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ABSTRACT: Fibroblast growth factors (FGFs) play crucial roles in the regulation of key cellular processes
such as angiogenesis, differentiation, and tumor growth. Suramin, a polysulfonated naphthylurea, is known
to be a potent inhibitor of FGF-induced angiogenesis. Using isothermal titration calorimetry, we demonstrate
that human acidic fibroblast growth factor (hnFGF-1) binds to suramin with high affinity in the nanomolar
range. The suramin:hFGF-1 binding stoichiometry is estimated to be 2:1. Size-exclusion chromatography
data reveal that suramin oligomerizes hFGF-1 to form a stable tetramer. Thermal unfolding experiments
monitored by steady state fluorescence, and limited trypsin digestion analysis data suggest that suramin-
induced oligomerization of hFGF-1 occurs in two steps. The first step involves the binding of suramin at
specific sites on the protein. Two molecules of suramin appear to bind simultaneously to one molecule
of hFGF-1. Binding of suramin possibly involves formation of solvent-exposed nonpolar surfaces in hFGF-
1. In the second step, FGF appears to oligomerize through coalescence of the solvent-accessible nonpolar
surfaces. Results of the NMR experiments reveal that suramin binds to residues in the heparin binding
pocket as well as to residues involved in FGF receptor binding. On the basis of the results of this study,
we propose a model to explain the molecular mechanism(s) underlying the antimitogenic activity of suramin.
To our knowledge, this is the first study in which suramin interaction sites on FGF have been characterized.

The establishment and maintenance of vascular supply aresuch as heparinlg, 19). Heparin binds to both the ligand
vital for the growth of normal as well as neoplastic tissues (hFGF-1) and the receptor with almost equal affinky ¢
(1). Angiogenesis is a cellular process that aids in the 106 M) (20). Heparin is proposed to play an important role
formation of new blood vessels via sprouting from preexist- in the formation and stabilization of the ligandeceptor
ing vesselsZ, 3). This process is crucial for the development, complex (6, 18). Since the demonstration that FGF-mediated
progression, and metastasis of tum@gY. There are several  angiogenesis plays a crucial role in the progression and
positive modulators of angiogenesis, and fibroblast growth metastasis of tumors, there has been intensive research
factors (FGFS)are the most prominent among them. It is directed at the development of drugs that could effectively
increasingly believed that angiogenesis is a potential thera-inhibit angiogenesis4—6). Suramin {carbonyl bis[imino-
peutic target for the control and treatment for a wide range 3,1-phenylenecarbonylimino(4-methyl-3,1-phenylene)carbo-
of tumors 6—7). In this background, recently there have been nylimino]}-bis(1,3,5-naphthalenetrisulfonic acid) hexasodium
intensive efforts to identify compounds that could effectively salt) is the most well-known of the drugs that inhibit tumor
inhibit the angiogenic activity of FGF<(6, 8). growth ©@). Suramin exhibits its antitumor activity in a

FGFs are~16 kDa all-sheet proteins, devoid of disulfide  number of cell linesZ1, 22). It is also under investigation
bonds 9—11). The secondary structural elements in human for the treatment of several malignancig8)( However, very
acidic fibroblast growth factor (hFGF-1) consist of 12 little is known about the molecular basis underlying the

B-strands organized intg-barrel architecture 12, 13). antitumor activity of suramin. Several studies using smaller
hFGF-1 exhibits its cell proliferation activity by specifically ~ structural units of suramin (such as sulfonated naphthalene
binding to its transmembrane receptor (FGFRL—17). derivatives) proposed that the drug (suramin) binds to the

Crystal structure data show that formation of the hFGF heparin binding pocket in hFGF-1 and consequently inter-
FGFR binary complex requires participation of proteoglycans feres with the interaction of the growth factor with its cell
surface receptord(-6, 9). However, the antitumor activity
T This study was supported by grants from the National Institutes of of these mmlmahs.tl(.: suramin de_rlvatlves is significantly
Health (NIH NCRR COBRE Grant 1 P20 RR15569), the Department |OWer than that exhibited by suramin. Therefore, understand-
of Energy (Grant DE-FG02-01ER15161), the Arkansas Biosciences ing the molecular mechanism by which suramin inhibits the
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* University of Arkansas. governing suraminhFGF-1 interaction using a variety of
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MATERIALS AND METHODS

Plasmid DNA was prepared using a mini-prep kit obtained I
from Qiagen. EcoRI and Xbal were purchased from New @ CHa HsC m
England Biolabs. Ampicillin and chloramphenicol were

procured from AMERSCO. Low-molecular weight heparin S
(M, ~ 3000), phenylmethanesulfonyl fluoride, aprotinin, Na0,S

pepstatin, leupeptin, Triton X-100;mercaptoethanol, suramin,

and trypsin were obtained from Sigma Chemical Co. H
Heparin-Sepharose was procured from Amersham BIio- gFgure 1@ Chemical structure of suramin.
sciences. All other chemicals used were of high-quality

analytical grade. All solutions were prepared in Milli Q scanning densitometer. The intensity of the band correspond-
water. Unless otherwise mentioned, all experiments wereing to hFGF-1 not subjected to protease treatment was
performed in 10 mM Tris (pH 6.5) containing 100 mM NaCl.  considered as a control for 100% protection.

Protein Purification.Recombinant hFGF-1 was prepared  Isothermal Titration Calorimetry (ITC)TC experiments
from transformedescherichia coliBL21(DE3)pLysS cells. were performed using a VP-ITC calorimeter (Microcal Inc.,
The expressed protein was purified on a hepaBepharose  Northampton, MA). All experiments were performed at 298
affinity column over a NaCl gradient (from O to 1.5 M). K. The sample cell was filled with arv50 «M solution of
Desalting of the purified protein was achieved by ultrafil- hFGF-1 (volume, 1.4 mL). Suramin (10 times more con-
tration using an Amicon setup. The purity of the protein was centrated) was titrated into the cell from the 280syringe,
assessed using SB®AGE. The authenticity of the sample the contents of which were stirred at 310 rpm. A typical
was verified by ES-mass analysis. The concentration of the experiment consisted of 40 successive automatic injections
protein was estimated on the basis of its extinction coefficient of 6 uL each with a 240 s equilibration time between the
value at 280 nm. injections. The first injection consisted of /& and was

Preparation of Isotope-Enriched hFGE-Uniform 5N ignored in the final data analysis. The heat change for the
isotope labeling (of human FGF-1) was achieved using M9 dilution of the ligand injections was measured by injecting
minimal medium containing®NH4CI. To realize maximal suramin into the buffer under identical conditions and was
expression yields, the composition of the M9 medium was subtracted from the measured heat change of binding of
modified by the addition of a mixture of vitamins. The ligand to protein. Data analysis was performed using the
expression host straii.,. coliBL21(DE3)pLysS, is avitamin  least-squares method to determine the equilibrium binding
B,-deficient host, and hence, the medium was supplementedconstant Kq), the enthalpy of complex formatior\), and
with thiamine (vitamin B). Protein expression yields were the entropy AS) of the reaction.
in the range of 2530 mg/L of the isotope-enriched medium.

The extent of°N labeling was verified by ES-mass analysis. RESULTS AND DISCUSSION

Fluorescence Measurementsie thermodynamic stability Suramin is asymmetrical polysulfonated naphthylurea that
of hFGF-1 was assessed from the thermal denaturationhas been successfully used to cure a wide array of disorders
experiments. Fluorescence spectra were measured on &ych as trypanosomiasis and onchocerciaisis (Figu2&)1;
Hitachi F-2500 fluorimeter at 5 or 10 nm resolution, using Suramin and its derivatives have been shown to possess
an excitation wavelength of 280 nm. Unless otherwise potent antitumor activity4—6). The antimitogenic activity
mentioned, all fluorescence measurements were made usingf suramin is believed to stem from its ability to bind to
a protein concentration of 10@g/mL in 10 mM Tris  FGFs and disrupt interaction with their cell surface receptors.
containing 100 mM NacCl (pH 6.5). The fraction of unfolded  Syramin Binds to hFGF-1sothermal titration calorimetry
species was estimated from the ratio of the emission (|TC) is a versatile technique for characterizing protein
intensities at 308 and 350 nm. protein or proteir-ligand interactionsd4). ITC experiments

NMR ExperimentdNMR experiments were performed on  provide direct information about the stoichiometry, affinity,

a Bruker 700 MHz and 500 MHz spectrometers (cryoprobe). and enthalpy of proteinligand binding reactions in solution
For the two-dimensional heteronuclear experiments, the (25). The binding isotherm characterizing suramiiFGF-1
concentration of the protein used wa6.5 mM. The protein interaction is nearly sigmoidal (Figure 2A). The binding
samples were prepared in 10 mM Tris buffer containing 100 isotherm fits best to a two-site binding model yielding
mM sodium choloride (pH 6.5). All NMR data were acquired binding constant values of54 and~555 nM, respectively.
at 25+ 0.5°C. The binding stoichiometry for the suramihFGF-1 interac-

Proteolytic Actvity. Protection of hFGF-1 by suramin tion is ~2:1 (Figure 2A). The binding of hFGF-1 and the
against the action of trypsin was evaluated by incubating drug proceeds with a negative enthalgyH ~ —13.3 kcal/
hFGF-1 at a concentration of 0.5 mg/mL (in the presence mol). Increasing the protein concentration has little or no
and absence of various molar ratios of suramin) with 0.05 effect on the thermodynamic parameters characterizing
mg/mL trypsin in 10 mM Tris buffer containing 100 mM  hFGF-1-suramin interaction(s). The results of ITC experi-
NaCl. The action of trypsin was stopped by heating the ments clearly show that hFGF-1 interacts strongly with
mixture at 90°C for ~10 min. The products of the protease suramin, and one molecule of the protein appears to bind
action(s) were analyzed by SB®AGE. The degree of two molecules of the suramin. The binding affinity shared
protection offered by suramin was estimated by measuring by suramin and FGF was examined at various concentrations
the intensity of the band (on SB$AGE) corresponding  of NaCl in an effort to understand the nature of forces
to hFGF-1 (remaining after protease digestion) using a (electrostatic or nonpolar) stabilizing the suramkGF

SO;Na
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Ficure 2: Binding isotherm of the titration of hFGF-1 with suramin at 1700 mM NaCl (Ad arM NacCl (B). The top panel represents the

raw data for the titration. The bottom panel shows the integrated data obtained from the raw data after subtraction of the heats of dilution.
The solid line in the bottom panel represents the best curve fit to the data using a two-independent site model. The binding constant
characterizing the suramithFGF-1 interaction equals54 nm in 100 mM NacCl.

interaction. The binding isotherm representing the suramin of ~47.05 min) of the protein with an estimated molecular
FGF interaction shows that the drug interacts with FGF even mass of~65 kDa (Figure 3B). The peak representing the
at high salt concentrations (1 M NaCl, Figure 2B). Interest- tetramer further increases in intensity at a drug:protein ratio
ingly, the sign of the enthalpy changAHK) accompanying of 0.75:1.0 (Figure 3C). At a suramin:hFGF-1 ratio of
the suramin-FGF interaction is reversed (from13.3 to 2.25 2.0:1.0, the protein predominantly exists as a tetramer as
kcal/mol) when the NaCl concentration is increased from evidenced by a single peak (with an elution time~e£7.0
100 mM to 1 M (Figure 2B). These results suggest that at a min) in the elution profile (Figure 3D). Interestingly,
low salt concentration, suramitGF interaction is stabilized  oligomerization of hFGF-1 induced by suramin appears to
by both electrostatic and nonpolar interactions. However, at be highly cooperative as no stable intermediate state(s) in
a higher NaCl concentration (1 M NacCl), the electrostatic the oligomerization reaction could be detected. Therefore,
interactions are nullified and the suramiRGF interaction the size-exclusion chromatography data clearly demonstrate
is largely stabilized by nonpolar interactions. This explains that hFGF-1 binds to suramin and oligomerizes the protein
the switch of the drugFGF interaction from being exo- to a tetrameric form. Suramin-induced oligomerization of
thermic (at low salt concentrations) to endothermic (at high hFGF-1 has also been observed in other studies, but the
salt concentrations). molecular size of the oilgomer has not been unambiguously
Suramin Binds and Oligomerizes FGF-3ize-exclusion ~ characterizeds).
chromatography is a useful technique for monitoring the  Oligomerization Induced by Suramin Occurs in Two Steps
change(s) in molecularity of proteins upon ligafmtotein hFGF-1 contains a single tryptophan residue at position 121
interactions. Fibroblast growth factors have been shown to (11, 13). The fluorescence spectrum of hFGF-1 in its native
have a tendency to oligomerize upon binding to suraijn ( state shows an emission maximum around 308 nm (Figure
In this context, we studied the effect(s) of suramin on the 4, inset). The fluorescence of the lone tryptophan residue is
molecularity of hFGF-1 using size-exclusion chromatogra- almost completely quenched in the native state (Figure 4,
phy. hFGF-1 in the absence of suramin elutes as a singleinset). The quenching effect is attributed to the presence of
peak with an elution time o~75.6 min (Figure 3A). proline and histidine residues in spatial proximity to the
Extrapolation of this elution time on the standard plot (of indole ring of tryptophan in the three-dimensional structure
log molecular mass vs elution time) yields a molecular mass of hFGF-1 g8). However, this quenching effect is relieved
of ~15.9 kDa that corresponds to the monomeric state of in the denatured state(s) of the protain8 M urea (Figure
hFGF-1 (Figure 3E). The elution profile of hFGF-1 in the 4, inset). The protein in its denatured state(s) shows an
presence of suramin (at a suramin:hFGF-1 molar ratio of emission maximum around 350 nm. These spectral features
0.5:1.0) shows two peaks, one representing free hFGF-1 (withare ideal for monitoring the global conformational changes
an elution time of 75.6 min) and the other smaller peak that occur during the unfolding of the protein. We studied
corresponding to the tetrameric form (with an elution time the effect(s) of suramin on the thermodynamic stability of
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Ficure 4: Thermal unfolding of hFGF-1 in the absence of suramin
(O) and in the presence of suramin (at a suramin:hFGF-1 molar
ratio of 2:1). The inset shows the fluorescence spectra of hFGF-1
in its native (N) and denatured (D) states. Unfolding in the presence
of suramin proceeds in two phases. The first phase possibly
represents the dissociation of the suramin-induced oligomer of
C hFGF-1. The second phase possibly indicates the unfolding of the
dissociated monomers of hFGF-1. Thermal unfolding experiments
were performed at a protein concentration of 400 The excitation
47.09 and emission slit widths were set at 5 and 10 mm, respectively.
) Fluorescence spectra were acquired upon excitation at 280 nm.

47.05

Absorbance @ 280 nm

M C 1 2 3 4 5 6 7

75.69
'| - Trypsin

- T e wmw w—w > +— hFGF-1 (~16 kDa)

47.09

FiGUrRe 5: SDS-PAGE of hFGF-1 in the presence of suramin.
Lane M contained the molecular mass markers. Lane C contained
hFGF-1 in the absence of trypsin. Lanes7lcontained the trypsin
cleavage products obtained at suramin:hFGF-1 molar ratios of
0.0:1.0,0.1:1.0, 0.2:1.0, 0.5:1.0, 0.75:1.0, 1:1.0, and 2:1.0, respec-

J

0 50 100 150 tively. Enhanced protection of the protein (hFGF-1) from trypsin
. . . cleavage with the increase in suramin concentration suggests that
Elution Time (min) the protein oligomerizes in the presence of the suramin.

oy T ] the protein by equilibrium thermal denaturation monitored
48 G netypei E ] by changes in the ratio of 350 nm:308 nm fluorescence.

] The unfolding of the protein under these conditions appears
to be cooperative with no detectable accumulation of
] equilibrium intermediates. Complete unfolding of the protein
] occurs beyond 50C (Figure 4). TheT,, [temperature at

] which 50% of the molecules exist in the unfolded state(s)]

46

44

log (Mol. Wt)

42 [

ss b (37 kb2) romot ] for the unfolding reaction is estimated to be40 °C.
: R Interestingly, temperature-induced unfolding of hFGF-1 in
T T T T e T e e the presence of saturating concentrations of suramin (at a
Retention Time (min) FGF-1:suramin ratio of 1:2) occurs in two discrete phases

Ficure 3: Size-exclusion chromatography of hFGF-1 obtained at (Figure 4). In the presence of the suramin, the protein appears
various hFGF-1:suramin molar ratios: (A) 1:0, (B) 1.0:0.5, (C) to undergo little or no structural change below°8) Beyond
1.0:0.75, and (D) 2.0:1.0. (E) Plot of the logarithm of the molecular this temperature, the 350 nm:308 nm fluorescence ratio

weights of proteins vs the elution times of the proteins. The numbers . S . . .
at the top of each fraction represent their elution times. The values '"¢T€@S€S significantly, suggesting progressive unfolding of

in parentheses in panel E represent the molecular masses of théhe protein (Figure 4). The unfolding profile reaches a_plateau
proteins in kilodaltons. The elution flow rate is 1 mL/min. The at 47 °C, and the 350 nm:308 nm fluorescence ratio does
elution of proteins was monitored by their absorbance at 280 nm. not significantly change up to 6TC. The second phase of
The concentration of protein is1 mg/mL. Elution buffer used unfolding begins beyond 6TC, and the changes in the 350

consists of 10 mM Tris containing 100 mM NaCl. BSA and nFGF-1 . .
are abbreviations for bovine serum albumin and acidic fibro- nm:308 nm fluorescence ratio are completed as the temper-

blast growth factor from newiNotopthalmusiridescens, respec- ature reaches 70 (Figure 4). The first phase of unfolding
tively. possibly represents the dissociation of the suramin-induced
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Ficure 6: IH—1N HSQC spectra of hFGF-1 in the absence and presence of suramin. (A) HSQC spectrum of hFGF-1 in the absence of
suramin. (B) Overlap of the HSQC spectra of hFGF-1 in the absence (red) and presence of suramin (green) (at a suramin:hFGF-1 molar
ratio of 0.6:1.0). The yellow boxed areas represent selected cross-peaks of residues that disappear in the presence of suramin. (C) Overlap
of the HSQC spectra of hFGF-1 in the absence (red) and presence of suramin (green) at a suramin:hFGF-1 molar ratio of 2:1. It could be
observed in the presence of suramin that most of'the!>N cross-peaks in the spectrum disappear, suggesting that the drug induces
oligomerization of the protein. All HSQC spectra were acquired at 298 K in 10 mM Tris containing 100 mM NacCl.

oligomer to the partially structured monomeric hFGF units. to trypsin cleavage. In the absence of suramin, more than
In the second phase, the partially structured monomeric state90% of the ~16 kDa band is cleaved within 30 min of
unfolds to the completely denatured state(s) of the protein. initiation of trypsin cleavage (Figure 5, lane 1). At low
The two-phase thermal unfolding profile of hFGF-1 in the suramin:hFGF-1 molar ratios, the cleavage pattern of the
presence of suramin is consistent with the size-exclusion protein is different from that observed in the absence of the
chromatography data that suggest that suramin binds andsuramin (Figure 5). Some of the low-molecular mass
induces oligomerization of the hFGF-1. cleavage products observed in the absence of suramin are
Limited proteolytic digestion is a useful technique for missing in the presence of suramin. The observed differences
monitoring conformational flexibility of proteins and map possibly arise due to steric masking of some of the potential
protein—ligand and proteirrprotein binding interface<26, enzyme cleavage sites by suramin and/or due to conforma-
27). We used limited trypsin digestion to study the presump- tional changes induced in the protein upon suramin binding.
tive structural transitions induced in hFGF-1 upon binding Interestingly, the intensity of the 16 kDa band, corresponding
to suramin. hFGF-1 is rich in lysine and arginine residues to the undigested hFGF-1, increases with the increase in the
(11—-13). As the putative cleavage sites for trypsin corre- drug:protein ratio (Figure 5). This observation is consistent
sponds to the carbonyl ends of lysine and arginine residues,with the increase in the population of the hFGF-1 oligomer-
trypsin is an apt choice for following the conformational (s) formed at higher molar ratios of suramin to the protein.
changes induced in hFGF-1 at various concentrations of We could not observe any band corresponding to the tetramer
suramin. Undigested hFGF-1 yields a band on SPAGE or oligomer on SDSPAGE, which probably indicates that
that corresponds to a molecular mass of 16 kDa (Figure 5,the suramin-induced oligomer(s) of hFGF-1 is stabilized by
lane C). The intensity of the band (after Coomassie staining) noncovalent interactions between the monomeric hFGF-1
is used as a control to monitor the susceptibility of the protein units. These noncovalent stabilizing forces appear to be
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disrupted under conditions used during SEFRAGE. In
addition, it is important to mention that control experiments
with bovine serum albumin revealed that the suramin does
not affect the activity of trypsin (data not shown). In
summary, both the size-exclusion chromatography data and
the results of the limited proteolytic digestion experiments
clearly show that suramin binds specifically to hFGF-1 and
induces oligomerization of the protein.

Characterization of the Suramin Binding Sites in hFGF-
1. The'H—1*N HSQC spectrum serves as a fingerprint of
the backbone conformation of a proteft8). Chemical shift
perturbation or disappearance'®f—°N cross-peaks in the
IH—15N HSQC spectrum, upon addition of a ligand or a
protein partner, not only provides useful information about
protein-ligand/protein interaction(s) but also sheds light on
the conformational changes that possibly accompany ligand
(drug) binding 29). In this context, we mapped the putative
suramin binding sites on hFGF-1 on the basis of changes
observed in théH_15N HSQC spectra obtained at various gigure 7: Model of the structure of hFGF-1 showing the residues
drug:protein molar ratios. In total, 261—°"N HSQC spectra  whose resonances disappear in'tHe- 15N HSQC spectrum of the
were acquired at suramin:hFGF-1 ratios ranging from 0:1 protein obtained at a suramin:hFGF-1 molar ratio of 0.6:1.0.
to 4:1.1H—15N HSQC spectra of hFGF-1 in the absence of Suramin appears to bind residues in the heparin binding pocket
suramin are well-dispersed, and the cross-peaks representinﬁ ed balls) as well as residues (L28, C30, G34, and H35) that make

. ) . . ¥p the FGFFGFR interface (green balls).
the backbone amide protons of the 126 residues in the protein
have been unambiguously assignéd, (L2). No significant decreases only marginally in the presence of SOS. At
changes could be discerned in th¢—'°N HSQC spectra  suramin:hFGF-1 molar ratios greater than 2:1, more than
acquired at suramin:hFGF-1 molar ratios lower than-0.3  90% of the cross-peaks in thtH—1°N HSQC spectra
(Figure 6A). At a suramin:hFGF-1 ratio of 0.6:1.0, cross- disappear possibly due to the oligomerization induced by
peaks corresponding to 10 residues, including Leu28, Cys30,the suramin (Figure 6C). Oligomerization dramatically alters
Gly34, His35, Glul05, Asnl106, Tyrl11, Lys127, Tyrl39, the transverse relaxation ratés)(of resonances, resulting
and Lys142, completely disappear (Figure 6B). These in broadening of peaks leading to random and widespread
residues possibly constitute the suramin binding site(s) in disappearance of peaks in thé—'>N HSQC spectra. The
hFGF-1. Loss in intensities of selected cross-peaks in theresults of the NMR experiments demonstrate that at low
IH—15N HSQC spectrum with suramin appears to be due to suramin:hFGF-1 molar ratios-0.6:1.0), the drug (suramin)
an intermediate rate of chemical exchange between hFGF-1binds at two distinct sites, one constituting the heparin
and suramin on the NMR time scalg(j. In general, in case  binding site and the other comprising residues that are
of an intermediate chemical exchange rate, the frequenciesnvolved in FGF receptor binding. The bound suramin
of the changing resonances become poorly defined andultimately induces oligomerization of the protein.
extensive kinetic broadening sets in. When the lines become Mechanism of Action of Suramirit is important to
sufficiently broad, the resonances completely disappear inunderstand the mechanism underlying the antimitogenic
the 'H—1N HSQC spectra 30). The putative suramin  activity of suramin. There are at least two possible mecha-
binding sites are distributed in two locations in the three- nisms by which suramin inhibits the mitogenic activity of
dimensional structure of hFGF-1. Lys127, Tyrl39, and hFGF-1. FGFs exhibit their cell proliferation activity by
Lys142 are located in the heparin binding pocket (Figure binding to their transmembrane tyrosine kinase receptors.
7). Leu28, Cys30, Gly34, and His35 constitute the second Results of the isothermal titration calorimetry experiments
cluster of residues that bind to suramin and are involved in reveal that suramin binds strongly to FGk;(~ 54 nm) in
the FGFFGFR interface (Figure 7). In marked contrast, a 2:1 ratio.lH—'5N HSQC data show that suramin binds to
binding studies using several smaller structural analoguestwo distinct sites on the FGF molecule, one located in the
of suramin, including sulfonated naphthalene derivatives, heparin binding pocket and the other site located in the region
showed that the suramin derivatives are directed only to the betweerg-strands | and II. Our preliminary docking studies
hFGF-1-heparin binding interfaced{-6, 9, 33). Therefore, reveal that the two suramin binding sites are separated by a
it appears that the smaller derivatives of suramin do not distance of~32 A, and therefore, a single suramin molecule
completely mimic the binding interactions of suramin with  (with a length of~24 A) cannot bind simultaneously to both
hFGF-1. This aspect probably accounts for the potency of binding sites. As the suramin molecule is symmetric, it is
the minimalistic derivatives of suramin being lower than that logical to assume that two suramin molecules can simulta-
of suramin itself 4). The presence of two discrete suramin neously bind to one FGF molecule (Figure 8). Results of
binding sites is also supported by ITC data, which show that the thermal unfolding experiments suggest that the formation
hFGF-1 binds to suramin even in the presence of saturatingof the FGF-1 tetramer occurs in two cooperative steps. The
amounts of sucrose octasulfate (SOS) which mimics the first step appears to be the binding of the drug molecule
action of heparin in supporting the FGF-induced mitogenic (suramin) to FGF (Figure 8). Far-UV and near-UV CD data
activity (Figure S1 of the Supporting Information). The suggest that the binding of suramin induces subtle confor-
binding affinity shared by the suramin and the protein mational change(s) in FGF, possibly exposing nonpolar
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Ficure 8: Cartoon depicting the primary mechanism by which suramin exerts its antimitogenic activity. Suramin binding residues in
FGF-1 exist (red) in two clusters. One cluster consisting of residues Lys127, Tyr139, and Lys142 constitutes the heparin binding site. The
second cluster of residues Leu28, Cys30, and Gly34 that bind to suramin are also involved in receptor binding. Formation of the suramin-
induced FGF tetramer appears to occur in two steps. The first step involves the binding of two molecules of suramin to a molecule of FGF.
Binding of suramin appears to induce a subtle conformation in FGF-1 possibly involving the formation of solvent-accessible nonpolar
surfaces (violet). The FGF tetramer occurs spontaneously due to coalescence of the solvent-exposed nonpolar surfaces in FGF monomers.
In the second step, FGF (red) binds to the cell surface receptor, resulting in the activation of the signaling process. Suramin has affinity for
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both FGF and its receptor (blue). The drug binds at the F@Eeptor interface and inhibits the cell proliferation activity.

surfaces in the protein to the solvent (data not shown). The (Figure S3A), and titration of the FGFD2 domain binary
second step plausibly is the spontaneous formation of thecomplex with suramin (Figure S3B). This material is
biologically inactive FGF tetramer due to coalescence of the available free of charge via the Internet at http:/pubs.acs.org.
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