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The Group IVA (GIVA) phospholipase A2 associates with natu-
ral membranes in response to an increase in intracellular Ca2�

along with increases in certain lipid mediators. This enzyme asso-
ciates with themembrane surface as well as binding a single phos-
pholipidmolecule in the active site for catalysis. Employing deute-
rium exchange mass spectrometry, we have identified the regions
of the protein binding the lipid surface and conformational
changes upon a single phospholipid binding in the absence of a
lipid surface.Experimentswerecarriedoutusingnaturalpalmitoyl
arachidonyl phosphatidylcholine vesicles with the intact GIVA
enzymeaswellas the isolatedC2andcatalyticdomains.Lipidbind-
ing produced changes in deuterium exchange in eight different
regions of the protein. The regions with decreased exchange
includedCa2� binding loop one, which has been proposed to pen-
etrate the membrane surface, and a charged patch of residues,
whichmay be important in interacting with the polar head groups
of phospholipids. The regions with an increase in exchange are all
locatedeither in thehydrophobic coreunderneath the lid regionor
near the lid and hinge regions from 403 to 457. Using the GIVA
phospholipase A2 irreversible inhibitor methyl-arachidonyl flu-
orophosphonate, wewere able to isolate structural changes caused
only by pseudo-substrate binding. This produced results that were
very similar to natural lipid binding in the presence of a lipid inter-
face with the exception of the C2 domain and region 466–470.
This implies that most of the changes seen in the catalytic domain
are due to a substrate-mediated, not interface-mediated, lid open-
ing,whichexposes the active site towater. Finally experiments car-
ried out with inhibitor plus phospholipid vesicles showed
decreases at theC2domainaswell as charged residueson theputa-
tive membrane binding surface of the catalytic domain revealing
the binding sites of the enzyme to the lipid surface.

The 85-kDa GIVA3 phospholipase A2 (GIVA PLA2) is a
member of the superfamily of phospholipase A2 enzymes (1, 2)
that cleave fatty acids from the sn-2 position of membrane
phospholipids. This enzyme was initially isolated from human
platelets, and it is specific for phospholipids containing arachi-
donic acid in the sn-2 position (3, 4). The release of arachidonic
acid is the critical first step in the biosynthesis of eicosanoids,
which are potent mediators of inflammation and pain (5).
There are a number of enzymes and routes by which arachi-
donic acid can be released fromphospholipids, but experiments
withGIVAPLA2 knock-outmice have demonstrated its impor-
tance inmany inflammatory processes (6–8), thereby confirm-
ing the key role of the GIVA enzyme.
The enzyme is composed of two domains, a Ca2� binding C2

domain and a �/�-hydrolase domain that contains the catalytic
site (9). Crystal structures of both the intact enzyme (PDB
1CJY) (10) and the C2 domain alone (11) (PDB 1RLW) have
been solved. For the enzyme to be active, it must be sequestered
to a phospholipid interface. Binding Ca2� to the C2 domain
accomplishes this as does the binding of two different lipid
mediators, e.g. ceramide 1 phosphate (12, 13) and phosphatidyl-
inositol-(4,5) bis-phosphate (14, 15).
The Ca2� binding C2 domain is a conserved domain that is

present on many different lipid-binding proteins (16). Ca2�

binding to this domain sequesters the protein to the lipid sur-
face. Extensive studies have been carried out on the C2 domain
using a variety of techniques to determine how Ca2� binding
accomplishes lipid surface binding. These studies have
included x-ray reflectivity, site-directed mutagenesis, NMR,
EPR, and computational methods (17). These studies have
shown (18–23) that lipid binding entails the penetration of
Ca2� binding loops one and three, composed of amino acids
35–39 and 96–98, into the interface. However, these studies
only deal with C2 binding to the membrane, not the intact
cPLA2 enzyme. How the presence of the�/�-hydrolase domain
affects surface binding has not been determined in detail due to
the difficulties of working with such a large protein.
Unlike the C2 domain, the binding of the catalytic domain of

the enzyme to the lipid surface has not been extensively studied.
Numerous studies using site-directedmutagenesis of the intact
protein have localized amino acids that are important for lipid
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binding and activation by secondary lipid mediators, as well as
activation by phosphorylation of specific residues, especially
residue Ser-505 (24, 25). We have also shown that there is an
increase in activity upon binding phosphatidyl-inositol-(4,5)
bis-phosphate-containing lipids in a specific lysine binding
pocket (14, 15). The enzyme has been shown to be minimally
active on monomeric lipid substrates but has substantial acti-
vation upon binding an interfacial surface (9). The enzyme also
contains a lid region spanning amino acids 415–432 that covers
the active site.Manydifferent lipase proteins exist in a closed lid
conformation, and upon lipid binding, the enzyme shifts to an
open lid conformation, causing interfacial activation (26–28).
Many of these open lid conformations have been crystallized in
the presence of an inhibitor binding in the active site (PDB
1K8Q) (26). Other than the crystal structure of the nativeGIVA
PLA2 with the lid region obstructing the active site, there has
been no evidence for thismechanism in the GIVA enzyme. The
technique of deuterium exchange mass spectrometry (DXMS)
is well equipped to examine the issues of the catalytic domain
binding the lipid surface, as well as examining the conforma-
tional changes upon the lid region opening. We have recently
demonstrated for the first time that DXMS can be used to char-
acterize membrane lipid binding to a PLA2 (29).
Peptide amide hydrogen deuterium exchange analyzed via

liquid chromatography/mass spectrometry has been widely
used to analyze protein-protein interactions (30, 31), protein
conformational changes (32, 33) and protein dynamics (34).We
have recently conducted deuterium exchange studies on the
GIVA enzyme showing intradomain interactions of the enzyme
as well as structural changes caused by Ca2� binding (35). This
technique is an excellent way to probe the effects of lipid bind-
ing across the entire enzyme. The present study represents a
continuation of our studies of PLA2 binding a lipid surface (29).
We have now identified specific regions of the GIVA PLA2 that
bind the lipid surface, specifically regions 28–39, 268–279, and
466–470. We now have also demonstrated conformational
changes in regions 391–397, 481–495, and 543–553 hypothe-
sized to be due to the conversion from the closed to the open lid
conformation of the enzyme induced by natural phospholipid
as well as the specific inhibitor MAFP binding to the active site
of the enzyme.

MATERIALS AND METHODS

All reagents were analytical reagent grade or better.
Protein Expression and Purification—C-terminal His6-

tagged GIVA PLA2, and the C2 and catalytic domains were
expressed using recombinant baculovirus in a suspension cul-
ture of Sf9 insect cells. The cell pellet was lysed in 25 mM Tris-
HCl, pH 8.0, 150mMNaCl, 2mM �-mercaptoethanol, and 2mM
EGTA, and then the insoluble portion was removed by centrif-
ugation at 12,000 � g for 30 min. The supernatant was passed
through a column comprised of 6 ml of nickel-nitrilotriacetic
acid agarose (Qiagen, Valencia, CA). The protein in the native
state was eluted in the “protein buffer” (25 mM Tris-HCl, pH
8.0, 100mMNaCl, 125mM imidazole, and 2mM dithiothreitol).
The protein concentration was measured using the Bradford
assay (Bio-Rad) to the manufacturer’s standards, and the activ-
ity was assayed using mixed micelles in a modified Dole assay

(36) using the same conditions employed for deuterium
exchange experiments. Purified GIVA PLA2 (2 mg/ml) was
stored in the protein buffer on ice for DXMS experiments.
Experiments were performed immediately after elution from
the nickel column.
Preparation of Lipid Vesicles—Lipid vesicles were prepared

by evaporating solutions of 1-palmitoyl 2-arachidonic phos-
phatidyl-choline in chloroform under argon to dryness. The
lipid film was resuspended in 100 mM KCl and allowed to sit in
a 40 °Cwater bath for 30min. The lipid solutionwas then probe
sonicated five times for 30 s each with 30-s breaks in ice
between sonications. This solution was then centrifuged at
5,000 � g to remove large lipid aggregates and titanium parti-
cles released from the probe sonicator. This solution was then
used immediately for deuterium exchange studies. Small unila-
mellar vesicles were chosen for this study because kinetic stud-
ies performed with both small unilamellar vesicles and large
unilamellar vesicles with the GIVA PLA2 have shown similar
kinetics (25, 37). We have previously used this technique with
small unilamellar vesicles on the GIA PLA2 to study lipid bind-
ing (29), and we chose to expand on this using GIVA PLA2.
Preparation of Deuterated samples for On-Exchange Exper-

iments—D2O buffer contained 10 mM Tris (pD 7.5), 50 mM
NaCl in 98% D20. Hydrogen/deuterium exchange experiments
were initiated by mixing 20 �l of GIVA PLA2 or the C2 domain
or catalytic domain (containing 40�g) in protein buffer with 60
�l of D2O buffer to a final concentration of 73% D2O at pH 7.5.
In lipid vesicle andMAFPbinding experiments, theGIVAPLA2
in protein buffer was preincubated in the presence of 60 �M
MAFP added from a 1 mM stock dissolved in ethanol and/or 2
mM PAPC vesicles in a 23 °C water bath for 1 min. The final
concentration of ethanol was 0.25% for experiments with
MAFP and MAFP controls. MAFP was allowed to incubate
with the enzyme for 3 h on ice followed by 10 min at room
temperature pre-D2O incubation. The D2O buffer was then
added, and the samples were incubated at 23 °C for an addi-
tional 10, 30, 100, 300, 1,000, 3,000, or 10,000 s. For experiments
with lipid present, time points were only taken while the per-
centage of hydrolysis of the lipid vesicles was under 10%. The
activity of the enzyme against these lipid vesicles wasmeasured
using a modified Dole assay that exactly matched deuterium
exchange conditions (33). The deuterium exchange was
quenched by adding 120 �l of ice-cold quench solution (0.96%
formic acid, 1.66 M guanidine hydrochloride (GdHCl)) that
acidified the sample to a final pH � 2.5 and concentrations of
formic acid of 0.58% and 1 M GdHCl. The samples were placed
on ice for 10 min to partially denature the protein and obtain
optimal peptide maps. Vials with frozen samples were stored at
�80 °C until analysis, usually within 3 days.
Proteolysis-Liquid Chromatography/Mass Spectrometry Anal-

ysis of Samples—All steps were performed at 0 °C as described
previously (30, 32). The sampleswere hand-thawedonmelting ice
and injected onto and passed through a protease column (66-�l
bed volume) filled with porcine pepsin (Sigma) and immobilized
on Poros 20 AL medium (Applied Biosystems) at 30 mg/ml
following the manufacturer’s instructions, at a flow rate of
100 �l/min with 0.05% trifluoroacetic acid. The eluate from
the pepsin column was directly loaded onto a C18 column
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(Vydac catalog number 218MS5150). The peptides were
eluted at 50 �l/min with a linear gradient of 0.046% triflu-
oroacetic acid, 6.4% (v/v) acetonitrile to 0.03% trifluoroace-
tic acid, 38.4% acetonitrile for 30 min. The eluate from the
C18 column was directed to a Finnigan Classic LCQ mass
spectrometer via its electrospray mass ionization probe
operated with a capillary temperature of 200 °C as described
previously (30, 32).
Data Processing—SEQUEST software (Thermo Finnigan Inc.)

was used to identify the sequence of the peptide ions. DXMS
Explorer (SierraAnalytics Inc,ModestoCA)wasused for the anal-
ysis of the mass spectra as described previously (30, 32). All
selected peptides had first passed the quality control threshold of
the software and were then manually checked to ensure that the
observedmass envelopeagreedwith thecalculatedmass envelope.
The highest signal/noise ion was picked if multiple ionization
charges (1, 2, or 3) of a peptide were detected. Incorporated deu-
teron number was obtained by measuring the centroid shift
between the non-deuterated and the partially deuterated mass
envelope.

The deuteration level of each
peptide was calculated by the ratio
of the incorporated deuteron num-
ber to the maximum possible deu-
teration number. Peptide deutera-
tion levels in replicate samples,
measured by our DXMS methods,
have been found to vary by less than
10%, and we therefore regard
changes greater than 10% as signifi-
cant (30). All experiments were per-
formed at least twice, and repre-
sentative data are shown. Trends in
the data were similar from experi-
ment to experiment, but total deu-
terium content varied by roughly
5–10% in similar experiments car-
ried out weeks apart. For all regions
that showed a greater then 10%
increase or decrease, other peptides
that include some or all of the
regions of interest are provided in
the supplemental data.

RESULTS

GIVAPLA2 CoverageMap of Pep-
sin Fragmentation—The protein
digestion procedure was optimized
to produce a peptide map that
yielded the best coverage of GIVA
PLA2 as described previously (35).
The optimized condition gave 157
distinct peptides that gave 92% cov-
erage of the GIVA PLA2 sequence.
The same condition was used to
digest the C2 domain, which gener-
ated 32 peptides covering 89% of the
sequence (Fig. 1).

Sixty-one peptide fragments are shown that cover 82% of
the protein, and 17 peptide fragments for the C2 domain,
covering 89% of the sequence, were analyzed for the data
shown in the figures. These peptides are shown in Fig. 1 as
bold lines. In this report, when we use the term “peptide,” we
are referring to an actual peptide that was identified in the
pepsin digestion. When we use the term “region,” we are
referring to a section of the protein for which the deuterium
exchange has been calculated, but it may or may not corre-
spond to an actual pepsin peptide.
C2 Lipid Binding Experiments—On-Exchange experiments

were performed on the isolated C2 domain containing amino
acids 12–140. C2 domain lipid binding has been extensively
studied by other techniques, and these studies served as an
important control to compare this technique against previously
published results obtained with other approaches. C2 on-ex-
change experiments were performed under five different con-
ditions (Fig. 2). The change in exchange upon binding to 500
�M lipid vesicles was tested in the presence of 0, 200, and 1000
�M Ca2�. Significant decreases upon exposure to the lipid sur-

FIGURE 1. Pepsin-digested peptide coverage map of GIVA PLA2 and C2 domain. Identified and analyzed
pepsin-digested peptides are shown underneath the primary sequence of GIVA PLA2. Only the peptides in bold
lines are used in this study.

Opening of the Lid Region in GIVA Cytosolic PLA2

NOVEMBER 7, 2008 • VOLUME 283 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31229

http://www.jbc.org/cgi/content/full/M804492200/DC1


face were only achieved in the presence of 1 mM Ca2� (Fig. 2)
and not with 0 or 200 �M Ca2� (data not shown). The changes
in exchange upon Ca2� binding were exactly the same as the
changes observed with intact full-length cPLA2 (35) and
included regions 28–35, 51–71, 101–106, and 125–129 as well
as a new region 41–48 (data not shown). This new region
41–48 is part of the C2 domain that shows very slow exchange
rates in the full enzyme and faster exchange in the C2-only
domain (35). A significant decrease in exchange due to binding
of lipid vesicles was seen in the region 36–39, as well as a small
change in the region 28–35 in the presence of 1 mM Ca2� and
PAPC lipid vesicles (Fig. 2). These regions include the hydro-
phobic residues Phe-35,Met-38, andLeu-39 present on the first
Ca2� binding loop. Previous work has also implicated region
96–98 in lipid binding (17–23), but no peptides were identified
that contained these amino acids. These results agree with the
previous experiments demonstrating lipid binding of the C2
domain alone.
cPLA2 Lipid Binding Experiments—On-Exchange experi-

ments were performed on the intact cPLA2 enzyme in the pres-
ence of a phospholipid membrane to determine how the cata-
lytic domain interacts with the surface and to determine
whether it changed membrane binding of the C2 domain.
These experiments were carried out in the presence of 500 �M

PAPC and 200 �M Ca2� for time points varying from 10 to
300 s. The literature Kd values of this enzyme interacting with
membranes varies from 1 to 90 �M depending on the presenta-
tion of the lipid substrate (25, 37). Generation of product inter-
fering with membrane binding was a concern in these experi-
ments. For this reason, these experiments were carried out at
shorter time points with low levels of Ca2� to keep the hydrol-
ysis of phospholipids at the lipid membrane below 10%. Exper-
iments were carried out testing lipid binding in the presence of
1 mM EGTA to test binding without Ca2�. No changes greater
then 10% were observed upon lipid binding without Ca2�

present.
Activity assays were done under the same experimental con-

ditions as the deuterium exchange experiments to measure the
levels of arachidonic acid release. In the presence of 200 �M

Ca2�, the percentage of hydrolysis at 10 s was �0.2%, and the
percentage of hydrolysis proceeded to 6% at 300 s. Samples
taken at 1000 s showed 16% hydrolysis, and we decided to limit
our time course to only 300 s. The specific activity of the
enzyme under our conditions was �20 nmol min�1 mg�1,
which is consistent with literature values under similar protein
to lipid ratios (25). Four regions of the protein (28–39, 258–
265, 268–279, and 466–470) exhibited decreased exchange in
the presence of lipid vesicles (Fig. 3). Multiple additional pep-
tides covered portions of these regions, and peptide data for
these regions is shown in supplemental Fig. 1. Region 28–39
exhibited similar changes in deuterium exchange as did the
isolated C2 domain. Changes were seen due to membrane sur-
face binding in the intact enzyme in the presence of 200 �M

Ca2�with 500�MPAPC vesicles that required 1mMCa2� to be
seen in theC2 domain alone. It is important to note that there is
a large change in exchange induced upon Ca2� binding in
region 28–35 and a much smaller change induced upon lipid
binding. Once again, no peptides spanning region 96–98 were
identified, so no data on lipid interactions of that region were
available. No other regions on the C2 domain showed changes
upon lipid binding.
The region 268–279 showed a 10–15% decrease in exchange

upon membrane binding but no change upon Ca2� binding
alone. This region contains a group of charged amino acids,
Lys-273, Arg-274, andGlu-277 as well as the polar Gln-270 that
are oriented to possibly interact with the zwitterionic head
groups of a lipid surface. There are also multiple hydrophobic
residues including Val-272, Tyr-275, and Leu-279 pointing
toward the catalytic site of the enzyme that may interact with
fatty acyl chains of the substrate. The region 466–470 is located
on the same face as 268–279 and has a similar decrease in
exchange, with a decrease of around 10–15% at all time points.
This area contains a charged group at Arg-467 and one hydro-
phobic residue Ile-469.
There was also a smaller decrease going from 5 to 10% over

the time course in the region from 256 to 265 that contains a
group of four leucines at 262–265 that have extensive hydro-
phobic contactswith other non-polar residues on the interior of
the protein. There are no specific residues that would obviously
interact with the membrane surface, so this decrease could be
due to a conformational shift upon the membrane binding to

FIGURE 2. Deuterium exchange of the isolated C2 domain binding the
phospholipid membrane in the presence of Ca2�. DXMS was performed
on the C2 domain under the following three conditions: 0 and 1 mM Ca2�

without PAPC, as well as 1 mM Ca2� with PAPC. The numbers of incorporated
deuterons for three regions are shown: 28 –35, 36 –39, and 51–71. Changes in
deuteration between the 1 mM Ca2� and 1 mM Ca2� � 500 �M PAPC condi-
tions greater then 10% are represented in color on the crystal structure (PDB
1RLW) (see legend).
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the lipid surface or interactions between the leucines and the
fatty acyl chains of the substrate.
There are two regions that show increases in exchange upon

lipid binding, and these are 391–397 and 543–553. Region 391–
397 has a�10% increase at early time points, with no change in
exchange at 300 s. Region 543–553 has a larger increase of
�25% at early time points with almost no change in exchange
seen at 300 s. These rates imply that these regions of the protein
are becomingmore accessible to solvent. These regions contain
hydrophobic residues that are part of a channel that leads to the
active site residues Ser-228 and Asp-549. These residues are all
in contact with the lid region spanning 415–432. These
increases may be caused by a lid opening caused by substrate
binding or membrane surface binding. Region 543–553 also
contains the active site Asp-549. Experiments were also per-
formed using the isolated catalytic domain in the presence of
lipid vesicles, but no changes in deuteration greater than 10%
were observed (data not shown).
On-Exchange Results Using MAFP-inhibited GIVA PLA2—

MAFP is a potent irreversible inhibitor of the GIVA PLA2
enzyme (39). Inhibitor-bound �/�-hydrolases have been used
to crystallize the open lid conformation of various lipases (26).
MAFP was used to determine whether substrate binding

caused opening of the lid region or whether interfacial binding
of the lipid surface caused this change. UsingMAFP allowed us
to separate substrate binding effects from membrane surface
binding effects. MAFP was selected due to its similarity to nat-
ural substrate because it contains an arachidonic acid in a sim-
ilar position to the sn-2 fatty acid chain of the natural substrate,
although there is no phospholipid head group, or sn-1 fatty acid
tail in MAFP. This acts as an excellent mimic to the lysophos-
pholipase and acyl transferase activity of cPLA2 (40, 41). MAFP
binding was tested at seven time points from 10 to 10,000 s at a
concentration of 15 �M. There were five regions that saw
changes upon MAFP binding. Multiple peptides covered these
regions, and additional peptide data for these regions are shown
in supplemental Fig. 2.
Two regions of the enzyme 256–265 and 268–279 showed

decreases in exchange uponMAFP binding (Fig. 4). The region
from 268 to 279 showed a decrease in deuteration of �10%,
which is less then observed with phospholipid binding experi-
ments. The region from 258 to 265 had a �10% decrease in
exchange similar to the phospholipid binding experiments.
This indicates either that these regions are binding the arachi-
donic acid tail of the MAFP molecule or that conformational
change that occurs when the lid opens blocks access to these

FIGURE 3. Deuterium exchange of the GIVA PLA2 binding the phospholipid membrane in the presence of Ca2�. Ca2� was present at 200 �M, and vesicles
were present at 500 �M. The numbers of incorporated deuterons at four time points in seven different regions, 28 –35, 36 –39, 256 –265, 268 –279, 391–397,
466 – 470, and 543–553, in GIVA PLA2 are plotted. Decreases or increases in deuteration greater then 10% are represented by the color scheme in the legend.
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residues or rigidifies the protein structure in this region. Other
hydrophobic residues that should bind MAFP in the active site
funnel have very low levels of exchange even in the inhibitor
free samples, so no changes could be recorded upon inhibitor
binding.
All of the regions that had increases upon lipid binding had

increases upon MAFP binding. These increases were of the
same magnitude as with lipid binding. Region 391–397 has a
constant 5–15% increase in exchange over all time points.
Other peptides overlapping this region (supplemental Fig. 2)
show that the majority of this increase is localized to region
394–397. The region 543–553 has a 25% increase at early time
points with less of an increase at later time points. The region
481–495 also had an increase in exchange upon exposure to
MAFP. This region had a 10–20% increase in exchange across
all time points. All of these regions are partially located under
the lid region spanning 415–432. MAFP binding closely mim-
ics natural phospholipid binding in the increases seen in the
catalytic domain of the protein, even without a membrane
surface.
On-Exchange Results Using MAFP-inhibited GIVA PLA2

Binding Phospholipid Membrane—On-Exchange experiments
were performed with both MAFP and PAPC vesicles in an
attempt to identify those changes due to the presence of an
interface as opposed to those due to the binding of the pseudo-
substrate in the catalytic site. The presence of MAFP in the

active site should block any binding of phospholipid in the
active site, so the effects should only be from the enzyme bind-
ing to the phospholipid surface and not from conformational
changes induced by substrate binding. This also acted as an
important control to see effects of lipid binding without prod-
uct generation. The interface experiments were performed for
time courses ranging from 10 up to 1,000 s. These experiments
were performed in the presence of Ca2� to activate membrane
binding. An experiment was also performed in the presence of
EGTAwith lipid vesicles to see whether any changes were seen
without Ca2� present. Experiments with EGTA showed no sig-
nificant changes in deuterium exchange upon exposure to lipid
vesicles without Ca2� present (data not shown).

Therewere four regions of the protein that showed decreases
in exchange upon MAFP-inhibited lipid binding (Fig. 5). Mul-
tiple peptides covered these regions, and peptide data for these
regions are shown in supplemental Fig. 3.
The regions 28–35 and 36–39 are located on the C2 domain.

Exchange at peptide 28–35 is decreased significantly by the
presence of Ca2�, but even so, the changes induced by lipid
were greater then 10%. The greatest change was seen in region
36–39 located on the hydrophobic � helix proposed to pene-
trate the membrane surface. These peptides showed no
changes in the presence of lipid without Ca2� present, demon-
strating that these changes caused by lipid binding are Ca2�-

FIGURE 4. Deuterium exchange upon binding of 15 �M MAFP. The number of incorporated deuterons at seven time points in five different regions, 258 –265,
268 –279, 391–397, 481– 495, and 543–553, in GIVA PLA2 are plotted. Decreases or increases in deuteration greater then 10% are represented by the color
scheme in the legend.
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dependent. These changes were almost identical to those seen
with uninhibited enzyme mixed with lipid.
The region from 268 to 279 on the catalytic domain also

showed a �10% decrease in exchange. This area is also one of
the regions that show a significant decrease upon MAFP bind-
ing. This region appears to both bind the interfacial surface, as
well as bind the single phospholipid molecule in the active site.
The region from466 to 470 that had decreases upon non-inhib-
ited lipid binding shows a similar exchange pattern upon inhib-
itor-bound lipid binding. These results suggest that the C2
domain, as well as the region of the catalytic domain containing
regions 466–470 and 268–279, are important in binding the
lipid surface. The regions that increased due to lipid binding in
regions 391–397 and 543–553 showed no changes in exchange
between theMAFP-inhibited enzyme and the inhibited enzyme
incubated with lipid vesicles (supplemental Fig. 3).

DISCUSSION

C2domain binding tomembrane of theGIVAPLA2 has been
extensively studied (17–23). However, how the intact enzyme
binds a lipid surface and the allosteric changes caused by this
binding have beenmuchmore difficult to determine. This is the
first study to examine the structural basis of the intact enzyme
binding to the lipid surface as well as conformational changes
upon binding a pseudo-substrate in the active site with deute-
rium exchange mass spectrometry. Ca2�-mediated C2 binding
to the membrane surface has been shown to be mediated by
hydrophobic residues in the Ca2� binding loop one 35–39 and

residues in the Ca2� binding loop two 96–98 (17–23). No pep-
tides existed that spanned region 96–98, so information about
howCa2� binding loop two penetrates the surface was unavail-
able. Our results with deuterium exchange of the isolated C2
domain with lipid show decreases in regions 28–35 and 36–39,
which are consistent with these regions penetrating the lipid
interface. These experiments on the C2 domain alone were
used as a control to demonstrate that we could examine mem-
brane surface binding using the DXMS technique.
The results of the intact cPLA2 enzyme binding to the lipid

surface showed similar changes to the C2 domain alone,
which showed lipid binding at regions 28–35 and 36–39 but
with less Ca2� required to see effects with the intact enzyme
in deuterium exchange. This corresponds well with previous
work showing an increased residence time of the intact
GIVA PLA2 on the membrane surface of the Golgi as com-
pared with the C2 domain alone (38). This implies that the
presence of the catalytic domain helps bind the enzyme to
the lipid surface or causes changes in the binding of Ca2� in the
intact enzyme. The hydrophobic core of the protein around the
active site gave rise to significant increases in exchange upon
Ca2�-mediated lipid binding. This region contains many hydro-
phobic residues that are blocked from solvent exposure in the
closed form of the enzyme. When lipid binds in the active site,
theremust be a change in the structure that causes the lid to reori-
ent in some way that increases solvent accessibility to the hydro-
phobic core. The other decreases in deuteration in the catalytic

FIGURE 5. Deuterium exchange upon Ca2�-mediated PAPC vesicle binding in the presence of 15 �M MAFP. Ca2� was present at 200 �M, and vesicles were
present at 500 �M. The numbers of incorporated deuterons at five time points in four different regions, 28 –35, 36 –39, 268 –279, and 466 – 470, in GIVA PLA2 are
plotted. Possible amino acids that may interact with the lipid surface have been shown in stick form. Decreases or increases in deuteration greater then 10%
are represented by the color scheme in the legend.
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domain upon Ca2�-mediated lipid binding were in regions that
could be caused by interactionswith either themembrane surface
or the fatty acyl chains of the substrate.
We used the inhibitor MAFP to differentiate lipid surface

binding effects from conformational changes induced by the
enzyme binding substrate in the active site. Previous work has
used inhibitors to force lipases into an open lid conformation
(26). MAFP gave rise to the same increases in the hydrophobic
core as seen with phospholipid vesicles (supplemental Fig. 3),
except for a slightly greater increase in solvent accessibility in
region 481–495 as compared with lipid binding results. The
decreases in exchange seen in regions 256–265 and 268–279 of
the catalytic domain were very similar to those seen with only
lipid binding. MAFP covalently modifies the active site Ser-228
with an arachidonic acid and is very similar to the sn-2 fatty acid
of a natural phospholipid substrate. The decreases in exchange
in regions 256–265 and 268–279 uponMAFP binding without
a lipid surface present suggest that residues are interacting with
the arachidonic acid fatty acid. Residues Leu-264, Leu-267, and
Tyr-275 could be in the correct orientation to interact with the
fatty acid tail of substrate. The other hydrophobic amino acids
that would bind to substrate are in the hydrophobic core of the
protein that has very low levels of exchange (35), and therefore
no changes in exchange can be seen. The increases in exchange
seen upon inhibitor binding are almost certainly caused by a
shift of the lid region from 415 to 432 as shown in Fig. 6.
There have been very few studies that have looked at how the

intact enzymebinds the surface. The enzyme is assumed to shift
to an “open conformation” in which the lid region has moved
out of the way of the catalytic site. This hypothesis was sug-
gested due to the inability to otherwisemodel a phospholipid in
the active site (10) but was not based on or verified by experi-
ment. The DXMS results reported here with natural phospho-
lipids and the inhibitor MAFP clearly demonstrate this confor-
mational change.
The lid region of 415–432 has amphipathic character with

amino acids involved in hydrophobic interactions with amino
acids underneath and many charged amino acids exposed to
solvent. There are significant increases in exchange in areas of
the protein directly covered by the lid region. There are signif-
icant hydrophobic contacts seen in the crystal structure (PDB
1CJY) between the lid region and areas with an increase in
exchange upon MAFP binding. There are contacts between
four amino hydrophobic amino acids on the lid, Met-417, Leu-
421, Ile-424, and Ile-429, and amino acids in the regions with
increases in exchange, Ala-396, Phe-397, Ala-486, Val-548, and
Leu-552. The breaking of these hydrophobic contacts between
the lid region and the regions underneath would explain the
increase in deuterium exchange seen in this region. This
increase in exchange could be due to the lipid substrate binding
to the hydrophobic residues at Phe-397, Ile-399, Leu-400, Val-
404, and Leu-405 and causing the lid region to undergo a con-
formational shift opening up the active site. Previous studies
using mutants of the GIVA PLA2, specifically mutants of Ile-
399 and Leu-400, showed a vast decrease in activity, membrane
affinity, andmembrane penetration (24). The proposal was that
these amino acids were mediating penetration of the mem-
brane surface. This is unlikely due to themany charged residues

that would also need to penetrate the membrane surface to
allow Ile-399 and Leu-400 to penetrate. It is possible that these
residues are mediating substrate binding, and this substrate
binding helps mediate activity and surface binding by moving
the lid region. These increases in exchange are seen with natu-
ral phospholipid substrate and with the MAFP substrate ana-
log. This implies that the presence of an inhibitor in the active
site closely mimics the open form of the enzyme that works on
natural phospholipid substrate.
Our results using MAFP-inhibited enzyme binding to the

lipid surface were used to show how the enzyme binds to the
lipid surface without complicating effects caused by conforma-
tional changes upon substrate binding since those changes have
already occurred due toMAFP in the active site. Upon the addi-
tion of phospholipid to the MAFP-inhibited enzyme, the
majority of decreases are seen in the region from28 to 35 and 36
to 39, which contains the hydrophobic � helix thought to pen-
etrate the membrane surface. However, there is still a signifi-
cant change in exchange in regions 268–279 and 466–470.
These regions contain a group of charged amino acids Lys-271,
Lys-273, Arg-274, Arg-467 as well as the polar Gln-270 that
could all interact with zwitterionic PC head groups. Lys-27,
Arg-274, and Arg-467 are the only residues from the crystal

FIGURE 6. Opening of the lid induced by inhibitor binding. A, the molecular
surface of the enzyme with areas that show an increase in exchange upon
inhibitor binding is colored red or orange, and the lid region from 415 to 432
is colored green. B, the lid region surface is removed and shown as a ribbon
with most areas in red underneath the lid. The deuterium exchange data
imply that the lid region from 415 to 432 shifts position to expose the regions
underneath. Molecular surface was generated using the Swiss-PdbViewer.
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structure (PDB 1CJY) that are oriented in the correct way to
interact with PC head groups. However, region 268–279 had
significant decreases with MAFP inhibitor bound without the
lipid interface present, which implies that it is the binding sub-
strate in the active site. This interaction may help to orient the
other residues in this region to interact with the head groups of
a membrane surface. Region 466–470 is near Trp-464 that
could penetrate into the hydrophobic core of themembrane, as
proposed in previous studies (38). Previous work has shown
that mutations to residues Arg-467 and Lys-273 decreases
binding to negatively charged phospholipids (24).
From these results, we have generated a model of the initial

step in Ca2�-mediated membrane binding before opening of
the lid shown in Fig. 7. This model corresponds to our deute-
rium exchange data, where region 35–39 and 96–98 along with
Trp-464 penetrate the membrane surface, and electrostatic
contacts between Lys-273, Arg-274, and Arg-467 help bind
the zwitterionic head groups on the membrane surface.
Interactions between the catalytic domain alone are not suf-
ficient to bind membrane phospholipid, with Ca2� binding
causing the enzyme to translocate to the membrane surface
through the C2 domain, and this binding is increased
through electrostatic and hydrophobic interactions between
the membrane surface and the catalytic domain. Large
regions of the catalytic domain do not penetrate the mem-
brane surface, based upon the observation that there are no
decreases in deuterium exchange in areas of the i-face of the
enzyme upon lipid surface binding. Upon this binding, the
lid region is opened through hydrophobic contacts between
the enzyme and a single phospholipid diffusing into the
active site, substrate binds in the open form of the enzyme in
the active site, and free arachidonic acid is liberated.

We plan to study the interactions of various other lipid acti-
vators of this enzyme using these same techniques and to fur-
ther characterize the structure of the open lid form of the
enzyme. This work suggests interesting possibilities such as
being able to isolate the open conformation of the enzyme by
using inhibitor-enzyme complexes. Further study using deute-
rium exchange along with crystallography andmolecular mod-
eling techniques offers the potential to further define the inter-
action of the enzyme with membrane surfaces.
Thiswork represents the first DXMS study of an intracellular

lipase binding a lipid surface. This study shows lipid binding
effects of the entire enzyme instead of only the C2 domain as
has been previously demonstrated with other techniques. It
also uses inhibitor binding to probe the structure of the open
conformation of the enzyme.
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