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ABSTRACT: Deuterium exchange mass spectrometric evaluation of the cobra venom (Naja naja naja) group
IA phospholipase A2 (GIA PLA2) was carried out in the presence of metal ions Ca2+ and Ba2+ and
phospholipid vesicles. Novel conditions for digesting highly disulfide bonded proteins and a methodology
for studying protein-lipid interactions using deuterium exchange have been developed. The enzyme exhibits
unexpectedly slow rates of exchange in the two large R-helices of residues 43-53 and 89-101, which
suggests that these R-helices are highly rigidified by the four disulfide bonds in this region. The binding
of Ca2+ or Ba2+ ions decreased the deuterium exchange rates for five regions of the protein (residues
24-27, 29-40, 43-53, 103-110, and 111-114). The magnitude of the changes was the same for both
ions with the exception of regions of residues 24-27 and 103-110 which showed greater changes for
Ca2+. The crystal structure of the N. naja naja GIA PLA2 contains a single Ca2+ bound in the catalytic
site, but the crystal structures of related PLA2s contain a second Ca2+ binding site. The deuterium exchange
studies reported here clearly show that in solution the GIA PLA2 does in fact bind two Ca2+ ions. With
dimyristoylphosphatidylcholine (DMPC) phospholipid vesicles with 100 µM Ca2+ present at 0 °C,
significant areas on the i-face of the enzyme showed decreases in the rate of exchange. These areas included
regions of residues 3-8, 18-21, and 56-64 which include Tyr-3, Trp-61, Tyr-63, and Phe-64 proposed
to penetrate the membrane surface. These regions also contained Phe-5 and Trp-19, proposed to bind the
fatty acyl tails of substrate.

The phospholipase A2 (PLA2) superfamily consists of 15
different groups and many subgroups that hydrolyze the ester
bond of 2-acyl fatty acids from phospholipids (1, 2). The
products of this reaction, free fatty acids and lysophospho-
lipids, play many different roles as second messengers and
precursors for important bioactive molecules (3). One of the
best-studied PLA2 enzymes is the cobra (Naja naja naja)
venom group IA (GIA) PLA2. This is one of the secreted
PLA2s that are characterized by their low molecular weight,
a Ca2+ requirement for catalysis, and the presence of seven
disulfide bonds. This enzyme is able to hydrolyze monomeric
phospholipid substrates, but there is a substantial increase
in activity when the enzyme acts on large lipid aggregates
(4). This enzyme has also been shown to be activated by
phospholipids containing phosphatidylcholine headgroups
(5), and two possible sites for this interaction have been
suggested (6, 7). Site-directed mutagenesis identified an
activator site distinct from the catalytic site (8). Extensive

kinetic and biophysical studies have been conducted in an
effort to understand how soluble enzymes interact with lipid
interfaces and to define how the interface affects enzyme
kinetics. Many of these studies were carried out on the GI
and GII PLA2s. Thus, the cobra venom GIA PLA2 has been
an important model of not only phospholipid metabolism
but also lipid enzymology (9).

Biophysical studies on lipid-metabolizing enzymes acting
on phospholipids are complicated because this system
involves two large macromolecules, the enzyme and the
aggregated phospholipid vesicle. The sizes of the lipid
aggregates present limitations for many standard biophysical
techniques such as solution NMR and X-ray crystallography.
For example, many X-ray crystal studies of the secreted
PLA2s have been conducted, including two of the GIA N.
naja naja enzyme (6, 10). These studies were carried out in
the presence of metal ions, but not in the presence of large
lipid aggregates. Crystallography reports only the state of
the enzyme in a crystal, not its state in solution, yet the
solution dynamics of the interactions between the PLA2 and
the interface may affect enzyme activity. The N. naja naja
enzyme has also been studied with NMR in the presence of
a monomeric small lipid inhibitor, and a micellar phospho-
lipid analogue (11, 12), but no studies have been reported
with natural phospholipids. In an attempt to utilize a
technique that can yield both structural information in
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solution and information about the dynamics of the
enzyme-phospholipid surface interaction, we have employed
deuterium exchange mass spectrometry to study PLA2

lipid-surface interactions and used this technique to add
valuable information about these processes.

Peptide amide hydrogen-deuterium exchange analyzed via
liquid chromatography-mass spectrometry (DXMS) has
been widely used to analyze protein-protein interactions
(13, 14), protein conformational changes (15, 16), protein
dynamics (17), and protein-lipid interactions (18) on
proteins lacking disulfide bonds. Tris-carboxyethyl phosphine
(TCEP) has regularly been used to reduce proteins containing
one or two disulfide bonds, and occasionally more (19).
However, denaturing and reducing a protein as highly
disulfide bonded as the GIA PLA2 which contains 14
cysteines, all in disulfide bonds, of 119 amino acids are
extremely challenging and not previously reported using the
DXMS technique. We have now employed DXMS to
examine the effects of metal ion binding on solvent acces-
sibility and protein structure. We have probed the structural
dynamics of the protein and found large changes in acces-
sibility of the amide hydrogens in heavily disulfide bonded
regions of the protein. We have also confirmed the presence
of the primary Ca2+-binding site and a secondary Ca2+-
binding site. We have also studied the interactions of the
soluble GIA PLA2 with a lipid surface and found a deuterium
exchange difference on the interfacial side of the enzyme in
the presence of phospholipid vesicles. This has advanced our
understanding of the structure and dynamics of the secreted
PLA2s in solution.

MATERIALS AND METHODS

Materials. Cobra venom PLA2 was purified as described
previously (20) and stored at -20 °C in 10 mM Tris (pH
7.5). Phospholipids were purchased from Avanti Polar Lipids.
All other reagents are analytical reagent grade or better.

On Exchange. D2O buffer contains 10 mM Tris (pH 7.5)
and 50 mM NaCl with or without 1 mM CaCl2 or BaCl2 in
98% D2O. Hydrogen-deuterium exchange experiments were
initiated by mixing 10 µL of 10 mM Tris (pH 7.5) containing
40 µg of GIA PLA2 with 30 µL of D2O buffer, producing a
final D2O concentration of 74% at pH 7.5. In the experiments
that aimed to examine metal ion binding, the GIA PLA2 was
preincubated with 4 mM BaCl2 or CaCl2 at 22 °C for 5 min.
The optimized temperature for separating both fast- and slow-
exchanging regions was 22 °C.

The H-D exchange samples were incubated in 22 °C for
15, 60, 600, 3600, and 14400 s at pH 7.5. This gave the
greatest distribution of deuterium incorporation over our time
course. For the phospholipid experiments, the last time point
was dropped. Each time point was repeated three times. The
deuterium exchange was quenched via addition of 160 µL
of ice-cold quench solution (8 M GdHCl and 1 M TCEP)
buffered with formic acid to a pH of 2.5. The samples were
placed on ice for 15 min.

Full Exchange. A fully deuterated sample was prepared
by adding GIA PLA2 to a solution of 8 M GdHCl and 1 M
TCEP dissolved in 100% D2O and allowing this to stand at
room temperature for 24 h. The GdHCl and TCEP were
removed by diluting the solution with 1 volume of 100%
D2O and concentrating the protein with an Amicon Ultra

5000 molecular weight cutoff centrifuge filter (Millipore) at
3000g until the volume was half of the original volume. This
was repeated 10 times to remove all TCEP and GdHCl. The
protein was allowed to sit for 2 h after removal of all
denaturants and was then digested under normal conditions.

Off-Line Protein Digestion. To adequately digest the GIA
PLA2, an off-line digestion step had to be added in front of
the digestion that occurs during the automated process
outlined below. The quenched protein solutions containing
40 µg of protein were added to a 50 µL slurry of ice-cold
immobilized pepsin (Pierce Biotechnology) and fungal XIII
proteases immobilized on 6% cross-linked agarose beads
suspended in 0.8% formic acid and allowed to sit for 15
min. Immobilized fungal XIII protease was prepared as
described previously (16). This solution was placed in a 5
µm ultrafree-MC centrifugal filter (Millipore) and centrifuged
at 700g (Eppendorf 5415C centrifuge) to remove the im-
mobilized proteases, and the remaining solution was frozen
on dry ice to stop all further amide hydrogen exchange.

Automated Proteolysis-Liquid Chromatography-Mass
Spectrometry Analysis of Samples. Samples were then loaded
onto the automated DXMS system (14) that digested the
proteins, separated the peptides, and performed the mass
spectrometry analysis. All steps were performed at 0 °C as
previously described (14, 16). The samples were hand-thawed
on melting ice and injected onto a protease column (bed
volume of 66 µL) containing porcine pepsin (Sigma; im-
mobilized on Poros 2 AL medium at 30 mg/mL following
the manufacturer’s instructions, Applied Biosystems), at a
flow rate of 100 µL/min with 0.05% (v/v) trifluoroacetic acid
(TFA). The eluate from the pepsin column flowed directly
onto a C18 column 50 mm in length with an inside diameter
of 1.0 mm (Vydac catalog no. 218MS5150). The peptides
were eluted with a linear gradient from 0.046% TFA and
6.4% (v/v) acetonitrile to 0.03% TFA and 38.4% acetonitrile
at a rate of 50 µL/min. The C18 column eluate flowed
directly into a Finnigan LCQ Classic mass spectrometer via
its ESI probe operated with a capillary temperature of 200
°C as previously described (14, 16).

The presence of large amounts of phospholipid in peptide
eluates injected into the mass spectrometer would signifi-
cantly degrade the peptide analysis. We found that the C18
column employed in the peptide separation bound all of the
phospholipids that were carried through the workup in the
phospholipid binding experiments. Thus, no extra steps were
required to remove it. Up to 10 runs could be completed
before the phospholipid bound to the columns began to
degrade the peptide separation or yields. After every 10 runs,
the HPLC column was flushed with 100% methanol for 30
min to remove the bound phospholipids.

Lipid Preparation and On Exchange. Lipid vesicles were
prepared by adding the lipid in chloroform to a small glass
tube and evaporating the solvent under argon. The lipid was
resuspended in 100 mM KCl at 40 mM and allowed to sit at
50 °C for 30 min. This solution was then bath-sonicated for
10 min. This solution was then size-excluded using 10 passes
over a mini extruder (Avanti Polar Lipids) with a 0.03 µm
polycarbonate membrane. For lipid binding studies, the
enzyme was studied with two different lipid systems,
dipalmitoylphosphatidylcholine (DPPC) and dimyristoylphos-
phatidylcholine (DMPC), and they were used to study lipid
binding at 22 and 0 °C, respectively. Experiments were
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performed on the gel state of the lipid to prevent excess
activity and to prevent the lag phase in activity associated
with lipids above the phase transition temperature (26). For
DPPC experiments, the enzyme was preincubated with 4 mM
DPPC SUVs at 22 °C for 5 min with the addition of either
4 mM BaCl2 or 4 mM EDTA. This gave total concentrations
after addition of deuterium of 1 mM DPPC and 1 mM BaCl2

or EDTA.
For DMPC experiments, the enzyme was preincubated

with 4 mM DMPC SUVs at 0 °C in the presence of 100 µM
Ca2+ to minimally activate the enzyme. A modified version
of the Dole assay (8) using the exact same conditions that
were used for deuterium exchange experiments was used to
assay enzyme activity. Deuterium exchange results were
obtained for only time points with <10% hydrolysis of lipid
vesicles to prevent acidification of exchange buffer and
effects of non-phospholipid-lipid aggregates. The enzyme
was preincubated with 4 mM DMPC lipid vesicles with 400
µM Ca2+ for 30 s at 0 °C. This gave a total concentration
after dilution by the addition of deuterated buffer of 1 mM
DMPC and 100 µM Ca2+. The Kd of the enzyme for lipid
vesicles at 40 °C is 4.4 mM, but lipid concentrations of >1
mM were limited by the amount of protein required for mass
spectrometry analysis. The mole ratio of lipid molecules to
protein molecules in the samples was ∼16:1.

Data Processing. SEQUEST (Thermo Finnigan Inc.) was
used to assign peptide sequences to the ion peaks eluting
from the C18 column from their MS/MS spectra. Peaks that
SEQUEST identified were then analyzed with DXMS
Explorer (Sierra Analytica Inc., Modesto, CA) as previously
described (14, 16). All peptides selected for analysis had to
first pass the quality-control thresholds setup in the DXMS
software and then were manually checked. If the same
peptide was found with different charges (1, 2, or 3), the
one with the best signal-to-noise ratio was selected for
analysis. The mass of the peptide was determined by
measuring the centroid of the isotopic envelope of the
peptide. The level of deuterium on a given peptide is
expressed as the incorporated deuteron number (Inc#). The
incorporated deuteron number is the difference between the
centroids of a given peptide in nondeuterated and deuterated
samples. The extent of back-exchange was ∼35-50% due
to the long digestion time but was corrected using the fully
deuterated control experiments. The deuteration level (D) is
the ratio of the Inc# of the sample to the Inc# of a fully
deuterated sample given by the following equation (21).

D)
ms -m0%

m100% -m0%
N

where mi is the centroid of the peptide exposed to sample
conditions (s), on exchange quench control (0%), and fully
deuterated (100%) and N is the deuterium level measured
before correction.

Deuterium that has been incorporated into the amides of
an intact protein is rapidly lost from the very rapidly
exchanging amino-terminal proton and most N-terminal
amide protons of peptides created under exchange quench
conditions. Thus, in our experiments, no hydrogen exchange
information is available for the first two amino acids of a
probe peptide. We use the term region to represent all amides
where we can track deuterium incorporation. In some cases,

we specifically state the peptide identity as shown by mass
spectrometry and label those as peptides (14, 16). Regions
of exchange were calculated by subtracting overlapping
peptide fragments as described in previous work (22).
Reported percent changes are calculated as the difference in
exchange between conditions over the total number of
deuterons in a region.

RESULTS

Protein Digestion of GIA PLA2. GIA PLA2 is a very rigid
protein due to its small size (13500 Da) and the presence of
seven disulfide bonds. Because of this, finding conditions
for digesting the protein was a major hurdle to obtaining a
good peptide map. TCEP has been employed to reduce
disulfide bonds under the low-pH conditions needed for
deuterium exchange quenching (19). In our initial experi-
ments, we added TCEP under a variety of conditions to the
chromatographic solvents employed with the pepsin column
in the automated DXMS system. This met with no success.
We found that significant digestion could be achieved only
by predigesting the enzyme with pepsin and fungal XIII
protease prior to loading the samples onto the automated
DXMS system described in Materials and Methods. The
predigestion was achieved by quenching protein samples in
a solution containing 1 M TCEP and 8 M GdHCl for 15
min followed by dilution into a solution containing im-
mobilized pepsin and fungal XIII proteases for 15 min. This
solution was then loaded onto the automated DXMS system
and run through another immobilized pepsin column before
being loaded onto the C18 column. Back-exchange levels
of ∼50% were found with this technique, but by using fully
deuterated controls, the amount of back-exchange could be
measured and used to determine corrected deuterium levels.

Using these conditions, 55 good-quality peptides were
identified. If peptides occurred in more than one charge state,
we show only the one with the best signal-to-noise ratio.
This reduced the number of useful ions with no redundant
data to 45, which are shown in Figure 1. This map covers
96% of the protein and has a high degree of overlap, allowing
for the determination of deuterium levels for regions of the
protein smaller than the corresponding peptide. The differ-
ence in deuterium levels of the two overlapping peptides is
the number of deuterons associated with the unmatched
amino acids. This allows us to determine the deuteration
levels of regions of the protein smaller than either peptide.

This map was generated in the presence of both metal ions
and lipid without any changes in the number and intensity
of peptide fragments. The number of deuterons incorporated
was measured for all 55 peptides, including peptides with
multiple charge states, but to simplify the graphics, only 23
of the peptides, those shown with thick lines in Figure 1,
were chosen to generate the deuterium exchange data for
all of the other figures. However, all 55 peptides were
analyzed in each experiment to make sure that the exchange
data agreed with those of the 21 selected peptides.

Deuterium Exchange of GIA PLA2. On exchange experi-
ments were carried out on the native GIA PLA2 employing
the DXMS methods outlined above. Figure 2 shows deute-
rium exchange percentages for these experiments. Figure 2
is divided into 17 different regions. The deuterium levels of
each region were generated by analyzing several overlapping
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peptides that allowed us to measure the deuteration level of
the smallest protein regions possible.

The data show that both the N- and C-terminal regions
(residues 1-23 and 102-119, respectively) of the protein
exchange very rapidly (Figure 2). The first 23 amino acids
encompass the first R-helix and exhibit more than 80%
deuteration within the first minute of on exchange with the
exception of amino acids 9 and 10. The region of residues
9 and 10 exchanges much slower and does not reach 80%
deuteration until 60 min. This region encompasses the last
two residues of the first R-helix and is next to the disulfide
bond bridging residues 11 and 71 as shown in Figure 3. This
may explain the decreased rate of exchange. The C-terminal
area stretching from amino acid 102 to 119 also exhibits
more than 80% deuteration within the first minute of on
exchange.

The region encompassing amino acids 56-86, which
contains the two antiparallel �-sheets, also exhibits very rapid
exchange with deuteration rates comparable to those seen
in both the N- and C-termini. The region from residue 24 to
40 is less flexible than the N- and C-termini and takes 60
min to fully exchange. In contrast, the rates of exchange on
R-helices of residues 39-55 and 84-101 are very slow. The
region from residue 89 to 101 exchanges less than 10% even

after 24 h of on exchange. The region from amino acid 43
to 53 does exchange, but at a level of only 50% after 4 h.

Changes in Deuterium Exchange of GIA PLA2 When Ba2+

or Ca2+ Is Bound. The GIA PLA2 requires Ca2+ for activity

FIGURE 1: Pepsin-digested peptide coverage map of the GIA PLA2 sequence with R-helical (R) and �-sheet (�) regions indicated. Black
lines represent peptides chosen for this study. Dotted lines represent peptides that were identified and analyzed but were used only as a
comparison for the peptides denoted with solid line. There are 45 distinct peptides which were studied with only one selected for peptides
that have multiple charge states.

FIGURE 2: Amide hydrogen-deuterium exchange analysis of the effect of calcium and barium on GIA PLA2. The deuterium exchange map
with and without Ba2+ and Ca2+ is shown with the amino acid sequence of the GIA PLA2. Each condition is divided into rows corresponding
to each time point, from 15 s to 240 min from top to bottom. Colors indicate the amounts of H-D exchange in a given time period.

FIGURE 3: Deuteration level of GIVA PLA2 visualized on the
crystallographic model of the N. naja naja enzyme (PDB entry
1PSH). The deuterium exchange map of GIVA PLA2 after 3000 s
of on exchange is shown with the colors indicating the exchange
rates detected by DXMS. Disulfide bonds are colored yellow.
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with one molecule binding in the catalytic site. A second
Ca2+ may also bind to the enzyme, but its role in activity
has not been defined. Ba2+ also binds to the primary Ca2+

binding site in the catalytic site, but it inhibits activity,
although it does produce similar structural changes in the
enzyme as detected by UV-vis spectroscopy (23). Thus, we
measured deuterium on exchange of the GIA PLA2 from 15 s
to 4 h in the presence of 1 mM BaCl2 or CaCl2 to ascertain
if these metals produce different exchange patterns. Several
areas in GIA PLA2 show changes in deuterium exchange in
the presence of Ca2+. Three of these, residues 24-27, 29-40,
and 43-53 (Figure 4), are part of the primary Ca2+-binding
site of the GIA PLA2 which consists of the backbone oxygens
of Y27, G29, and G31 and the aspartic acid oxygens of D48
(10). Thus, Ca2+ binding appears to decrease the level of
deuterium exchange seen in regions of residues 24-27,
29-40, and 43-53. Interestingly, the decrease in the level
of deuterium exchange in regions of residues 29-40 and
43-50 appears to mainly affect slow-exchanging amide
hydrogens. This is shown by the greatest difference in
deuterium exchange being seen from 3000 to 10000 s (Fig-
ure 4).

One other region consists of residues 103-114, where the
changes affect only fast-exchanging amide hydrogens with
no difference seen after 60 min of on exchange. Since these
residues are not part of the primary Ca2+-binding site, these
results would be consistent with a second Ca2+-binding site.
The crystal structures of the structurally related Naja naja
atra GIA PLA2 have shown such a secondary Ca2+-binding
site with contacts between Asn-112 and Asp-23 and a
secondary Ca2+ ion (24). Via comparison of the structures
of these two enzymes, which are superimposable in this
region, and when the exchange data are overlaid, it is clear

that a Ca2+ binding to this second site in the N. naja naja
PLA2 would account for the exchange data (Figure 5).

The rates of exchange with Ba2+ are essentially the same
for residues 29-40, 111-114, and 43-53. Ba2+ also causes
changes in residues 103-110 and 24-27, although the
magnitude of these changes is not as great as with Ca2+.

These changes in exchange obviously have important
structural implications because Ba2+ seems to bind the same
sites, but in such a way that it inactivates the enzyme. These
results are consistent with a picture in which Ba2+ binds
competitively for the Ca2+-binding site. The affinities of Ba2+

and Ca2+ are different with Kd values of 0.15 and 0.4 mM,
respectively (23), and these differences in affinity may
explain the difference in exchange seen at the Ca2+-binding
sites.

Deuterium Exchange of GIA PLA2 in the Presence of Lipid.
One of the main goals of this research was to determine if
deuterium exchange could yield information about how the
soluble GIA PLA2 interacts with large substrate aggregates.

FIGURE 4: Deuterium exchange of the GIA PLA2 upon metal binding. The numbers of incorporated deuterons at five time points are plotted
for regions that show changes upon either calcium or barium (or both) binding. The changes in deuterium exchange are shown at two
different time points mapped on the N. naja naja GIA PLA2 crystal structure (PDB entry 1PSH) with the calcium ion colored pink. Colors
denote the changes in the deuterium level.

FIGURE 5: Crystal structure of the N. naja atra GIA PLA2 with a
secondary calcium site present and the calcium ions colored pink.
The deuterium exchange data from N. naja naja PLA2 were overlaid
onto the N. naja atra structure (PDB entry 1POA) for two time
points. Amino acids involved in binding the calcium ions are
labeled. Color denote the changes in the deuterium level.
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To that end, deuterium exchange of GIA PLA2 at time points
varying from 15 s to 1 h was analyzed in the presence of 1
mM small unilamellar vesicles (SUVs) of DPPC. These
experiments were carried out in the absence of Ca2+ to
prevent hydrolysis of the phospholipid vesicles. EDTA was
included to ensure that no free Ca2+ was present. Previous
work in our laboratory has shown very low levels of enzyme
binding to phospholipid without metal present but that either
Ca2+ or Ba2+ increased this level of phospholipid binding
(25). For this reason, experiments were also carried out using
Ba2+ (data not shown) as a replacement for Ca2+, which
achieved the exact same exchange patterns that were seen
with lipid in the absence of metal ions. Studies were
conducted at 22 °C because it has been shown that the GIA
PLA2 has a significant lag phase with lipid above the phase
transition temperature (26), so we desired our lipid surface
to be only in the gel state. Most regions of the GIA PLA2

show no change in deuterium exchange in the presence of
DPPC lipid vesicles, except for one small region of the
protein. This area consists of amino acids Ile-9 and Lys-10
(Figure 6). The deuteration level of residues 9 and 10 was
calculated by subtracting the deuterium levels of peptide 1-8
from that of peptide 1-10; the same decrease in the level
of exchange with lipid is seen in five other peptides (1-17,
1-21, 1-27, 5-21, and 5-27) that include residues 9 and
10. This effect is not seen in peptides 9-21, 9-17, 11-21,
and 9-27 which do not include residues 9 and 10 (noting
that the first two amino acids fully exchange with the
technique and are not included in the analysis). This shows
that the effect is strictly limited to the region of amino acids
9 and 10. There is a 20-30% change between the lipid-free
and DPPC-containing protein samples.

Further experiments were conducted using 100 µM Ca2+

with phospholipid vesicles to minimally activate the enzyme.
Original experiments using DPPC vesicles with 100 µM Ca2+

at 22 °C caused high levels of phospholipid hydrolysis.
Further experiments were conducted at 0 °C to further slow
hydrolysis, so the total level of phospholipid hydrolysis
stayed below 10% over the deuterium on exchange time
course. Due to the change in temperature, the lipid used was
shifted from DPPC to DMPC. The phase transition temper-
atures of DPPC and DMPC are 41 and 23 °C, respectively,
so we used DMPC at 0 °C to view a similar physical state

of the lipid that was seen in DPPC studies at 22 °C. Activity
assays performed showed that at 300 s the enzyme had not
hydrolyzed more then 10% of the lipid surface. Four regions
of the protein, namely, residues 3-5, 6-8, 18-21, and
56-64, had significant decreases in their levels of exchange
upon exposure to lipid in the presence of calcium (Figure
7). Deuterium content for residues 6-8 was calculated via
subtraction of the value of peptide 1-5 from that of peptide
1-8, and the deuterium content of residues 18-21 was
calculated via subtraction of the value of peptide 1-17 from
that of peptide 1-21.

Regions of residues 3-5 and 6-8 are part of the first
R-helix located on the i-face of the enzyme. Due to multiple
overlapping peptides in this region, we were able to localize
changes in this helix. The largest change was seen for
residues 3-5 containing Tyr-3 and Phe-5 and had a 20-30%
decrease in the level of exchange over all time points.
Interestingly, from using peptide overlap data from peptides
1-4 and 1-5, it seems that both amino acids 3 and 4 and
amino acid 5 have independent decreases in the level of
exchange. Residues 3 and 4 had a smaller decrease in
exchange at 100 and 300 s, with residue 5 having a constant
deuterium decrease. Residues 6-8 also had a 10-20%
decrease in the level of exchange. Residues 18-21 had a
5-10% decrease in the level of exchange, and this region
includes Trp-18 and Trp-19. Residues 56-64 had a 10-20%
decrease in the level of exchange until 100 s, with less than
10% at 300 s. Residues 9 and 10 which had a decrease in
the level of exchange with lipid and no Ca2+ present at 22
°C (Figure 6) had zero on exchange at 0 °C up to 300 s, so
no change could be detected with lipid in the presence of
Ca2+ at these lower temperatures. Importantly, this experi-
ment shows interaction of the phospholipid with the i-face
of the protein and demonstrates the potential of deuterium
exchange mass spectrometry in studying proteins that
catalyze reactions at the lipid surface.

DISCUSSION

There are many crystal structures of GIA PLA2, but these
structures show only a static picture of the enzyme under
crystallization conditions. Using deuterium exchange mass
spectrometry, we are able to study the protein in solution
under varying conditions. This represents the first use of
deuterium exchange mass spectrometry to probe the structure
of a PLA2 and its interaction with a lipid surface. In this
study, we show a region of the protein that is solvent
accessible blocked from exchange by extensive disulfide
bonds, the presence of a secondary Ca2+-binding site in the
N. naja naja GIA PLA2, and the ability to probe lipid-lipase
interactions with deuterium exchange mass spectrometry.

The on exchange experiments with the native GIA PLA2

showed that the three R-helices exhibited dramatically
different exchange rates. The N-terminal helix exchanges
vary rapidly, while the two core helices exhibit almost no
exchange even though they are on the surface of the protein
and at least some of the amide protons should be accessible
to water. The difference is that helices of residues 39-55
and 84-101 are involved in four disulfide bonds with other
parts of the protein while the N-terminus is not. Other regions
that are not involved in extensive disulfide bonding also show
very fast deuterium exchange rates which would be expected

FIGURE 6: Deuterium exchange of the GIA PLA2 with areas of
decreased exchange upon phospholipid binding in the presence of
1 mM EDTA. The number of incorporated deuterons at four time
points is plotted for residues 9 and 10. Changes were mapped onto
the N. naja naja GIA PLA2 crystal structure (PDB entry 1A3D).
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for such a small solvent-exposed protein. Studies performed
on a recombinant macrophage colony stimulating factor-�
with nine disulfide bonds (six intramolecular and three
intermolecular) did not reveal this same lack of deuterium
exchange in surface-exposed disulfide bonding areas (19).
That study concluded that exchange rates were mainly due
to solvent accessibility. The exchange rates of R-helices
in this protein were correlated with the depth from solvent
rather then conformational constraints from disulfide bonds.
This protein is a dimer of two 221-amino acid subunits that
is quite large and contains nine disulfide bonds. The
difference in the exchange rates between this protein and
GIA PLA2 exists because of the higher percentage of
disulfide bonds in this protein and the localization of these
bonds intertwined with the two R-helices. The amino acids
participating in disulfide bonds are shown in Figure 3 with
six of the cysteine residues located on the two helices. This
is a novel finding as it has not previously been demonstrated
that extensively disulfide bonded areas of proteins are held
extremely rigidly by those bonds and that exchange with the
solvent is restricted.

Because of this tight disulfide bond structure, the protein
is very resistant to both digestion and denaturation and
needed extreme conditions to fragment the protein. This
extremely tight disulfide-bonded network is a possible
evolutionary adjustment in toxin-containing PLA2s to protect
against protease digestion in the venom or in their prey. Our
use of a predigestion with TCEP was necessary to achieve
these results and provides a procedure for investigating other
highly disulfide bonded proteins.

Two crystal structures of the N. naja naja GIA PLA2 have
been previously determined by our laboratory (6, 10). In both
of these crystals, the enzyme was present as trimers. The N.
naja atra GIA PLA2 structure was determined as a dimer
and contained two Ca2+-binding sites per enzyme molecule
(24). The structure of N. naja naja of Fremont et al. (10)
contained Ca2+ in the primary binding site but did not show
this secondary Ca2+. However, the trimer structure is held
together by an intermolecular salt bridge between Arg-30
on one monomer and Asp-23 on a second monomer. Asp-
23 is one of the essential residues in binding the secondary
Ca2+ as shown in the N. naja atra crystal. This trimer
interaction occurs at high enzyme concentrations and may
block the incorporation of the secondary Ca2+ ion. We could
not isolate Asp-23 in the DXMS analysis because of the lack
of overlap of peptides in this region.

The C-terminal region from residue 103 to 114 also forms
part of the secondary site. This region does show a decrease
in the level of exchange that would suggest the presence of
Ca2+ in this site. This indicates that when the enzyme is in
solution, Ca2+ is bound to the second site and that the lack
of the second Ca2+ in the original crystal structure was due
to the trimer contacts with Asp-23. If a model is generated
with the N. naja naja crystal structure containing a Ca2+ ion
in the secondary Ca2+-binding site shown in the N. naja atra
structure, the amino acids are in the correct position for Ca2+

binding.
Ba2+ showed decreases in the level of deuterium exchange

as did Ca2+, but the magnitude of the change was smaller.
Decreases in the level of deuterium exchange at the Ca2+-

FIGURE 7: Deuterium exchange of the GIA PLA2 upon DMPC vesicle binding at 0 °C in the presence of 100 µM Ca2+. The numbers of
incorporated deuterons at four time points are plotted for regions that show changes upon DMPC binding. The changes in deuterium
exchange are shown mapped on the N. naja naja GIA PLA2 crystal structure (PDB entry 1PSH) with the calcium ion colored pink. Colors
denote the changes in the deuterium level.
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binding sites were smaller in the presence of Ba2+ than at
the same levels of Ca2+. This is most likely due to the
different affinities of these ions for the enzyme of 0.15 mM
for Ca2+ and 0.4 mM for Ba2+ (23). These results suggest
that Ba2+ binds in exactly the same place as the Ca2+ ion,
but there are differences in the affinity at the site of binding.

The interfacial activation of PLA2 has been an area of
interest for many years. The use of DPPC vesicles without
Ca2+ present to probe lipid binding did not show changes in
deuterium exchange in large areas of the protein. However,
there was a distinct effect at residues 9 and 10. This region
contains isoleucine 9, which has been postulated to be one
of the residues in the hydrophobic core in the active site of
the protein based on the crystal structure (24, 27). This
change in deuterium exchange may well be the interaction
of the sn-2 fatty acid from the phospholipid with the
hydrophobic residue.

Experiments caried out in the presence of low levels of
Ca2+ with DMPC SUVs showed significant decreases in the
level of exchange in large areas of the enzyme proposed to
bind the membrane interface. A hypothetical scheme of
membrane binding of the N. naja naja GIA PLA2 is shown
in Figure 8.

Our experiments showed decreases in the level of ex-
change at regions containing Tyr-3, Trp-61, Tyr-63. and Phe-
64. We propose that the aromatic residues here are inserting
into the membrane bilayer. Mutations of the aromatic amino
acids have been tested in the structurally similar N. naja atra
GIA PLA2 enzyme and found to significantly diminish
interfacial activation (28). Similar experiments in the N. naja
naja GIA enzyme showed mutations at Trp-61, Tyr-63, and
Phe-64 also significantly reduced the extent of interfacial
inactivation (8). Our experiments also show a decrease in
residues 6-8 containing Lys-6, which is in the correct
orientation to interact with phosphate headgroups of the
membrane surface. Experiments using the GIA PLA2 inhibi-

tor manoalide showed that reaction of manoalide with Lys-6
caused a large decrease in activity, maybe inducing an
incorrect protein orientation at the surface (29). The deute-
rium exchange data suggest that the majority of the interac-
tions between the enzyme and the interface are mediated by
residues 3-8 and 56-64. The area of residues 18-21 has a
very small change in exchange compared to changes seen
for residues 3-8 and 56-64. We propose that binding to a
lipid surface is mediated by the aromatic and charged
residues in these areas and blocks them from solvent
exposure. Our experiments confirm that these areas of the
enzyme are interacting with the membrane surface, but only
upon exposure to Ca2+.

Our experiments also demonstrate a decrease for regions
containing Phe-5, Ile-9, and Trp-19. We propose these amino
acids are mediating binding of the fatty acyl tails of the
phospholipid substrate. Previous NMR studies carried out
by our laboratory using an amide substrate analogue dis-
persed in micelles showed differences in Leu-2, Phe-5, Trp-
19, Ala-22, and Phe-100 with GIA PLA2 (12). A crystal
structure of the N. naja atra enzyme with an inhibitor bound
showing hydrophobic interactions among Leu-2, Phe-5, Ile-
9, Trp-19, and Tyr-69 also exists (27). Our deuterium
exchange results very closely match the results seen in both
inhibitor-bound GIA PLA2s. In our studies, we were not able
to isolate Leu-2, Ala-22, or Phe-100 due to very slow
exchange in these regions, or a lack of resolution. The
changes seen at Ile-9 and Phe-5 have a constant decrease in
the level of exchange at all time points, where regions
proposed to penetrate the membrane surface have smaller
decreases in the level of exchange at later time points. This
suggests that substrate binds very tightly and blocks this area
from on exchange at all time points, while the enzyme may
hop on and off substrate, allowing surface-penetrating
residues to exchange at later time points.

FIGURE 8: Hypothetical model of GIA PLA2 binding to a DMPC membrane surface (left) before associating with the membrane and (right)
after association with the membrane. Areas with decreases in the level of exchange have been colored, and amino acid residues Tyr-3,
Phe-5, Lys-6, Trp-18, Trp-19, His-47, Trp-61, Tyr-63, Phe-64, and Asp-93 have been drawn in stick form. This figure was created with
PyMol.
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CONCLUSION

This study shows rigidification of the two extensively
disulfide bonded helices, and the presence of a secondary
Ca2+-binding site present in the N. naja naja group IA PLA2.
Also, we have shown that both of these sites show changes
upon Ba2+ binding, but not at the same levels of exchange.
This study also shows an interaction between the soluble
enzyme and the lipid surface at both surface and substrate
binding regions of the protein. This study marks a novel use
of deuterium exchange mass spectrometry in the study of
lipid-lipase interactions as well as the use of novel digestion
and denaturation methods to work with very highly disulfide
bonded proteins.
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