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Suramin is a polysulphonated napthylurea used as an antiprotozoal/anthelminitic drug, which also inhib-
its a broad range of enzymes. Suramin binding to recombinant human secreted group IIA phospholipase
A2 (hsPLA2GIIA) was investigated by molecular dynamics simulations (MD) and isothermal titration cal-
orimetry (ITC). MD indicated two possible bound suramin conformations mediated by hydrophobic and
electrostatic interactions with amino-acids in three regions of the protein, namely the active-site and res-
idues located in the N- and C-termini, respectively. All three binding sites are located on the phospholipid
membrane recognition surface, suggesting that suramin may inhibit the enzyme, and indeed a 90% reduc-
tion in hydrolytic activity was observed in the presence of 100 nM suramin. These results correlated with
ITC data, which demonstrated 2.7 suramin binding sites on the hsPLA2GIIA, and indicates that suramin
represents a novel class of phospholipase A2 inhibitor.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Phospholipases A2 (PLA2 – EC 3.1.1.4) catalyze the hydrolysis the
sn-2 acyl bonds of sn-3 phospholipids [1], and on the basis of amino
acid sequence similarity are classified in 15 groups [2]. The human
secreted group IIA PLA2 (hsPLA2GIIA) is present in various secretions,
including high concentrations in inflammatory fluids [3] and human
tears [4], and is also expressed at significant levels in Paneth cells of
the intestine [5] and macrophages [3,6]. The enzyme contains a high
number of surface located positively charged amino acid residues
(pI > 10.5), and demonstrates a high hydrolytic activity preferen-
tially against both anionic vesicles and the plasma membranes of
Gram-positive bacteria [7,8]. The current consensus is that the
hydrolysis of membrane phospholipids by the hsPLA2GIIA plays an
important role in these biological activities.

Suramin is a polysulfonated napthylurea (see Fig. 1A) with a
long history of clinical use as an anti-trypanossomal drug [9],
which due to its highly anionic nature also binds to a wide range
of basic proteins [10], including PLA2s. It has been shown, for
example, that suramin inhibits the neuromuscular blockade
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induced by neurotoxic PLA2 isolated from snake venoms such as
beta-bungarotoxin and crotoxin [11], and also inhibits the myotox-
ic and in vitro neuromuscular blocking activities of the cationic
Lys49-PLA2 from the venoms of viperid snake species [12]. Further-
more, we have recently demonstrated that suramin inhibits both
the catalytic activity and macrophage activation by the secreted
group IIA human PLA2 (hsPLA2GIIA), yet has no effect on the bacte-
ricidal effect of the protein against Gram-positive bacteria [13].
These studies demonstrate the potential of suramin to selectively
inhibit the effects of the hsPLA2GIIA against different cell types.

A wide variety of PLA2 inhibitors have been reported that
reduce the inflammatory effects of these enzymes [14,15]. In order
to further understand the cell-type selectivity if the suramin inhi-
bition against hsPLA2GIIA, molecular dynamics simulations and
isothermal titration calorimetry were used to investigate the ther-
modynamic parameters and the potential energy of the hsPLA2-

GIIA/suramin interaction with the aim of identifying the suramin
binding sites on the protein.

2. Materials and methods

2.1. Chemicals and reagents

Salts were obtained from Sigma–Aldritch (St. Louis, MO, USA) or
Acros (New Jersey, USA) and were of the highest grade available
and used as supplied by the manufacturer. The sources of other
compounds are as indicated in the text.



Fig. 1. Inhibition of the catalytic activity of the hsPLA2GIIA by suramin. See Section
2 for further experimental details.
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2.2. Recombinant hsPLA2GIIA

A full-length cDNA encoding hsPLA2GIIA (GenBank accession
no. BC005919) in vector pDNR-lib was obtained from the I.M.A.G.E
Consortium/LNNL (http://image.llnl.gov/, clone ID 4274550). The
protein-coding region (CDR) was amplified using oligonucleotides
that introduced restriction sites for NdeI and BamHI a the 50 and
30 extremes of the CDR, and also introduced the mutation N1A,
which increases the efficiency of post-translation N-terminal
methionine cleavage, without altering in the catalytic properties
of the enzyme [16]. The amplified fragment was cloned into the
equivalent sites of expression vector pET-3a, and nucleotide
sequencing confirmed the expected construct. After expression as
inclusion bodies in Escherichia coli BL21, the protein was refolding
and purified as described previously [13].

2.3. Phospholipase A2 hydrolytic activity assay

The hydrolytic activity of the hsPLA2GIIA was assayed by monitor-
ing fatty acid release via binding to acrylodan conjugated intestinal
fatty acid binding protein (ADIFAB – Invitrogen Corp., Carlsbad-CA,
USA). Unilamellar liposomes (30 lg/mL) composed of a 1:1 molar
ratio of dioleoyl phosphatidylcholine (DOPC – Sigma–Aldrich, St.
Louis, MO, USA) and dioleoyl phosphatidylglycerol (DOPG – Sigma–
Aldrich, St. Louis, MO, USA) prepared by reverse phase evaporation
[17] were mixed with ADIFAB (3 lg/mL) and 0.1 lg mL�1 of the
enzyme in reaction buffer (20 mM Hepes, 20 mM NaCl, 1 mM CaCl2).
For the inhibition experiments, 100 nM suramin (Sigma–Aldrich, St.
Louis, MO, USA) was pre-incubated with enzyme for 15 min in the
same buffer, and added to the liposome/ADIFAB mixture. The specific
activity of the enzyme was determined from the 505 nm/425 nm
fluorescence signal ratio measured using a Hitachi 4500 spectrofluo-
rimeter as previously described [18].

2.4. Isothermal titration calorimetry (ITC)

One milliliter of 6 lM hsPLA2GIIA in buffer (NaH2PO4; 20 mM,
NaCl; 150 mM, pH 7,2) was titrated with a 300 lM of suramin
(Sigma–Aldrich, St. Louis, MO, USA), at 25 �C using a Nano-ITC III
titration calorimeter (model CSC 5300, Lindon, Utah, USA). The
titration experiments consisted of 25 injections, each of 10 lL, with
a 300s time delay between the injections. Blank experiments were
performed under identical experimental conditions by titration of
buffered solution with suramin, and used to correct for dilution,
mixing and injection effects. Analyses of the heat flow curves were
performed assuming independent binding sites using software
provided by the instrument manufacturer.

2.5. Molecular dynamics simulations

The systems for molecular dynamics (MD) simulations were
constituted by 16,500 SPC water molecules [19], a monomer of
hsPLA2GIIA (PDB code 1POE [20]) and a single suramin molecule.
A cubic simulation box was adjusted to give a density of
0.997 kg L�3 for the water molecules. The initial suramin localiza-
tion on the surface of the hsPLA2GIIA was made by superposition
of the hsPLA2GIIA with the crystal structure of the complex
between suramin and the Lys49-PLA2 from the venom of Bothrops
asper (PDB code 1Y4L [21]). This procedure located one extremity
of the suramin molecule (denominated SUR-1, see Fig. 2A) in the
surface cleft that forms the substrate binding/active-site region
of the hsPLA2GIIA, and is shown in green in Fig. 2B and 2C. The ini-
tial position of the other extremity of the suramin molecule
(denominated SUR-2, shown in yellow in Fig. 2B and 2C) and was
directed to one of two surface regions rich in arginine and lysine
groups located near the N- or the C-terminus of the protein, and
the two different conformations were chosen based on electro-
static molecular potential calculations using atoms at the protein
surface [22]. After identification of the regions of interest on the
protein surface, the two initial conformations were obtained by
varying the dihedral angles of the suramin and using an energy
minimization process based on the steepest descent method [23].

The conformation in which the SUR-2 makes contact with resi-
dues in the N-terminal region was denominated CONF-1, and the
conformation in which the SUR-2 is located near the C-terminal
region was denominated CONF-2. These two conformations were
simulated separately, and in both simulations the initial velocities
were obtained from a Maxwell distribution at 298 K. Molecular
dynamics simulations were carried out using the GROMACS 3.3.1
software package and the GROMOS-96 (43a2) force field [24].
The charges and topology of suramin were obtained from the
Dundee PRODRG Server (http://davapc1.bioch.dundee.ac.uk/cgi-
bin/prodrg_beta). All simulations were performed in constant
volume, ensemble NVT, using the ‘‘leapfrog” algorithm [25] with
a time step of 2.0 fs over a total time of 4.0 ns. Temperature was
controlled using the Berendsen method [26] with coupling time
constants of 0.1 ps. A total of 9 Cl� counter-ions were included in
order to maintain total charge neutrality of the hsPLA2GIIA/sura-
min complex. Long-range interactions were treated using the par-
ticle-mesh Ewald sum (PME) method [27] and calculated with a
cutoff of 1.4 nm. The LINCS algorithm [28] was used to constrain
the covalent and hydrogen bonds in the protein, and the SETTLE
algorithm [29] was used to constrain the geometry of the water
molecules.
3. Results and discussion

All Group II PLA2s show a highly conserved interface recognition
site (IRS) [30] that defines the surface of the protein that makes
contact with the phospholipid membrane. The IRS is comprised
of a hydrophobic phospholipid binding cleft surrounded by a ring
of polar residues. In the hsPLA2GIIA, residues located in the C-ter-
minal loop contribute to the IRS, and charge-reversal mutagenesis
of cationic residues in this region reduces the catalytic activity,
suggesting that electrostatic interactions with negatively charged



Fig. 2. (A) Chemical structure of suramin showing the division of the molecule (regions denoted as SUR-1 and SUR-2) for analysis of the molecular simulation data. (B) Ribbon
representations of the hsPLA2GIIA/suramin complex looking towards the interfacial recognition surface (IRS) of the protein. The stick model of the bound suramin is coloured
according to the SUR-1 (green) and SUR-2 (yellow) regions. The two suramin conformations CONF-1 (i) and CONF-2 (ii) are shown, in which the SUR-2 makes contacts with
amino-acids around the N- and C-terminal regions of the protein, respectively (indicated as N and C). (C) Ribbon and solid surface representations of the CONF-1 (Figs. 1 and
2) and CONF-2 (Figs. 3 and 4) conformations of the hsPLA2GIIA/suramin complexes. The ribbon representations (i) and (iii) show the orientations of the complex for the solid
surface representations in Figs. 2 and 4, in which the SUR1 and SUR-2 regions of the suramin molecules are shown in green and yellow, respectively. The solid surface
representations are coloured according to the sum of the potential energy of all atoms in each residue calculated from the results of molecular dynamics simulation, with
increasingly intense shades of red for a negative (attractive) potential, and blue for a positive (repulsive) potential.

D.S. Vieira et al. / Bioorganic Chemistry 37 (2009) 41–45 43
membrane phospholipids mediate the contact of this loop with the
membrane [31,32]. Furthermore, residues in the N-terminal region
of the hsPLA2GIIA also contribute to the IRS of the protein [31,32],
therefore all the regions identified as suramin binding sites in the
MD study are likely to influence the interaction of the protein with
the phospholipid membrane. The interaction of suramin with the
hsPLA2GIIA might therefore interfere not only with the interaction
of the protein with the membrane, but also could directly compete
with substrate access to the active-site. The inhibitory effect of sur-
amin on phospholipid hydrolysis by the hsPLA2GIIA was demon-
strated by measuring the reduction of free fatty release using a
mixed phospholipid substrate (Fig. 1). The specific catalytic activity
of the enzyme against liposome membranes containing DOPC/
DOPG was 176 lmol min�1 mg�1 (control in Fig. 2), which is
similar to the activity previously reported using this lipid mixture
[13,33]. The addition of suramin at a concentration of 100 nM
inhibits approximately 90% of the PLA2 hydrolytic activity.

Initial localization of the suramin on the surface of the hsPLA2GIIA
identified two alternative conformations (denominated CONF-1 and
CONF-2 – see Section 2). As shown in Fig. 2, the SUR-2 region of the
suramin in CONF-1 is oriented the N-terminus of the protein
(Fig. 2B(i)), and that in CONF-2 the SUR-2 region of the suramin is ori-
ented towards the C-terminal loop (Fig. 2B(ii)). The regions around
the N-terminal helix and C-terminal loop are rich in positively
charged residues, and therefore satisfy the key criterion for potential
binding sites for the polyanionic suramin. MD simulations were used
to evaluate in more detail the regions of the protein which may be
involved in the suramin/hsPLA2GIIA complex formation. The



Fig. 3. Trajectories of the potential energy (PE) for the hsPLA2GIIA/suramin
complexes. The mean values for the PE values of both the CONF-1 and CONF-2
conformations are shown for the SUR-1 and SUR-2 regions of the suramin (upper
and middle panels, PES2 and PES1, respectively), and the complete suramin molecule
(lower panel – PES).

Fig. 4. Calorimetric curve of the interaction between the suramin with the
hsPLA2GIIA obtained by isothermal titration calorimetry (ITC). The solid line
represents the best fit to the experimental data using an independent binding
model (see Section 2 for further details).
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calculated potential energy (PE) is the sum of electrostatic and Len-
nard–Jones potentials resulting from the interaction of non-bonded
atoms, and is a useful parameter for evaluating putative binding sites
in the complex. Fig. 2C shows solid surface representations of both
suramin/hsPLA2GIIA conformations, in which each residue has been
coloured in accord with its attractive (red) or repulsive (blue) contri-
bution to the overall intermolecular PE. In both conformations, res-
idues surrounding the contact regions between suramin and the
protein are rich in cationic residues that make strong negative con-
tributions to the intermolecular PE.

The total intermolecular potential energy is the sum of the
interactions between hsPLA2GIIA and the SUR-1 and SUR-2 regions
of the suramin. These potential energies were designated as PES1

(PE between hsPLA2GIIA and SUR-1), PES2 (PE between hsPLA2GIIA
and SUR-2) and PES (the total PE between hsPLA2GIIA and suramin,
equal to the sum of PES1 and PES2). The trajectories of these poten-
tial energies are presented in Fig. 3, which shows that the potential
energy profiles of PES1 (Fig. 3, upper panel) are similar for CONF-1
and CONF-2, with highly attractive energies varying between
�10.0 and �34.0 kJ mol�1. In contrast, the PES2 trajectories of the
SUR-2 region of the suramin in the CONF-1 and CONF-2 conforma-
tions present different profiles (Fig. 3, middle panel). Although a
lower mean energy was attained during the simulation of the
CONF-2 conformation, at the end of time-course the energies of
both conformations were approximately equal. The average taken
over the entire simulation suggests that the CONF-2 is favored by
a PE energy difference of �15.0 kJ mol�1. Furthermore, the stan-
dard deviations of the PE are reduced in the CONF-2 simulation
in comparison with CONF-1, which is characteristic of a more sta-
ble conformation. The observed differences in the total PE (PES)
during the simulation (Fig. 3, lower panel) reflect the different
interactions of the SUR-2 region of the suramin with the protein
in the CONF-I and CONF-2 conformations.

The MD studies identified three regions that may be involved in
the formation of the suramin/hsPLA2GIIA complex, and this predic-
tion was evaluated by isothermal titration calorimetry (ITC).
Results of the ITC of hsPLA2GIIA with suramin are presented in
Fig. 4, and fitting of the calorimetric titration curve was best
described by an independent binding model that identified 2.7 sur-
amin binding sites per protein molecule, which is consistent with
the number of sites predicted by the MD simulations. The observed
enthalpy of interaction of suramin injected is endothermic with a
value of 119.8 kJ mol�1 and the apparent binding affinity of the
suramin to the hsPLA2GIIA was 4.2 � 10�6.

In summary, the results of ITC experiments suggest that the
hsPLA2GIIA presents three suramin binding sites, and an analysis
of the electrostatic characteristics of the two molecules involved
in complex formation, it was possible to predict two conformations
of the bound suramin based on the charged group interactions by
MD technique. These results predict that the three suramin binding
sites in the hsPLA2GIIA observed in the ITC experiments are located
in (1) the substrate binding/active-site region, (2) in the region sur-
rounding residues in the N-terminal region, and (3) in the region
surrounding residues in the C-terminal region of the protein. These
results provide predictions that may be further tested by evaluat-
ing the interaction of suramin with site-directed mutants of the
hsPLA2GIIA.
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