12448 Biochemistry2006,45, 12448-12460

Structural and Functional Effects of Tryptophans Inserted into the
Membrane-binding and Substrate-binding Sites of Human Group II1A
Phospholipase A

Kathleen N. Nemeé,Abhay H. Pandé!' Shan Qint” Ramona J. Bieber Urbau&Shuhua Tar,”
David Moe¥* and Suren A. Tatulian®

Biomolecular Science Center, Ueirsity of Central Florida, 12722 Research Parkway, Orlando, Florida 32826, and
Department of Biochemistry and Molecular Biology, tarsity of Georgia, 120 Green Street,
Davison Life Sciences Complex, Athens, Georgia 30602

Receied July 17, 2006

ABSTRACT. Phospholipase A(PLA,) 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 ¥@#inembrane binding surface) and Plfsubstrate binding
pocket) of human group IIA PLAby 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 B&Apon membrane binding. Although PLA

and the V3W mutant demonstrate a decrease in helical content and an increase in helix flexibility, the
F5W mutant experiences partial distortion of thdelical structure presumably resulting from the tendency

of Trp® to insert into the membrane. Furthermore, whereas the;RIodl 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 Tepat the membrane binding face of PhAacilitates the proper membrane
binding of the enzyme, Than the internal substrate binding site causes partial unwinding dfittezminal

helix in order to interact with the membrane.

Enzymes of the phospholipase fPLA,)! family hydro- PLA,s belong to the class of interfacial enzymes that
lyze thesn2 ester bond of glycerophospholipids and are undergo a dramatic increase in activity upon binding to
involved in physiological activities ranging from dietary lipid phospholipid membranes or micelle$1( 12). Group 1B
digestion to inflammation, allergy, and tumorigenesis through PLA;s demonstrate reasonable hydrolytic activity toward
lipid-derived mediators such as eicosanoids and plateletzwitterionic phosphatidylcholine (PC) membran&3-(15),
activating factor {—5). Certain mammalian isoforms of whereas group IIA PLAs show appreciable membrane
secretory PLAs demonstrate antibacterial activigy, ) and binding and activity only when the membranes contaiktb
participate in lipoprotein-mediated atherosclero8jswWhereas mol % acidic lipid (6, 17). Such functional features are
snake venom PL# exert a myotoxic effect that may involve  apparently determined by the primary and the 3-D structures
interactions with growth factor receptor8, (L0). of PLA,s as well as their pl values and excess chaide (
12, 18—20). The N-terminal amphipathiet-helix of group
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a unique Trpresidue, which is conserved across species andin conformational flexibility upon membrane binding, but
determines the ability of PLAto bind to and hydrolyze PC  the F5W mutant experiences significant perturbation of the
membranes. The third position of other PLi&oforms is structure and dynamics and binds to the membrane with a
occupied by aromatic or hydrophobic residues, such as Tyr, distinctly different orientation. The data indicate that single
Phe, Val, Leu, or lle. Although these residues might support Trp mutations at closely located sites have dramatically
the binding of respective PLA to zwitterionic membranes  different effects on the structure and function of the enzyme
by means of hydrophobic interactions, they are not as and open new opportunities for the regulation of enzyme
effective as Trp, which is now recognized as a mediator of function by site-directed mutagenesis.
proteir—-membrane interaction2%, 26). The only other
known case of the occurrence of Trp in tRéerminal helix MATERIALS AND METHODS
is TrpP in certain snake venom PLA (27—29). Materials. Miniprep and PCR purification kits were
While the cationic residues of th&l-terminal helix obtained from Qiagen (Valencia, CA). Designed primers for
contribute to the electrostatic component of the membrane point mutation were from Molecula (Herndon, VA), pGEM-T
binding of group I/ll PLAS, residues at positions 3 and 5 vectors and DH& bacteria were from Novagen (Madison,
seem to be crucial for nonelectrostatic membrane binding WI), and restriction enzymes were from Amersham (Piscat-
and substrate binding, respectively. The mutation of ®fp away, NJ). The sPLA activity kit was from Cayman
bovine group IB PLA with Ala caused a37-fold decrease  Chemical (Ann Arbor, MI). The hIIAPLA synthetic gene
in activity of the enzyme toward dimyristoylphosphatidyl- inserted in a pET11a vector was kindly provided by Professor
methanol membranes or diheptanoyl-PC micell@§),( David C. Wilton (University of Southampton, U.K.). The
whereas the replacement of Yalf human group II1A PLA PLA, sequence incorporates a N1A mutation in order to
with Trp substantially increased its capability to bind to and facilitate the removal of the initiator methionine i coli.
hydrolyze PC membraned & 30, 31). Interestingly, Trp Because the structure and activity of the N1A mutant of
mutations of the other seven nonpolar residues that constitutehllAPLA, are nearly identical to those of the wild-type
the hydrophobic membrane-binding surface of Rlad enzyme B2), in the forthcoming text, we will refer to the
either no or smaller stimulatory effects compared to that of enzyme as hlIAPLA Correspondingly, the two Trp mutants
the V3W mutant 81). will be designated V3W and F5W. The lipids 1-palmitoyl-
The substrate-binding face of theterminal helix is lined 2-oleoylsnglycero-3-phosphocholine (POPC) and 1-palmi-
with strongly hydrophobic residues at the 2-, 5-, and toyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) were
9-positions, with an invariant Phe at position 5. Atomic purchased from Avanti Polar Lipids (Alabaster, AL), 1,2-
resolution structures of group | and Il PeAwith bound bis-(1-pyrenedecanoyfr-glycero-3-phosphocholine (bisPy-
inhibitors indicate intimate van der Waals contacts between PC) was from Molecular Probes (Eugene, OR), Bhdluo-
the side chain of PReand the hydrophobic moieties of the rescein-5-thiocarbamoyl)-1,2-dihexadecansiyglycero-3-
inhibitor (32—35). The tight contact between Phand the phosphoethanolamine (FPE) was from Invitrogen Corp.
substrate appears to be critical to the function of BAA (Carlsbad, CA). Most of the other chemicals were obtained
because replacement of Phby either hydrophobic or  from Sigma-Aldrich Co. (St. Louis, MO).
aromatic residues, smaller or larger in size, strongly inhibit ~ Production of Recombinant Proteindhe expression
the activity of bovine IB PLA (20, 21). These findings plasmid pET11a-N1A containing the gene of hlIAPLA
suggest that PRemay serve to facilitate a productive which incorporates an N1A mutation, was used as a template
phospholipid-PLA; interaction, at least for group IB en- for the production of the V3W and F5W mutants. The
zymes. mutated genes were generated by PCR, using the following
These studies clearly underscore the functional importanceforward primers: 5TACAT ATG GCC CTG TGG AAC
of Trp® and Ph& The enhanced activity of the V3W mutant TTC CAC CGT ATG-3for V3W and 3-TACAT ATG GCC
of human group IIA PLA (hlIIAPLA;) against PC mem- CTG GTA AAC TGG CAC CGT ATG-3for F5W (mutated
branes was interpreted in terms of Trp-mediated strongercodons are underlined). The same reverse primer was used
membrane binding of PLA (30, 31). It is interesting, for both constructs: '5STCA TCG ATA AGC TTC ACT
however, to see how this mutation affects the enzyme activity ATT AGC-3'. The PCR product was cloned into a pGEM-T
against short-chain phospholipid micelles when the mono- vector and was sequenced using a Beckman-Coulter CEQ
disperse lipid can efficiently compete with that in the micellar 2000 XL DNA sequencer (Fullerton, CA). Each mutated
form. Also, the functional roles of the hydrophobic residues PLA; gene sequence was subcloned into pET2)a(sing
at the substrate-binding face of tNeterminal helix of group the Ndd/Hindlll sites. The pET11a-N1A and the pET21a-
Il PLA s, most importantly Piehave not been addressed (+) plasmids harboring the V3W and the F5W mutated genes
by means of mutagenesis. Furthermore, structural aspects ofvere electroporated int. coli DH5c. and amplified, using
interfacial activation of PLAs and the effects of mutations standard procedures. A positive clone of each of the three
at the membrane- or substrate-binding sites have not beerconstructs, as identified by sequencing, was placéd ool
studied systematically. Therefore, in this work, we have BL21(DE3) for T7-driven expression. The proteins were
studied the effects of V3W and F5W mutations in hlIAPLA  expressed and purified using a protocol described previously
on the structure and activity of the enzyme, using activity (22) and modified to optimize the yield and the purity of
assays and a variety of biophysical approaches. Our dataPLA,. All proteins were expressed as inclusion bodies and
indicate a strong increase in the activity of the V3W mutant were denatured and refolded using standard proced28gs (
and substantial inhibition of the F5W mutant toward phos- Because of the strong tendency of hlIAPL# adsorb to
pholipid micelles and membranes. Structural studies showsurfaces, all glassware, plastic tips, and tubes were first
that the hlIAPLA and the V3W mutant undergo an increase coated with Sigmacote (Sigma-Aldrich Co.) to reduce the
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loss of protein by binding to contact surfaces. The bacterial Excitation and emission slits were 4 and 10 nm, respectively.
cell lysis buffer was supplemented with 0.2 mg/mL lysozyme After recording an initial spectrum of vesicles in the buffer,
in order to enhance cell lysis and maximize the yield of the the protein was added to the lipid suspension at increasing
protein. An important modification of hIIAPLApurification concentrations from a stock solution. After each consecutive
was the use of a HiLoad Superdex 75 size-exclusion columnaddition, the suspension was allowed to equilibrate for 2 min
(Amersham) following initial protein purification with a  with constant stirring before fluorescence emission spectra
Heparin column. This yielded highly pure and active were collected. Changes in the peak fluorescence intensity,
hlIAPLA . The V3W and F5W mutants were expressed and AF, were determined for each protein concentrati&h, [n
purified using the same procedures. All proteins have beencontrol experiments, similar volumes of the buffer were
lyophilized from pure water and kept &80 °C, under which added instead of the protein solution in order to correct the
conditions the structural features and the enzymatic activity values ofAF for the dilution effect. The corrected values of
were maintained for at least several months. AF were plotted as a function &fF/[P] in order to obtain
PLA; Activity AssaysThe activity of PLA was measured ~ Scatchard plots. The extrapolated intercept withAReaxis
using two different assays. The enzyme activity against and the slope of the Scatchard plots were used to evaluate
diheptanoyl thiophosphatidylcholine (DHTPC) micelles was two parameters, the maximum value AfF at saturating
measured using a sPLActivity kit from Cayman Chemical, = protein concentrationA\Fmax and the protein concentration
as described earlie28). The activity was also measured corresponding to half saturatiorP]i.. The experimental
against large unilamellar vesicles (LUVs), which were binding isotherms were constructed by plottivg,e = AF/
prepared by extrusion through 100 nm pore-size polycar- AFmax @s a function of P]. Theoretical binding isotherms
bonate membranes using a Liposofast extruder (Avestin,were obtained using a previously derived equatib®) (
Ottawa, Canada). This assay was carried out in a buffer
containing 50 mM NacCl, 2.2 mM Cag;land 50 mM Hepes > N[P]
at pH 7.5, using phospholipid vesicles of desired lipid AFg=a—,/a — oIl 1)
composition and containing 5 mol % bisPy-PC, at a total
lipid concentration of 0.5 mM. The reaction was initiated \where
by adding PLA. The pyrene moiety of bisPy-PC was excited
at 347 nm, and emission spectra were recorded between 370 1/N(Kp + [P])
and 490 nm. The emission spectrum of monomeric pyrene a= 2 T
contains two peaks at 380 and 396 nm, whereas the close
proximity of pyrene moieties results in a strong excimer peak |n eqs 1 and 2Kp is the dissociation constarli is the
at 470 nm 19, 36). As PLA; hydrolyzes the bisPy-PC, the  number of lipid molecules corresponding to a protein binding
free fatty acid and the lysolipid, each of which has a pyrene site (j.e., the number of lipids that become inaccessible for
moiety, separate from each other, resulting in a decrease inprotein binding upon binding of each protein molecule), and
the excimer signal at 470 nm and an increase in the monomers is the total fraction of lipids accessible to protein binding.
signal at 380 nm. This allows the determination of activity |t can be shown9) that at half-saturation of protein binding
asR/Ro — 1, whereR is the ratio of fluorescence intensities  the following relationship holds.
at 380 and 470 nm at time R, = (Fasd/Fa70), andRy is R
before the addition of PLA o[L]
Concentrations of all proteins were determined using the Kp = [Pluz ~ ON (3)
respective extinction coefficients at 280 nmsf), which
were determined by weighing 1 mg of the protein, preparing Becausel],, can be determined on the basis of experimental
a protein solution of precisely known concentration, and binding data, as described above, and under conditions when

()

measuring the absorption at 280 nm, gsen 4 mmpath- the protein is added to preformed 100 nm unilamellar
length quartz cuvette and a Cary 100 spectrophotometervesicles = 0.52 (19), eq 3 represents an explicit relation-
(Varian Inc., Palo Alto, CA). ship betweerKp and N. This means that eqs—B can be

Membrane Binding Experiment&inding of PLA, to combined (by inserting the expression Ky from eq 3 into
vesicle membranes was measured on the basis of an increaseq 2 and then inserting into eq 1) to obtain a binding
in fluorescence emission intensity of FPE in membranes of isotherm that contains only one unknowi, This isotherm
LUVs upon protein binding, as described previoudlg, 37, was used to fit the experimental binding data, &hdvas
38). In brief, FPE was incorporated at 2 mol % into POPC/ varied until a best fit was obtained. Then, the best fit value
POPG (3:2) vesicles, which were prepared as describedof N was used to determin€, through eq 3.
above. Total lipid concentration wak][= 0.175 mM, in a Fluorescence and Circular Dichroism Experimerfttio-
buffer of 10 mM Hepes, 1 mM Nafjland 1 mM EGTA at rescence and CD measurements were conducted using the
pH 7.4. Fluorescence spectra were measured using a J-810-810 spectrofluoropolarimeter, described above. For CD
spectrofluoropolarimeter (Jasco Co., Tokyo, Japan). This experiments, the proteins were dissolved in 10 mM Na-
instrument is a spectropolarimeter equipped with a Peltier phosphate buffer at pH 7.4, at a concentration of 0.1 mg/
temperature controller and an additional photomultiplier tube mL, and measurements were conducted using a 0.2 mm
mounted at 989 which can be used for fluorescence or light- optical path-length quartz cell. Ten scans were collected
scattering measurements in addition to circular dichroism between 260 and 180 nm, which were averaged and corrected
(CD) measurementd 9, 23, 39). Excitation was at 490 nm,  for background by subtracting the buffer spectra. Mean
and emission spectra were recorded between 500 and 540esidue molar ellipticitiesd]] were calculated as described
nm at 25°C, using a 4x 4 mn? rectangular quartz cuvette. earlier @3).
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FTIR Experiments.Fourier transform infrared (FTIR) residues, and; andk, are the rate constants of slow- and
experiments were carried out using a Vector 22 FTIR fast-exchanging residues, respectively. Thus, this approach
spectrometer (Bruker Optics, Billerica, MA), as described classifies all backbone amide groups of the protein into three
previously @3). For direct transmission experiments, the kinetic populations, as described above. Although this may
protein, lyophilized from pure kD, was dissolved in a - be considered an oversimplification, attempts to deduce more
based buffer containing 100 mM NaCl, 1mM NaN mM detailed information on the HX kinetics based on the time-
EGTA, and 50 mM Hepes (pH* 7.0, which is equivalent to dependent decrease in the amide Il band intensity would be
pH 7.4 after correction for the isotope effect) and was increasingly unreliable4(l). The current approach provides
immediately assembled between two akndows, using a reasonable number of parameters that can reliably describe
a 25 um Teflon spacer, and consecutive spectra were changes in the protein dynamic structure upon amino acid
recorded for 1 h. Spectra of the protein dissolved in,®H mutations or membrane binding.
based buffer were also recorded, using @n® spacer. For
attenuated total reflection Fourier transform infrared (ATR- RESULTS AND DISCUSSION
FTIR) experiments, a model 611 LangmuBlodgett trough Mutation, Expression, and Purification of hlIAPLA
(Nima, Coventry, U.K.) was used to deposit a POPC Incorporation of tryptophan codons into the 3rd or 5th
monolayer on a germanium internal reflection plate (Spectral positions of the two mutated hlIAPLAyenes was confirmed
Systems, Irvington, NY). The plate with the monolayer was by DNA sequencing (not shown). The vyields of purified
assembled into an ATR flow cell, and sonicated POPC/POPGhIIAPLA,, the V3W mutant, and the F5W mutant were
(7:3, mol/mol) vesicles were injected to form supported approximately 30, 5, and 25 mg per liter & coli cell
phospholipid bilayers. Excess lipid was removed by flushing culture, respectively. Siliconization of all surfaces that come
with buffer. The protein in a kD-based buffer containing into contact with the protein (tubes, pipet tips, etc.) signifi-
100 mM NaCl, 1mM Nah, 1 mM EGTA, and 50 mM Hepes  cantly increased the yield of proteins by preventing nonspe-
(pH 7.4) was then injected into the ATR cell and permitted cific adsorption to the surfaces. The extinction coefficients
to adsorb to the membrane for 15 min, followed by gently of all three proteins were measured by a straightforward
flushing with a O-based buffer of the same composition. method (see above) and were 10,338'Mm™! for hlIA-
Spectra were collected at parallel and perpendicular polariza-PLA,, 11,416 M cm™ for V3W, and 15,486 M! cm?
tions of the incident infrared light at varying time points for for F5W. The highly pure protein samples, which were
1 h. For both direct transmission and ATR-FTIR measure- required for biophysical analysis, were obtained by HiLoad
ments, time of deuteration of the protein amide hydrogens Superdex 75 size-exclusion column chromatography, fol-
was counted starting at first exposure of the proteinf0D  lowing the initial purification by a Heparin column. The
All spectra were processed and analyzed using a Grams/Alprofile of elution of hlIAPLA; from the Superdex size-
V7 software suite (ThermoGalactic, Salem, NH). For evalu- exclusion column showed two protein peaks with similar
ation of the protein secondary structure and kinetics of molecular weights, one with negligible PLActivity and
hydrogen/deuterium exchange (HX), polarized spectra werethe other, corresponding to longer retention times, with
first corrected in order to obtain polarization-independent profoundly high PLA activity (Figure 1). The elution profile
spectra, A= A, + 0.8A, as described previousIyiQ, 41). of the V3W mutant was similar to that of hlIAPLAand
Components of amide | and amide Il bands of FTIR spectra was slightly shifted toward longer retention times, whereas
were identified by curve-fitting, using the number and the F5W mutant eluted as a broader single peak correspond-
positions of the peaks in the inverted second derivative ing to the retention time of the active fraction of hIIAPLA
spectra. The results of curve-fitting were considered satisfac-(not shown). For hlIAPLA and the V3W mutant, only the
tory when the peak frequencies of all components were highly active fractions were collected, whereas for the F5W
within a £1 cnm! range compared to the input frequencies mutant, the central part of the single elution peak was
and when the sum of all components was coincident to the collected, dialyzed against pure water, lyophilized, and stored
measured spectrum. The kinetics of HX was determined onat —80 °C.
the basis of the time-dependent decrease in the amide |l band Activities of hIIAPLA and the Tryptophan Mutants.
intensity around 1545 cm, as previously described1, 42). Comparison of the activities of the three proteins toward
The fraction of unexchanged amide protons at tinveas DHTPC micelles indicated a 4-fold increase in activity of
presented ad{/(H + D)];, whereH andD are the numbers  the V3W mutant compared to that of hlIAPLAwhereas
of unexchanged and exchanged backbone amide groups. Théhe F5W mutant had negligibly low activity (Figure 2). The

time dependence of HX was presented as follows. activities of PLAs were also assayed against LUVs labeled
with bisPy-PC. Figure 3A shows representative fluorescence
H _ Aamidell _ —kit —kst spectra that indicate a time-dependent decrease in the pyrene
= =g, t+tae " t+ae (4) . o . .
H+ D/t Agmidelo excimer emission intensity at 470 nm and a parallel increase

in the monomer signal at 380 nm following the addition of
In eq 4,Aamigen o@ndAamigen sare the integrated amide Il band  hlIAPLA; to LUVs composed of 55, 40, and 5 mol % of
intensities at time O (before exposure te@) and at time& POPC, POPG, and bisPy-PC, respectively. The activities of
of exposure to BO. To eliminate the effects of possible the hlIAPLA; and the two mutants were measured for pure
changes in the overall signal, for example, due to protein zwitterionic 1,2-dipalmitoylsn-glycero-3-phosphocholine
adsorption or desorptiodamiden,o and Aamiden s Were normal- (DPPC) membranes and for membranes containing POPC
ized by dividing by the amide | areas at corresponding time with various fractions of an anionic lipid, POPG. In the case
points. The parametess, a;, anda, in eq 4 are the fractions  of DPPC LUVSs, no activity of hIIAPLA could be detected
of exchange-resistant, slow-exchanging, and fast-exchangingat 25°C for at leas 1 h following PLA; addition. However,
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Ficure 1: Elution profile from HiLoad Superdex 75 size-exclusion
column (A), silver-stained SDS-polyacrylamide gel (B), and the
activity profile of hlIAPLA; 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 sBIki as described in Materials
and Methods.
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Ficure 2: Activities of hlIAPLA,, the V3W mutant, and the F5W
mutant, as indicated, against DHTPC micelles obtained using a
sPLA, activity kit from Cayman Chemical. The assay buffer
contained 100 mM KCI, 10 mM Cagl0.3 mM Triton X-100, 1
mg/mL bovine serum albumin, 25 mM Tris-HCI (pH 7.5), 1.5 mM
DHTPC, and 0.4 mM 5/&dithio-bis-(2-nitrobenzoic acid). Activity
is determined by an increase in absorbance at 414 nm, which is
generated by cleavage of 5dithio-bis-(2-nitrobenzoic acid) into
5-thio-nitrobenzoic acid upon hydrolysis of the2 chain of
DHTPC by PLA and exposure of free thiols. Specific activities
for each protein, determined using an extinction coefficient for
5-thio-nitrobenzoic acids4 = 13,600 M1 cm™1, were 45, 185,
and 0.000Iumol/min/mg for hlIAPLA,, V3W, and F5W, respec-
tively.

the reaction products in the membrane leading to the onset
of high activity (L6, 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 hlIAPLA, against multilamellar PC mem-
branes upon a V3W mutation, but little change in activity

when the temperature approached the gel-to-liquid-crystalwhen anionic POPG vesicles were used as substgdje (

phase transition temperature of DPPT, (= 41.5 °C),
enzyme activity could be measured with a complex kinetic
feature depending on the particular temperature. AtG8
after the addition of hlIAPLA, there was an~5 min lag
period, followed by an intermediate activity, which was
followed by the onset of high activity at 3.7 min (Figure
3B). Interestingly, the V3W mutant showed a brief<2
min) intermediate activity followed by very high activity,

However, the V3W mutation caused a reduction of the lag
time from 6 to 1 min for the activation of hllAPLAagainst
POPC LUVSs, 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
hIIAPLA, 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

without a measurable lag time, and the F5W barely showed V3w mutation on the behavior of hlIAPLAtoward zwit-
any activity (Figure 3B). Experiments at temperatures higher terionic and anionic membranes. Although the FSW mutation

thanT,, 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 PLdemonstrated
very high activity immediately, the hllAPLAhad a 1.5-
min lag, followed by activation to a level 0£3% of the
activity of the V3W mutant, and the F5W mutant showed a

of hIIAPLA, has not been reported, to the best of our
knowledge, the replacement of Phef bovine pancreatic
PLA;, by smaller or larger residues, such as Ala, Val, Tyr,
Trp, resulted in substantial inhibition of the enzyme against
both phospholipid micelles and vesicl&0(21). Thus, our

data presented in Figures 2 and 3 are in general agreement
with earlier findings and provide new and interesting results

lag period and a subsequent moderate activity, about halfindicating dramatically different effects of the insertion of

that of hlIAPLA, (Figure 3C).

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

Trp into two very closely located sites of hllIAPLAon
enzyme activity. Also, we uncover significant differences
in the effects of V3W and F5W mutations on the activity of
hIIAPLA, against zwitterionic micelles, zwitterionic mem-
branes, and anionic membranes. In particular, we detected a
nearly complete loss of hIIAPLA activity against PC
micelles and membranes upon F5W mutation but a retention



Tryptophan Mutants of Group IIA PLA Biochemistry, Vol. 45, No. 41, 20062453

T

Y 201 B ML col 0.8 W V3W

o
©

o
@
9
@
1

w
z
= —
£ = i
8 5 AV3IW 5 -
Z 0.7 < &55‘ S
4] o =3
= — =
&l = 101 hllAPLA, £ 044
g % } : g hIIAF'LA},\
g 0.5 < 054 S :
§ ) 0.2
[ o 0
S 04 OO :pqurDDDnDC
2 00/ ooRaBaRons

0.3 [ . : : ; : . 0.0-1C . . :

380 400 420 440 460 480 o 5 0 15 20 25 30 0 2 4 6 8
Wavelength (nm) Time after PLA, addition (min) Time after PLA, addition (min)

Ficure 3: PLA; 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 additionMhBASPLA ,;
decreasing darkness of solid lines corresponds to the progression of time followingatiion. Excitation was at 347 nm, and the
temperature was 23C. (B) Kinetics of hydrolysis of DPPC LUVs containing 5 mol % bisPy-PC by AN hlIIAPLA , and the two
mutants, as indicated, at 3&. (C) Hydrolysis of LUVs composed of 80 mol % POPC, 15 mol % POPG, and 5 mol % bisPy-PC by 2.7
uM hIIAPLA ; and the two mutants, as indicated, at°Z& In all cases, the buffer contained 50 mM NacCl, 2.2 mM Ga&hd 50 mM

HEPES at pH 7.4. The total lipid concentration was 0.5 mM.

0.6 061 B
z g
g g
£ 054 £ 05+
o -,
= = x
= & E
c = w
2 @ &
E £ 04 iz
[+]
: 8
8 ]
2 031 @ 0.3
1 S
=1 =]
[ i
0.2+ r T r ! 0.24 T T T
500 510 520 530 540 500 510 520 530 540 5678 0'1 2 3 45878 1 2
Wavelength (nm) Wavelength (nm) Protein concentration (pM)

Ficure 4: (A) Fluorescence spectra of LUVs composed of 58 mol % POPC, 40 mol % POPG, and 2 mol % FPE without (---) and with
increasing concentrations of hllAPLAincreasing 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 hjlAP)L_fhe V3W @), 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 parameterskKp = 0.3 uM, N = 36 for hlIAPLA;; Kp = 0.19uM, N = 41 for the V3W mutant; an&p = 0.5uM, N = 30 for

the F5W mutant. The buffer was 1 mM NgNL mM EGTA, and 10 mM Hepes at pH 7.4, and the temperature wa€25

of significant activity against anionic membranes, which is different strategies, such as by using a high ionic strength
further discussed below. buffer, membranes with moderate fractions of anionic lipids,
Membrane Binding of hlIAPLAand the Tryptophan  or appropriate protein/lipid molar ratios. In membrane
Mutants. The above data raise several questions. What is binding experiments, we have used membranes composed
the reason for increased activity of the V3W mutant and of 58 mol % zwitterionic and 40 mol % anionic lipids, plus
suppressed activity of the F5W mutant compared to that of 2 mol % fluorescein-labeled FPE, at a relatively low total
hIIAPLA,? Why does the F5W mutant have little activity lipid concentration of 175M. The protein concentration
toward DHTPC micelles and DPPC vesicles but retain was only increased to levels that resulted in significant
appreciable activity toward negatively charged POPC/POPG changes in the FPE fluorescence signal in order to reliably
vesicles? In an attempt to answer these questions, we haveneasure membrane binding (Figure 4A) and but did not
analyzed the membrane binding properties and structuralcause significant vesicle aggregation. As described in Materi-
features of free and membrane-bound hllARlafd the two als and Methods, the paramet&is andN were not chosen
mutants. randomly during the construction of the best-fit theoretical
The measurement of the membrane binding of hIIARLA isotherms; they are strictly related to each other through eq
is not a simple task because the protein does not bind to3. The theoretical binding isotherms, given by eq 1, were
zwitterionic membranes, and conversely, binding to anionic constructed by varying only one parametéyruntil the best
membranes is very strong and causes the formation offit with the experiment was achieved. Then, the correspond-
conglomerates containing multiple proteivesicles com- ing values forKp were derived from eq 3. A satisfactory
plexes due to the highly cationic nature of the protdif, (  description of the experimental data could be achieved
31, 46, 47). Vesicle aggregation can be minimized by using the binding parameters that vary within certain limits:



12454 Biochemistry, Vol. 45, No. 41, 2006 Nemec et al.

m hIIAPLA. F5W  V3W A
2 054 2 YL 20
= ST —
o SERY °
@ 0.4 \ g
- \
> \ ~_ 10
g \ g
S 0.3 \ o
£ ' 3
8 \ o °
2 0.2 \ (=}
(] \ 2,
5 01 . -10-
=} \
ol \
O'O-l l’ T T T \I T T T T L) T T
280 300 320 340 360 380 190 200 210 220 230 240 250
Wavelength (nm) Wavelength (nm)

Ficure 5: (A) Fluorescence spectra of the hllIAPLANd 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 hlIARLAuorescence was measured using excitation

at 275 nm. In all cases, theiM protein sample was in a buffer of 1 mM EGTA and 10 mM Hepes at pH 7.4, contained ixn 4 #hn?

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 hllIAPLANd 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 concentrationsuverand the temperature was 26. The

spectra have been averaged using the data of three independent experiments. The correspondence between different types of fines and PLA
molecules is the same as that in panel A.

Ko = 0.3+ 0.13uM, N = 36 + 4 for hIIAPLA;, Kp = mutant of hlIAPLA; to anionic membranes. Although there
0.19+ 0.08uM, N = 41 + 3 for the V3W mutant, an&p are no published data to compare with this result, we interpret
= 0.5+ 0.22uM, N = 30 £ 5 for the F5W mutant. The the impaired membrane binding of the F5W mutant in terms
data presented in Figure 4C are described using theoreticabf its perturbed structure (see below).
isotherms corresponding to the mean value&efand N. Structure Assessment by Fluorescence and Circular Dichro-
Although the data of independent experiments consistentlyism. To examine the structural effects of Trp mutations,
showed that affinities of binding to anionic membranes of fluorescence and far-UV CD spectra of hlIAPLANd the
the three proteins are arranged in the sequence VW two mutants were measured. Because hlIARL&S no
hlIAPLA, > F5W, the differences ifp values were not  tryptophans, its fluorescence spectrum was measured on the
significant. Also, this procedure yields slightly different basis of tyrosine emission, using excitation at 275 nm,
values ofN for the three proteins, but they are still within a whereas for V3W and F5W mutants, tryptophan fluorescence
reasonable range of 3@0 lipids per membrane-bound PLA  spectra were measured using excitation at 290 nm. The
molecule and are in good agreement with earlier da% ( fluorescence of hlIAPLAhad a peak at 306 nm, typical for
19, 23, 48). Tyr emission spectra of folded proteirns0( 51). Although

Our results of the poor binding of hIIAPLAo zwitterionic no significant differences have been detected between the
membranes and the strong binding to anionic membranesduantum yields of the Trp fluorescence of V3W and F5W
indicate a significant electrostatic component in BEA ~ mutants, emission peaks of Trp occurred at 347 and 331 nm
membrane interactions, consistent with data obtained previ-for the V3W and F5SW mutants, respectively (Figure 5A).
ously 3, 31, 46, 47, 49). The dissociation constant of The strongly blue shifted Trp fluorescence of the FSW
hIIAPLA ; for membranes containing 40 mol % POPIG ( compared to that of the V3W |mplles that -FI']S shielded
= 0.3uM) is in good agreement with earlier results obtained from the aqueous phase inside the protein molecule, whereas
under similar conditions1@). Beers et al. 1) used the Trp? is exposed to water and is involved in solvent relaxation.
sucrose-loaded vesicle centrifugation method to show that The secondary structure of the proteins was assessed by
hIIAPLA did not bind to PC or even PC/PS (82:18, mol/ far-UV CD. All three proteins displayed CD spectra with
mol) membranes, but V3W did bind to latter membranes double minima around 208 and 222 nm and a peak around
with Kp = 0.21 mM. However, Bezzine et all§) detected 192 nm (Figure 5B), indicating dominantty-helical struc-
a nearly 100-fold stronger binding (in terms I§f) of the ture in all proteins %2, 53). The general similarity of the
V3W mutant to membranes composed of 80 mol % PC and three spectra of Figure 5B indicates that neither the V3W
20 mol % PS compared to that of hIAPLAKp = 2.6 uM nor F5W mutations significantly perturbed the secondary
for the V3W vs 23QuM for the hIIAPLA,). Our data show  structure of the protein. Baker et aB(Q) observed little
only a 2-fold stronger binding affinity of the V3W mutant difference between the CD spectra of hlIAPLANd the
for anionic membranes compared to that of hlIIARLA V3W mutant, consistent with our data.
Despite large quantitative differences in the absolute values Because PLAs are interfacially activated enzymes, it is
of binding constants, which likely result from differences in of great interest to determine if the membrane binding of
methods used and the experimental conditions (e.g., the ionicthese proteins is accompanied by any conformational changes
strength of buffers), it is important to note that all these that may be related to enzyme activation. However, spec-
studies consistently indicate an enhancement in the mem-troscopic methods that operate in the ultraviolet region, such
brane binding of hlIAPLA upon the V3W mutation. Our  as far-UV CD and fluorescence, often encounter light
results also indicate somewhat weaker binding of the F5W scattering problems in the presence of relatively high
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Ficure 6: Inverted second derivative spectra of free (A) and membrane-bound (E) hllA&idthe V3W and F5W mutants, as indicated.

The curve-fitted spectra of the hlIAPLAB 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 NaNmM EGTA, and 50 mM Hepes in f® at pH* 7.0.

concentrations of lipid vesicles. In this regard, FTIR spec- were assigned t@- and y-turns and the high-frequency
troscopy offers a solution because of negligible light scat- component of the antiparallglsheet; components between
tering in the infrared region. Moreover, the ATR-FTIR 1635 and 1625 cnt were assigned to thg-sheet structure;
technique provides the spectra of membrane-bound proteinsand the rest to irregular structuredl) and references
unlike experiments on peripheral proteins in suspensions oftherein).
lipid vesicles where the total signal contains contributions  The data summarized in Table 1 indicate two components
from both membrane-bound and free protein molecules. jn the a-helical region for all three proteins. For the
Therefore, we have used both direct transmission FTIR on h||APLA, and the V3W mutant free in buffer, these
free PLAss and ATR-FTIR on membrane-bound PisAn components are located around 1655 tand 1650-1649
order to assess the structural changes in hllAPaAd the  cm 1, which can be interpreted in terms of unexchanged and
Trp mutants upon membrane binding. deuteratedr-helices, respectively. This assignment results
Structural Analysis by FTIR Spectroscopyformation on  in 41—47%ao-helix in both proteins, in agreement with high-
the secondary and dynamic structural changes in hIIAPLA resolution structures of group IIA PLA (54, 55). The data
and the mutants upon membrane binding was obtained bydo not indicate major conformational changes caused by the
curve-fitting of the amide | bands of FTIR spectra of protein V3W mutation, which agrees with the CD data (Figure 5).
samples that were exposed to@for 1 h. These spectra For these two proteins that are bound to supported mem-
provide more information on the protein structure than those branes, the higher frequenayhelical component shifts to
measured on proteins either dissolved 4OHbr exposed to ~ ~1661 cnt?, while the other component undergoes little
D,O for prolonged periods of timet{). Amide | curve-fitting spectral shift. This may reflect structural destabilization of
was conducted using the component frequencies found froma fraction ofa-helices during membrane binding, resulting
the second derivatives, as described previoutly42). The in weaker helical H bonding, stronger backbone carbonyl
inverted second derivatives identify multiple peaks in the bonds, and increased amide | frequencies, as detected earlier
spectral region 17001560 cn?, which were used for curve- ~ for a snake venom group IIA PLA(56, 57). In the case of
fitting (Figure 6). In the amide | region, that is, between hIIAPLA,, thea-helical content appears to slightly decrease
1700 and 1620 cm, which is sensitive to the protein Upon membrane binding, consistent with weaker helices in
backbone conformation, eight peaks were identified and usedthe membrane-bound PLAwhereas no such changes are
for characterization of the secondary structures of both free observed for the V3W mutant.
and membrane-bound proteins. Analysis of the FTIR data Curve-fitting of the amide | bands of the F5W mutant
was performed on the basis of well-established assignmentsyielded qualitatively different results. For both free and
of amide | components to specific secondary structure membrane-bound F5W mutants, two components were found
types: components between 1660 and 1648 'cmere in the conventionat-helical region, one around 1658 cin
assigned to the-helix; those between 1700 and 1660¢ém  and the other in the 16521648 cn* region, which are likely
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Table 1: Amide | Band Components of Free and Membrane-bound hllIAPh& 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)

hlIAPLA ; V3W-hIIAPLA, F5W-hlIAPLA,

free membrane-bound free membrane-bound free membrane-bound
v, cm?t % v, cm?! % v, cm?! % v, cmt % v, cmt % v, cm?! %
1690.5 0.7 1695.3 0.6 1691.4 0.6 1684.7 1.7 1691.5 11 1681.8 2.8
1679.9 4.2 1682.7 4.7 1680.8 34 1677.9 3.7 1678.9 7.5 1673.1 10.4
1669.3 13.4 1671.2 115 1673.1 141 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

to represent the-helices with unexchanged and deuterated binding of PLA, without the involvement Trp. This is
backbone amide groups. For the free protein, these compo-supported by the fact that group IB Pk# which contain a
nents constitute 42.5% of the amide | band, which is similar Trp® at the membrane-binding surface, are active against
to the helical content in the hlIAPLAand the V3W mutant  zwitterionic membranes, unlike the highly cationic hllA-
and implies that neither V3W nor F5W mutations cause PLA,, which has little activity against zwitterionic mem-
significant structural changes in the free protein in buffer. branes but is very active against anionic membranes. Also,
However, for the membrane-bound F5W mutant, these two as shown in the accompanying articlg2), Trp® of both
o-helical components constitute only 28% of the amide | human group IB PLA and the V3W mutant of hIIAPLA
band intensity, that is°14% less than that in the free protein. insert into membranes to a similar depth, suggesting that in
Interestingly, the fraction of components in the 163626 both cases, TRfacilitates PLA—membrane interaction by
cm! concomitantly increases by 15% upon membrane serving as a membrane anchor.
binding of the F5W mutant (Table 1). One presumptive  Dynamic Structural Changes Detected by FTIR Spectros-
interpretation of this result might be a conversion of 18 to copy.One of the most powerful methods of probing protein
19 residues of the protein (15% of 124 residues) from dynamic structure is based on the analysis of amide HX
o-helical conformation tgs-structure. However, given the  kinetics, which can be measured by FTIR spectroscdfy (
robust 3-D structure of secretory PisAstabilized by multiple  42). The amide Il band, which involves a major contribution
disulfides, this is very unlikely. Another, perhaps more from the amide N-H in-plane bending mode, shifts from
reasonable interpretation of the amide | curve-fitting results ~1545 to 1450 cm!* upon amide deuteration, resulting in a
is that upon membrane binding, the Trmight tend to time-dependent decrease in the intensity around 1548.cm
interact with the membrane because of the high affinity of Because each amide group in the protein has its individual
Trp for the membranewater interfaceZ5, 26), resulting in exchange rate, depending upon solvent exposure, intramo-
a structural distortion in thil-terminal region of the protein  lecular H bonding, local sequence, and microenvironment,
and the destabilization of the other two helices. The amide ideally the HX of a protein of.samino acid residues should
| component of the membrane-bound F5W at 1664’amay be described using.es — 1 rate constants (the number of
then be attributed to amy,-type flexible helical structuresg) peptide bonds). Although the multiexponential decay of the
that absorbs in this infrared regio89-61). In this case, amide Il intensity can be described by a large number of
the total helical content of the membrane-bound FSW mutant decay (rate) constants, this would not be a practically useful
would constitute 39.4%, that is, 3%-4 residues) less than  approach because with increasing numbers of fitting param-
the helical structure in the free protein. This result supports eters the reliability of their values strongly decreases. Fitting
a conjecture that TApof the F5W mutant, which is located the HX kinetics with three populations of amino acid
at the internal substrate-binding face of fitéerminal helix, residues, for example, exchange-resistant, slow-exchanging,
tends to interact with the membrane and, thereby, cause aand fast-exchanging populations, has been shown to be a
structural distortion of the first several residues of the protein reasonable approach because in most cases, the fractions and
upon membrane binding. rate constants of these populations can be reliably determined
In light of these results, the decreased activity of the F5W (41, 42).
mutant may be determined not by blockage of the substrate We have employed this approach to characterize the
entrance into the active site slot but by a distoftettrminal changes in the dynamic structure of hllAPLANd the two
helix, which is known to be indispensable for PLActivity Trp mutants induced by membrane binding. The data are
(23). The fact that the activity of the F5W against zwitterionic shown in Figure 7, and the numerical parameters are
phospholipid vesicles or micelles is almost completely lost summarized in Table 2. The data indicate an increase in the
but the mutant retains significant activity against anionic HX efficiency of all three molecules upon membrane
membranes (Figures 2 and 3) probably results from different binding, as clearly seen from Figure 7. Although in all three
modes of binding of the protein to zwitterionic or anionic cases membrane binding results in-al®% decrease in the
interfaces. In the former case, tryptophanembrane inter-  fraction of exchange-resistant amide groapshe dynamic
actions are likely to play a significant role in protein binding conformational changes in the F5W mutant are different from
to membranes, whereas in the latter case, the electrostatithose occurring in hllAPLAand the V3W mutant. For the
interactions between the cationic face of Nwerminal helix latter two proteins, membrane binding is accompanied by a
and the anionic membrane determine effective membranedecrease i, anda, (the fractions of exchange-resistant and
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Ficure 7: Kinetics of amide hydrogen/deuterium exchange of free and membrane-bound hHAR),Ahe V3W mutant (B), and the
F5W mutant (C), measured on the basis of the decrease in the integrated amide Il band intensity upon expeSuiatabn free®)
and membrane-boun®j 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, eithep@ (At time zero) or in PO (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/ ‘The dynamic behavior of the FSW mutant is again
Deuterium Exchange of hIIAPLA the V3W Mutant, and the F5W different from those of hlIAPLA and the V3W mutant.
Mutant, Measured by Direct Transmission FTIR (for Free Proteins) Membrane binding of the F5W mutant brings about a

and ATR-FTIR (for Membrane-Bound Proteins) decrease i anda; and an increase im,. However, the
hIIAPLA, V3W-hIIAPLA,  F5W-hIIAPLA, rate constants of both slow- and fast-exchanging populations
membrane- membrane- membrane- increase. The substantial increase in the fraction of the fast-
free  bound free bound free bound exchanging residuesy, during the membrane binding of
% 0.16 006 010 005 015 011 the F5W is in sharp contrast to the decreaseurin the
a 0.35 059 0.46 0.64 0.31 0.18 hlIAPLA, and the V3W mutant. Given the absence of

Ez(min‘l) 8.327 8-33 8-3‘;1 %3())%33 %%%5 %7114 dhramatic differc(ances in )mehmbranel—bindilng cgnstantfs of all
AT . : ; . : three proteins (Figure 4), this result implies that conforma-
ke (min”) 051 203 029 1.20 0.68 121 tional destabilization of the F5W mutant during membrane
binding, deduced from the amide | curve-fitting data (Figure
fast-exchanging amide groups) and an increase in the fractions and Table 1), is probably significant enough to substantially
of slow-exchanging amide grous, with an increase in  increase the number of residues that rapidly undergo HX
the rate constants of both slow- and fast-exchanging residuesjespite partial protection from the solvent by membrane
(ki andk, respectively). The decreaseanand an overall  pinding. It is also possible that the mode of membrane
increase in the rate constants of HX can be interpreted in abinding of the F5W mutant is different from those of the
straightforward manner in terms of an increased motional hlIAPLA, and the V3W mutant, which was directly assessed
flexibility of membrane-bound hIIAPLA and the V3W by polarized ATR-FTIR spectroscopy, as described below.

mutant, consistent with the conclusion derived from the  gyientations of Membrane-Bound Proteins by Polarized
amide | curve-fitting data (Table 1). The increase in the ATR-FTIR Spectroscoppolarized ATR-FTIR spectroscopy
fraction of slow-exchanging amide groums, which is  \yas used to see if significant differences could be found
largely compensated by a decrease in the fraction of fast-petween the orientations of membrane-bound hilARPRAd
exchanging groupa,, most likely results from the seclusion  the two Trp mutants. The ratio of absorbance intensities at
of certain residues in the dehydrated proteimembrane  parallel and perpendicular polarizations of incident light
interface and shielding from the solvent (note that th&b yields the ATR dichroic ratioRATR = A/Ap, which is
based buffer was injected after protein binding to the determined by the orthogonal components of the electric
supported membrane in an®based buffer). The decrease  vector of the evanescent fielg, E, E,, and the orientational

in & upon membrane binding of the hlIAPLAnd the V3W  order of the aligned sample. For an isotropic sample, the
mutant is 13-14%, indicating that approximately 17 amino  dichroic ratio isRs, = (E + E2)/E,2 which yieldsRg, ~

acid residues, which undergo fast HX in the free protein, 1.72 for a lipid membrane supported on a germanium plate
become less accessible to the solvent upon membranén an aqueous environment at an incidence angle of incoming
binding. These are most likely the residues that constitute light of y = 45° (41). If the effect of the lipid bilayer on the
the membrane-binding face of the enzyme. Using an averageevanescent field is neglected, which may be justified because
accessible surface area of 208 f&r amino acids 3) and of its diminutive thickness@4), thenRs, ~ 2.0. This latter
assuming that nearly half of this area contributes to the consideration is known as a two-phase approximation,
protein surface area, we obtair1 700 A for the membrane-  whereas the one that takes the membrane refractive index
binding face of PLA, in good agreement with previous into account is known as a three-phase approximation. For
estimates 11). an o-helix, RATR values lower or higher thaRs, indicate
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Ficure 8: ATR-FTIR spectra of hlIAPLA (A), the V3W mutant (B), and the F5W mutant (C) at paraltel) @nd 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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horizontal or vertical orientation of the helix axis relative to probably, the helices of the latter protein undergo distortion
the membrane plane, respectively. The physically meaningful during membrane binding. This conclusion is in accordance
limits of RATR are 1.3-3.6 and 1.4-4.5 for the three-phase  with the above findings that the membrane binding of the
and the two-phase approximations, respectively. F5W mutant results in significant conformational changes,
Spectra of the three proteins, bound to supported mem-involving distortion of the helical structure at thiterminus.

branes composed of 70 mol % POPC and 30% POPG, wereThese conformational changes likely occur because of the
measured at parallel and perpendicular polarizations of tendency of Trp to interact with the membrane and exert an
incident light, as shown in Figure 8A, B, and C. These data inhibitory effect on the enzyme. In contrast, the membrane
show that the relative line shapes of the spectra are similarbinding of hIIAPLA; and the V3W mutant only causes an

for hlIAPLA ; 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 spectr
were generated by dividing the parallel spectra by the

increase in flexibility, but not distortion, of the helical
structure.

CONCLUSIONS

a

The major finding of this work is the dramatic structural

perpendicular spectra and are shown in Figure 8D. The valuesand functional differences between two hllAPLAkutants
of the dichroic ratios in each spectral region can be inwhich a Trp is introduced into closely located positions 3
interpreted in terms of spatial orientation of the corresponding or 5. Although the V3W mutant demonstrates enhanced
secondary structure. Here, we will only consider the helical activity compared to that of hIIAPLA the F5W mutant has
orientations because tlehelix is the predominant secondary negligible activity against PC membranes or micelles but
structure in hlIAPLA and is well characterized in terms of shows considerable activity against anionic membranes. The
polarized ATR-FTIR. In thex-helical region, theRA™R is reason for these activity differences does not lie in the
1.58-1.65 for hIIAPLA; and 1.66-1.63 for the V3W different membrane-binding affinities of the proteins because
mutant. Because these are the weight-averaged dichroic ratioall three molecules have comparable dissociation constants
generated by at least three differenbelices in each protein, for POPC/POPG membranes. Although far-UV CD data
they cannot be interpreted in terms of helical orientation in show little differences in the secondary structures of free
a straightforward way. However, the fact that the values are proteins in buffer, ATR-FTIR data reveal large conforma-
below Rs,, for both three- and two-phase approximations, tional differences between the membrane-bound proteins.
indicates that the helices are closer to a horizontal orientation,Membrane binding of the F5W mutant results in the
that is, they are strongly inclined toward the membrane distortion of several helical residues and probabky;-#o-
surface. This is consistent with the orientation of the ay helical transition, which may be caused by a tendency of
structurally similar human 1B PLA which is oriented in Trp® to interact with the membrane surface upon membrane
such a way that the helices are tilted from the membrane binding of the protein. This is a viable mechanism because
normal by 76-80° (19, 23), and also agrees with the the energy of the Trpmembrane interaction (approximately
orientation of hIIAPLA on mixed phospholipid/surfactant —3 kcal/mol §5)) is comparable to the energy of helical H
micelles @6). bonding. Data on the amide HX kinetics support the
The dichroic spectrum of the F5W mutant strongly conclusion on a membrane-induced structural destabilization
deviates from those of hllAPLAand the V3W mutant; the  of the F5W protein. Finally, the angular orientations of
RATR is ~1.3 in the a-helical region (Figure 8D). This  membrane-bound hlIAPLAand the V3W are similar and
indicates that the helices of the F5W mutant lie nearly parallel consistent with available data, whereas the disparate orienta-
to the membrane surface. The fact that the valuB’of is tion of the F5W mutant is indicative of a disturbed
beyond the lower limit set by the two-phase approximation conformation. The data are consistent with a mechanism
for ano-helix, may also indicate a distortion of the helical suggesting that the suppression of the Rlaativity by the
structure in the F5W mutant during membrane binding. F5W mutation results from conformational perturbation of
Altogether, these data clearly indicate that although hllA- the enzyme during membrane binding rather than a blockage
PLA; and the V3W mutant adopt similar and apparently of the active site slot, as might be expected. Our results of
productive mode orientations at the membrane surface, thedramatically different structural and functional effects of Trp
orientation of the F5W mutant is significantly different, and mutations at two closely positioned sites of Rldemonstrate
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how efficiently enzyme function can be modulated by
targeted protein engineering.
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