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ABSTRACT: Suramin is a competitive inhibitor of heparin binding to many proteins, including viral envelope
proteins, protein tyrosine phosphatases, and fibroblast growth factors (FGFs). It has been clinically evaluated
as a potential therapeutic in treatment of cancers caused by unregulated angiogenesis, triggered by FGFs.
Although it has shown clinical promise in treatment of several cancers, suramin has many undesirable
side effects. There is currently no experimental structure that reveals the molecular interactions responsible
for suramin inhibition of heparin binding, which could be of potential use in structure-assisted design of
improved analogues of suramin. We report the structure of suramin, in complex with the heparin-binding
site of vaccinia virus complement control protein (VCP), which interacts with heparin in a geometrically
similar manner to many FGFs. The larger than anticipated flexibility of suramin manifested in this structure,
and other details of VCP-suramin interactions, might provide useful structural information for interpreting
interactions of suramin with many proteins.

Suramin (Figure 1) is a hexasulfonated naphthylurea that
is currently being clinically evaluated in treatment of several
kinds of cancer, including advanced breast cancer, nonsmall
cell lung cancer (1), hormone refractory prostate cancer (2),
metastatic renal cell cancer (3), and colorectal cancer (4). It
is also used as an early-stage trypanocidal in treatment of
trypanosomiasis (5). In addition, suramin has the potential
to be developed as an inhibitor of herpes replication in host
cells (6), as an inhibitor of cellular entry by flaviviridae (7),
and as an inhibitor of protein tyrosine phosphatases (8).
Suramin generally functions by using its negatively charged
sulfonate groups to bind to basic side chains on proteins,
thereby antagonizing their interaction with their natural
receptors. For example, several cancers are caused by
aberrant functioning of signal transduction pathways trig-
gered by heparin-binding, angiogenic, fibroblast growth
factors (9). Suramin is a potent inhibitor of heparin interac-
tion with Arg and Lys residues of fibroblast growth factors
(FGFs),1 leading to its usefulness as a potential chemothera-
peutic for such cancers (10). However, there is, currently,
no available structure of suramin bound to a target protein,
hampering application of structure-assisted methods in

designing improved suramin analogues. Recently, crystal-
lization and preliminary X-ray diffraction analysis of suramin
complexed with a myotoxic PLA2 fromBothrops asper
venom have been reported (11). Design of superior analogues
acquires significant importance because suramin has several
undesirable pharmacological properties, including a low
therapeutic index, high metabolic stability, and toxic side
effects such as anticoagulation (12).

We report the crystal structure of suramin, in a 1:1
complex with vaccinia virus complement control protein
(VCP), at 2.2 Å resolution. VCP is the vaccinia virus
homologue of the human regulators of the complement
activation (RCA) family and assists the virus in evading the
consequences of complement activation (13, 14). It is made
up of four 60 amino acid segments, termed short consensus
repeats [SCRs, also called complement control protein
modules (CCPs) (15)], each of which folds independently
into a six-strandedâ barrel (16). VCP has a heparin-binding
activity that is postulated to be important for its retention in
mast cells (17). Interaction with cell surface carbohydrates,
including heparin, is of critical importance in intrinsic
regulation of complement activity by regulators such as factor
H (18). Heparin-protein interactions are also exploited by
bacterial and viral mimics of host regulators in evading the
host complement system (19). Characterization of interac-
tions of complement regulators with heparin and heparin
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antagonists is thus of significant interest in design of
compounds which inhibit complement evasion by microor-
ganisms (20). Experimental studies, using truncated versions
of VCP, had indicated that a set of basic residues at the tip
of SCR4 carried the biologically relevant heparin-binding
site in VCP (21). VCP-heparin interaction was directly
visualized by the determination of the structure of a VCP-
heparin complex (22). VCP is functionally unrelated to
fibroblast growth factors (FGFs), but its interaction with
heparin is geometrically congruent to that of many heparin-
binding proteins, including FGF1 (22, 23). The structure of
VCP-suramin is likely to provide information of potential
interest to several therapeutic areas, including fibroblast
growth factor antagonists, inhibitors of complement regula-
tion, inhibitors of viral entry, and protein tyrosine phos-
phatase inhibitors.

EXPERIMENTAL PROCEDURES

Crystallization.Expression (24) and purification (23) of
VCP have been reported. The hexasodium salt of suramin
was purchased from AG Scientific, San Diego, CA. The
procedure used for evaluation of suramin binding to a
heparin-Sepharose column is described in the legend to
Figure 2. Crystals of the complex were obtained by the vapor
diffusion method at 20°C. The reservoir solutions contained
200 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2 mM NiCl2,
0.2% octyl â-glucoside, and 12% PEG 3350. The 4µL
droplets, placed on cover slips, were made up from 2µL of
600 µM VCP combined with 1.1 molar ratio of suramin,
incubated at 4°C for 30-60 min, and mixed with equal
volumes of reservoir solutions. Incubations were performed
in buffers containing 10 mM Tris-HCl, pH 7.4, 100 mM
NaCl, and 0.02% NaN3.

Data Measurement and Processing.Data were measured
on the SERCAT beamline at the Advanced Photon Source,
using a MAR CCD at 0.9791 Å. All measurements were
made on flash-frozen crystals at 100 K. HKL2000 was
employed for processing and scaling (25). Crystallographic
parameters are given in Table 1.

Structure Solution and Refinement.The structure was
determined through molecular replacement using BEAST
(26) as implemented in CCP4 (27). The structure of native
VCP (23) was used as the search model. The initial model
for the protein was built with O (28) into DM (29) flattened
maps, and the model for suramin was built into difference
density. Coordinates and isotropicB factors were refined in
CNS (30) using all measured data, an ML target, and a bulk

solvent model. Cross-validation was performed through free
R-values, using 10% of the reflections chosen randomly to
span the resolution range; a summary is presented in Table
1. Tight noncrystallographic symmetry restraints for the two
copies in the asymmetric unit were used throughout the
refinement. Density for residue Cys1 is not present in either
copy of VCP, and Glu108 in the second molecule (chain B)
has no density for atoms Câ and beyond. Density for OT in
R244 is not present in either VCP molecule, and Pro237 in
both chains adopts the cis conformation, as it does in native
VCP. Solvent accessibility calculations used a 1.4 Å probe
sphere. Figure 1 was made using CHEMDRAW and Figure
6 using GRASP (31). All other figures, except Figure 2, were
made using RIBBONS (32). Coordinates and structure factors
have been deposited at RCSB (1Y8E).

Modeling of the FGF1-Suramin Complex.Coordinates
of the crystal structure of the FGF1-heparin complex [1axm
(33)] were used for the modeling study. Six basic amino acids
at positions Lys112, Lys113, Lys118, Arg119, Arg122, and
Lys128 were shown to bind heparin in the FGF1-heparin
complex. The carbon atoms of Lys214, Lys220, Lys241, and
Arg244 could be superimposed on corresponding atoms of
Lys128, Arg122, Lys112, and Arg119 in acidic FGF with
an rms deviation of 1.4 Å. The FGF1-suramin model was
built by rigid body transformation of the VCP-suramin
complex on FGF1.

FIGURE 1: Schematic representation of suramin. Line drawing of the molecular structure of suramin. Selected atoms are labeled, and
dihedral angles defining conformational freedom are marked.

Table 1: Data Measurement and Structure Refinement

data measurement
cell (Å; deg) a ) 65.1b ) 125.1c ) 149.4;

R ) â ) γ ) 90
space group P222
copies in AU 2
max resolution (Å) 2.2 (2.3-2.2)
reflections (% of possible

used in refinement)
89.5 (86.5)

Rmerge
a 0.040 (0.113)

〈I/σI〉 18.3 (3.8)
〈redundancy〉 4.8 (3.2)

refinement and geometry
Rcryst

a 0.195 (0.215)
Rfree

a 0.249 (0.265)
bond rmsd (Å) 0.017
angle rmsd (deg) 1.4
Ramachandran outliers 0

current model
protein atoms (〈B〉) 3709 (31.5)
suramin 172 (41.3)
water oxygen 494 (55.9)

a Rmerge) ∑∑|Ihi - 〈I〉|/∑∑Ihi. b Values for the highest resolution shell
are given in parentheses.
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RESULTS AND DISCUSSION

Suramin Binding by VCP and Comparison with Heparin
Binding. Binding experiments using a heparin-Sepharose

column indicate that suramin competes with heparin for
binding to VCP (Figure 2). Although VCP has the apparent
potential, based on the distribution of Lys and Arg residues
in the native structure (23), experiments with truncated forms
of the protein (21) and the structure of the heparin complex
(22) have identified a single site on SCR4. Similarly, in this
complex suramin interacts with the single heparin-binding
site. The two copies of VCP (A and B) and suramin (C and
D) in the asymmetric unit of the complex are related by a
screw rotation of approximately 124°. The 243 common CR
atoms of the two VCP molecules in the complex can be
superimposed with an rms deviation of 1.21 Å, and each
can be superimposed onto native VCP with an rms deviation
of 0.96 and 1.84 Å, respectively, for VCP-A and VCP-B
for 242 CR atoms (Figure 3). In contrast to the VCP-heparin
complex, in which a hinge bending motion of SCR4 relative
to SCR3 was observed, there are no significant movements
of the VCP SCRs in the suramin complex (Figure 3). The
suramin molecules adopt a helical conformation, with an rms
deviation of 1.05 Å for all 86 atoms, between the two copies.
Suramin is a highly flexible molecule due to possible free
rotation about its many single bonds, including those linking
the sulfonate moieties to aromatic rings (Figure 1). NMR
studies and theoretical calculations have implied a molecule

FIGURE 2: Suramin competition for heparin binding to VCP. 1.5
mg of VCP was bound to a heparin-Sepharose column in 20 mM
Tris-HCl, pH 7.5, and 50 mM NaCl. The column was washed
extensively with the same buffer and eluted with increasing
concentrations of suramin. The eluate in each case was concentrated
and run on a denaturing SDS gel.

FIGURE 3: Comparison with native VCP. Superimposition of the four SCRs of VCP-B-suramin D (cyan) on those of native VCP (green).
The four SCRs of VCP-heparin (yellow), using the first three SCRs for superimposition, are also shown for comparison.
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with a large number of energetically accessible conforma-
tions, most of which have nonplanar arrangements of the
aromatic rings around the amide linkages (34). Although
suramin is chemically symmetric, the two halves adopt an
asymmetric configuration in this structure. A rotation of 67°
about the N-C bond in the urea group, and aø4 dihedral
angle (Figure 1) of 83° in one-half of the molecule, places
the two naphthalene rings on the opposite sides of the plane
of the urea group. The energetically preferred configuration
about the urea group in model compounds, due to steric
considerations, is nonplanar, with anticipated distortions from
planarity of up to 55° (35). The conformation of suramin is
stabilized solely through interaction with VCP, as there are
no suramin-suramin contacts, either within the asymmetric
unit or with molecules related by crystallographic symmetry.

The interaction between VCP and suramin, like that
between VCP and heparin, is dominated by electrostatic
contacts, although one of the heparin ligands, Lys216, is
replaced by Lys241 as a ligand to suramin. There are also
small, but significant differences between the two copies of
the complex in the asymmetric unit, resulting from a
combination of the flexibility of both suramin and the VCP
basic side chains. In VCP-B:surD, theε amino groups of
Lys214, Lys220, and Lys241 each form two strong hydrogen
bonds (Lys214:S2′, 2.68 and 3.01 Å; Lys220:S1′, 2.74 and
2.75 Å; Lys241:S1, 2.59 and 3.16 Å) with three of the six
sulfonate moieties in suramin. In addition, the guanidino
group of Arg244 makes two strong hydrogen bonds (2.65
and 3.15 Å) with a fourth sulfonate group (S2) of suramin
as well as a further hydrogen bond (2.88 Å) with sulfonate,
S1′. Similar interactions are observed in VCP-A:surC but
for Lys220 (Lys220:S1′, 2.69 Å) and Lys241 (Lys241:S1,
2.74 Å) forming one hydrogen bond respectively with
sulfonate groups S1′ and S1. The conformation of the S1′
sulfonate group in surC is stabilized by two intramolecular
hydrogen bonds with N1′ (2.85 and 3.09 Å) whereas, in surD,
only one hydrogen bond (2.63 Å) stabilizes the S1′ sulfate
group. As a result, the C-S bond connecting the naphthalene
ring and sulfonate group S1′ in surC is rotated by 52°, leaving
only one oxygen atom at hydrogen-bonding distance to
Lys220. Due to theø0 angle (Figure 1) difference of about
22° in surC and surD, the sulfonate group S1 in surC is not
at an optimum position to make two hydrogen bonds with
Lys241 in the VCP-A-surC complex. An additional weak
hydrogen bond between Tyr217 OH and sulfonate group S2′
(3.69 Å) is also observed in the VCP-A-surC complex.
Additional van der Waals contacts, between VCP and
suramin, in both copies are also observed. Leu221 makes
van der Waals contacts with phenyl ring II (Figure 4) and
sulfonate S1′. Ser222 makes contacts with phenyl ring I and
Val243 with sulfonate group S1 in VCP-A-surC while
Val243 in VCPB-surD makes contacts with the sulfonate
group S1, phenyl ring atoms, and N2. The contacts between
VCP and suramin are summarized in Figure 4. Electron
density contoured around suramin atoms in the VCP-A-
surC complex is shown in Figure 5A. The conformations of
Lys214, Lys220, and Arg244 are significantly different from
those they adopt in the heparin complex of VCP. This results,
as shown in Figure 5B, in suramin spatially overlapping
about half of the heparin-binding site, although three of the
four basic residues that bind heparin also electrostatically
contact suramin. VCP-suramin interaction buries a total of

814 and 850 Å2 of solvent-accessible surface area, respec-
tively, in VCP-A and VCP-B. This is very similar to the
average of 900 Å2 buried in each copy of the heparin
complex (22). The electrostatic complementarity of the
positively charged SCR4 surface, and the negatively charged
suramin surface, in the vicinity of their interaction is shown
in Figure 6.

Implications for Suramin Binding by Other Proteins.
Suramin has been widely evaluated as an inhibitor of heparin-
binding fibroblast growth factors with the potential for
treating a variety of cancers (1-4). The fibroblast growth
factor family of proteins (FGFs 1-23) participate in many
cellular events, including angiogenesis, cell migration, cell
proliferation, differentiation, and morphogenesis. Although
FGF11-FGF14, also known as FHF1-FHF4, possess
sequence and structural homology with FGFs and bind to
heparin, they fail to activate any of the seven principal
FGFRs (36). Mechanistically, the actions of FGFs are
mediated by signal transduction through fibroblast growth
factor receptor (FGFR) tyrosine kinases (9). Formation of a
ternary complex between FGF, heparin, and FGFR is a key
event in this process. The stoichiometry of components in
the signaling complex might be variable and depend on the
nature of the components that participate. For example, a
2:2:2 stoichiometry for the FGF2:FGFR1:heparin (37) as-
sembly and a 2:2:1 stoichiometry for FGF1:FGFR2:heparin
assembly (38) in the signaling complex have been proposed.

FIGURE 4: VCP-suramin contacts. Ligplot (52) representation of
VCP-B-suramin D contacts. Suramin bonds are colored purple;
protein bonds, gold. Carbon atoms are colored black, oxygen is
red, nitrogen is blue, and sulfur is yellow. Hydrogen bonds are
shown as dashed lines, and hydrophobic contacts are shown as
semicircles with lines.
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Recently, results from biochemical studies on the mutants
of FGF and FGFR supporting the 2:2:2 stoichiometry have
been reported (39). Nevertheless, the assembly of a dimer
of the FGFR-FGF-heparin complex is a critical step in the
mechanism of signal transduction initiated by FGFs, and
heparin-FGF interactions are broadly similar between the
models (40). Suramin and similar compounds are proposed
to inhibit angiogenesis through prevention of the formation
of heparin-mediated, physiologically productive, dimerization
of FGF-FGFR-heparin by blocking the heparin-binding
sites of FGF (41). There are currently no reported structures
of suramin bound to a target protein, and in particular,
obtaining the structure of a FGF-suramin complex has

proved elusive (34, 42, 43). Earlier modeling studies (23),
as well as direct comparison of structures of respective
complexes, indicate that VCP-heparin interactions are
geometrically similar to that between FGF1 and heparin.
Although VCP and FGFs are structurally diverse proteins,
the geometric positions of the heparin ligands that anchor
the heparin molecule are similar and are described in a later
part of the discussion. In the absence of a directly observable
FGF-suramin structure, a model for suramin binding by
FGFs derived through a comparison of the geometric
similarities among VCP-heparin, FGF-heparin, and VCP-
suramin complexes is likely to be potentially useful in design
of improved analogues.

FIGURE 5: Comparison and heparin and suramin binding by VCP. (A) Segment of the 2Fo - Fc omit map computed using model phases
and contoured around suramin C is shown, along with the corresponding atomic model. A part of the VCP-A main chain is shown as a gold
ribbon. Side chains of the ligands, Lys214, Lys220, Lys241, and Arg 244, are shown as cyan stick objects. Suramin atoms are colored by
atom type: carbon, green; nitrogen, blue; oxygen, red; sulfur, yellow. (B) Stereoview showing the superimposition of SCR4 of the VCP-
heparin (magenta) and VCP-suramin (cyan) complex. Side chains of the ligands, Lys214, Lys216, Lys220, and Arg 244, in the VCP-
heparin complex are shown as gold stick objects, and Lys214, Lys220, Lys241, and Arg 244 in VCP-suramin are shown as pink stick
objects. Heparin atoms are colored blue, and suramin is colored by atom type: carbon, green; nitrogen, blue; oxygen, red; sulfur, yellow.
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The similarity of heparin interactions with FGF to that
with VCP is illustrated in Figure 7A, which shows a
superposition of the heparin component from several FGF-
heparin complexes and the VCP-heparin complex, along
with the resulting overlap of the protein components. In the
heparin dodecamer-VCP complex, three lysines, 214, 216,
220, and the C-terminal Arg244 on SCR4 electrostatically
tether VCP to heparin, through the latter’s sulfate and
carboxylate groups (22). The CR atoms of the four heparin
ligands, Lys214, Lys216, Lys220, and Arg244, in VCP can
be superimposed over the four heparin ligands, Lys128,
Arg112, Lys122, and Arg119, in FGF1 with an rms deviation
of 1.1 Å. On the other hand, the CR positions of the same
four heparin ligands in FGF1 can be superimposed over the
four basic residues that interact with suramin in VCP,
Lys214, Lys220, Lys241, and Arg244, with an rms deviation
of 1.4 Å. The latter superimposition (Figure 7B) showed no
steric clashes between suramin and FGF1. In addition, after
the superimposition, Lys118 in FGF1 also forms a hydrogen
bond with the S1′ sulfonate group of suramin.

In the absence of an appropriate FGF-suramin structure,
smaller compounds, representing substructures of suramin,
have been structurally studied to gain insight into FGF-
suramin interactions. Comparison of the crystallographic
structure of a 5-aminonaphthalenesulfonate (ANS)-FGF1
complex (44) and the NMR structure of the 1,3,6-naphtha-
lenetrisulfonate (NTS)-FGF1 complex (45) shows signifi-
cant differences in the orientation of the naphthalene ring.
Both ANS and NTS are substructures of suramin, except

that the trisulfonated naphthalene ring in NTS has a sulfonate
group at position 6 of the ring instead of position 5 as in
suramin. Both the ANS and NTS sulfonate groups bind at
the heparin site, interacting with some residues that bind
heparin. Superimposition of each of the naphthalene rings
in suramin, from the crystal structure, on the naphthalene
rings in ANS and NTS complexes shows that suramin either
has severe steric clashes with the FGF1 or no interaction is
observed beyond the naphthalene ring. Therefore, an FGF-
suramin model could not be readily constructed on the basis
of the structural information from the ANS- and NTS-
FGF complexes and experimentally determined protein-
bound suramin coordinates. Although both ANS and NTS
bind at a portion of the heparin-binding site, the orientations
of naphthalene ring may not permit larger molecules, like
suramin, to make energetically favorable contacts with FGF1.
These observations suggest that while these substructures of
suramin might mimic some interactions of parts of suramin,
they might not be the best guides to predict the conformation
that suramin itself might adopt in its complex with a given
target protein. In particular, it might be somewhat challenging
to synthesize larger molecules, which mimic the mode of
binding adopted by suramin, through use of linkers to join
substructures, as has been suggested (48). The structure of
the VCP-suramin complex, built using the geometric
similarity of the heparin-binding ligands in VCP and FGF,
thus permits us to make observations that could be of
significant interest to suramin interactions with FGFs and
other heparin-binding proteins.

Suramin has also been shown to possess antiviral activity
against enveloped viruses. An early event in infection of host
cells by many viruses is attachment of the viral envelope to
the heparin sulfate proteoglycans on host cell surfaces.
Suramin, due to its ability to antagonize heparin binding,
has been shown to inhibit this interaction. The antiviral
activity of suramin has been demonstrated against herpes
simplex (6), hepatitis C (46), and dengue viruses (7).
Structures of suramin complexes with viral envelope proteins
would provide the most valuable information for design of
compounds to inhibit viral interactions with cell surface
heparin-like molecules. However, in the absence of structures
of suramin in complex with viral glycoproteins, the structure
of VCP-suramin provides information, which in conjunction
with structures of target proteins, such as HSV-1 glycoprotein
D (47) and dengue virus envelope protein (48, 49), would
be useful in modeling studies. In particular, the small, but
significant differences in VCP-suramin interactions that we
observe between the two copies in the asymmetric unit
strongly reinforce conclusions from earlier NMR experiments
that suramin might be highly flexible (34). In addition, the
asymmetric conformation adopted by suramin in this com-
plex is quite different from the symmetric binding modes
proposed in computational models of suramin-FGF com-
plexes (42, 50). Thus a wider range of conformations that
are potentially available to suramin needs to be considered
in modeling its interactions with other proteins. Finally, the
nonplanarity around the urea moiety that we observe in this
structure has also not been anticipated in computational
models of suramin binding to other proteins (42, 51) and
could provide additional degrees of freedom to suramin-
protein interactions. The VCP-suramin structure clearly
indicates that suramin, using the flexibility available to it

FIGURE 6: Electrostatic surfaces. (A) Electrostatic potential mapped
on the molecular surface of VCP: blue, positive; red, negative.
Suramin is shown as a stick object. Carbon atoms in suramin are
colored green, nitrogen atoms blue, and oxygen atoms red, and
sulfur is in yellow. (B) Electrostatic surface potential of
suramin with portions of the VCP backbone represented as a
magenta ribbon. The four basic amino acid side chains, Lys 214,
Lys 220, Lys 241, and Arg244, which ligand suramin are shown
as blue sticks.
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due to rotations about the many single bonds, adopts a
conformation which maximizes the interaction with the target
protein. Modeling studies on suramin interaction with other
heparin-binding proteins would need to allow for such
flexibility. Suitable chemical modifications imposing stere-
ochemical restrictions might be needed to force analogues
to adopt the most desirable conformation to interact with a
specific target protein. Thus both the specific details of VCP
interaction with suramin and the observation of conforma-

tional flexibility that we have described could be of value
in designing more specific suramin analogues.
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