectra were processed and analyzed using a Grams/AI
V7 software suite (ThermoGalactic, Salem, NH). For evalu-
ation of the protein secondary structure and kinetics of
hydrogen/deuterium exchange (HX), polarized spectra were
first corrected in order to obtain polarization-independent
spectra, A) A| + 0.8A⊥, as described previously (40, 41).
Components of amide I and amide II bands of FTIR spectra
were identified by curve-fitting, using the number and
positions of the peaks in the inverted second derivative
spectra. The results of curve-fitting were considered satisfac-
tory when the peak frequencies of all components were
within a (1 cm-1 range compared to the input frequencies
and when the sum of all components was coincident to the
measured spectrum. The kinetics of HX was determined on
the basis of the time-dependent decrease in the amide II band
intensity around 1545 cm-1, as previously described (41, 42).
The fraction of unexchanged amide protons at timet was
presented as [H/(H + D)]t, whereH andD are the numbers
of unexchanged and exchanged backbone amide groups. The
time dependence of HX was presented as follows.

In eq 4,AamideII,0andAamideII,t are the integrated amide II band
intensities at time 0 (before exposure to D2O) and at timet
of exposure to D2O. To eliminate the effects of possible
changes in the overall signal, for example, due to protein
adsorption or desorption,AamideII,0andAamideII,t were normal-
ized by dividing by the amide I areas at corresponding time
points. The parametersa0, a1, anda2 in eq 4 are the fractions
of exchange-resistant, slow-exchanging, and fast-exchanging

residues, andk1 andk2 are the rate constants of slow- and
fast-exchanging residues, respectively. Thus, this approach
classifies all backbone amide groups of the protein into three
kinetic populations, as described above. Although this may
be considered an oversimplification, attempts to deduce more
detailed information on the HX kinetics based on the time-
dependent decrease in the amide II band intensity would be
increasingly unreliable (41). The current approach provides
a reasonable number of parameters that can reliably describe
changes in the protein dynamic structure upon amino acid
mutations or membrane binding.

RESULTS AND DISCUSSION

Mutation, Expression, and Purification of hIIAPLA2.
Incorporation of tryptophan codons into the 3rd or 5th
positions of the two mutated hIIAPLA2 genes was confirmed
by DNA sequencing (not shown). The yields of purified
hIIAPLA2, the V3W mutant, and the F5W mutant were
approximately 30, 5, and 25 mg per liter ofE. coli cell
culture, respectively. Siliconization of all surfaces that come
into contact with the protein (tubes, pipet tips, etc.) signifi-
cantly increased the yield of proteins by preventing nonspe-
cific adsorption to the surfaces. The extinction coefficients
of all three proteins were measured by a straightforward
method (see above) and were 10,338 M-1 cm-1 for hIIA-
PLA2, 11,416 M-1 cm-1 for V3W, and 15,486 M-1 cm-1

for F5W. The highly pure protein samples, which were
required for biophysical analysis, were obtained by HiLoad
Superdex 75 size-exclusion column chromatography, fol-
lowing the initial purification by a Heparin column. The
profile of elution of hIIAPLA2 from the Superdex size-
exclusion column showed two protein peaks with similar
molecular weights, one with negligible PLA2 activity and
the other, corresponding to longer retention times, with
profoundly high PLA2 activity (Figure 1). The elution profile
of the V3W mutant was similar to that of hIIAPLA2 and
was slightly shifted toward longer retention times, whereas
the F5W mutant eluted as a broader single peak correspond-
ing to the retention time of the active fraction of hIIAPLA2

(not shown). For hIIAPLA2 and the V3W mutant, only the
highly active fractions were collected, whereas for the F5W
mutant, the central part of the single elution peak was
collected, dialyzed against pure water, lyophilized, and stored
at -80 °C.

ActiVities of hIIAPLA2 and the Tryptophan Mutants.
Comparison of the activities of the three proteins toward
DHTPC micelles indicated a 4-fold increase in activity of
the V3W mutant compared to that of hIIAPLA2, whereas
the F5W mutant had negligibly low activity (Figure 2). The
activities of PLA2s were also assayed against LUVs labeled
with bisPy-PC. Figure 3A shows representative fluorescence
spectra that indicate a time-dependent decrease in the pyrene
excimer emission intensity at 470 nm and a parallel increase
in the monomer signal at 380 nm following the addition of
hIIAPLA2 to LUVs composed of 55, 40, and 5 mol % of
POPC, POPG, and bisPy-PC, respectively. The activities of
the hIIAPLA2 and the two mutants were measured for pure
zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) membranes and for membranes containing POPC
with various fractions of an anionic lipid, POPG. In the case
of DPPC LUVs, no activity of hIIAPLA2 could be detected
at 25°C for at least 1 h following PLA2 addition. However,

( H
H + D)t )

AamideII,t

AamideII,0
) a0 + a1e

-k1t + a2e
-k2t (4)
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when the temperature approached the gel-to-liquid-crystal
phase transition temperature of DPPC (Tm ) 41.5 °C),
enzyme activity could be measured with a complex kinetic
feature depending on the particular temperature. At 38°C,
after the addition of hIIAPLA2, there was an∼5 min lag
period, followed by an intermediate activity, which was
followed by the onset of high activity at 15-17 min (Figure
3B). Interestingly, the V3W mutant showed a brief (2-3
min) intermediate activity followed by very high activity,
without a measurable lag time, and the F5W barely showed
any activity (Figure 3B). Experiments at temperatures higher
thanTm were not conducted in order to avoid possible thermal
effects on the protein structure. Qualitatively different results
were obtained with POPC/POPG (80:15, mol/mol) mem-
branes. In this case, the V3W mutant of PLA2 demonstrated
very high activity immediately, the hIIAPLA2 had a 1.5-
min lag, followed by activation to a level of∼3% of the
activity of the V3W mutant, and the F5W mutant showed a
lag period and a subsequent moderate activity, about half
that of hIIAPLA2 (Figure 3C).

Our data are consistent with earlier findings that group
IIA PLA 2 shows little activity against PC membranes in the
gel phase (T , Tm) but becomes active nearTm (43, 44).
Under certain conditions, for example, for zwitterionic PC
membranes, PLA2 activity was preceded by a lag phase,
which was interpreted in terms of gradual accumulation of

the reaction products in the membrane leading to the onset
of high activity (16, 43, 44). The lag was shown to become
shorter or to disappear with increasing fractions of anionic
lipids (16, 45), also in agreement with our data shown in
Figure 3B and C.

Earlier studies revealed a significant (30-fold) increase in
the activity of hIIAPLA2 against multilamellar PC mem-
branes upon a V3W mutation, but little change in activity
when anionic POPG vesicles were used as substrate (31).
However, the V3W mutation caused a reduction of the lag
time from 6 to 1 min for the activation of hIIAPLA2 against
POPC LUVs, followed by a subsequent 2-fold higher activity
(16). In this latter study, the activity of the V3W mutant
was approximately two times higher than that of the
hIIAPLA2 against POPG vesicles but was lower against
vesicles composed of PC and phosphatidylserine (PS) (4:1,
mol/mol). These findings indicate a complex effect of the
V3W mutation on the behavior of hIIAPLA2 toward zwit-
terionic and anionic membranes. Although the F5W mutation
of hIIAPLA2 has not been reported, to the best of our
knowledge, the replacement of Phe5 of bovine pancreatic
PLA2 by smaller or larger residues, such as Ala, Val, Tyr,
Trp, resulted in substantial inhibition of the enzyme against
both phospholipid micelles and vesicles (20, 21). Thus, our
data presented in Figures 2 and 3 are in general agreement
with earlier findings and provide new and interesting results
indicating dramatically different effects of the insertion of
Trp into two very closely located sites of hIIAPLA2 on
enzyme activity. Also, we uncover significant differences
in the effects of V3W and F5W mutations on the activity of
hIIAPLA2 against zwitterionic micelles, zwitterionic mem-
branes, and anionic membranes. In particular, we detected a
nearly complete loss of hIIAPLA2 activity against PC
micelles and membranes upon F5W mutation but a retention

FIGURE 1: Elution profile from HiLoad Superdex 75 size-exclusion
column (A), silver-stained SDS-polyacrylamide gel (B), and the
activity profile of hIIAPLA2 across the elution fractions (C). The
second major elution peak is characterized by high purity and
activity. In panel B, M stands for marker and is followed by elution
volumes in mL. In panel C, the activity against DHTPC micelles
is measured using the Cayman sPLA2 kit as described in Materials
and Methods.

FIGURE 2: Activities of hIIAPLA2, the V3W mutant, and the F5W
mutant, as indicated, against DHTPC micelles obtained using a
sPLA2 activity kit from Cayman Chemical. The assay buffer
contained 100 mM KCl, 10 mM CaCl2, 0.3 mM Triton X-100, 1
mg/mL bovine serum albumin, 25 mM Tris-HCl (pH 7.5), 1.5 mM
DHTPC, and 0.4 mM 5,5′-dithio-bis-(2-nitrobenzoic acid). Activity
is determined by an increase in absorbance at 414 nm, which is
generated by cleavage of 5,5′-dithio-bis-(2-nitrobenzoic acid) into
5-thio-nitrobenzoic acid upon hydrolysis of thesn-2 chain of
DHTPC by PLA2 and exposure of free thiols. Specific activities
for each protein, determined using an extinction coefficient for
5-thio-nitrobenzoic acidε414 ) 13,600 M-1 cm-1, were 45, 185,
and 0.0001µmol/min/mg for hIIAPLA2, V3W, and F5W, respec-
tively.
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of significant activity against anionic membranes, which is
further discussed below.

Membrane Binding of hIIAPLA2 and the Tryptophan
Mutants.The above data raise several questions. What is
the reason for increased activity of the V3W mutant and
suppressed activity of the F5W mutant compared to that of
hIIAPLA2? Why does the F5W mutant have little activity
toward DHTPC micelles and DPPC vesicles but retain
appreciable activity toward negatively charged POPC/POPG
vesicles? In an attempt to answer these questions, we have
analyzed the membrane binding properties and structural
features of free and membrane-bound hIIAPLA2 and the two
mutants.

The measurement of the membrane binding of hIIAPLA2

is not a simple task because the protein does not bind to
zwitterionic membranes, and conversely, binding to anionic
membranes is very strong and causes the formation of
conglomerates containing multiple protein-vesicles com-
plexes due to the highly cationic nature of the protein (16,
31, 46, 47). Vesicle aggregation can be minimized by

different strategies, such as by using a high ionic strength
buffer, membranes with moderate fractions of anionic lipids,
or appropriate protein/lipid molar ratios. In membrane
binding experiments, we have used membranes composed
of 58 mol % zwitterionic and 40 mol % anionic lipids, plus
2 mol % fluorescein-labeled FPE, at a relatively low total
lipid concentration of 175µM. The protein concentration
was only increased to levels that resulted in significant
changes in the FPE fluorescence signal in order to reliably
measure membrane binding (Figure 4A) and but did not
cause significant vesicle aggregation. As described in Materi-
als and Methods, the parametersKD andN were not chosen
randomly during the construction of the best-fit theoretical
isotherms; they are strictly related to each other through eq
3. The theoretical binding isotherms, given by eq 1, were
constructed by varying only one parameter,N, until the best
fit with the experiment was achieved. Then, the correspond-
ing values forKD were derived from eq 3. A satisfactory
description of the experimental data could be achieved
using the binding parameters that vary within certain limits:

FIGURE 3: PLA2 activity against large unilamellar vesicles, as measured by the bisPy-PC method. (A) Fluorescence spectra of LUVs
containing POPC, POPG, and bisPy-PC (55, 40, and 5 mol %, respectively), before (---) and after the addition of 2.6µM hIIAPLA 2;
decreasing darkness of solid lines corresponds to the progression of time following PLA2 addition. Excitation was at 347 nm, and the
temperature was 25°C. (B) Kinetics of hydrolysis of DPPC LUVs containing 5 mol % bisPy-PC by 1.8µM hIIAPLA 2 and the two
mutants, as indicated, at 38°C. (C) Hydrolysis of LUVs composed of 80 mol % POPC, 15 mol % POPG, and 5 mol % bisPy-PC by 2.7
µM hIIAPLA 2 and the two mutants, as indicated, at 25°C. In all cases, the buffer contained 50 mM NaCl, 2.2 mM CaCl2, and 50 mM
HEPES at pH 7.4. The total lipid concentration was 0.5 mM.

FIGURE 4: (A) Fluorescence spectra of LUVs composed of 58 mol % POPC, 40 mol % POPG, and 2 mol % FPE without (---) and with
increasing concentrations of hIIAPLA2 (increasing darkness of solid lines). (B) Change in the fluorescence spectra of LUVs of lipid composition
identical to that in A, diluted by adding the same volumes of buffer without the protein. Sample dilution is reflected in decreasing fluorescence
intensity (increasing darkness of the solid lines). Excitation was at 490 nm. (C) Isotherms of binding of hIIAPLA2 (O), the V3W (4), and
the F5W (0) to membranes of LUVs with lipid composition as specified above. The lines are constructed through eq 1, using the following
binding parameters:KD ) 0.3 µM, N ) 36 for hIIAPLA2; KD ) 0.19µM, N ) 41 for the V3W mutant; andKD ) 0.5 µM, N ) 30 for
the F5W mutant. The buffer was 1 mM NaN3, 1 mM EGTA, and 10 mM Hepes at pH 7.4, and the temperature was 25°C.
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KD ) 0.3 ( 0.13 µM, N ) 36 ( 4 for hIIAPLA2, KD )
0.19( 0.08µM, N ) 41 ( 3 for the V3W mutant, andKD

) 0.5 ( 0.22 µM, N ) 30 ( 5 for the F5W mutant. The
data presented in Figure 4C are described using theoretical
isotherms corresponding to the mean values ofKD and N.
Although the data of independent experiments consistently
showed that affinities of binding to anionic membranes of
the three proteins are arranged in the sequence V3W>
hIIAPLA2 > F5W, the differences inKD values were not
significant. Also, this procedure yields slightly different
values ofN for the three proteins, but they are still within a
reasonable range of 30-40 lipids per membrane-bound PLA2

molecule and are in good agreement with earlier data (17,
19, 23, 48).

Our results of the poor binding of hIIAPLA2 to zwitterionic
membranes and the strong binding to anionic membranes
indicate a significant electrostatic component in PLA2-
membrane interactions, consistent with data obtained previ-
ously (23, 31, 46, 47, 49). The dissociation constant of
hIIAPLA2 for membranes containing 40 mol % POPG (KD

) 0.3µM) is in good agreement with earlier results obtained
under similar conditions (19). Beers et al. (31) used the
sucrose-loaded vesicle centrifugation method to show that
hIIAPLA2 did not bind to PC or even PC/PS (82:18, mol/
mol) membranes, but V3W did bind to latter membranes
with KD ) 0.21 mM. However, Bezzine et al. (16) detected
a nearly 100-fold stronger binding (in terms ofKD) of the
V3W mutant to membranes composed of 80 mol % PC and
20 mol % PS compared to that of hIIAPLA2 (KD ) 2.6 µM
for the V3W vs 230µM for the hIIAPLA2). Our data show
only a 2-fold stronger binding affinity of the V3W mutant
for anionic membranes compared to that of hIIAPLA2.
Despite large quantitative differences in the absolute values
of binding constants, which likely result from differences in
methods used and the experimental conditions (e.g., the ionic
strength of buffers), it is important to note that all these
studies consistently indicate an enhancement in the mem-
brane binding of hIIAPLA2 upon the V3W mutation. Our
results also indicate somewhat weaker binding of the F5W

mutant of hIIAPLA2 to anionic membranes. Although there
are no published data to compare with this result, we interpret
the impaired membrane binding of the F5W mutant in terms
of its perturbed structure (see below).

Structure Assessment by Fluorescence and Circular Dichro-
ism. To examine the structural effects of Trp mutations,
fluorescence and far-UV CD spectra of hIIAPLA2 and the
two mutants were measured. Because hIIAPLA2 has no
tryptophans, its fluorescence spectrum was measured on the
basis of tyrosine emission, using excitation at 275 nm,
whereas for V3W and F5W mutants, tryptophan fluorescence
spectra were measured using excitation at 290 nm. The
fluorescence of hIIAPLA2 had a peak at 306 nm, typical for
Tyr emission spectra of folded proteins (50, 51). Although
no significant differences have been detected between the
quantum yields of the Trp fluorescence of V3W and F5W
mutants, emission peaks of Trp occurred at 347 and 331 nm
for the V3W and F5W mutants, respectively (Figure 5A).
The strongly blue shifted Trp fluorescence of the F5W
compared to that of the V3W implies that Trp5 is shielded
from the aqueous phase inside the protein molecule, whereas
Trp3 is exposed to water and is involved in solvent relaxation.

The secondary structure of the proteins was assessed by
far-UV CD. All three proteins displayed CD spectra with
double minima around 208 and 222 nm and a peak around
192 nm (Figure 5B), indicating dominantlyR-helical struc-
ture in all proteins (52, 53). The general similarity of the
three spectra of Figure 5B indicates that neither the V3W
nor F5W mutations significantly perturbed the secondary
structure of the protein. Baker et al. (30) observed little
difference between the CD spectra of hIIAPLA2 and the
V3W mutant, consistent with our data.

Because PLA2s are interfacially activated enzymes, it is
of great interest to determine if the membrane binding of
these proteins is accompanied by any conformational changes
that may be related to enzyme activation. However, spec-
troscopic methods that operate in the ultraviolet region, such
as far-UV CD and fluorescence, often encounter light
scattering problems in the presence of relatively high

FIGURE 5: (A) Fluorescence spectra of the hIIAPLA2 and the two mutants, as indicated. In the case of the V3W and F5W mutants, Trp
fluorescence was measured using excitation at 290 nm, whereas in the case of hIIAPLA2, Tyr fluorescence was measured using excitation
at 275 nm. In all cases, the 4µM protein sample was in a buffer of 1 mM EGTA and 10 mM Hepes at pH 7.4, contained in a 4× 4 mm2

rectangular quartz cuvette. The peak intensities of the fluorescence spectra are normalized to the same height for easier assessment of the
spectral shift. (B) Far-UV CD spectra of the hIIAPLA2 and the two mutants, as indicated, in a buffer of 10 mM Na-phosphate buffer at pH
7.4. The samples were contained in a 0.2 mm flat quartz cuvette. Protein concentrations were 7µM, and the temperature was 25°C. The
spectra have been averaged using the data of three independent experiments. The correspondence between different types of lines and PLA2
molecules is the same as that in panel A.
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concentrations of lipid vesicles. In this regard, FTIR spec-
troscopy offers a solution because of negligible light scat-
tering in the infrared region. Moreover, the ATR-FTIR
technique provides the spectra of membrane-bound proteins,
unlike experiments on peripheral proteins in suspensions of
lipid vesicles where the total signal contains contributions
from both membrane-bound and free protein molecules.
Therefore, we have used both direct transmission FTIR on
free PLA2s and ATR-FTIR on membrane-bound PLA2s in
order to assess the structural changes in hIIAPLA2 and the
Trp mutants upon membrane binding.

Structural Analysis by FTIR Spectroscopy.Information on
the secondary and dynamic structural changes in hIIAPLA2

and the mutants upon membrane binding was obtained by
curve-fitting of the amide I bands of FTIR spectra of protein
samples that were exposed to D2O for 1 h. These spectra
provide more information on the protein structure than those
measured on proteins either dissolved in H2O or exposed to
D2O for prolonged periods of time (41). Amide I curve-fitting
was conducted using the component frequencies found from
the second derivatives, as described previously (41, 42). The
inverted second derivatives identify multiple peaks in the
spectral region 1700-1560 cm-1, which were used for curve-
fitting (Figure 6). In the amide I region, that is, between
1700 and 1620 cm-1, which is sensitive to the protein
backbone conformation, eight peaks were identified and used
for characterization of the secondary structures of both free
and membrane-bound proteins. Analysis of the FTIR data
was performed on the basis of well-established assignments
of amide I components to specific secondary structure
types: components between 1660 and 1648 cm-1 were
assigned to theR-helix; those between 1700 and 1660 cm-1

were assigned toâ- and γ-turns and the high-frequency
component of the antiparallelâ-sheet; components between
1635 and 1625 cm-1 were assigned to theâ-sheet structure;
and the rest to irregular structures (41) and references
therein).

The data summarized in Table 1 indicate two components
in the R-helical region for all three proteins. For the
hIIAPLA2 and the V3W mutant free in buffer, these
components are located around 1655 cm-1 and 1650-1649
cm-1, which can be interpreted in terms of unexchanged and
deuteratedR-helices, respectively. This assignment results
in 41-47%R-helix in both proteins, in agreement with high-
resolution structures of group IIA PLA2s (54, 55). The data
do not indicate major conformational changes caused by the
V3W mutation, which agrees with the CD data (Figure 5).
For these two proteins that are bound to supported mem-
branes, the higher frequencyR-helical component shifts to
∼1661 cm-1, while the other component undergoes little
spectral shift. This may reflect structural destabilization of
a fraction ofR-helices during membrane binding, resulting
in weaker helical H bonding, stronger backbone carbonyl
bonds, and increased amide I frequencies, as detected earlier
for a snake venom group IIA PLA2 (56, 57). In the case of
hIIAPLA2, theR-helical content appears to slightly decrease
upon membrane binding, consistent with weaker helices in
the membrane-bound PLA2, whereas no such changes are
observed for the V3W mutant.

Curve-fitting of the amide I bands of the F5W mutant
yielded qualitatively different results. For both free and
membrane-bound F5W mutants, two components were found
in the conventionalR-helical region, one around 1658 cm-1

and the other in the 1652-1648 cm-1 region, which are likely

FIGURE 6: Inverted second derivative spectra of free (A) and membrane-bound (E) hIIAPLA2 and the V3W and F5W mutants, as indicated.
The curve-fitted spectra of the hIIAPLA2 (B and F), the V3W mutant (C and G), and the F5W mutant (D and H) free in buffer (B, C, and
D) and bound to supported membranes composed of 70 mol % POPC and 30 mol % POPG (F, G, and H). The components below 1620
cm-1, which were not used for secondary structure characterization, are shown in light gray. In panels B, C, D, F, G, and H, the curve-fit,
that is, the sum of all components, is shown as a dotted line and can hardly be discerned because it coincides with the experimental spectra,
indicating good fitting. The buffer composition was 100 mM NaCl, 1 mM NaN3, 1 mM EGTA, and 50 mM Hepes in D2O at pH* 7.0.
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to represent theR-helices with unexchanged and deuterated
backbone amide groups. For the free protein, these compo-
nents constitute 42.5% of the amide I band, which is similar
to the helical content in the hIIAPLA2 and the V3W mutant
and implies that neither V3W nor F5W mutations cause
significant structural changes in the free protein in buffer.
However, for the membrane-bound F5W mutant, these two
R-helical components constitute only 28% of the amide I
band intensity, that is∼14% less than that in the free protein.
Interestingly, the fraction of components in the 1636-1626
cm-1 concomitantly increases by 15% upon membrane
binding of the F5W mutant (Table 1). One presumptive
interpretation of this result might be a conversion of 18 to
19 residues of the protein (15% of 124 residues) from
R-helical conformation toâ-structure. However, given the
robust 3-D structure of secretory PLA2s stabilized by multiple
disulfides, this is very unlikely. Another, perhaps more
reasonable interpretation of the amide I curve-fitting results
is that upon membrane binding, the Trp5 might tend to
interact with the membrane because of the high affinity of
Trp for the membrane-water interface (25, 26), resulting in
a structural distortion in theN-terminal region of the protein
and the destabilization of the other two helices. The amide
I component of the membrane-bound F5W at 1664 cm-1 may
then be attributed to anRII-type flexible helical structure (58)
that absorbs in this infrared region (59-61). In this case,
the total helical content of the membrane-bound F5W mutant
would constitute 39.4%, that is, 3% (∼4 residues) less than
the helical structure in the free protein. This result supports
a conjecture that Trp5 of the F5W mutant, which is located
at the internal substrate-binding face of theN-terminal helix,
tends to interact with the membrane and, thereby, cause a
structural distortion of the first several residues of the protein
upon membrane binding.

In light of these results, the decreased activity of the F5W
mutant may be determined not by blockage of the substrate
entrance into the active site slot but by a distortedN-terminal
helix, which is known to be indispensable for PLA2 activity
(23). The fact that the activity of the F5W against zwitterionic
phospholipid vesicles or micelles is almost completely lost
but the mutant retains significant activity against anionic
membranes (Figures 2 and 3) probably results from different
modes of binding of the protein to zwitterionic or anionic
interfaces. In the former case, tryptophan-membrane inter-
actions are likely to play a significant role in protein binding
to membranes, whereas in the latter case, the electrostatic
interactions between the cationic face of theN-terminal helix
and the anionic membrane determine effective membrane

binding of PLA2 without the involvement Trp. This is
supported by the fact that group IB PLA2s, which contain a
Trp3 at the membrane-binding surface, are active against
zwitterionic membranes, unlike the highly cationic hIIA-
PLA2, which has little activity against zwitterionic mem-
branes but is very active against anionic membranes. Also,
as shown in the accompanying article (62), Trp3 of both
human group IB PLA2 and the V3W mutant of hIIAPLA2
insert into membranes to a similar depth, suggesting that in
both cases, Trp3 facilitates PLA2-membrane interaction by
serving as a membrane anchor.

Dynamic Structural Changes Detected by FTIR Spectros-
copy.One of the most powerful methods of probing protein
dynamic structure is based on the analysis of amide HX
kinetics, which can be measured by FTIR spectroscopy (41,
42). The amide II band, which involves a major contribution
from the amide N-H in-plane bending mode, shifts from
∼1545 to 1450 cm-1 upon amide deuteration, resulting in a
time-dependent decrease in the intensity around 1545 cm-1.
Because each amide group in the protein has its individual
exchange rate, depending upon solvent exposure, intramo-
lecular H bonding, local sequence, and microenvironment,
ideally the HX of a protein ofnresamino acid residues should
be described usingnres - 1 rate constants (the number of
peptide bonds). Although the multiexponential decay of the
amide II intensity can be described by a large number of
decay (rate) constants, this would not be a practically useful
approach because with increasing numbers of fitting param-
eters the reliability of their values strongly decreases. Fitting
the HX kinetics with three populations of amino acid
residues, for example, exchange-resistant, slow-exchanging,
and fast-exchanging populations, has been shown to be a
reasonable approach because in most cases, the fractions and
rate constants of these populations can be reliably determined
(41, 42).

We have employed this approach to characterize the
changes in the dynamic structure of hIIAPLA2 and the two
Trp mutants induced by membrane binding. The data are
shown in Figure 7, and the numerical parameters are
summarized in Table 2. The data indicate an increase in the
HX efficiency of all three molecules upon membrane
binding, as clearly seen from Figure 7. Although in all three
cases membrane binding results in a 5-10% decrease in the
fraction of exchange-resistant amide groupsa0, the dynamic
conformational changes in the F5W mutant are different from
those occurring in hIIAPLA2 and the V3W mutant. For the
latter two proteins, membrane binding is accompanied by a
decrease ina0 anda2 (the fractions of exchange-resistant and

Table 1: Amide I Band Components of Free and Membrane-bound hIIAPLA2, the V3W Mutant, and the F5W Mutant, Determined by Curve
Fitting of Spectra Obtained by Direct Transmission FTIR (for Free Proteins) and ATR-FTIR (for Membrane-Bound Proteins)

hIIAPLA2 V3W-hIIAPLA2 F5W-hIIAPLA2

free membrane-bound free membrane-bound free membrane-bound

ν, cm-1 % ν, cm-1 % ν, cm-1 % ν, cm-1 % ν, cm-1 % ν, cm-1 %

1690.5 0.7 1695.3 0.6 1691.4 0.6 1684.7 1.7 1691.5 1.1 1681.8 2.8
1679.9 4.2 1682.7 4.7 1680.8 3.4 1677.9 3.7 1678.9 7.5 1673.1 10.4
1669.3 13.4 1671.2 11.5 1673.1 14.1 1669.3 9.1 1666.4 14.2 1664.4 11.3
1654.8 19.0 1660.6 18.1 1654.8 26.1 1660.6 14.0 1657.7 11.6 1658.6 7.4
1649.9 28.2 1650.9 22.8 1649.0 15.8 1649.9 28.5 1648.1 30.9 1651.9 20.7
1639.4 15.5 1642.3 16.1 1640.3 20.3 1639.4 23.9 1638.4 18.0 1644.2 15.8
1632.6 11.9 1634.5 14.3 1634.5 11.8 1631.6 10.7 1631.7 8.2 1635.5 18.0
1626.8 7.1 1624.9 11.9 1625.9 7.9 1622.0 8.4 1626.9 8.5 1625.8 13.6
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fast-exchanging amide groups) and an increase in the fraction
of slow-exchanging amide groupsa1, with an increase in
the rate constants of both slow- and fast-exchanging residues
(k1 andk2, respectively). The decrease ina0 and an overall
increase in the rate constants of HX can be interpreted in a
straightforward manner in terms of an increased motional
flexibility of membrane-bound hIIAPLA2 and the V3W
mutant, consistent with the conclusion derived from the
amide I curve-fitting data (Table 1). The increase in the
fraction of slow-exchanging amide groupsa1, which is
largely compensated by a decrease in the fraction of fast-
exchanging groupsa2, most likely results from the seclusion
of certain residues in the dehydrated protein-membrane
interface and shielding from the solvent (note that the D2O-
based buffer was injected after protein binding to the
supported membrane in an H2O-based buffer). The decrease
in a2 upon membrane binding of the hIIAPLA2 and the V3W
mutant is 13-14%, indicating that approximately 17 amino
acid residues, which undergo fast HX in the free protein,
become less accessible to the solvent upon membrane
binding. These are most likely the residues that constitute
the membrane-binding face of the enzyme. Using an average
accessible surface area of 200 Å2 for amino acids (63) and
assuming that nearly half of this area contributes to the
protein surface area, we obtain∼1700 Å2 for the membrane-
binding face of PLA2, in good agreement with previous
estimates (11).

The dynamic behavior of the F5W mutant is again
different from those of hIIAPLA2 and the V3W mutant.
Membrane binding of the F5W mutant brings about a
decrease ina0 and a1 and an increase ina2. However, the
rate constants of both slow- and fast-exchanging populations
increase. The substantial increase in the fraction of the fast-
exchanging residues,a2, during the membrane binding of
the F5W is in sharp contrast to the decrease ina2 in the
hIIAPLA2 and the V3W mutant. Given the absence of
dramatic differences in membrane-binding constants of all
three proteins (Figure 4), this result implies that conforma-
tional destabilization of the F5W mutant during membrane
binding, deduced from the amide I curve-fitting data (Figure
6 and Table 1), is probably significant enough to substantially
increase the number of residues that rapidly undergo HX
despite partial protection from the solvent by membrane
binding. It is also possible that the mode of membrane
binding of the F5W mutant is different from those of the
hIIAPLA2 and the V3W mutant, which was directly assessed
by polarized ATR-FTIR spectroscopy, as described below.

Orientations of Membrane-Bound Proteins by Polarized
ATR-FTIR Spectroscopy.Polarized ATR-FTIR spectroscopy
was used to see if significant differences could be found
between the orientations of membrane-bound hIIAPLA2 and
the two Trp mutants. The ratio of absorbance intensities at
parallel and perpendicular polarizations of incident light
yields the ATR dichroic ratio,RATR ) A|/A⊥, which is
determined by the orthogonal components of the electric
vector of the evanescent field,Ex, Ey, Ez, and the orientational
order of the aligned sample. For an isotropic sample, the
dichroic ratio isRiso ) (Ex

2 + Ez
2)/Ey

2, which yieldsRiso ≈
1.72 for a lipid membrane supported on a germanium plate
in an aqueous environment at an incidence angle of incoming
light of γ ) 45° (41). If the effect of the lipid bilayer on the
evanescent field is neglected, which may be justified because
of its diminutive thickness (64), thenRiso ≈ 2.0. This latter
consideration is known as a two-phase approximation,
whereas the one that takes the membrane refractive index
into account is known as a three-phase approximation. For
an R-helix, RATR values lower or higher thanRiso indicate

FIGURE 7: Kinetics of amide hydrogen/deuterium exchange of free and membrane-bound hIIAPLA2 (A), the V3W mutant (B), and the
F5W mutant (C), measured on the basis of the decrease in the integrated amide II band intensity upon exposure to D2O. Data on free (O)
and membrane-bound (b) proteins were obtained by direct transmission and ATR techniques, respectively. In the latter case, the spectra
measured at parallel and perpendicular polarizations were used to obtain the corrected polarization-independent spectra, which were used
for data analysis, as described in Materials and Methods/FTIR experiments. The supported membranes were composed of 70 mol % POPC
and 30 mol % POPG. The buffer was, as specified in Figure 6, either in H2O (at time zero) or in D2O (at timet > 0). The lines were
constructed through eq 4, using the best-fit parameters summarized in Table 2.

Table 2: Kinetic Parameters Characterizing the Amide Hydrogen/
Deuterium Exchange of hIIAPLA2, the V3W Mutant, and the F5W
Mutant, Measured by Direct Transmission FTIR (for Free Proteins)
and ATR-FTIR (for Membrane-Bound Proteins)

hIIAPLA2 V3W-hIIAPLA2 F5W-hIIAPLA2

free
membrane-

bound free
membrane-

bound free
membrane-

bound

a0 0.16 0.06 0.10 0.05 0.15 0.11
a1 0.35 0.59 0.46 0.64 0.31 0.18
a2 0.49 0.35 0.44 0.31 0.54 0.71
k1 (min-1) 0.057 0.24 0.051 0.083 0.035 0.14
k2 (min-1) 0.51 2.03 0.29 1.20 0.68 1.21
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horizontal or vertical orientation of the helix axis relative to
the membrane plane, respectively. The physically meaningful
limits of RATR are 1.3-3.6 and 1.4-4.5 for the three-phase
and the two-phase approximations, respectively.

Spectra of the three proteins, bound to supported mem-
branes composed of 70 mol % POPC and 30% POPG, were
measured at parallel and perpendicular polarizations of
incident light, as shown in Figure 8A, B, and C. These data
show that the relative line shapes of the spectra are similar
for hIIAPLA2 and the V3W mutant (Figure 8A and B) but
are significantly different for the F5W mutant (Figure 8C).
To obtain information on the relative orientations of various
secondary structure elements of the proteins, dichroic spectra
were generated by dividing the parallel spectra by the
perpendicular spectra and are shown in Figure 8D. The values
of the dichroic ratios in each spectral region can be
interpreted in terms of spatial orientation of the corresponding
secondary structure. Here, we will only consider the helical
orientations because theR-helix is the predominant secondary
structure in hIIAPLA2 and is well characterized in terms of
polarized ATR-FTIR. In theR-helical region, theRATR is
1.58-1.65 for hIIAPLA2 and 1.60-1.63 for the V3W
mutant. Because these are the weight-averaged dichroic ratios
generated by at least three differentR-helices in each protein,
they cannot be interpreted in terms of helical orientation in
a straightforward way. However, the fact that the values are
below Riso, for both three- and two-phase approximations,
indicates that the helices are closer to a horizontal orientation,
that is, they are strongly inclined toward the membrane
surface. This is consistent with the orientation of the
structurally similar human IB PLA2, which is oriented in
such a way that the helices are tilted from the membrane
normal by 70-80° (19, 23), and also agrees with the
orientation of hIIAPLA2 on mixed phospholipid/surfactant
micelles (46).

The dichroic spectrum of the F5W mutant strongly
deviates from those of hIIAPLA2 and the V3W mutant; the
RATR is ∼1.3 in the R-helical region (Figure 8D). This
indicates that the helices of the F5W mutant lie nearly parallel
to the membrane surface. The fact that the value ofRATR is
beyond the lower limit set by the two-phase approximation
for an R-helix, may also indicate a distortion of the helical
structure in the F5W mutant during membrane binding.
Altogether, these data clearly indicate that although hIIA-
PLA2 and the V3W mutant adopt similar and apparently
productive mode orientations at the membrane surface, the
orientation of the F5W mutant is significantly different, and

probably, the helices of the latter protein undergo distortion
during membrane binding. This conclusion is in accordance
with the above findings that the membrane binding of the
F5W mutant results in significant conformational changes,
involving distortion of the helical structure at theN-terminus.
These conformational changes likely occur because of the
tendency of Trp to interact with the membrane and exert an
inhibitory effect on the enzyme. In contrast, the membrane
binding of hIIAPLA2 and the V3W mutant only causes an
increase in flexibility, but not distortion, of the helical
structure.

CONCLUSIONS

The major finding of this work is the dramatic structural
and functional differences between two hIIAPLA2 mutants
in which a Trp is introduced into closely located positions 3
or 5. Although the V3W mutant demonstrates enhanced
activity compared to that of hIIAPLA2, the F5W mutant has
negligible activity against PC membranes or micelles but
shows considerable activity against anionic membranes. The
reason for these activity differences does not lie in the
different membrane-binding affinities of the proteins because
all three molecules have comparable dissociation constants
for POPC/POPG membranes. Although far-UV CD data
show little differences in the secondary structures of free
proteins in buffer, ATR-FTIR data reveal large conforma-
tional differences between the membrane-bound proteins.
Membrane binding of the F5W mutant results in the
distortion of several helical residues and probably aRI-to-
RII helical transition, which may be caused by a tendency of
Trp5 to interact with the membrane surface upon membrane
binding of the protein. This is a viable mechanism because
the energy of the Trp-membrane interaction (approximately
-3 kcal/mol (65)) is comparable to the energy of helical H
bonding. Data on the amide HX kinetics support the
conclusion on a membrane-induced structural destabilization
of the F5W protein. Finally, the angular orientations of
membrane-bound hIIAPLA2 and the V3W are similar and
consistent with available data, whereas the disparate orienta-
tion of the F5W mutant is indicative of a disturbed
conformation. The data are consistent with a mechanism
suggesting that the suppression of the PLA2 activity by the
F5W mutation results from conformational perturbation of
the enzyme during membrane binding rather than a blockage
of the active site slot, as might be expected. Our results of
dramatically different structural and functional effects of Trp
mutations at two closely positioned sites of PLA2 demonstrate

FIGURE 8: ATR-FTIR spectra of hIIAPLA2 (A), the V3W mutant (B), and the F5W mutant (C) at parallel (s) and perpendicular (....)
polarizations of the incident infrared light. The supported membrane and the buffer composition were the same as those in Figure 6. Panel
D shows the dichroic spectra obtained by dividing the parallel spectra by the respective perpendicular spectra shown in panels A, B, and
C.
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how efficiently enzyme function can be modulated by
targeted protein engineering.
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