Oligomerization of acidic fibroblast growth factor is
not a prerequisite for its cell proliferation activity
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Abstract

Oligomerization of fibroblast growth factors (FGFs) induced on binding to heparin or heparan sulfate
proteoglycan is considered to be crucial for receptor activation and initiation of biological responses. To gain
insight into the mechanism of activation of the receptor by FGFs, in the present study we investigate the
effect(s) of interaction of a heparin analog, sucrose octasulfate (SOS), on the structure, stability, and
biological activities of a recombinant acidic FGF from Notophthalmus viridescens (nFGF-1). SOS is found
to bind to nFGF-1 and significantly increase the thermodynamic stability of the protein. Using a variety of
techniques such as size-exclusion chromatography, sedimentation velocity, and multidimensional nuclear
magnetic resonance (NMR) spectroscopy, it is shown that binding of SOS to nFGF-1 retains the protein in
its monomeric state. In its monomeric state (complexed to SOS), n-FGF-1 shows significant cell prolifera-
tion activity. >N and 'H chemical shift perturbation and the intermolecular nuclear Overhauser effects
(NOEs) between SOS and nFGF-1 reveal that the ligand binds to the dense, positively charged cluster
located in the groove enclosed by (3-strands 10 and 11. In addition, molecular modeling based on the NOEs
observed for the SOS-nFGF-1 complex, indicates that SOS and heparin share a common binding site on the
protein. In conclusion, the results of the present study clearly show that heparin-induced oligomerization of
nFGF-1 is not mandatory for its cell proliferation activity.
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Fibroblast growth factors (FGFs) are a large family of mo-
nomeric growth factors that control proliferation, differen-
tiation, and migration of a variety of cell types and can act
as potent stimulators of angiogenesis and promote wound
healing (Bikfalvi 1997; Conrad 1998; Friesel and Maciag
1999). At the cell surface, FGFs bind to two receptor classes
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with high and low affinity, respectively (Ornitz and Itoh
2001; Fernig and Gallagher 1994; Spivak-Kroizman et al.
1994). The high affinity receptors include a family of trans-
membrane signaling receptors with intrinsic protein kinase
activity (Mohammadi et al. 1996; Plotnikov et al. 1999;
Plotnikov et al. 2000; Stauber et al. 2000). Dimerization of
the fibroblast growth factor receptor (FGFR) is proposed to
be a key event in the transduction of the FGF-induced cel-
lular signals (Ornitz 2000; Schlessinger et al. 2000). Dimer-
ization of the extracellular domains of the receptor is be-
lieved to result in juxtaposition of the cytoplasmic domains
and subsequent transautophosphorylation leading to the
stimulation of the intrinsic catalytic activity of the receptor
(Bellot et al. 1991; Schlessinger et al. 1995; McEwen et al.
1996; Ornitz et al. 1995). The low affinity receptor of FGFs
on the cell surface is the glycosidic moiety of the heparan
sulfate proteoglycan on the cell coat and basal membranes
(Ornitz et al. 1992; Mach et al. 1993; Wong et al. 1995;
Faham et al. 1996). It is generally believed that cell surface
heparin-like molecules are required for FGFs binding to
their high affinity receptor (Faham et al. 1996; Ornitz et al.
1995; Waksman and Herr 1998; Lyon and Gallagher 1998).
Intact cells pretreated with heparanases fail to show FGF
binding and consequently do not proliferate (Basilico et al.
1992; Moscatelli 1992). However, Roghani et al. (1994),
expressing FGFR in mutant Chinese hamster ovary cells
deficient in heparan sulfate synthesis, showed that basic
FGF (FGF-2) per se does not require heparin/heparan sul-
fate to bind to FGFR. Similarly, recent studies of Venkata-
raman et al. (1999) and Davies et al. (1999) show that
FGF-2 in the absence of heparin self-associates preferentially
to a biologically active oligomerized state, and heparin is
found to merely stabilize the oligomerized state of FGF.

Several mechanisms have been proposed to explain the
role of heparin in the FGF-FGFR interactions that trigger
cell proliferative responses. Proteoglycans such as heparin/
heparan sulfate are believed to stabilize FGFs and protect
them from heat inactivation and proteolytic degradation and
consequently enhancing their (FGF’s) functional efficacy
(Sommer et al. 1989; Samuel et al. 2000). Saksela et al.
(1988) indicated (on the basis of the plasminogen activator-
mediated proteolytic activity on cultured endothelial cells)
that FGF-2 bound to cell matrix proteoglycans serves as a
reservoir of growth factors that can be released by enzymes
that degrade the proteoglycans. In a related study, Ornitz et
al. (1995) (investigating the optimal conditions for FGF-2 to
elicit its desired mitogenic activity) proposed that heparin
promotes oligomerization of FGFs by providing a template
for binding of multiple growth factor molecules. Once
oligomerized through heparin binding, two molecules of
FGF have the potential to juxtapose two molecules of FGFR
and consequently dimerize.

Sucrose octasulfate (SOS) is a polysulfated heparin ana-
log and has been successfully used as an antiulcer drug

(Szabo 1991;Volkin et al. 1993). SOS has been postulated
to have effects on growth factor-mediated repair of gastric
tissue (Volkin et al. 1993). Although the mechanism of
action of this drug is poorly understood, it is proposed that
the cell-repair activity of SOS stems from its in situ inter-
action with FGFs and protection of the growth factors
against acid-induced inactivation (Szabo 1991).

In this study, we investigate the effect(s) of SOS and its
derivatives on the structure, stability, and biological activity
of acidic fibroblast growth factor (nFGF-1) derived from
Newt (Notophthalamus viridescens). The data obtained
herein clearly indicate that oligomerization of nFGF-1 is not
a prerequisite for its cell proliferation activity. In addition,
the results of this study indicate that polysulfonated ligands
such as heparin and SOS might just confer protection
against acid-induced inactivation and proteolytic agents and
consequently provide increased opportunity to the FGF
molecules to interact with their receptors.

Results and Discussion

Acidic fibroblast growth factors (FGFs-1) derived from the
newt and the human sources bear more than 85% sequence
homology (Patrie et al. 1997; Poulin et al. 1997). The mi-
togenic activities of FGFs from these two sources are
mostly similar (Patrie et al. 1997). Homology modeling of
the FGFs-1 analogue derived from newt (nFGF-1) and hu-
man (hFGF-1, Zhu et al. 1993) sources show that their
three-dimensional structures bear very good resemblance
(Suppl. Fig. S1). The secondary structural elements in the
protein (nFGF-1) include 12 3-strands arranged into a [3-tre-
foil motif. A dense cluster composed of positively charged
residues located at the loop between (-strands 10 and 11
constitutes the heparin-binding site (Zhu et al. 1991 and
1993; Blaber et al. 1996).

The equilibrium thermal unfolding (monitored by far-
ultraviolet circular dichroism [far-UV CD]) of nFGF-1 is
examined in the presence of heparin and its polysulfated
analogs such as SOS, sucrose heptasulfate (SHpS), and su-
crose hexasulfate (SH,S). It could be discerned that all the
ligands used increase the thermal stability of the protein.
The order of stability of the protein in the presence of vari-
ous ligands in terms of the T,, (temperature at which 50%
of the molecules are unfolded, AGy = 0) is heparin
(T, =63x0.5°C), SOS (T,, = 62+0.5°C), SH,S
(T, = 58+ 0.4°C), and SH,S (T, = 53 +0.3°C). The T,,
for the thermal unfolding of the protein in the absence of
any of the ligands is 42 + 0.3°C. It appears that SOS and
heparin stabilize the protein against thermal denaturation to
a similar extent and among the sulfated derivatives of su-
crose; the degree of stability offered to the protein appears
to be a direct function of the extent of sulfation of the
ligand.
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SOS enhances the angiogenic and mitogenic activities
of nFGF-1

It is well documented that FGFs promote cell proliferation.
In the presence of SOS and heparin, the cell proliferation
activity of nFGF-1 increases significantly (Fig. 1A). The
less sulfated analogs of heparin (SHpS and SHxS) are also
found to enhance the mitogenic activity of nFGF-1 (data not
shown). The degree of potentiation appears to be directly
correlated to the extent of sulfation of the ligands. In the
absence of the ligands, nFGF-1 shows weak mitogenic ac-
tivity (Fig. 1A). The low mitogenic activity of nFGF-1 (in
the absence of the ligands) could be caused by partial heat
inactivation at physiological temperature (free nFGF has a
low T,, of 42 +0.3°C) or by proteolytic cleavage of free
nFGF-1 at the cell surface (Saksela et al. 1988; Sommer and
Rifkin 1989). This aspect is evident from the results of the
limited proteolytic digestion experiments (using a cocktail
of proteases) that show that nFGF-1 in its free form is
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Fig. 1. (A) Representation of the mitogenic activity (on NIH/3T3 cells) of
nFGF-1 and nFGF-1 in the presence of various concentrations of heparin
and sucrose octasulfate (SOS). The concentration of the protein used in the
mitogenic assay was 1 ng/mL. About 3 x 10° cells/well were used in the
assay of each of the samples. Appropriate positive and negative controls
were used to evaluate the authenticity and sensitivity of the assay. (B)
Stimulatory effects of SOS on nFGF-1-induced proliferating cellular
nuclear antigen (PCNA) expression level. The PCNA protein levels of rat
thoracic aorta smooth muscle cells pretreated with sodium chlorate for 48
h to deprive endogenous heparin were found to increase most significantly
by nFGF-1 plus SOS (F + S) as compared with the negative control (0.5%
serum). Although nFGF-1 plus heparin (F + H) showed an even higher
expression level of PCNA as compared with the positive control (15%
serum), such increment was much less than that of F + S. Treatment with
nFGF-1 alone showed a slight enhancing effect on PCNA but not to a
significant level.
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highly susceptible to proteolytic cleavage (Suppl. Fig. S2).
In contrast, the protein in the presence of heparin and the
sulfated derivatives of sucrose is resistant to cleavage. The
degree of protection against proteolytic cleavage is propor-
tional to the extent of sulfation of the ligand. It should be
mentioned that available reports on the effects of SOS on
the mitogenic activity of FGFs are contradictory. Volkin et
al. (1993), examining the antiulcer activity of SOS, reported
that the cell proliferation activity of (hFGF-1) on Balb/c-
3T3 mouse fibroblast cell lines is significantly enhanced in
the presence of SOS. Interestingly, Spivak-Kroizman et al.
(1994), investigating the role of proteoglycans and their
synthetic analogs on the cell proliferation activity of hFGF-
1, found that SOS completely inhibits the mitogenic activity
of the protein in cultured Chinese hamster ovary and BaF;
cell lines. We are unable to currently offer a concrete ex-
planation for the observed discrepancy, but it appears that
the action(s) of SOS is/are dependent on the nature of the
cultured cell lines used for the proliferation assay.

The role of heparan sulfate in the FGF-mediated activa-
tion of the cell surface receptor is further evaluated using rat
thoracic artery smooth muscle cells treated with sodium
chlorate. Treatment with sodium chlorate inhibits sulfation
of glycosamino glycans (Fannon et al. 2000). As the chlor-
ate-treated cells are bereft of sulfated proteoglycans, it pro-
vides a conducive environment to specifically investigate
the role of heparin in the cell proliferation activity of FGF-1.
Mitogenic activity of nFGF-1 monitored using the prolifer-
ating cellular nuclear antigen (PCNA) assay reveals that the
cell proliferation activity of the protein in the presence of
SOS is slightly higher than that realized in the presence of
heparin (Fig. 1B). Presently we do not have a concrete
explanation for the marginally higher mitogenic activity ob-
served in the presence of SOS. The proliferation activity of
nFGF-1 in the absence of the ligands (SOS/heparin) is weak
(Fig. 1B). As mentioned earlier, the low mitogenic activity
of the free nFGF-1 could be caused by proteolytic digestion
on the cell surface (Saksela et al. 1988). The results of the
cell proliferation assay on the chlorate-treated cells clearly
show that heparin per se is not a prerequisite for binding
(of nFGF-1) and subsequent activation of its receptor. It
should be mentioned that the present data is consistent
with several earlier reports. Roghani et al. (1994) showed
that FGFR expressed in Chinese hamster ovary deficient
in heparan sulfate synthesis bind to human FGF-2. Simi-
larly, Delehedde et al. (2000), using chlorate-treated rat
mammary fibroblasts cells, showed that FGF-2 can bind to
FGFR and trigger transient early phosphorylation of p42/
42MAPK and p90RSK. Further, Fannon et al. (1996) used
chlorate-treated (glycosaminoglycan-deficient) Balb/C3T3
fibroblasts to show that bFGF can stimulate DNA synthesis
in the absence of heparan sulfate proteoglycans in a dose-
dependent manner. More recently, Burgess and coworkers
(Xue et al. 2000; Shireman et al. 2000) generated several
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mutants of FGF-1 that could show heparin-independent mi-
togenic activity.

SOS does not oligomerize nFGF-1

It is well known that dimerization of the FGFR is crucial for
the transduction of FGF-induced signals (Plotnikov et al.
2000). It has been proposed that binding of heparin-like
proteoglycans to FGFs induces a conformational change in
the FGFs, which results in the formation dimers or oligo-
mers (DiGabriele et al. 1998). FGFs in their dimeric/oligo-
meric state are considered to be biologically active and be-
lieved to bind to FGFR with high affinity and consequently
trigger the transduction of the signal (Waksman et al. 1998;
Pantoliano et al. 1994; Faham et al. 1998).

Size-exclusion chromatography is a useful technique to
monitor the molecular association/dissociation and confor-
mational changes in proteins on ligand binding. Under the
experimental conditions used, free nFGF-1 elutes with a
retention time of 94 + 0.16 min (Fig. 2). The protein (nFGF-
1) complexed to SOS has a retention time (90 + 0.64 min)
similar to the free form of nFGF-1. Thus, it appears that
nFGF-1 on binding to the ligand (SOS) exists in a mono-
meric state. Interestingly, nFGF-1 bound to heparin elutes
with a significantly lower retention time of 73 + 0.17 min,
indicating that the protein oligomerizes on binding to the
proteoglycan (Fig. 2). Although the molecular state (mono-
mer/oligomer) of nFGF-1 is different in the presence of
heparin and SOS, the protein (nFGF-1) shows significant
mitogenic activity when complexed to both the ligands
(SOS and heparin). Thus, these results appear to indicate
that oligomerization of the protein (nFGF-1) is not a pre-
requisite for its binding to the receptor (FGFR) and conse-
quent cell proliferation activity.

The overall correlation time (7,,,), estimated using multi-
dimensional nuclear magnetic resonance (NMR), is a useful
relaxation parameter that would help in the assessment of
the molecular status (monomeric/oligomeric) of the protein.
T,, values signify the rate of overall tumbling of the protein
molecule in solution and it (7,,) bears a near-linear rela-
tionship with the molecular weight of the protein (Lee et al.
1998). In this context, we measured the longitudinal (T,)
and transverse relaxation (T,) rates of the backbone N
nucleus using isotope- ('°N) enriched nFGF-1 sample
(Suppl. Fig. S3). The average T, value of nFGF-1 in its
free form (in 10 mM phosphate buffer containing 100 mM
NaCl and 100 mM ammonium sulfate) is estimated to
be 9.35+0.1 ns. Estimation of the average T, value of
the protein (nFGF-1) in the presence of SOS (mixed in
1:1 ratio) did not significantly alter the overall correla-
tion time (1, = 10.55+0.1 ns). These results indicate
that binding of SOS to nFGF-1 does not oligomerize the
protein. In the event of oligomerization, the T, value of the
protein in the ligand-bound state is expected to be approxi-
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Fig. 2. Size exclusion fast performance liquid chromatography (FPLC)
profiles of free nFGF-1 (in 10 mM phosphate buffer [pH 7.2] containing
100 mM each of sodium chloride and ammonium sulfate) and when com-
plexed to heparin and SOS. The corresponding retention times are indi-
cated at the top of each peak. It could be observed that the elution volume
of the nFGF-1 does not significantly change on binding to SOS, which
indicates that the protein does not oligomerize in the presence of the ligand.
However, the retention time of heparin-bound nFGF-1 is significantly
lower than that observed for nFGF-1 alone or on complexation with SOS.
These data are indicative of possible oligomerization of the protein in the
presence of heparin. The elution of the protein(s) from the Superdex-100
column was monitored by the 280-nm absorbance of the eluate. The eluent
used was 10 mM phosphate buffer containing 100 mM of NaCl. The flow
rate of the eluent was 1 mL/min. The protein samples loaded were nor-
malized by their absorbance at 280 nm.

mately twice the value obtained for the protein in its mo-
nomeric form. Moy et al. (1997), investigating the back-
bone dynamics of hFGF-2 in the presence and absence of
heparin, found that the 7, of the protein in the heparin-
bound state is almost double that of the value obtained for
the native protein (hFGF-2) in its ligand-free state. Based on
the 7, value measurements and the data obtained using
size-exclusion chromatography, it appears that SOS does
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not induce oligomerization of the protein (nFGF-1) but hep-
arin does.

Sedimentation velocity studies provide useful informa-
tion on the molecular mass of macromolecules and help to
assess the presence of heterogeneous molecular states (of
macromolecules) in equilibrium with each other (Prakash
and Timasheff 1985 and 1986). In this context, we per-
formed the sedimentation velocity experiments on nFGF-1
in its free and ligand-bound states. The protein boundary
(in the absence and presence of SOS) moves with Svedberg
constant (S,, w) values of 1.16 and 1.24 S, respectively
(Fig. 3). Time-derivative analysis (Prakash and Timasheff
1986) of the sedimentation velocity data reveals that the
protein in its free and SOS-bound states comprises single
species corresponding to molecular weights of 15.2 and
17.0 kD, respectively (Fig. 3A,B). These results clearly in-
dicate that the protein exists as a monomer in the presence
of SOS. Interestingly, the sedimentation velocity analysis
on nFGF-1 bound to heparin (3 kD) showed that the protein
exists in at least three high molecular mass forms corre-
sponding to molecular weights, 70.1 kD, 83.0 kD, and
92.2 kD (Fig. 3C). These results unambiguously show
that nFGF-1 oligomerizes in the presence of heparin but
not when bound to SOS. In summary, the results pre-
sented thus far indicate that oligomerization of nFGF-1
apriori is not a mandatory requirement for its mitogenic
activity.

SOS-nFGF interaction sites

It is important to characterize the interaction site(s) of SOS
on the protein (nFGF-1) to understand the physical basis for
the differential action of SOS. Low-resolution crystal struc-
ture data exists on the binding of heparin and SOS to FGF
(Zhu et al. 1991 and 1993; Blaber et al. 1996). Although
these studies provide useful clues on the ligand-FGF inter-
actions, no concrete conclusions could be drawn regarding
the molecular state (monomer/oligomers) and the precise
nature of the molecular interactions that operate between the
protein and the ligand(s) in solution. In this context, we
embarked on understanding the structural interactions sta-
bilizing the nFGF-1-SOS complex using multidimensional
NMR techniques.

Two-dimensional 'H-'°N heteronuclear single quantum
correlation (HSQC) spectrum of the free nFGF-1 was ob-
tained in 10 mM phosphate buffer (pH 7.2) containing 100
mM each of sodium chloride and ammonium sulfate. The
spectrum is well resolved and all the expected 126 cross-
peaks could be observed in the fingerprint region of the
spectrum (Suppl. Fig. S4). HSQC spectrum closely re-
sembles the one reported for the hFGF-1 under similar con-
ditions, which indicates that the structures of these two
growth factor homologs are grossly similar (Ogura et al.
1999). Using a combination of various two- (total correla-
tion spectroscopy [TOCSY], double quantum filtered-cor-
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Fig. 3. Sedimentation boundary movement of nFGF-1, (A) in its free form, (B) in the presence of SOS, and (C) in the presence of heparin.
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relation spectroscopy [DQF-COSY], nuclear Overhauser ef-
fect spectroscopy [NOESY], and H'-N'> HSQC) and three-
(TOCSY-HSQC and NOESY-HSQC) dimensional NMR
spectra, we could successfully assign all the proton reso-
nances in the protein. The secondary structure elements of
the free nFGF-1 were delineated using the combined infor-
mation obtained from the interstrand nuclear Overhauser
effect (NOE) data and amide-proton exchange rates. The
NOE connectivities indicate the existence of 12 antiparallel
[B-strands arranged into a B-trefoil motif (Suppl. Fig. S5).
Thus, it appears that the three-dimensional structures of
nFGF-1 and hFGF-1 are grossly similar. Residues consti-
tuting the putative high affinity receptor-binding site such as
Tyr29, Arg49, Asnl06, Tyr108, Leul47, and Leul49 are
conserved in both hFGF-1 and nFGF-1 (Poulin et al. 1997,
Springer et al. 1994). Comparison of the three dimensional
structures of nFGF-1 and hFGF-1 show that orientation of
the side chains of all the residues involved in the high af-
finity receptor-binding site are nearly similar. This aspect is
consistent with the nearly identical mitogenic potency
shown by nFGF-1 and hFGF-1 on the fibroblast (NIH/3T3)
cells (Patrie et al. 1997). In addition to the high affinity
receptor binding site, FGFs-1 possess a seven residue lower
affinity receptor binding site spanning the loop located be-
tween beta strands 8 and 9 (Springer et al. 1994, residues,
114-120). With the exception of Lys115 in hFGF-1 (which
is substituted by valine in that position in nFGF-1), the side
chains of all the other residues in the lower affinity receptor
binding site show similar spatial orientation(s). The side
chain of Lys115 (in hFGF-1) is directed toward the hydro-
phobic lumen of the B-barrel (fig. not shown). In contrast,
the nonpolar side chain of Valll5 in nFGF-1 is solvent-
exposed and is seen projecting toward the periphery of the
growth factor molecule (fig. not shown). However, cur-
rently we are unable to comprehend the effects of the dif-
ferential orientation of the side chains (of the residue at
position 115 in hFGF-1 and nFGF-1) on the growth factor-
receptor recognition process.

Two-dimensional NMR experiments provide an idea of
the site(s) of interaction(s) of the ligand (SOS) to the pro-
tein. In general, protein-ligand interactions using one- and
two-dimensional NMR spectroscopy could be discerned
from the relative chemical shift changes between the free
and bound forms of the protein. In this context, a series of
"H-'>N HSQC spectra were recorded (at 25°C) at varying
nFGF-1-SOS ratios (0-4.0). The chemical shift values of
many proton resonances in the presence of SOS showed
significant differences as compared with the free form of the
protein (Fig. 4). The titration curves (based on the 'H
chemical shift changes) are hyperbolic and tend to saturate
when the molar ratio of SOS to nFGF-11is 1 : 1 (Suppl. Fig.
S6). This aspect apparently indicates a 1 : 1 binding of the
polysulfated ligand to the protein. The average binding con-
stant of SOS as estimated from the titration curves is

4 +0.14 pM. It appears that binding of SOS to nFGF-1 is
much weaker than that of heparin. The binding constant of
heparin to FGF is reported to be in the nanomolar range
(Pantoliano et al. 1994).

A critical comparison of the HSQC spectra of the protein
obtained in the presence (at 1:1 protein-ligand ratio) or
absence of SOS indicates that most of the cross-peaks show
no significant change in their chemical shift values on ad-
dition of SOS. The amide protons of only a few residues
such as Asn32, Gly33, Lys130, Thr131, K132, Glyl134,
Argl36, Thr137, His138, Phel39, Lysl142, and Alal43
show appreciable changes in their chemical shift values in-
dicating that these residues are proximal to the SOS-binding
site (Fig. 4). Interestingly, increasing the SOS to protein
ratio even to about 10 : 1 caused no further change(s) in the
HSQC spectra. This aspect not only implies the saturation of
the ligand-binding site(s) in the protein but also indicates
that the ligand (SOS) only binds to specific site(s) on the
protein. The residues involved in the binding of SOS to
nFGF-1 were mapped based on '°N and 'H chemical shift
perturbation. A plot of the weighted average of the '°N and
"H chemical shift changes of residues in FGF on binding to
SOS is depicted in Figure 5. It could be observed that resi-
dues in nFGF-1 show both upfield and downfield chemical
shifts (>N and "H) on binding to SOS. The majority of the
residues that show maximal change in chemical shifts are
located at the C-terminal end (residues, 120-145) of the
nFGF-1 molecule (Fig. 5). However, in addition to the C-
terminal residues, Asn32 and Gly33 that are located at the
N-terminal end of the truncated form of nFGF-1 (as used in
the present study) show significant chemical shift perturba-
tion. This observation appears reasonable because nFGF-1
is a B-barrel protein and the residues at the N-terminal end
(such as Asn32 and Gly33) are expected to be spatially
close to the putative heparin-binding site located at the C-
terminal end of the growth-factor molecule. The crystal and
NMR structures of the truncated form of hFGF also support
this contention (Zhu et al. 1991 and 1993; Ogura et al.
1999). Available crystal structure data of the human FGF-2
complexed to heparin di- and trisaccharides indicate that the
ligands interact with the residues lying in the pseudohairpin
developed by B-strands 10 and 11 (Ornitz et al. 1995).
These residues include Lys130, Argl36, His138, and
Lys142. Interestingly, all these residues show significant
chemical shift changes when nFGF-1 binds to SOS. These
results strongly indicate that heparin and SOS share a com-
mon binding site.

Clinching evidence for protein-ligand interaction(s)
based on NMR experiments comes from the observation of
intermolecular NOEs between the protons of the ligand and
the protein. Analysis of the NOEs obtained in the NOESY
spectrum of the nFGF-1-SOS complex shows that there are
at least four unambiguous intermolecular NOEs character-
izing the complex between the ligand and the protein. These
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Fig. 4. "H-'°N heteronuclear single quantum correlation (HSQC)
100 mM ammonium sulfate and 100 mM NaCl. The cross-peaks

spectrum of nFGF-1 in 10 mM phosphate buffer (pH 7.2) containing
representing the free form of the protein are indicated in black. The

cross-peaks in the HSQC spectrum obtained in the presence of SOS are indicated in red. The labeled residues are those that undergo

significant changes in their chemical shift values when the protein binds to SOS ina 1:

1 ratio. It could be deduced that most of the

cross-peaks that show significant change(s) in their chemical shift values are those of the positively charged residues located in the

putative heparin-binding site in the protein.

include Lys126 C®H-H', Lys130 C®H-H3', Lys130C®H-H2,
and Lys142CYH-H3' (Fig. 6). As the intermolecular NOEs
observed are between the terminal side-chain protons of the
positively charged residues in nFGF-1 and SOS, it appears
that the protein-ligand interaction is mostly governed by the
electrostatic contacts. This aspect probably accounts for the
weak and fewer number of intermolecular NOEs observed
between nFGF-1 and SOS. In addition, no intermolecular
NOE:s characterizing the interactions between the backbone
of the protein and SOS could be observed.

Structure of the nFGF-1-SOS complex

Molecular modeling of the nFGF-1-SOS interaction(s) was
attempted to obtain a visual concept of the topology of the
SOS-binding site and the structural interactions in operation
at the ligand-nFGF-1 interface. The proposed model is in
good agreement with the experimental NMR data (Fig. 7).
Interestingly, the total CHARMm energy of the free form of
nFGF-1 (-6266 k.cal.mole™) was lower than that of the
SOS-bound form of the protein (6793 k.cal.mole™). This

1056 Protein Science, vol. 11

0L B 10 I Y I A L L Lt L B B

140
120
100
80
60
40
20

‘Weighted Average Chemical Shift Change

NINETICENENURE AT NENE NENE

43

55 67 79 91 103 115 127 139

Residue Number

Fig. 5. Weighted average (of '°N and 'H) chemical shift differences of
residues in the free and SOS-complexed forms of nFGF-1. Profound
changes in the chemical shift values could be observed for residues located
in the C-terminal region of the nFGF-1 molecule. Most of the residues
showing significant changes in the chemical shift values possess positively
charged side chains. The difference in the chemical shift values was esti-
mated from the HSQC spectra of nFGF-1 in its free and SOS-bound states.
The single letter code represents residues, which show significant weighted
average chemical shift differences.



Oligomerization of nFGF-1 and cell proliferation

KIi30C'-H-3'

¢ -1.8

2.0

| ppm

Q 0
KIJO(’:‘"-"-Z
© 3.2
ppm
Ppm 4.4 4.3 4,2
© k1.2
7
K142CH-H3
; 1.4
" ppm

ppm

5.2

Fig. 6. Intermolecular nuclear Overhauser effect (NOE) cross-peaks that are observed between nFGF-1 and the SOS molecule in the
nuclear Overhauser effect spectroscopy (NOESY) spectra recorded with a mixing time of 200 ms.

further indicates that extra stabilization of the protein occurs
on its binding to SOS. In addition, this result is in conform-
ity with the conclusions drawn from the results of the equi-
librium unfolding experiments. The structure of the nFGF-
1-SOS complex depicts the SOS molecule to be lodged in
the groove formed between P-strands 10 and 11. This
groove is densely populated with positively charged resi-
dues and appears to provide a conducive environment for
the polysulfated (negatively charged) ligands such as SOS
to interact strongly with the protein (Fig. 7). In the absence
of the ligand, the close proximity of positively charged resi-
dues appear to experience a force of repulsion that conse-
quently destabilizes the protein. Binding of polyanionic li-
gands (such as SOS) appears to screen the repulsion(s)
among the positively charged residues in the ‘cationic clus-
ter’. Critical analysis of the modeled structure of the nFGF-
1-SOS complex reveals that the SOS exactly fits into the
groove comprising the ‘cationic cluster’, and the eight sul-
fate groups of the ligand (SOS) appear to be engaged in
electrostatic interactions with the positively charged side
chains of residues in the groove (Fig. 7). The nonavailability
of unbalanced negative charges in SOS probably disfavors
the dimerization/oligomerization of nFGF-1. On the other

hand, owing to the size and availability of negative charges,
heparin probably promotes oligomerization of FGF by in-
teracting with more than one protein molecule in a “beads
on a string” manner.

Is oligomerization mandatory for FGF action(s)?

The crystal structures of FGF/receptor complex (in the ab-
sence of heparin) show that FGF interacts extensively with
D2 and D3 domains and the flexible loop linking these
structural domains. Interestingly, the FGF molecules bound
on the opposite surfaces of the dimeric structure of the
receptor domains have no direct structural contacts. In this
context, it appears that heparin-induced oligomerization of
FGF is not crucial for its binding to the receptor. In addition,
several mutants of FGF-1 have recently been reported to
show heparin-independent cell proliferation activity, indi-
cating that proteoglycan(s)-mediated oligomerization of
FGF may not be a prerequisite for the cell proliferation
activity shown by FGF. In the context of the results obtained
in the present study and the available literature, it may not
be far-fetched to believe that FGF binds to its receptor in
both its monomeric (in the presence of SOS) and dimeric/
oligomeric (induced by heparin) states. In the monomeric
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Fig. 7. Graphical Representation and Analysis of Structural Properties
(GRASP) representation of the nFGF-1-SOS complex. SOS (indicated in
yellow) could be observed to be lodged in the putative heparin-binding site
(shown in blue). The negatively charged ligand (SOS) appears to stabilize
the (nFGF-1) molecule (indicated in green) through electrostatic interac-
tions with the closely spaced positively charged residues in the heparin-
binding site. Binding of SOS appears to decrease the repulsion force(s)
operating in the “cationic cluster.”

state, FGF possibly triggers cell proliferation activity
by binding to the dimeric state of the receptor, which could
be formed transiently because of the dynamics of the
membrane.

It should be mentioned that the results of the present
study in no way dispel the role of heparin in the FGF-FGFR
interaction. The proteoglycan(s)-induced oligomerization of
FGF is probably a natural mechanism adopted by the cell to
overcome heat inactivation and proteolytic action and con-
sequently provide greater opportunity for the FGF mol-
ecules to interact with their high affinity receptors.

Materials and methods

Plasmid DNA was prepared using a miniprep kit obtained from
Qiagen. EcoR I and Xba I were purchased from New England
Biolabs. Ampicillin and chloramphenicol were procured from
AMERSCO. Ingredients for the LB medium were obtained from
DIFCO Laboratories. Low-molecular-weight heparin (M, ~3000
Da), phenylmethylsulfonyl fluoride (PMSF), aprotinin, pepstatin,
leupeptin, triton X-100, B-mercaptoethanol, and a-chymotrypsin
were obtained from Sigma Chemical Company. SOS, SH,S, and
SH, S were purchased from Toronto Research Chemicals. Heparin-
Sepharose was procured from Amersham-Pharmacia. All other
chemicals used were of high quality analytical grade. All solutions
were made in Milli Q water.

Protein purification

Recombinant newt acidic fibroblast growth factor (nFGF-1) was
prepared from transformed Escherichia coli BL21(DE3)pLysS.
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The nFGF-1 DNA construct consisting of 486 base pairs was
inserted between the Ndel and Bam HI restriction sites. The ex-
pressed protein was purified on a heparin-Sepharose affinity col-
umn over an NaCl gradient (0—1.5 M). Desalting of the purified
protein was achieved by ultrafiltration using an Amicon setup. The
purity of the protein was assessed using SDS-PAGE. The first 22
residues of the full form of nFGF-1 were digested by subjecting
the expressed full form of nFGF-1 to the action of chymotrypsin.
Chymotrypsin digestion was performed by incubating the column
material (heparin-Sepharose containing the bound protein) with
the enzyme (at an enzyme to protein ratio of 20: 1) in 10 mM
phosphate buffer (pH 7.2) containing 0.85 M NaCl. The incubated
mixture was stirred mildly at room temperature for 3 h. The incu-
bated material was repacked into a column and was washed with
10 mM phosphate containing 0.85 M NaCl until absorbance of the
eluate plateaued to a steady baseline. Truncated nFGF-1 was later
eluted with 10 mM phosphate buffer (pH 7.2) containing 1.5 M
NaCl. The homogeneity of the truncated nFGF-1 sample was
checked by SDS-PAGE. The authenticity of the truncated sample
was verified by ES-Mass analysis. The protein concentration was
estimated based on the extinction coefficient value of the protein at
280 nm. It should be stated that the truncated newt FGF-1, which
we label as nFGF-1, is used in all the experiments described ahead
in the present work.

Preparation of isotope-enriched nFGF-1

!>N-isotope labeling was achieved using M9 minimal medium
containing '""NH,CIL. To realize maximal expression yields, the
composition of the M9 medium was modified by the addition of a
cocktail mixture of vitamins. The expression host strain E. coli
BL21(DE3)pLysS is a vitamin B,-deficient host and hence the
medium was supplemented with thiamine (vitamin B,). Protein-
expression yields were in the range of 25-30 mg/L of the isotope-
enriched medium. Purification and chymotrypsin digestion meth-
ods to obtain truncated nFGF-1 were the same as described in the
previous section. The extent of '°N labeling was verified by ES-
Mass analysis.

Circular dichroism

The thermal unfolding of nFGF-1 is monitored by far UV CD. The
far UV CD spectra were measured using an Aviv 62DS spectro-
polarimeter. Samples of nFGF-1 at 100 pg/mL in 10 mM phos-
phate buffer (containing 100 mM NaCl) mixed with appropriate
amounts of the ligands in a 1:1 ratio were placed into 1-mm
pathlength cells with the cell temperature controlled by a Peltier
device.

Mitogenic activity

The mitogenic assay was performed on NIH/3T3 cells using the
method reported by Patrie et al. (1997). NIH/3T3 cells maintained
in Dulbecco’s-modified Eagle’s medium (DMEM) supplemented
with 10% calf serum and penicillin/streptomycin. Cells were
seeded in 24-well plates at a density of 20 x 10° cells/well. At
~80% confluency, the cells were washed once with phosphate-
buffered saline (PBS) and placed in low serum media (DMEM,
0.5% calf serum, penicillin/streptomycin) for 24 h. The cells were
stimulated with recombinant nFGF-1 in the presence of appropri-
ate concentrations of the ligand. The mitogenic activity was esti-
mated using a cell cytometer based on emission of the propidium
bromide dye bound to the DNA within the cell.
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Rat thoracic artery smooth muscle cells (A10, CCRC) were
cultured in DMEM to evaluate the stimulation effects of SOS and
heparin on FGF mitogenic activity. The cells were first treated
with sodium chlorate to deprive endogenous heparin as described
previously (Fannon and Nugent 1996). Briefly, 35,000 cells/cm®
for sodium-chlorate treatment were plated on culture dishes for 4
h before addition of 50 mM of sodium chlorate. Following 48 h of
sodium-chlorate treatment, cells were treated with 1 ng/mL of FGF
plus 20 pg/mL of heparin, 1 ng/mL of FGF plus 8.6pg/mL of
SOS, and 1 ng/mL of FGF alone for additional 24 h. Cells cultured
in 0.5% and 15% serum dialyzed served as negative and positive
controls, respectively. Cells were thereafter resuspended in the
lysis buffer containing 75 mM NaCl, 2 mM D, L-dithiothreitol
(DTT), 2 mM EDTA, 0.2 uM benzamidine, 0.5 mM PMSF, 1 uM
pepstatin A, and 50 mM triethanolamine (TEA)/HCI, pH7.4. The
lysate was then subjected to 7.5% (w/v) SDS/PAGE gel for protein
separation, followed by immunoblotting using an antibody against
36 kD PCNA (Upstate Biotechnology), and followed by reacting
with a biotinylated antirabbit IgG at a 1 : 5000 dilution. Detection
of protein levels was performed using an ECL kit (Amersham
Pharmacia Biotech) according to the protocols provided by the
manufacturer.

Proteolytic activity

Protection of nFGF-1 by heparin and analogs against the action of
proteases was evaluated by incubating nFGF-1 at a concentration
of 0.5 mg/mL (in the presence and absence of heparin and its
analogs) with 0.25 mg/mL of a cocktail mixture of proteases (chy-
motrypsin, pepsin, and protease V) in 10 mM phosphate buffer
containing 100 mM NaCl. The protease action was stopped for
heating the mixture at 90°C for 10 min. The products of the pro-
tease action(s) were analyzed by SDS-PAGE. The degree of pro-
tection offered by heparin or its analogs was estimated by mea-
suring the intensity of the band (on SDS-PAGE) corresponding to
nFGF-1 (remaining after protease digestion) using a scanning den-
sitometer. The intensity of the band corresponding to nFGF-1 not
subjected to protease treatment was considered as a control for
100% protection.

Size-exclusion chromatography

Gel filtration experiments were performed at room temperature on
a Superdex-100 column (using an AKTA FPLC device purchased
from Amersham Pharmacia). The protein sample was incubated
with the ligand (SOS/heparin) in 10 mM phosphate buffer con-
taining 100 mM each of sodium chloride and ammonium acetate
for 3 h at 4°C before loading onto the Superdex-100 column. All
the protein samples were normalized to 0.5 absorbance units be-
fore loading onto the column. Ten mM phosphate buffer contain-
ing 100 mM NaCl was used as the eluent. The flow rate of the
eluent was set at 1 mL/min using a peristaltic pump. Protein peaks
were detected by their 280 nm absorbance. Under the experimental
conditions used, no shrinkage of the resin was observed.

Sedimentation velocity experiments

Sedimentation velocity experiments were performed on a Beck-
man-Coulter Optima XL-A analytical ultracentrifuge equipped
with An-60 Ti analytical rotor and standard double sector cells.
Experiments were performed at 4°C at 50,000 rpm for 20 h. The
Svedberg constant (S,, w) values were estimated using standard

methods. The sedimentation boundary movement was traced by
the absorbance of the protein using an inbuilt UV detector. The
molecular weights of the protein in the presence and absence of the
ligands were estimated using the time-derivative analysis method
(Prakash and Timasheff 1985 and 1986). The concentration of the
protein used was 1.5 mg/mL.

NMR experiments

NMR experiments were performed on a Bruker DMX 600 MHz
spectrometer. In all two-dimensional 'H NMR experiments
(TOCSY [Bax and Davies 1985], DQF-COSY [Rance et al. 1983],
and NOESY [Kumar et al. 1981]), the concentration of the protein
(nFGF-1) used was about 3 mM. For the two- (HSQC [Marion
et al. 1989a]) and three- (HSQC-TOCSY [Marion et al. 1989b]
and HSQC-NOESY [Marion et al. 1989¢c]) dimensional hetero-
nuclear NMR experiments, the concentration of the protein used
was 1.0 mM (Table 1). The protein samples were prepared in 10
mM phosphate buffer containing 0.1 mM mercaptoethanol and 0.1
mM EDTA in the presence of SOS by repeated exchange using
Centricon ultrafiltration cartridges. All NMR data were acquired at
a temperature of 25°C. Unless otherwise stated, solvent suppres-
sion was achieved by presaturation of the water signal during the
relaxation delay, and quadrature detection in the indirectly de-
tected dimensions was obtained with States-TPPI phase cycling.

"H-">N NOESY-HSQC and ('"H) NOESY spectra were recorded
using a mixing time of 200 ms. All two-dimensional spectra were
obtained with 2048 complex data points in t, (detection period)
and 512 points in t, (evolution period). 3D NMR spectra (3D
NOESY-HSQC and 3D TOCSY-HSQC) were obtained with 128,
64, and 2048 complex data points in the F,, F,, and F; dimensions,
respectively. Spectra were processed on Silicon Graphics work-
stations using the UXNMR and Aurelia software. All spectra were
referenced indirectly to 3-(trimethylsilyl) propionate, sodium salt,
using the ratio of 0.101329118 (for '*N/"H), respectively, for the
zero-point frequency (Wishart et al. 1995).

Table 1. List of two- and three-dimensional NMR experiments
recorded on nFGF-1

A. Through bond correlation experiments on uniformly labeled '°N
sample

2D 'H-COSY 3D HNCO
2D 'H-'*N HSQC 3D HNHA
2D 'H-3C HSQC 3D NH(CA)CO
2D 'H-TOCSY (75 ms mixing time) 3D HNCA

2D 'H-'"*N TOCSY-HSQC
(150 ms mixing time) 3D HCCH-TOCSY

3D NH(CO)CA

3D CBCANH

3D CBCA(C)NH

3D C(CO)NH

B. Through space correlation experiments

2D 'H-NOESY (200 ms mixing time)
3D '"N-edited NOESY (150 ms mixing time)
3D '*C-edited NOESY (120 ms mixing time)

(NMR) Nuclear magnetic resonance; (TOCSY) total correlation spectros-
copy; (NOESY) nuclear Overhauser effect spectroscopy; (HSQC) hetero-
nuclear single quantum correlation; (COSY) correlated spectroscopy.
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T, and T, relaxation measurements

All N T, and T, relaxation measurements for nFGF-1 were
performed in duplicate. Water suppression in the T, and T, ex-
periments was performed with the WATERGATE sequence and
water flipback pulses (Grziesiek and Bax 1993). All 2D spectra
with "N indirectly detected dimensions were collected with ap-
propriate refocusing delays to allow for spectra without any phase
correction. A Carr-Purcell-Meiboom-Gill (CPMG) spin-echo se-
quence (Meibloom et al. 1958) was applied during the transverse
relaxation period of the T, experiment. The T, variable delay pe-
riods were 60, 140, 240, 360, 520, 720, and 1200 ms and the T,
CPMG periods were 16.2, 32.4, 48.6, 64.8, 81, 113.4, 145.8, and
194.4 ms.

T, and T, values were determined by fitting the measured peak
heights to the two-parameter equation, I(t) = I exp(-t/T, ,). I(t)
is a function of the variable delay period ‘t" (Fig. 3). The Leven-
berg-Marquardt algorithm (Press et al. 1986) was used to deter-
mine the optimum values of T,/T, by minimizing the goodness of
fit parameter (x2). The overall correlation time (7,,) was deter-
mined by using residues that had >N T,/T, ratios within one
standard deviation.

Molecular modeling

The modeling of nFGF-1/SOS complex was performed in different
steps. Minimizations were performed using the CHARMm energy
function. The crystal structure coordinates of SOS were obtained
from the Cambridge Data Bank, U.K. SOS molecule was built
using the CHEMNOTE model building facility that is available
within QUANTA (Molecular Simulations Inc.). SOS molecule
was then subjected to Powell energy minimization (500 steps). The
energy-minimized SOS molecule was then placed on the heparin-
binding domain of nFGF-1 (average structure). Both the SOS and
nFGF-1 molecules were subjected to Adopted Newton-Raphson
restraint energy minimization with the inclusion of the available
intermolecular NOE constraints (obtained from the NOESY spec-
trum). The restraint energy minimization process was repeated for
few cycles to obtain the lowest energy structure and avoid unnec-
essary bad contacts in the molecule. During this process the atomic
restraints that had been imposed on the nFGF-1 molecule were
relaxed.
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