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Introduction

Lipids have been described as the “most overlooked mole-
cules in biology”.[1] Nevertheless, in the last few years, the
long-lasting oversight of the unique biological relevance of
lipids has been changing, as a consequence of feverish stud-
ies in areas like membrane biophysics, protein–lipid interac-
tions, and cannabinoid systems, to name just a few. One of

the most relevant topics, within the physiopathological im-
plications of lipid–protein recognition, interaction, and catal-
ysis, is undoubtedly the role of phospholipase enzymes.
Phospholipases A2 (PLA2s) are involved in the hydrolysis of
the sn-2 ester bond of the membrane phosphoglycerides in a
regio- and stereospecific manner.[2] These enzymes are in-
volved in several biological functions, such as membrane ho-
meostasis, digestion, and production of precursors for lipid
hormones.[3] PLA2s are classified in 13 groups and several
subgroups on the basis of their structure, molecular weight,
substrate specificity, and cellular localization. Mammalian
tissues contain both the Ca2+-dependent secretory (sPLA2s,
groups I, IIA, IIC, V, and X) and cytosolic (cPLA2s, group
IV) enzymes, as well as some intracellular isoforms (iPLA2s,
group VIA).[4] sPLA2s belong to a family of small (14–
16 kDa), disulphide-rich, calcium-dependent enzymes, which
includes human type IIA secretory PLA2 (sPLA2-IIA).[5]

The latter is inactive on isolated phospholipid substrates but
undergoes “interfacial activation” after correct arrangement
on the phospholipid layers. The best sPLA2-IIA substrates
are supramolecular structures such as lipid monolayers, mi-
celles, vesicles, and membranes; in particular, negatively
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charged species are cleaved several orders of magnitude
faster than zwitterionic ones.[5] The sPLA2-IIA region that
interacts with the outer membranes is called the interfacial
binding surface (IBS) and contains six hydrophobic (Val3,
Ala18, Leu19, Phe23, Phe63, and Tyr111) and two basic
(Arg7 and Lys10) amino acid residues. Additionally, Lys67
and Lys107, which are located at a distance of 4–5 � from
the membrane surface, are involved in the IBS stability.[6]

The starting point for this work can be found in our on-
going extensive investigation of the PLA2-inactivation mech-
anism by anti-inflammatory marine natural products.[7]

Among the g-hydroxybutenolide-containing natural prod-
ucts, petrosaspongiolide M (PM, 1; Scheme 1)[8] is endowed

with a remarkable pharmacological profile.[9] Enticed by the
prospect of the rational design of simplified inhibitors as
new potential lead compounds against inflammation-related
diseases,[10] we have investigated the molecular mechanism
of sPLA2-IIA inhibition by PM and its congener 25-O-
acetyl-PM (PMAc, 2 ; Scheme 1). The latest findings of an
oncogenic action of PLA2 in prostate cancer[11] offered fur-
ther motivation for the study. Herein, we have evaluated the
role of the covalent and noncovalent interactions in this in-
hibition process, and our results suggest that the inhibition
mechanism is ruled by the two binding modes. A separate
contribution of the two events or their co-occurrence in the
enzyme inactivation has been investigated in detail and dis-
cussed. In the most intriguing hypothesis, PM covalently
modifies one PLA2 molecule and also (noncovalently) con-
tacts the active site of another unit; these interactions ulti-
mately modulate the protein–protein and protein–lipidACHTUNGTRENNUNGbinding.

Results and Discussion

Our study of the mechanism of sPLA2-IIA inactivation by
PM at the molecular level consisted of the following phases:
a) kinetic analysis of the sPLA2-IIA inhibition profile;
b) structural analysis of the protein–inhibitor complex; c) in
silico generation of a 3D model of the protein–inhibitor
complex by using the experimental evidence as constraints.

Kinetic analysis of sPLA2-IIA inhibition : The inhibition of
phospholipase activity by petrosaspongiolides was tested in

an assay buffer containing dioleylphosphatidylglycerol
(DOPG) vesicles with a continuous fluorescence-displace-
ment assay.[12–14] The enzyme-inactivation rates progressively
increased with the concentration of the inhibitors and
reached maxima of 95 and 70 % inhibition for PM and
PMAc, respectively (Figure 1 A). The different kinetic pro-
files of PM and PMAc confirmed the important role of the
free hemiacetal function on the g-hydroxybutenolide ring, as
already reported for PM in a different enzymatic system;[7c]

hence, the decreased effectiveness of PLA2 inhibition by
PMAc was due to the acetylation at the C25 position. Fur-
thermore, the kinetic responses were levelled after long in-
cubation times, and the inhibition potency of PMAc and PM
became similar (Figure 1 B).[7c]

Structural analysis of PLA2–inhibitor complexes : As in our
previous studies, in which the bee venom PLA2 was affected
by both covalent and noncovalent interactions when incu-
bated with several natural inhibitors,[7] we used a mass spec-
trometry approach in the analysis of the sPLA2-IIA–inhibi-
tor complexes.

To clearly characterize the PM-inactivation mode, wheth-
er competitive or not, we resorted to a selective histidine-
acylating agent, para-nitrophenacylbromide (pNBr, molecu-
lar weight (MW) of 244 Da). This agent is well known to se-
lectively bind the catalytic His residue of several PLA2s, and
this modification is easily revealed by MS with a measured

Scheme 1. Chemical structures and molecular weights (MW) of petrosas-
pongiolide M (PM, 1) and 25-O-acetyl-PM (PMAc, 2).

Figure 1. PLA2 activity in the presence of PM and PMAc. A) The inhibi-
tion profile at different ligand/protein molar ratios after 10 min of incu-
bation. B) The percentage of sPLA2-IIA activity with a ten-fold molar
excess of ligand after 5, 10, and 30 min of incubation. Data are the mean
values�SD of at least three different assays and are shown as a percent-
age. (The activity value without inhibitor was set to 100 %.)
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MW increase of 164 Da.[7e] Comparative experiments in
which PLA2 is incubated with pNBr in the presence or ab-
sence of the inhibitor hence provide valuable clues on the
type of inhibition mechanism (whether competitive or not).
Therefore, we incubated sPLA2-IIA with pNBr and recov-
ered, by LC–nanoESIMS, a main fraction containing sPLA2-
IIA modified at His47 (data not shown, see Table S1 in the
Supporting Information). The same procedure was repeated
with the enzyme preincubated with PM (sPLA2-IIA:PM
molar ratio of 1:5) before addition of pNBr. LC–MS data re-
vealed that sPLA2-IIA was not modified by pNBr in this
case, which proves the occurrence of early binding of PM to
the active site of the enzyme.

Therefore, we moved on to the details of this protein–
ligand interaction by incubating sPLA2-IIA with PM and an-
alyzing the reaction mixture by LC–nanoESIMS (see the
Supporting Information). The chromatographic trace con-
sisted of two peaks, which were identified by mass spectrom-
etry as the unreacted sPLA2-IIA ((13 860.62�0.10) Da) and
its covalent 1:1 complex with PM. The latter species consist-
ed of two multicharged ion envelopes, deconvoluted at
MWs of (14320.68�0.16) and (14302.24�0.45) Da (see Fig-
ure S2 and Table S1 in the Supporting Information), which
correspond to mass increments of 460 and 442 Da, respec-
tively. These results were suggestive of the addition of a ni-
trogen nucleophilic residue on the enzyme to the C25
masked aldehyde of PM; this generates an initial hemiami-
nal intermediate (DMW=460 Da) that evolves into a Schiff
base (DMW= 442 Da) through loss of H2O (Scheme 2 A).
The existence of an imine moiety in the sPLA2-IIA–PM co-
valent complex was also confirmed by selective reduction
with sodium borohydride (NaBH4), as monitored by LC–MS
(DMW=444 Da). Furthermore, the PM–PLA2 imine adduct
reverted in a reaction with hydroxylamine (NH2OH) to give
rise to the PM–oxyme and the free protein.

On these grounds, we ruled out other plausible reaction
pathways for the hydroxybutenolide moiety, namely Michael
addition of a PLA2 lysine residue at the C17 position
(DMW=462 Da) or transesterification at the C24 position
(DMW=442 Da, no reaction with NH2OH). The same pro-
tocol was then applied to the case of PMAc, with identical
results in terms of the mass increments. As suggested from
the inhibition kinetics, MS data confirmed that, upon expo-
sure to PLA2, PMAc is transformed into PM by means of a
nonspecific esterase activity of PLA2 (see Scheme 2 B and
Table S1 in the Supporting Information). This, in turn, re-
quires that PMAc (and hence PM) targets the inner surface
of the PLA2 active site. We then moved to the identification
of the covalent-binding site on the enzyme. This part of the
work was a complex task, due to the difficulties in the detec-
tion of sPLA2-IIA–PM complexes in the incubation mixture.
Actually, addition of PM to the PLA2 solution induced ag-
gregation of the complex, which complicated its recovery
and recognition. This was confirmed by addition of nonde-
naturing surfactants, in particular, b-octyl-d-glucopyranoside
(OGP), that slightly improved the complex solubility. On
the basis of this behavior, we decided to carry out our analy-
sis by sodium dodecylsulfate polyacrylamide gel electropho-
resis (SDS-PAGE), in situ tryptic digestion, and MALDI-
TOF mass spectrometry.[15] PLA2 was incubated with the in-
hibitors (PM and PMAc) and, after reduction with NaBH4,
the sample was chromatographed by SDS-PAGE to elimi-
nate the excess of inhibitor and NaBH4. The same proce-
dure was performed on the protein as a reference experi-
ment. MALDI-TOF analysis of in situ tryptic digestion of
the SDS-PAGE spots allowed us to map the entire protein
sequence. A signal at m/z 1835.94 was detected only in the
spectrum of the PM–PLA2 tryptic mix (see Figure S3 and
Table S2 in the Supporting Information) and was attributed
to the mass of peptide fragment 63–74 with addition of
444 Da (theoretical MW of 1834.7 Da). The Lys67 residue is

Scheme 2. Reaction mechanisms for the covalent inactivation of sPLA2-IIA by A) PM and B) PMAc. Mass increments were measured by LC–nano-ACHTUNGTRENNUNGESIMS and account for the losses of H2O (in A) and AcOH+H2O (in B).
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the only reactive center in the peptide 63–74
(FLSYKFSNSGSR) that is able to produce an imine by nu-
cleophilic addition to PM. When analyzed under an identical
experimental procedure, PMAc showed the same behavior
as PM, which thus confirms the mechanistic hypothesis pre-
viously discussed (Scheme 2 B). Therefore, the PLA2-inhibi-
tion process seems to be ruled either by a competitive inser-
tion of the inhibitor inside the enzyme active site driven by
noncovalent forces or by the covalent modification of Lys67.
This residue is closely connected to the enzyme IBS[6] and
its modification can thus modulate the lipid–PLA2 surface-
recognition process during the interfacial catalysis step. On
the other hand, a full picture of the inhibition process that
takes into account the co-occurrence of both events on a
single PLA2 molecule is a complex task, because Lys67 is lo-
cated far away from the active site. Hence, the two events
could separately contribute to the enzyme inactivation, by
virtue of the PM covalent modification (Lys67) of some
PLA2 molecules and the additional (noncovalent) associa-
tion with the active site of other PLA2 units.

Another intriguing hypothesis suggests a double interac-
tion of PM with two PLA2 molecules, one of them covalent-
ly modified at Lys67 and the other contacting the inhibitor,
through noncovalent interactions, inside the active site. A
fundamental observation in this context is the fact that the
nucleophilic attack of Lys67 liberates a free carboxyl group
in PM and, thus, generates a substrate analogue consisting
of a polar negatively charged head (the COO� group) and a
large hydrophobic tail (the tetracyclic core), which is in
close analogy with the structure of a phospholipid. There-
fore, the Lys67-bound PM may be capable of targeting the
active site of another sPLA2-IIA molecule due to van der
Waals/electrostatic complementarity and, importantly,
through its ability to chelate the essential calcium ion with
its carbonyl oxygen functionalities. In this scenario, PM
would act to induce the construction of oligo- and/or poly-
meric supramolecular complexes. Although this appealing
hypothesis is in remarkable agreement with some experi-
mental evidence, we decided to further address its signifi-
cance by means of a thorough exploration of the comple-
mentarity between the Lys67-bound PM and the active site
of another PLA2 unit by using surface plasmon resonance
biosensor analysis[16] and computational techniques.

Surface plasmon resonance analysis : Initially, we measured
the binding of PM with sPLA2-IIA after enzyme immobili-
zation on the sensor chip. We registered sensorgrams with a
dissociation curve of about 500 s; this was followed by a pla-
teau. The response units (RU) of the sensorgrams did not
decrease to the baseline value, as a consequence of the co-
valent modification of the enzyme on the target (Fig-
ure 2 A). This peculiar behavior was functional in the
second experimental setup. In this case, a sample of freshly
solubilized sPLA2-IIA was injected either on to the chip sur-
face containing sPLA2-IIA covalently bound to PM or, as a
reference experiment, on to the chip surface linked to the
sPLA2-IIA alone. The registered sensorgram (Figure 2 B,

gray trace), in contrast to the reference experiment (Fig-
ure 2 B, black trace), displayed a typical binding profile (as-
sociation and dissociation steps), which is suggestive of a
PLA2–PM–PLA2 complex on the target (with a calculated
dissociation constant (KD) value in the mm range). This evi-
dence supports the hypothesis of a PM-induced protein–pro-
tein interaction.

Computational studies on PLA2–PM–PLA2 complex : As a
final step, we resorted to a computational approach by
building a plausible 3D model in support of our hypothesis.
The first step was the full flexible docking into the PLA2

pocket of a simple model compound consisting of a PM–Lys
imine (PM-K). The goal of this ligand docking stage was to
explore the conformational space of PM-K within the PLA2

binding pocket and then to use these poses to align the PM
portion of the real PLA2–PM covalent adduct (PM–Lys67–
PLA2) in the protein–protein docking stage. The flexible-
ligand/flexible-side-chain algorithm used has been already
documented.[17–21] The PLA2–PM–PLA2 adduct was then
built by attaching a PM molecule to Lys67. The PLA2–PM
adduct was considered as the “ligand” (in the sense that its
six positional coordinates were considered to be free), and
the second PLA2 molecule was regarded as the “receptor”
(whose six positional coordinates were fixed). The protein–
protein docking stage began with the construction of 128 ini-
tial complexes (generated to maximize ligand-orientation di-

Figure 2. A) The irreversible binding of PM at 3 different concentrations
(50, 100, and 200 mm) to sPLA2-IIA immobilized on the sensor chip.
B) The consecutive injection of PM (50 mm, solid line) and solubilized
sPLA2-IIA (50 nm, dashed line) on a sensor chip with immobilized
sPLA2-IIA. The gray and black bold solid lines were measured for the
consecutive injection of buffer and solubilized sPLA2-IIA (50 nm) on a
sensor chip with immobilized sPLA2-IIA. All sensograms were subtracted
from a control-experiment trace. A colour version of this figure is avail-
able as Supporting Information.
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versity). The ensemble was further reduced through succes-
sive steps of local energy minimization to 17 nonredundant
complexes. A stochastic global energy optimization was then
performed on each of the 17 complexes, with the 6 position-
al coordinates of the ligand, the side chains at the interface,
the torsional variables of PM+Lys67, and the Ca2+ atom
being set free during the energy minimization. The best
energy conformations within an energy window of
30 kcal mol�1 are displayed in Figure 3. It is interesting to

note that all but one of the low-energy conformations exhib-
it the same binding trend. In order to study the stability, dy-
namic properties, and key contacts between the interacting
partners, the lowest energy PLA2–PM–PLA2 complex was
selected as a subject for molecular dynamics (MD) simula-
tions. The initial complex was minimized, annealed (see the
Supporting Information for a description of the methodolo-
gy), and then subjected to MD simulation (10 ns) in a fully
solvated environment. We observed that, throughout the
10 ns simulation, the complex remains compact and the
structure does not significantly deviate from the starting
model. Indeed, the distance between the mass centers of the
two PLA2 units was constant at around 31 �, and the mass-
weighted radius of gyration (Rg) and the root mean square
deviation (RMSD), calculated in the last 5 ns of the MD
simulation, were highly stable over all of the simulation
steps (see Figure S4 in the Supporting Information).

The observed stability of the complex was related to the
PM arrangement, because both the covalent bond with
Lys67 on the first PLA2 molecule and the chelating link to
the Ca2+ ion on the second protein unit created rigid an-
chors. In fact, the PM and Asp48 carboxyl groups and the
Gly31 and His27 carbonyl oxygen atoms, together with 2

water molecules, firmly coordinate the Ca2+ ion within a dis-
tance close to 2.5 � (Figure 4 A and B). Moreover, one por-
tion of the PM tetracyclic core contacts a cluster of PLA2

hydrophobic groups, namely the Phe5, Leu2, Ile9, Ala18,
Leu19, and Val30 side chains, and the Gly22 backbone
atoms, whereas the rest sticks out from the pocket and turns
towards the solvent (Figure 4 A).

The 3D model depicted in Figure 4 offers a structural il-
lustration of the PM-induced PLA2 supramolecular complex
that accounts for the previously discussed dual-inhibitionACHTUNGTRENNUNGhypothesis.

Figure 3. Ribbon representation of the lowest energy PLA2–PM–PLA2

complexes. All of the low-energy conformations exhibit the same binding
trend. Color code: PLA2 receptor: yellow-orange; Ca2+ : blue; PLA2-PM
covalent adduct: helices: red; b-sheets: yellow; loops: green. PM attached
to K67 in the PLA2-PM covalent adduct is depicted in stick representa-
tion. The picture was prepared by using the PyMol software (www.pymo-
l.org).

Figure 4. A) Representative PM binding-pocket structure after 10 ns of
MD simulation. The PM structure is shown partly submerged into the
PLA2 (A chain: gray) protein and with chelating bonding to the Ca2+

ion. Water molecules (oxygen atoms: red spheres) are found mainly
around the hydrophobic steroid moiety of PM. B) Close-up view of the
Ca2+ coordination within the catalytic site. Note that Lys67 belongs to
the PLA2 unit covalently bound to PM, whereas the other residues
belong to the second PLA2 unit. See Supporting Information for further
details.
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Conclusion

The investigation of the binding mode of PM with human
sPLA2 has shown that the enzyme inhibition is ruled by
both covalent and noncovalent interactions. Although, at
the moment, the possibility that the two events separately
contribute to the inactivation process has to be taken into
account, we believe, on the basis of the reported evidence,
that a dual binding mode can also take place. In this intrigu-
ing hypothesis, PM acts as a sort of cross-linking agent con-
necting two PLA2 molecules (Figure 5). PM, in presence of
phospholipid micelles, inserts its amphiphilic core into the
lipid layer, in a manner resembling that of cholesterol.[22]-

After covalent binding to the Lys67 residue on the first
PLA2 molecule, the PM lipophilic core is extracted from the
lipid vesicles and targets the active site of a second PLA2

unit through noncovalent contacts; this eventually leads to a
protein–protein trans-inactivation. This peculiar dual bind-
ing mode of PM could induce an oligo- and/or polymeri-
zation process that leads to the assembly of supramolecular
entities with low solubility. This unusual mechanism may
provide the basis for further investigations that could be
helpful in the development of new PLA2-targeted therapeu-
tic strategies.

Experimental Section

Phospholipase A2 kinetic assay : sPLA2-IIA activity assays were carried
out by using the fluorescent probe ADIFAB, which consists of an acrylo-
dan derivative of rat intestinal fatty acid binding protein that exhibits a
shift in fluorescence upon binding to long-chain native fatty acids.[23] In
each assay, the ratio (R) of 490 to 440 nm fluorescence was measured
with an LS55 luminescence spectrophotometer (Perkin–Elmer) with exci-
tation at 386 nm, excitation slits at 4 nm, and an emission slit at 8 nm.
Calibration of fluorescence displacement was performed by using oleic
acid as a standard. All assays were carried out at 37 8C, each measure-
ment was repeated three times, and the reported values are means� the
standard deviation (SD). To obtain the phospholipid substrate at concen-
tration of 60 mm in the form of small unilamellar vesicles, a stock solution
of DOPG (10 mg mL�1 in methanol) was diluted in the assay buffer
(10 mm 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (Hepes),
150 mm NaCl, 5 mm KCl, 1 mm NaHPO4, 1 mm glucose, 1 mm MgCl2, and
1 mm CaCl2 at pH 7.4) by rapid injection.[24] Anionic vesicles of DOPG
were chosen as a substrate for their high affinity with interfacial binding
of sPLA2-IIA. This was the first time, to our knowledge, that ADIFAB
was used in a fluorescence-displacement assay with sPLA2-IIA and
DOPG as the substrate, so it was necessary to set up the right conditions
for subsequent assays of inhibition. Aliquots of the assay buffer contain-
ing the DOPG substrate at various concentrations (0.01–10 mm) and
20 nm ADIFAB were placed in the cuvette, and the R value of the solu-
tion was registered for 1 min. sPLA2-IIA (final concentration of 50 nm)
was then added and the enzyme activity was monitored for 3000 s with

Figure 5. The supposed trans-inactivation mechanism at work: A) PM, inserted in a phospholipid bilayer, exposes its polar head towards the outer face
of the membrane. B) This assists nucleophilic attack of Lys67 onto the g-hydroxybutenolide ring and leads to an imine intermediate. C) The so-formed
PLA2-bound phospholipid-like species is released from the membrane. D) This species, acting as a substrate analogue, specifically targets the active site
of another PLA2 molecule.
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an integration time of 2.0 s. A DOPG concentration of 5 mm was chosen
as the saturating substrate concentration.

Kinetic analysis of inhibition : Assay buffer containing the substrate,
ADIFAB, and ethylenediaminetetraacetate (EDTA; 10 mm) was placed
in a fluorescence cuvette, and sPLA2-IIA (final concentration of 50 nm)
was added, together with different quantities of PM (final concentrations
from 50 nm to 5 mm) or PMAc (final concentrations from 50 nm to 25 mm).
The mixtures were incubated for 10 min at 37 8C prior to addition of
CaCl2 (final concentration of 100 mm), and the enzyme activity was moni-
tored. The absence of calcium as a cofactor prevented sPLA2-IIA from
hydrolyzing the substrate during the incubation time. In a second experi-
mental setup, the kinetics of inhibition was monitored after 5, 10, and
30 min of incubation of the enzyme, both in presence of PM and PMAc
(final concentration of 500 nm). The enzyme rate in the presence of inhib-
itors was then compared with that measured for the enzyme alone.

sPLA2-IIA–inhibitor adduct analysis by mass spectrometry : pNBr
(MW=244 Da) was incubated with sPLA2-IIA (pNBr:sPLA2-IIA molar
ratio of 150:1) for 5 min in phosphate-buffered saline (PBS) at a neutral
pH value. The mixture was loaded on an Atlantis dC18 nanoAcquity
column (100 mm � 75 mm) with a 5 mm Symmetry C18 precolumn
(180 mm � 20 mm) and eluted by means of a linear gradient from 15 to
65% aqueous acetonitrile containing 0.05 % trifluoroacetic acid (TFA)
and 1% formic acid over a period of 25 min. Mass spectra were collected
in an m/z range of 1500–3000 on an MALDI Q-ToF Premier spectrome-
ter (Waters Co.) equipped with a nanoAcquity Ultraperformance LC
system and a nanospray source. The His-specific reaction site was identi-
fied by means of a typical protocol involving disulfide reduction, cysteine
alkylation, and LysC digestion followed by MALDI MS performed on a
MALDI-Voyager spectrometer (Applied Biosystems). PM was dissolved
in isopropyl alcohol (5 mg mL�1) and added to a solution of sPLA2-IIA
(2 mm in 50 mm tris(hydroxymethyl)aminomethane–HCl with 10 mm

CaCl2 at pH 7.5) for 5 min at 25 8C in fivefold molar excess. The final
concentration of isopropyl alcohol in the reaction mixture was lower than
3% (v/v). The sample was alternatively treated with pNBr (as reported
above) or with NH2OH (molar ratio of NH2OH/sPLA2-IIA =400:1) for
1 h at 37 8C, or it was diluted with an equal volume of NaBH4 (molar
ratio of NaBH4/sPLA2-IIA =400:1) in NaOH (15 mm) for 30 min at 0 8C
and the reaction was quenched by adding 6 m HCl (1 mL). The mixture of
unreacted and modified protein was analyzed by nanoLC–MS analysis as
reported above.

Location of the binding site : After incubation with PM or PMAc and re-
duction with NaBH4, the mixture of unreacted and modified protein was
centrifuged at 20 800 g for 20 min. The same incubation was also per-
formed in the presence of DOPG vesicles at the same concentration as
that used in kinetic assays. The supernatant and the pellet were loaded
on to a denaturing 15% SDS-PAGE gel, according to the method of
Laemmli.[25] Protein bands were excised from 2–3 replicate gels. The pro-
cedure for in-gel digestion originally developed by Shevchenko et al.[26]

was used with some modifications. Briefly, Coomassie-stained bands were
destained and washed with 100 mm ammonium bicarbonate and acetoni-
trile, reduced with 1,4-dithiothreitol at 56 8C for 45 min, and then alkylat-
ed with iodoacetamide in the dark for 30 min. The gel bands were incu-
bated in a 12 ng mL�1 solution (50 mL) of trypsin in 50 mm ammonium bi-
carbonate (pH 8.0) and incubated at 4 8C for 1 h. The supernatant was
then removed and fresh buffer was added to cover the gel pieces during
the enzymatic cleavage at 37 8C overnight. The resulting peptides were
extracted first with a 1:1 solution of 25 mm ammonium bicarbonate and
acetonitrile and then with a 1:1 solution of 5% formic acid and acetoni-
trile. The extracted tryptic peptides were lyophilized and suspended with
5% formic acid (10 mL) for MALDI MS (MALDI-micro MX, Waters
Co).

Surface plasmon resonance analysis : Interaction analyses were performed
by using a Biacore 2000 apparatus equipped with a research-grade CM5
sensor chip (Biacore AP, Uppsala, Sweden). Amine-coupling reagents (3-
(3-dimethylaminopropyl)-1-ethylcarbodiimide (EDC), N-hydroxysuccini-
mide (NHS), and ethanolamine HCl) were purchased from Biacore AB
and used as described in the Biacore User Manual to immobilize sPLA2-
IIA in 1X PBS (pH 7.4) at a concentration of 30 mg mL�1. 3 different den-

sities of enzyme surface were prepared by using standard amine-coupling
chemistry at flow rate of 5 mLmin�1. 7 different concentrations of PM
were prepared from 10 to 300 mm, diluted in 1X PBS with 3% isopropa-
nol, and each was injected in triplicate at flow rate of 7 mL min�1 by using
the KINJECT command. Binding response cycles obtained for PM from
the triplicate injections were superimposable, which indicated that the
biosensor detection method was highly reproducible. The dissociation of
the enzyme/small molecule was monitored for 5 min, and the sensor chip
was efficiently regenerated between sample injections by an NH2OH in-
jection cycle. Data collected on the SPR biosensor were processed by the
BiaEvaluation Program from Biacore AP. KD values were calculated by
using the Langmuir binding model. An sPLA2-IIA solubilized sample
(50 nm) was prepared in 1X PBS with 150 mm NaCl and injected on the
biosensor chip modified by sPLA2-IIA prior to and after injection of PM
at 200 mm.

Computational methodology : Complex preparation: The crystal structure
of human PLA2 at 2.0 � resolution (Protein Data Bank code: 1KVO)
was used.[27] A water molecule close to the N terminus and the Ca2+

atom were also included in the receptor PLA2 but were omitted in the
ligand PLA2 because they are far from the protein–protein interface.
Based on the rigidity observed in comparing several human PLA2 struc-
tures (unbound and bound to different ligands), the backbone structure
was kept rigid during the simulations. The CC=CCOOH double bond of
PM-K was kept in the trans configuration, as in the PM structure before
the reaction with PLA2.

Energy calculation and optimization: The molecular system was de-
scribed in terms of internal coordinates, according to the Internal Coordi-
nates Mechanics (ICM) method[28] (ICM Version 3.5-1h). The main
vacuum energy terms and force-field parameters were taken from the
ECEPP/3 force field,[29] by using an internal distance-dependent dielec-
tric constant, eint =2 � r. The solvation energy contribution was based on
atomic solvation parameters taken from reference [30]. For the energy
reevaluation of the PLA2–PM–PLA2 complexes, a more accurate electro-
static energy term was calculated by solving the Poisson equation with
the boundary-element algorithm (in the latter case, eint =2),[31] while the
nonpolar contribution to the solvation energy was assumed to be propor-
tional to the solvent-accessible surface area (surface-tension parameter,
g=12 cal mol�1 ��2). A conformational entropy energy term for side
chains that was proportional to Nfreeln 3, in which Nfree is the number of
free variables, was also added.[32] The Monte Carlo based flexible docking
algorithm is based on a global energy optimization method consisting of:
1) random conformational modification of a free variable according to a
predefined continuous probability function, 2) local energy minization of
differentiable variables,[33a] 3) total energy calculation including nondiffer-
entiable energy terms such as entropy and solvation, and 4) acceptance
or rejection according to the Metropolis criterion.[33b]

Ligand and protein docking: The first step was the full flexible docking
into the PLA2 pocket of a simple model consisting of a PM–lysine imine
(PM-K). Ten independent global energy stochastic optimization simula-
tions were run and the collected low-energy conformations were merged
in a conformational ensemble.[34] Redundant poses of PM-K within 4 �
RMSD and those in which the lysine side chain of PM-K pointed inwards
were eliminated (because these cannot form the PM–PLA2 complex due
to steric clashes); this left just two possible conformations of PM–K
within the PLA2 pocket. In each of these conformations, either the car-
boxylate or the aldehyde oxygen atom of PM makes a contact with the
Ca2+ ion, in agreement with the experimental data on other ligands bind-
ing to PLA2. No distance restraint was introduced between the Ca2+

atom and any of those oxygen atoms during the docking. The simulation
temperature was set to T=1000 K to improve conformational sampling.
The PLA2–PM–PLA2 complex was then prepared by attaching a PM
molecule to Lys67, in a similar way to that seen in the PM-K docking
stage. This PLA2–PM complex was considered as the “ligand” (in the
sense that its six positional coordinates were considered to be free), and
another PLA2 molecule was regarded as the “receptor” (whose six posi-
tional coordinates were fixed). An initial ensemble of 128 protein–pro-
tein complexes was generated by randomizing the 6 torsion angles of the
Lys67 chain attached to PM. Each complex within the ensemble was sub-
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jected to a short local energy minimization by using a soft van der Waals
interaction energy term.[35] The c torsion angles of Lys67 and the six posi-
tional coordinates of the PLA2–PM complex were set free during the
minimization, whereas the tetracyclic carbon atoms of PM in PLA2–PM
were tethered to any of the ligand conformations found in the PM-K
docking stage. Interface residues were identified for each of the 128 com-
plexes, and a subsequent local energy minization step of each structure of
the ensemble was undertaken. Side chains of all interface residues (col-
lected from all structures of the ensemble), the six positional coordinates
of the ligand, and the position of the Ca2+ atom were considered free
during the energy minimization. A step procedure was used, in which the
strength of the van der Waals interaction was gradually increased from
zero to full interaction. A comparison of the Ca atoms of the ligand b

sheet containing the PM+Lys67 (residues 67 to 79) was used to discard
redundant complex structures. An RMSD threshold of 2.5 � was used,
which resulted in 17 diverse initial protein–protein complexes. Interface
residues were reevaluated for the set of 17 complexes described above,
and the list was expanded with those residues found within 4.0 � of the
interface residues. A stochastic global energy optimization was per-
formed for each of the 17 complexes, with 2 independent runs per com-
plex. The six positional coordinates of the ligand, the side chains at the
interface, the torsional variables of PM+Lys67, and the Ca2+ atom were
set free during the energy minimization. A total of 12 million energy
evaluations was allowed, and low-energy conformations were stored in a
conformational stack. Redundant conformations with respect to the Ca

atoms of the ligand molecule were eliminated by using a low threshold of
0.7 �, and the energy of the resulting ensemble (�4400 structures) was
further reevaluated by using an electrostatic energy term based on the
solution of the Poisson equation with the boundary element algorithm.
The set was further reduced by eliminating reduntant conformations
within 1.0 � RMSD. It is important to acknowledge that due to the inac-
curacies in the force-field approximation and the lack of ad hoc parame-
ter optimization, it is meaningless to consider only the best energy con-
formation as the most representative one. Instead, it is more meaningful
to inspect the low-energy conformational states collected during the sim-
ulation. Remarkably, all but one within an energy window of
30 kcal mol�1 show the same conformational trend.

Molecular dynamics : Molecular dynamics (MD) simulations of the
PLA2–PM–PLA2 complex were performed in a water box, which contains
chlorine ions to neutralize any system charge. The box size was chosen to
fit the molecular complex and to have at least 10 � of water buffer on all
sides of our solute. The CHARMM force field[36, 37] was used. The solute
complex has a nonstandard residue (PM) covalently bound to the e-
amino group of Lys67. The topology and parameters for the PM ligand
were adopted from sterols.[38] Minimal adjustments were done by trans-
ferring and adjusting the standard bond, angle, and torsional parameters
from standard lipids in the CHARMM force field. MD simulations were
performed by using the NAMD 2.6 package.[39] First, the system was
minimized by 1000 steps and annealed at 10 ps. The consequent system
was MD simulated by using the Langevin barostat and thermostat[40] at
ambient pressure and 300 K. A multistep scheme of nonbonded interac-
tions was used with full electrostatic evaluations updated every four
steps. The nonbonded-interaction cut off was set at 12 � and the switch-
ing distance was 12 �. Nonbonded electrostatic interactions were treated
by using the Particle Mesh Ewald method.[41] The integration step was set
to 1 fs, and energies and structures were stored after every 1 ps. The
PLA2–PM–PLA2 complex was annealed at 1 ns and simulated for 10 ns.
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