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Petrosaspongiolides are sponge metabolites belonging to the family of the c-hydroxybutenolide marine
terpenoids. They possess a remarkable in vitro and in vivo anti-inflammatory profile, due to the specific
inhibition of group II and III secretory phospholipase A2 enzymes, and for this reason can be considered as
potential lead for the development of anti-inflammatory drugs. The molecular mechanism of bee venom
phospholipase A2 inactivation has been identified, and the ligand–enzyme complex formation is guided
by either non-covalent and covalent interactions. In this work we have analyzed the conformational
changes induced by petrosaspongiolide R on the bee venom phospholipase A2 topology during the
molecular recognition process, through the application of limited proteolysis and mass spectrometric
methodologies. The results are indicative of structural changes at the N- and C-terminal domains
producing a more compact conformational arrangement of the enzyme.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

A number of marine metabolites are known to possess anti-
inflammatory activity [1–4]. Petrosaspongiolides M-R (PM-PR)
are marine sesterterpenes structurally characterized by a c-
hydroxybutenolide moiety. They have shown an in vitro and
in vivo potent anti-inflammatory activity, mediated by specific
inhibition of secretory phospholipase A2 (sPLA2 enzymes), such
as bee venom (bvPLA2), Naja naja and human synovial phospholi-
pase A2 preparations, suggesting a remarkable wide therapeutic
spectrum for these marine metabolites in inflammatory diseases
[5–9]. In this context, bvPLA2 represents a very useful enzymatic
model, since an excellent correlation between the inhibition of
PM-PR has been obtained on bvPLA2 with respect to human secre-
tory counterpart [5,6]. The molecular mechanism underlying the
sub-micromolar irreversible inhibition of the bee venom PLA2

(bvPLA2) by PM has been clarified combining mass spectrometry
(MS) and molecular modeling approaches. The N-terminal amino
group (Ile-1 residue), recently identified as the unique PM covalent
binding site on this enzyme, selectively delivers a nucleophilic at-
tack onto the masked aldehyde at C-25 of the pharmacophoric c-
hydroxybutenolide ring of PM, giving rise to a Schiff base [10–12].

Moreover, a comparative analysis on the whole petrosaspongio-
lide family allowed a better comprehension of the molecular recog-
nition processes regulating the inhibitor–enzyme interaction
[11,12]. A full characterization of the bvPLA2 adduct with PR, one
ll rights reserved.
of the least active and most structurally different among petrosa-
spongiolides, by LC–MS, MSn, and computational methods, con-
firmed the same inhibition mechanism and covalent binding site
already found for PM. Finally, extensive molecular docking studies
performed in comparison on the PM-PLA2 and PR-PLA2 complexes
provided critical insight on how the balance between non-covalent
and covalent inhibitor–enzyme interactions may affect the final
potency exhibited by the various compounds of the petrosaspon-
giolide family [11]. In our interpretation of the data, the correct
arrangement of the ligand in the active site, induced by non-cova-
lent interactions, is of pivotal importance in the inactivation pro-
cess, and also responsible for the high covalent bonding ability of
PM in respect of the very low one of PR [11].

Analysis of the structure of PR and PM complexes with the
bvPLA2 have revealed many details of the interactions occurring
during the molecular recognition process, even if a number of pe-
culiar features of the topological changes occurring in the whole
enzyme structure remain to be fully clarified.

The aim of this paper is to shed more lights on the conforma-
tional changes induced on bvPLA2 topology upon the complex for-
mation with petrosaspongiolides, that could be helpful for a future
rational design of appropriate inhibitors.

This investigation has been performed by combining limited
proteolysis with mass spectrometric methodologies, a procedure
developed to explore the surface topology of proteins and the
interface regions in protein complexes [13–17]. We selected PR
as the best probe among petrosaspongiolides for this investigation,
due to its reactivity profile and the peculiar experimental proce-
dure. Indeed, PR is the unique among petrosaspongiolides able to
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generate the solely monomodified bvPLA2-ligand species, after en-
zyme incubation and chemical reduction of the Schiff base with
NaBH4 [11]. The reductive treatment of the complex, giving rise
to an amine function, is essential to preserve the complex during
the following purification, disulfide reduction and proteolysis
steps.

The conformational changes taking place within the bvPLA2 ter-
tiary structure under the influence of its inhibitor PR, confirmed by
CD measures, have been analyzed under different physico-chemi-
cal conditions. The results are suggestive of evident structural
changes, mainly affecting the N- and C-terminal domains, produc-
ing a more compact conformational arrangement of the enzyme.
Fig. 1. Deconvoluted MS spectra of the most abundant glycoforms of bvPLA2 (A)
and bvPLA2–PR complex (B). DMW is 399.8 Da, in agreement with the covalent
2. Materials and methods

2.1. Limited proteolysis experiments on the isolated bvPLA2

bvPLA2 protein was provided by Sigma–Aldrich Co. An aliquot of
a bvPLA2 protein (50 lM in Na2B4O7�10H2O 10 mM a pH 7.4) was
diluted with an appropriate volume of the enzyme-containing
solution in order to obtain the selected enzyme:substrate ratio
(w:w). The final concentration of bvPLA2 was fixed at 25 lM. The
mixture was incubated at 25 �C and the enzymatic reaction was
monitored collecting aliquots of 100 ll after 15, 30 and 60 min of
incubation. The proteolytic activity was blocked adding 5 ll of
20% TFA and freezing each aliquots by liquid nitrogen. Trypsin,
chimotrypsin, endoproteases GluC and LysC were chosen as prote-
olytic agents using an enzyme:substrate ratio from 1:250 and
1:1000 (w:w).

Sample aliquots were loaded on a C4 narrow-bore (250 � 2 mm,
300 �A Jupiter, Phenomenex) on an Agilent HP1000 instrument
using a linear gradient from 25% to 95% of acetonitrile–water with
0.1% of TFA over 45 min. The elution profile was monitored at 220
and 280 nm and the collected fraction were analyzed by ESI-MS on
a LCQ-Deca (ThermoFinnigan).

Because of the presence of five disulfide bridges which pre-
vent the release of all the peptides obtained from the bvPLA2

proteolysis, it was necessary to reduce the sample. The protein
fraction obtained from HPLC was diluted in a denaturing buffer
(Guanidine Chloride 6 M, Tris–aminomethane 0.1 M, EDTA
1 mM, pH 7.5) containing DTT 2.5 mM and kept under argon
for 2 h at 37 �C. The peptide separation was achieved by RP-
HPLC on a C-18 narrow-bore column (250 � 2 mm 300 �A Jupiter,
Phenomenex) by means of a linear gradient from 15% to 95% of
acetonitrile–water with 0.1% of TFA over 60 min. Chromato-
graphic peaks were collected and analyzed by ESI-MS and tan-
dem ESI-MS.

2.2. Circular dichroism experiments

Circular dichroism measurements were performed by using a
Jasco J-810 spectrometer equipped with a cell holder thermo-
statically controlled by a circulating water bath. Measurements
were recorded at 25 �C, with a 8-s time constant, and at a rate
of 5 nm/min and were averaged for 8 acquisitions. The spectra
of the protein (25 lM) were collected with rectangular quartz
cells of 1-cm path length in the near-UV region (320–250 nm)
and of 1-mm path length in the far-UV region (250–190 nm).
The free bvPLA2 and the bvPLA2–PR complex, after purification
on a PD-10 column, were analyzed before and after the treat-
ment with NaBH4 (molar excess of 400:1, kept for 2 h in ice)
in sodium borate buffer (10 mM, pH 7.5). All spectra were rou-
tinely corrected for the background signal and for dilution ef-
fects. Additionally, the spectra of bvPLA2–PR complex were
subtracted to that of PR.
2.3. Limited proteolysis experiments on the bvPLA2–PR complex

bvPLA2 (10 nmol) were incubated in presence of petrosaspon-
giolide R (molar excess of fivefold) in a final volume of 250 ll in so-
dium borate buffer 10 mM a pH 7.4 for 10 min at 40 �C. PR was
diluted in isopropanol at final concentration of 5 mM in order to
add only few ll of organic solvent to the bvPLA2 sample to prevent
protein unfolding. A molar excess of 400 times of NaBH4 was added
to the mixture in a volume of 300 ll of NaOH 15 mM aqueous solu-
tion without any pH change and the reaction was kept in ice for
2 h. To remove the excess of free PR, the sample was loaded on a
PD-10 column (Pharmacia) and gently eluted with NaB4O7 buffer
at neutral pH. The fraction were manually collected, analyzed by
UV spectrophotometer at 220 and 280 nm, and lyophilized. More-
over, RP-HPLC-MS analysis were carried out to confirm the pres-
ence of the protein complex and the absence of free PR. A C4
narrow-bore (250 � 2 mm 300 �A Jupiter, Phenomenex) with a lin-
ear gradient from 25% to 95% of acetonitrile–water with 0.1% of
TFA over 45 min was used. The sample was diluted again in sodium
borate 10 mM at neutral pH up to a 50 lM concentration as deter-
mined by BioRad assay. The limited proteolysis procedure was
identical to the one described above. The optimal enzyme:sub-
strate ratio was 1:50 (w:w).

3. Results and discussion

The influence of PR on the bvPLA2 conformational arrangement
during the inhibition process was firstly monitored by measuring
CD spectra of the free protein and its complex with PR, and then
analyzed by limited proteolysis and mass spectrometry approach,
comparing the different peptide maps obtained from the protein
in absence and in presence of its inhibitor. bvPLA2–PR complex for-
mation was assessed by mass spectrometry measurements (Fig. 1).

3.1. CD experiments

Samples of the free and PR bound bvPLA2 were separately ana-
lyzed by CD both in the far and the near-UV regions, to assess the
changes induced by the inhibitor in the secondary and/or tertiary
structure of the protein [18–20]. CD spectra of bvPLA2 with PR were
collected after 10 min incubation at 40 �C. The measurement was re-
modification of the enzyme previously reported [11].
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peated after reduction of bvPLA2–PR complex with NaBH4 in a molar
excess of 400:1 for 120 min in ice and purification on a PD-10 col-
umn, giving rise to the same results. The CD curves recorded in the
far-UV region (250–190 nm) concerning the isolated bvPLA2 and
its PR complex were perfectly superimposable, suggesting that PR
did not interfere with the protein secondary structure (data not
shown).

On the contrary, different curves were obtained in the region
between 250 and 320 nm, where the CD effect arises from the aro-
matic side chains, namely two Trp, eight Tyr and five Phe residues
in the case of bvPLA2. The contribution of the aromatic side chains
onto the near-UV-CD spectra of proteins is widely recognized and
utilized as a sensitive probe of protein conformation. The differ-
ences observed in the CD spectra (at 250–320 nm) of the free
and PR-bound enzyme were clearly indicative of a perturbation
of the enzyme environment induced by the inhibitor (Fig. 2).

3.2. Topological studies of bvPLA2 (limited proteolysis experiments)

The surface topology of bvPLA2 was probed by a combined ap-
proach that integrates limited proteolysis and mass spectrometric
procedures. Limited proteolysis experiments were performed
using trypsin, chymotrypsin, endoproteinase GluC and LysC as pro-
teolytic probes, according to the strategy previously described
[12,13].

Native bvPLA2 was incubated with each protease using an
appropriate enzyme-to-substrate ratio, and the extent of enzy-
matic hydrolysis was monitored on a time-course basis by sam-
pling the incubation mixture at different times (15, 30, 60 min)
followed by RP-HPLC fractionation. The occurrence of five disulfide
bridges in the tertiary structure of bvPLA2 (Cys9–Cys31; Cys30–
Cys70; Cys37–Cys63, Cys61–Cys95, Cys105–Cys113) prevented
the release of free peptide fragments after the enzymatic cleavage,
leading to the formation of a single partially hydrolyzed protein
species. Therefore, the chromatographic fraction containing the
latter species together with the intact protein was lyophilized, dis-
solved in a denaturing buffer and then submitted to disulfide
bridges reduction with DTT (see Section 2 for details). The follow-
ing release of the peptide fragments was monitored by RP-HPLC
and the identification of the peptides by ESI-MS led to the assign-
ment of the cleavage sites on the bvPLA2.

As an example, Fig. 3A shows the RP-HPLC chromatograms of the
aliquots withdrawn following 15 and 60 min of endoproteinase GluC
digestion (see Table 1 for further details). Protein bvPLA2 was cleaved
at Glu110, as resulted from the fragments 1–110 and 111–134 mon-
itored into the HPLC trace above the peak 3 and 2, respectively. After
60 min of enzyme incubation, a secondary cleavage site was de-
tected at the level of Glu 20, as indicated by the appearance of the
peak 1 (fragment 1–20). Moreover, in the chromatogram were also
monitored peak 2 and 3, the last containing three different species
Fig. 2. CD curves of free bvPLA2 and bvPLA2–PR complex.
at molecular weight of 13134.5 Da (fragment 21–134), 13127.6 Da
(fragment 1–110) and 16155.5 Da (intact and reduced bvPLA2). The
overall data from the limited proteolysis experiments on the isolated
bvPLA2 are summarized in Table 1 and Fig. 4.

Preferential cleavage sites were classified as ‘‘primary” and
‘‘secondary,” merely on qualitative kinetic evaluation, according
to their rate of appearance and accumulation during the time-
course experiments.

The primary cleavage sites on the bvPLA2 surface are located
within the C-terminal segment 110–112, indicating that this region
is particulary flexible and exposed to the protease action. More-
over, the N-terminal area from amino acid 14–24 is also prone to
the enzymatic cleavage even if with a slower kinetic profile. Our
gathered data indicate a considerable conformational flexibility
of these two regions on the protein surface corresponding to un-
structured loops.

3.3. Topological studies of bvPLA2–PR complex (limited proteolysis
experiments)

The conformational changes occurring within the bvPLA2 struc-
ture upon PR influence were finely investigated by a comparative
analysis, employing the same limited proteolysis-mass spectrome-
try approach previously described.

A sample of bvPLA2 was firstly incubated with PR for 10 min at
40 �C, and then NaBH4 was added in a molar excess of 400:1 for
120 min in ice. The reaction mixture was then loaded on a PD-10
column for gently separate the protein fraction from the unreacted
PR. The fraction containing the unreacted bvPLA2 and bvPLA2–PR
species was lyophilized and diluted in NaB4O7 buffer 10 mM at
pH 7.4 up to a concentration of 50 lM and subsequently submitted
to limited proteolysis experiments. After proteolysis at 25 �C for
15, 30 and 60 min the aliquots were fractionated by RP-HPLC.
The fraction containing the intact and partially hydrolyzed
bvPLA2–PR complex was purified and submitted to disulfide
bridges reduction with DTT (as reported above), giving rise to the
free fragmented peptides and the identification of the cleavage
sites on the bvPLA2–PR adduct.

The overall data from the limited proteolysis experiments on
the bvPLA2–PR complex are summarized in Table 2 and Fig. 4.
When these data were compared with those obtained on the iso-
lated protein (Table 1 and Fig. 3B), a number of considerations
could be drawn. The complex showed a lower accessibility to pro-
teases than the isolated protein, as demonstrated by the higher E/S
ratio (1:50) required to observe proteolytic cleavages, thus sug-
gesting that the interaction with PR led to a further increase in
the compactness of the bvPLA2 structure.

As an example, Fig. 3B shows the HPLC chromatograms of the
complex aliquots digested by endoprotease GluC after 15 and
60 min of incubation. LC–MS analysis clearly indicates Glu 20 as
unique proteolytic cleavage site on the protein, generating the
21–134 and the glycosilated 1–20 peptides (MW of 3022.9 and
13134.5 Da, respectively).

The whole results indicate that the main conformational
changes occurred within the C-terminal tail, a region less flexible
and exposed than in the free protein, due to a nearly complete pro-
tection of 110–112 amino acid residues. The accessibility of N-ter-
minal region was also strongly decreased by PR as a logical
consequence of the conformational changes following the covalent
binding of the inhibitor to the Ile1.
4. Discussion

Differences in the bvPLA2 conformational arrangement in the
presence of its inhibitor petrosaspongiolide R were monitored by



Fig. 3. HPLC analysis (k of 220 and 280 nm) of bvPLA2 (A) and bvPLA2–PR complex (B) digested with endoprotease GluC under controlled conditions at 15 and 60 min of
hydrolysis using enzyme:substrate ratio of 1:1000 w:w on bvPLA2 (A) and 1:50 w:w on bvPLA2–PR complex (B). Individual fractions were collected and analyzed by ESI-MS.
(A) Fraction 1 contained the peptide 1–20 glycosilated, fraction 2 contained the peptide 111–134 and fraction 3 contained the undigested bvPLA2, together with the peptides
1–110 and 21–134. (B) Fraction 1 contained the peptide 21–134. Fraction 2 contained the undigested bvPLA2–PR and the peptide 1–20 glycosylated bound to PR.

Table 1
Preferential cleavage sites detected on the isolated bvPLA2

a

Protease Enzyme/substrate ratio Primary sites Secondary sites MW of peptides (Da)

Trypsin 1/500 Arg 112 Arg 23 1–23 = 3349.5, 24–134 = 12806.7, 1–112 = 13337.9, 113–134 = 2818.4
Endoproteinase Lys C 1/500 Lys 14 Lys 25 1–14 = 2451.4, 15–134 = 13705.6, 1–25 = 3624.5, 26–134 = 12532.8
Endoproteinase Glu C 1/1000 Glu 110 Glu 20 1–20 = 3022.9, 21–134 = 13134.5, 1–110 = 13127.6, 111–134 = 3031.2
Chymotrypsin 1/250 Phe 24 1–24 = 3496.5, 25–134 = 12660.0

a Different sites were classified merely on qualitative kinetic evaluation as primary (15 min proteolysis) and secondary (60 min proteolysis).
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110 112

CDCDDKFYDCLKNSADTISSYFVGKMYFNLIDTKCYKLEHPVTGCGERTEGRCLHYTVDK

SKPKVYQWFDLRKY

Fig. 4. Schematic summary of limited proteolysis experiments carried out on the free bvPLA2 (A) and bvPLA2–PR complex (B). Preferential cleavage sites are highlighted in
pink for the free protein and in blue for the protein–ligand complex. Light blue bars indicated the secondary cleavage sites. (C) reports the cleavage sites on the bvPLA2

sequence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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CD and probed by limited proteolysis combined with mass spectro-
metric methodologies. The overall strategy is based on the evi-
dence that amino acid residues located within exposed and
flexible regions of a protein can be recognized by proteases, leading
to a peculiar peptide map in accordance with the protein active
conformation. Because the surface topology of the protein is af-
fected by conformational changes during the complex formation
with the inhibitor, a differential peptide map is obtained, from
which protein regions involved in the structural changes could
be inferred.



Table 2
Preferential cleavage sites detected on the bvPLA2–PR complexa

Protease Enzyme/substrate ratio Primary sites Secondary sites MW of peptides (Da)

Trypsin 1/50 Arg 23 / 1–23 = 3349.5, 24–134 = 12806.7
Endoproteinase Lys C 1/50 Lys 14 / 1–14 = 2451.4, 15–134 = 13705.6
Endoproteinase Glu C 1/50 Glu 20 / 1–20 = 3022.9, 21–134 = 13134.5
Chymotrypsin 1/50 Phe 24 / 1–24 = 3496.5, 25–134 = 12660.0

a Different sites were classified merely on qualitative kinetic evaluation as primary (15 min proteolysis) and secondary (60 min proteolysis).

Fig. 5. Three-dimensional structure of bvPLA2 (PDB code: 1POC). The backbone is in
dark blue; preferential cleavage sites on the isolated bvPLA2 are highlighted in red
whereas in green are reported the preferential cleavage sites for the bvPLA2–PR
complex. The side chains of catalytic amino acids are visible in the active pocket in
between the three a-helix. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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As first stage, we performed a CD comparative analysis between
the free and PR bound bvPLA2. Differences in the CD curves were
evident only in the near-UV region (320–250 nm), suggesting that
the interaction between the protein and PR produced a sensitive
perturbation of the enzyme environment, without affecting the
protein secondary structure.

On the basis of these results, we started to analyze the surface
topology of the free bvPLA2. This enzyme showed a compact struc-
ture with a low accessibility and a characteristic pattern of exposed
and buried regions. The C-terminal segment encompassing the res-
idues 108–112 was the most accessible portion where the prefer-
ential proteolytic cleavages were located, whereas other
protease-sensitive sites were localized onto the 20–25 region at
the N-terminal segment. Limited proteolysis data were essentially
consistent with the crystal structure of the bvPLA2, where the ma-
jor accessibility of the C-terminal and N-terminal regions is due to
their localization in an area located away from the protein core and
endowed with high conformational flexibility (Fig. 5).

The structural changes occurring under the influence of the
binding with PR revealed that the bvPLA2–PR complex was more
resistant than the free protein to proteolytic cleavages, as demon-
strated by the E/S ratio increasing in the limited proteolysis exper-
iments ( Tables 1 and 2). Besides, the prevalence of enzymatic
cleavage sites was located at the N-terminal 20–25 region, even
if characterized by a lower reactivity than the free bvPLA2 towards
all the proteases. This result may be a direct consequence of an en-
hanced compactness of the N-terminal segment, due to the cova-
lent modification of the Ile-1 residue by PR [11,12] and the
following lower accessibility of the proteases onto the 20–25 resi-
dues. Further and major conformational changes were detected in
the C-terminal region of bvPLA2. As a matter of fact, the 108–112
region was strongly shielded from the proteolytic attack, as moni-
tored in the HPLC traces and summarized in Table 2, as a conse-
quence of a more compact and rigid conformational arrangement.

In conclusion, our data suggested that petrosaspongiolide R in-
duces a dual effect on bvPLA2 topology: it affects the N-terminal
loop, located between the first b-strand and the a-helix-rich core
of the protein (Fig. 5), as a consequence of the Ile-1 covalent mod-
ification, furthermore generating a long range effect in the C-termi-
nal area which becomes more protected towards the protease
activity.
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