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Background: Heparan sulfate (HS) regulates the transport and signaling activities of fibroblast growth factors (FGF).
Results: The molecular determinants of the interactions of FGFs and heparin were identified.

Conclusion: There are clear molecular specificities determining the interactions of FGFs with the polysaccharide.
Significance: The expansion of the FGFs in metazoan evolution parallels the diversification of the specificity of their interac-

tions with heparin.

The functions of a large number (>435) of extracellular reg-
ulatory proteins are controlled by their interactions with hepa-
ran sulfate (HS). In the case of fibroblast growth factors (FGFs),
HS binding determines their transport between cells and is
required for the assembly of high affinity signaling complexes
with their cognate FGF receptor. However, the specificity of the
interaction of FGFs with HS is still debated. Here, we use a panel
of FGFs (FGF-1, FGF-2, FGF-7, FGF-9, FGF-18, and FGF-21)
spanning five FGF subfamilies to probe their specificities for HS
at different levels as follows: binding parameters, identification
of heparin-binding sites (HBSs) in the FGFs, changes in their
secondary structure caused by heparin binding and structures in
the sugar required for binding. For interaction with heparin, the
FGFs exhibit K, values varying between 38 nm (FGF-18) and 620
nM (FGF-9) and association rate constants spanning over 20-fold
(FGF-1, 2,900,000 m~ ! s™! and FGF-9, 130,000 m~! s™1). The
canonical HBS in FGF-1, FGF-2, FGF-7, FGF-9, and FGF-18 dif-
fers in its size, and these FGFs have a different complement of
secondary HBS, ranging from none (FGF-9) to two (FGF-1). Dif-
ferential scanning fluorimetry identified clear preferences in
these FGFs for distinct structural features in the polysaccharide.
These data suggest that the differences in heparin-binding sites
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in both the protein and the sugar are greatest between subfam-
ilies and may be more restricted within a FGF subfamily in
accord with the known conservation of function within FGF
subfamilies.

The fibroblast growth factors (FGFs)® regulate many aspects
of embryonic development and adult homeostasis. In humans
and mice, there are 22 fgf genes encoding ligands and 5 fgfr
genes encoding the cognate membrane receptors, whereas only
2 fgf genes and 1 fgfr gene have been identified in Caenorhabdi-
tis elegans, for example. This indicates that the FGF ligand-
receptor system expanded significantly during evolution from
primitive metazoa to vertebrates (1). The 22 human FGFs are
divided into 7 subfamilies according to their sequence similar-
ities, FGF-1 subfamily, FGF-4 subfamily, FGF-7 subfamily,
FGF-8 subfamily, FGF-9 subfamily, FGF-11 subfamily, and
FGEF-19 subfamily, and these map to certain functional
properties.

The stimulation of cell proliferation requires the formation
of a ternary complex of the FGF, FGFR, and the heparan sulfate
(HS) co-receptor (2, 3). This requirement for the co-receptor
has since been demonstrated iz vivo (4) and in structures of
co-crystals of the ternary complex (5). Moreover, the interac-
tions of FGFs with HS in extracellular matrices control their
transport from source to target cell (6). HS and its experimental
proxy heparin are glycosaminoglycans (GAGs) and have the

® The abbreviations used are: FGF, fibroblast growth factor; HS, heparan sul-
fate; HBS, heparin-binding site; GAG, glycosaminoglycan; SRCD, synchro-
tron radiation circular dichroism; DSF, differential scanning fluorimetry;
PMHS, porcine mucosal heparan sulfate; HA, hyaluronic acid; CS, chondroi-
tin sulfate; DS, dermatan sulfate; DP, heparin oligosaccharides of degree of
polymerization; MST, microscale thermophoresis; HCD, higher collision
decomposition; PCA, principal component analysis; PC, principal
component.
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same underlying disaccharide backbone, which is composed of
auronic acid, either a-L-iduronic or B-b-glucuronic acid linked
1,4 to a-D-glucosamine. The initial product of biosynthesis is a
polysaccharide chain comprising 50-100 repeating disaccha-
rides of 1,4-linked B-p-glucuronic acid and a-N-acetyl-p-glu-
cosamine. This is then modified, initially by concomitant
N-deacetylation/N-sulfation by N-sulfotransferases, which
produces a series of clusters of N-sulfated glucosamines along
the chain. These are the sites for subsequent enzyme action,
which includes epimerization of glucuronic acid to iduronic
acid, O-sulfation of C2 on iduronic acid, and of C6 and C3 on
glucosamine (7). The resulting clustering of modifications
results in HS chains possessing several distinct domains of vary-
ing sizes as follows: unsulfated (N-acetylated) domains and
intermediate and transition (NAS) domains that have one glu-
cosamine in two N-sulfated and sulfated domains in which
every glucosamine is N-sulfated (S-domain). The latter resem-
ble heparin but are generally less O-sulfated and are considered
to contain the sites where proteins bind (7, 8).

There is biological evidence for the FGF ligand-receptor sys-
tem possessing a high degree of specificity. For example, partic-
ular FGF ligand'FGFR complexes can be formed in situ only on
HS from particular tissue compartments (9). In vitro, some
specificity is apparent, particularly for FGFR preferences, e.g.
FGEF-7 subfamily and FGFR2b, although in general such prefer-
ences are fairly broad (1, 10, 11). The interactions of some FGFs
with HS and its derivatives have been subjected to scrutiny in
vitro, but their level of specificity is not clear. Indeed, it has been
proposed that this specificity is largely at the level of HS versus
other GAGs, although a greater degree of specificity might
emerge at the level of the full ligand-receptor system (12). How-
ever, some detailed biophysical analyses suggest that distinct
FGFs bind to heparin differently (13, 14). Given the expansion
of FGFs in the course of evolutionary history and the central
regulatory role of the HS co-receptor, it would seem likely that
these are reflected in the degree of specificity of the FGF-HS
interaction. To address this question, we have used a represent-
ative of each of five FGF subfamilies and interrogated their
interactions with a library of polysaccharides. By employing a
range of complementary techniques, binding parameters, Pro-
tect and Label, synchrotron radiation circular dichroism
(SRCD), and differential scanning fluorimetry (DSF), a diversi-
fication of the specificity of FGF-heparin interactions and of
secondary binding sites for heparin in the proteins has been
identified.

EXPERIMENTAL PROCEDURES

FGF ¢DNA—cDNAs encoding FGF-1 (UniProt accession
number P05230; residues 16 —155) and FGF-2 (UniProt acces-
sion number P09038-2; residues 1-155) were cloned into vec-
tor pET-14b (Novagen, Merck). cDNAs encoding FGF-7 (Uni-
prot accession number P21781; residues 32-194) (shipped
from the company undertaking gene synthesis, Eurofins Mwg,
UK), FGF-9 (Uniprot accession number P31371; residues
1-208), FGF-18 (zFGF5) (UniProt accession number O76093;
residues 28-207), and FGF-21 (Uniprot accession number
QINSA1L; residues 29-209) were inserted separately into a
modified pET-24b vector (pETM-11, a kind gift of Dr Paul
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TABLE 1

Nomenclature and structures of chemically modified heparin
structures

The letter I stands for iduronate, and A stands for the amino sugar glucosamine.

Predominant

Analogue repeat IdoUA-2 GIcN-6 GIcN-2  IdoUA-3  GIeN-3*
1 (heparin) I,gA®S ¢ SO5 3 3 OH OH
2 ,sA° Nac SO5 3 COCH; OH OH
3 Ionﬁ)HNS OH 3 3 OH OH
4 LA TNS SO3 OH 3 OH OH
5 LonA®wae OH 3 COCH; OH OH
6 A" .« SO;~ OH COCH; OH OH
7 LonA®Mys  OH OH 3 OH OH
8 LonA®“Hyae OH OH COCH; OH OH
9 LsssA%35ns  SO5 3 3 3 3

“ Numbers refer to the ring position of the carbon atoms.

Elliott, University of Liverpool, UK), which contains sequence
encoding a 6X histidine tag and a tobacco etch virus cleavage
site (26 amino acids, MKHHHHHHPMSDYDIPTTENLY-
FQGA) at the N terminus of the inserted FGF.

Recombinant FGF Purification—pET-14b-FGF-1, pET-14b-
FGF-2, pETM-11-FGF-9, pETM-11-FGF-18, and pETM-11-
FGF-21 were transformed into Escherichia coli C41 (DE3) cells
and expressed, as described previously (15-17). pETM-11-
FGF-7 was transformed into E. coli BL21 (DE3) cells, expressed
by 1 mwm isopropyl 1-thio-B-p-galactopyranoside at 37 °C for
3 h, and purified as described for FGF-18 (15). pETM-11-
FGF-21 was transformed into C41 (DE3), grown, and induced
by 1 mm isopropyl 1-thio-B-p-galactopyranoside at 16 °C for
16 h. Cell pellets were sonicated in buffer A21 (0.15 m NaCl,
0.05 M Tris, pH 7.5) with 50 mm imidazole. After clarification by
centrifugation, soluble protein was loaded onto a 3-ml Pro-
bond™ nickel-chelating resin (Invitrogen) column. Bound
proteins were eluted in the same buffer (buffer A21) with 500
mM imidazole and dialyzed against buffer B21 (10 mm Tris, 1
mM DTT, pH 8.0) with 50 mm NaCl, and then applied to a 1-ml
HisTrap Q column (GE Healthcare), and bound proteins were
eluted in buffer B21, with a gradient using up to 1 m NaCl. That
the pure FGFs were correctly folded is supported by their bind-
ing to heparin affinity columns (FGF-1, FGF-2, FGF-7 FGF-9,
and FGF-18) and that they stimulated all proliferation with the
appropriate sensitivity (data not shown).

Sugars—The same batch of heparin (17 kDa average molec-
ular mass, Celsus Lab, Cincinnati, OH) was used in all assays
and for the production of modified derivatives and oligosaccha-
rides. Porcine mucosal heparan sulfate, hyaluronic acid (HA),
and chondroitin sulfate (CS C) were from Sigma; dermatan sul-
fate (DS) was from Iduron (Manchester, UK). Heparin oligosac-
charides of degrees of polymerization (DP) DP2, DP4, DP6,
DP8, DP10, and DP12 were produced, as described previously
(18). A range of systematically modified heparin derivatives
with different repeating units (D1-9) were prepared as
described previously (Table 1) (19). Cation (Na*, K*, Ca®™,
Cu**, and Zn*") forms of heparin were also prepared as
described previously (20).

Measurement of Binding Kinetics—Binding kinetics were
measured in an [Asys (Farfield Group, Manchester, UK) optical
biosensor, which reports responses in arc s (1 arc s = 1/3600°,
600 arc s = 1 ng of protein/mm? sensor surface). Streptavidin
(Promega, Southampton, UK) was immobilized on aminosilane
surfaces (Farfield Group) using bis-sulfosuccinimidyl suberate
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(as the cross-link) (Thermo Scientific, Epsom, UK). Control
experiments showed that FGF-1, FGF-7, and FGF-9 in buffer
PBST (140 mm NaCl, 3.6 mm NaH,PO,, 12.9 mm Na,HPO,,
0.02% (w/v) NaNj, 0.02% (v/v) Tween 20, pH 7.2) did not bind
to the unmodified surface or to a streptavidin surface. Oligo-
saccharides (DP8) were biotinylated at their reducing ends and
immobilized on a streptavidin-derivatized surface as described
previously (21, 22). Binding assays were performed as described
for FGF-2 (21); k,,, was determined at lower concentrations of
FGFs, and k. was measured at higher concentrations of FGFs
with, in some instances, competing soluble heparin to avoid
rebinding artifacts. Binding parameters of the association and
dissociation phases were calculated using the nonlinear curve-
fitting software provided with the instrument (Fastfit, Farfield).
The off-rate constant (kg equivalent to the dissociation rate
constant, k,) was calculated from the dissociation phase, and
the association rate constant (k,) was calculated from the values
of k,,, determined at five to seven concentrations of FGFs. The
equilibrium dissociation constant (Kj,) was calculated from the
ratio of the dissociation and association rate constants (k,/k,)
(21, 23).

Microscale Thermophoresis (MST), Measurements of Binding
Kinetics—Binding kinetics of FGF-18 to DP8 were measured by
Microscale Thermophoresis in a NanoTemperMonolith
NT.115 instrument (NanoTemper Technologies, Munich,
Germany), which detects changes in size, charge, and/or solva-
tion induced by binding (24). The FGF-18 was labeled on a
heparin (AF Heparin Beads, Tosoh Biosciences GmbH, Stutt-
gart, Germany) column to prevent the modification of lysine
residues involved in heparin binding. Two nm FGEF-18 was
loaded onto a 20-ul heparin column and equilibrated with
buffer M1 (17.9 mm Na,HPO,, 2.1 mm NaH,PO,, 150 mm
NaCl, pH 7.8). The column was then washed three times with
carbonate buffer (130 mm NaHCO,, 50 mm NaCl, pH 8.2). The
heparin-bound protein was labeled with dye NT-647 (Nano-
temper Technologies) (24, 25) at room temperature for 30 min.
The labeled FGF-18 was eluted with buffer M2 (17.9 mm
Na,HPO,, 2.1 mm NaH,PO,, 2 m NaCl, pH 7.8). Labeled pro-
teins were concentrated and buffer exchanged to 0.1 uMm in
phosphate-buffered saline (2.7 mm KCl, 136 mm NaCl, 8.1 mm
Na,HPO,, 1.5 mm KH,PO,, pH 7.3) with 0.02% Tween 20 (v/v)
mixed (1:1, v/v) with 16 different concentrations of DP8 to form
a titration gradient from 20 pg/ml to 0.61 ng/ml DP8. Protein
sugar complexes were loaded onto hydrophilic MST-grade
glass capillaries (NanoTemper Technologies), and changes in
the size, charge, and/or solvation were measured by MST.
Curve fitting and affinity K, calculation was done with the
NanoTemper Analysis Software Version 1.2.210 (NanoTemper
Technologies).

Protect and Label—Heparin-binding sites in FGF-1, FGF-7,
FGEF-9, and FGF-18 were identified by the “Protect and Label”
approach, as described for FGF-2 (26), except that 1.5 nm FGF
protein was used instead of 1.2 nMm. Digested and biotinylated
peptides were purified on a C18 ZipTip (Millipore Ltd., Wat-
ford, UK) (26) and then analyzed by tandem mass spectrometry.
Up to 1 ug of biotinylated peptides was injected into a LTQ-
Orbitrap Velos instrument (Thermo) using a nanoAcquity
UPLC system (Waters Associates). Peptides were separated on
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aBEH300 C18 (75 um X 250 mm, 1.7 um) nanoAcquity UPLC
column (Waters) using a 60-min linear gradient (5-35% (v/v)
acetonitrile in 0.1% formic acid). Data acquisition was per-
formed using a TOP-10 strategy where survey MS scans were
acquired in the orbitrap (R = 30,000 at 71/z400), and up to 10 of
the most abundant ions per full scan were fragmented by higher
energy collision dissociation (HCD) and analyzed in the
orbitrap (R = 7,500 at m/z 400).

Data analysis was performed using the Batch Tag tool of the
Protein Prospector package Version 5.9.2 applying the follow-
ing parameters: digest, chymotrypsin (FWYMEDLN); maxi-
mum missed cleavages, 5; possible modifications, acetyl (Lys),
biotin (Lys), carbamidomethyl (Cys), carboxymethyl (Cys), oxi-
dation (Met); parental ion tolerance, 10 ppm; fragment ion tol-
erance, 0.05 Da. The UniProt accession number of the protein
analyzed was used as a research parameter (database, SwissProt
2011.01.11). Results were filtered using a peptide E-value
<0.001 and SLIP score threshold for site assignment was set to
6 (cite PMID: 21490164).

SRCD Spectroscopy—SRCD analyses were performed on an
Olis DSM20 monochromator (beam line B-23, Diamond Light
Source) with quartz cuvettes of path lengths of 0.02 cm (178 -
260 nm). Samples included the following: heparin alone (1.4
mg/ml) and FGFs (FGF-1, FGF-2, FGF-7, FGF-9, FGF-18, and
FGF-21) alone (0.5-1 mg/ml) or with a 5-fold molar excess of
heparin were analyzed in CD buffer (15.3 mm Na,HPO,, 2.2 mm
NaH,PO,, pH 7.5). Each set of data were based on the average of
four scans. The program SELCON3 and database 3 were used
to analyze the spectra for the secondary structures (27-32).

Differential Scanning Fluorimetry (DSF)—DSF was per-
formed on a 7500 Fast Real PCR System (software version 1.4.0,
Applied Biosystems), as described previously (15, 33). Different
concentrations of heparin (0-500 uM) with a fixed concentra-
tion (5 uM) of FGF-7, FGF-9, or FGF-21 were tested for melting
curves. Different glycosaminoglycan sugars (DP2-12, chemi-
cally modified derivatives D1-9 (Table 1), porcine mucosal
heparan sulfate, HA, CS, DS, and cation-modified heparins),
which were all used as 10 times concentrated stock solution
(1.75 mg/ml) in HPLC grade water, were also tested with five
different FGFs (FGF-1, FGF-2, FGF-7, FGF-9, and FGF-18) (5
uM). Experiments were run as described previously (15). First
derivatives of the melting curves were calculated using Origin 7
(OriginLab Corp., Northampton, UK). At least two experi-
ments each comprising triplicate wells were performed, but for
the purpose of clarity the figures only show one melting curve
or derivative per sample. Mean 7, and the standard error (S.E.)
were calculated based on two repeats (6 data points). Data were
normalized according to the formula: 7,, x — T,, PBS/T,,
hep-T,, PBS,where T,, x is the T, of the protein sugar complex;
T,, PBS is the T,, of protein itself, and 7,, hep is the T,, of
protein-heparin complex. The relative stability of FGFs in PBS
was set as 0, and the relative stability of the full heparin effect
was set as 1 (15).

Principal Component Analysis of DSF Data—Principal com-
ponent analysis was performed using R (R Development Core
Team, R Foundation for Statistical Computing, Vienna, Aus-
tria). The data were analyzed as they were delivered, and no
scaling was performed. The dendrograms were produced using
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statistical distance matrices generated from the component
loadings.

RESULTS

To test possible relationships between the diversification of
FGF ligands and their interactions with HS, a series of comple-
mentary measurements were used on representatives of five
FGF subfamilies as follows: FGF-1 and FGF-2 (FGF-1 subfam-
ily), FGF-7 (FGF-7 subfamily), FGF-9 (FGF-9 subfamily),
FGF-18 (FGF-8 subfamily), and FGF-21 (FGF-19 subfamily).
The biophysical determination of binding affinity and kinetics
provides a quantitative insight into the specificity of an interac-
tion. Because FGF-2, for example, possesses not only a canoni-
cal heparin-binding site, but also two other secondary sites, a
Protect and Label structural proteomics approach (26) was
used to identify heparin-binding surfaces in the FGFs. To deter-
mine whether heparin binding affected FGF structure, SRCD
was used, because this accesses the solution structure of the
protein and its complexes. DSF, by detecting thermal stabiliza-
tion (15), identifies conformational change upon binding and
allows the rapid screening of libraries of sugars to determine
binding specificity.

Binding Parameters of FGFs to a Heparin-derived Octasac-
charide (DP8)—Heparin-derived oligosaccharides of DP8 were
chosen as a representative, because, according to previous
results, FGFs bind this unit (15, 21). The level of binding of
FGEF-1, FGF-7, and FGF-9 to DP8 oligosaccharides immobi-
lized through their reducing end was measured using an optical
biosensor. As the concentration of FGFs increased, so did the
observed level of binding (supplemental Figs. SIA—S9A). Anal-
ysis of the binding curves with a one-site model, revealed a
random distribution of the data around the model (Figs. 1-9). A
plot of the slope of initial rate against FGF concentration was
fitted by a straight line (Figs. 1-9), indicating that binding was
not limited by diffusion. Additionally, the data included most of
the curve (=90%) described by the single site model (supple-
mental Figs. S1H, S2J, S31, S41, S5I, S6H, S7H, S8 and S9H).
These analyses showed that, at the concentrations used in this
experiment, the interaction of oligosaccharides of DP8 with
FGFs was monophasic, and there was no evidence for biphasic
association kinetics. FGF-1 possessed a fast k, for immobilized
DP8 (Table 2), which was indistinguishable from that of FGF-2
measured previously for DP8 (k,, 2,000,000 + 610,000 m s~ ')
(21). The k, for FGF-7 was three times slower than that of
FGF-1 (Table 2), whereas that for FGF-9 was even lower,
130,000 = 17,000 M~ " s~ *. The affinity of FGF binding to DP8
was largely the result of an altered value of k. Thus, the highest
affinity (K,) was measured for FGF-1, which was similar to that
of FGF-2 to DP8 (21), whereas FGF-7 exhibited a substantially
lower affinity of 140 * 15 nm and FGF-9 the lowest K, 620 *
340 nm. The affinity of these interactions calculated from the max-
imum extent of binding K, (equilibrium) was similar in each case
to the value calculated from the kinetic parameters, indicating
internal self-consistency (Table 2). FGF-18 was found to bind non-
specifically to both the underivatized amino silane surface and sur-
faces with streptavidin or neutravidin. Consequently, a solution
approach, microscale thermophoresis, was used to measure its
affinity for DP8 (supplemental Fig. S10). This indicated that
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FIGURE 1. Position of biotinylated peptides in FGF-1 (residues 22-154)
identified by structural proteomics mapped onto the predicted three-
dimensional structure (PDB 2ERM (53)). Labeled peptides are colored in
blue, and peptides overlapping with literature annotated and aligned canon-
ical HBS lysines are colored in green (35, 36). A and B, ribbon diagram. C and
D, corresponding molecular surface. FGF-1 is shown using schematic repre-
sentation. B and D, 180° back view of A and C.

FGEF-18 had an affinity of 38 = 12 nm for DP8, close to that of
FGEF-1 and FGF-2. When the affinity of FGF-2 was measured by
microscale thermophoresis, the affinity was the same as when
determined using an optical biosensor (result not shown).

Identification of Heparin-binding Sites in FGFs—FGFs pos-
sess a canonical heparin-binding site toward their C terminus
(5, 34, 35). However, other heparin-binding sites have been
demonstrated in FGF-1 and FGF-2 (36, 37). Moreover, these
sites have been successfully confirmed in FGF-2 by a Protect
and Label analysis (26). In this approach, lysine side chains that
remain exposed to solvent when the proteins bound to heparin
are blocked with N-hydroxysuccinimide acetate. The protein is
then eluted from heparin, and any protected lysines are labeled
with N-hydroxysuccinimide-biotin; biotinylated peptides are
identified by tandem mass spectrometry. Other amino acids
involved in interactions with heparin (7) are not identified by
this approach.

In this work, Protect and Label was used to identify heparin-
binding sites (HBSs) in FGF-1, FGF-7, FGF-9, and FGF-18.
High resolution tandem mass spectrometry allowed identifica-
tion of the labeled peptides and, in most cases, unambiguous
assignment of modified residues.

For FGF-1, the biotinylated peptides mapped to three areas
on the protein surface (Fig. 1). One is the canonical binding site
that extends from the loop between B-strands 9/10 to the loop
between [(B-strands 11/12 and includes Lys-120, Lys-127-128,
Lys-133, and Lys-143 (Figs. 1, A-D, and 2A and Table 3), in
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TABLE 2
Summary of binding data for FGF-1, FGF-7, and FGF-9
FGF k,* r kS K(kinetic)? K, (equilibrium)®
m st s1 Y m!
FGF-1 2,900,000 = 140,000 0.92 0.084 = 0.015 29 =55 60 = 6.2
FGEF-7 870,000 = 32,000 0.96 0.12 = 0.012 140 £ 15 290 * 49
FGF-9 130,000 = 17,000 0.91 0.030 = 0.0055 240 * 32 620 * 340
FGE-18/ 38 =12

“The S.E. is derived from the deviation of the data from a one-site model and was calculated by matrix inversion using the FastFit software provided with the instrument (see
under “Experimental Procedures”). For three sets of values of k,,, the resulting values for k, and their associated S.E. were combined.

? The correlation coefficient of the linear regression through the values for k,, is shown.

¢ The k,; is the mean * S.E. of five values, obtained at high concentrations of FGF-7 and FGF-9.

4 K, (kinetic) was calculated from the ratio of k,/k,, and the S.E. is the combined S.E. of the three kinetic parameters.

¢ Kp, (equilibrium) was calculated from the extent of the binding at, or near, equilibrium, and the S.E. is the combined value for three independent determinations of k.

/FGF-18 and DP8 binding K, (equilibrium) was based on the data from MST (see under “Experimental Procedures”).

agreement with previous x-ray crystallographic studies (35, 36).
Biotin-labeled Lys-115 and Lys-116, although close to the
canonical binding site, are separated from it by an acidic amino
acid Glu-119. This argues that this peptide forms part of an
independent secondary binding site (Figs 1, A-D, and 24 and
Table 3), which is supported by Lys-115 and Lys-116 being sur-
rounded on other sides by acidic residues. The third area is near
the N terminus and includes part of B-strand 1 and N-terminal
to this Lys-23, Lys-24, and Lys-26 (Figs. 1, B and D, and 24 and
Table 3), as well as Lys-72, which is in B-strand 5, but which is
physically adjacent (Figs. 1, B and D, and 2A).

In addition to its canonical binding site (HBS-1), FGF-2 has
two other sites (26, 37, 38). Thus, FGF-2 could bind to heparin
in the region ''">YRSRKYSSWYVA'2¢ (37, 38), which could be
considered to form a secondary binding site, HBS-2. A third
heparin-binding site (HBS-3) has been found at the N terminus
of FGF-2 (26). According to this study, Lys-115- and Lys-116 in
FGEF-1 constitute the secondary corresponding binding site
(HBS-2), which is at the same position as HBS-2 in FGF-2, but it
has an extension in the form of 3-5 Lys-72 (Fig. 24). FGF-1 also
has an HBS-3 at its N terminus at the same position as that of
FGE-2 (Fig. 24). Thus, based on these results, the FGF-1 sub-
family can be proposed as having a conserved set of HBSs (Fig.
24).

The structure of human FGF-7 has not yet been reported, so
the rat FGF-7 crystal structure was used as a model (39). These
two proteins differ by just 11 amino acids out of 163 (barring the
first 31 amino acids of the secretory signal peptide), of which
eight are similar. The aligned canonical binding site of FGF-7
contains Lys-170, Lys-177, Lys-178, Lys-180, Lys-181, and Lys-
184. Work using the structure of the FGF-2-FGFR2c-heparin
hexasaccharide co-complex (5) to model the heparin-binding
site of FGF-7 suggests in contrast that only two lysines, Lys-180
and Lys-184, form the canonical heparin-binding site (14). The
peptides identified here corresponded to the canonical binding
site and contained all the previously identified amino acids,
except for Lys-184 (Figs. 2B, 3, A-D, and Table 3). Moreover,
another two lysine residues could be proposed as part of the
canonical binding site as follows: one is in the middle of the
sequence, contains Lys-123, and lies between strands 3-6 and
B-7 (Fig. 2B and Table 3); and the second lies in the loop
between -9 and 3-10 (Lys-155, Figs. 2B, 3, A—D, and Table 3).
In addition, to the canonical binding site, there may be another
heparin-binding site in FGF-7 (Table 3), on the loop between
B-2 and B-3 and part of (3-3, as indicated by detection of bio-
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tinylated Lys-81, Lys-8, and Lys-86 (Figs. 2B, 3, A and C, and
Table 3). This site is not found in FGF-1 (Fig. 24) or FGF-2 (26),
so it could be considered to form a distinct HBS, termed HBS-4.
These binding lysines, Lys-81, Lys-84, and Lys-86, are on the
top right side of the canonical site on the molecular surface (Fig.
3C). Together, these two sites form a “T”-shaped structure on
the surface of FGF-7, uninterrupted by acidic residues, with the
canonical binding forming the top of the T (Fig. 3C). However,
Lys-123 and Lys-155 are a significant distance away from Lys-
81, Lys-84, and Lys-86 (average 1.8 nm), so this T may not be a
single large binding site but instead may accommodate HS in
different orientations.

FGF-7 may have another binding site. Because only the bind-
ing lysines can be labeled, HBS that lack lysines will not be
identified by Protect and Label, e.g. FGF-7 may have an HBS-3,
as in FGF-1 and FGF-2 at the N terminus (Fig. 2, A and B), but
the corresponding amino acids Arg-65, Arg-67, and Arg-68,
cannot be identified by our approach.

FGE-9 has fewer labeled lysines (only six) compared with the
other three FGFs. The overall heparin-binding site is located on
one side of the protein, whereas the other side of the protein,
despite being very basic and possessing lysines, appears to lack
heparin-binding sites (Fig. 4, A-D). The alignment of the
canonical binding site identifies Lys-168, Lys-179, and Lys-183,
and these residues were all biotinylated (Fig. 2C and Table 3).
Biotin-labeled Lys-87, between B-strand 3 and B-strand 4 (Fig.
2C and Table 3), and Lys-196 (Fig. 2C and Table 3), which is at
the C terminus, are quite close to each other, and both of them
are also close to the canonical binding site. Thus, these residues
could be considered as an extension of the canonical binding
site (Fig. 4, B and D). Lys-154 is on the loop area between
B-strands 9 and 10 and can also be considered as a part of the
canonical binding site (Fig. 4, A and C, and Table 3). Thus, the
six labeled lysines identified here may form one large heparin-
binding site, comprising the canonical site, extended by adja-
cent lysines. This is contributed to by sequences equivalent to
HBS-1 and HBS-2, so in FGF-9 these sites may have merged
(Fig. 2C). FGF-9 has Arg-62, Arg-63, and Arg-64, which cannot
be identified by our strategy but may form HBS-3.

In FGF-18, Lys-155, Lys-156, Lys-161, and Lys-164 (Figs. 2D,
5, A and C, and Table 3) were all biotinylated, and these corre-
spond to the canonical binding site identified by sequence
alignment (Fig. 2D). Lys-113, Lys-115, Lys-119, and Lys-125,
which were also labeled with biotin, are quite close to this and
could also be considered to be part of it (Figs. 2D, 5, A and C, and
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FIGURE 2. Sequence alignment of FGFs by subfamily. The sequence alignment employed ClustalX2 (54). Secondary structures are from human FGF-1, rat
FGF-7, human FGF-8b, and human FGF-9 crystal structures (39, 42, 43, 55, 56). Labeled lysines and literature reported lysines and arginines are colored in red,
and the predicted lysines are colored in blue. The aligned HBSs are highlighted in red.

Table 3). Residues corresponding to HBS-2 in FGF-1, Lys-100
and Lys-102, are also present in FGF-18 (Figs. 2, A and D, 5, B
and D, and Table 3). However, the HBS-2 of FGF-18 has
expanded into a much larger area, because another five lysines
(Lys-50, Lys-82, Lys-176, Lys-180, and Lys-187), identified in
FGEF-18, are physically adjacent to Lys-100 and Lys-102,
although in different parts of the linear sequence as follows: N
terminus, loop 3/4, part of strand $-12 and the C terminus
(Figs. 2D, 5, Band D, and Table 3). Lys-187 is not in the crystal
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structure of the protein. Nonetheless, because it is at the C
terminus, it may also be close to these residues, which together
would form a substantial HBS-2.

FGEF-18 has a similar heparin-binding lysine as the HBS-3 of
FGF-1 at its N terminus, Lys-50 (Table 3). However, Lys-50 is
physically close to the extended HBS-2 of FGF-18. As a result,
the expanded HBS-2 of FGF-18 is now adjacent to its HBS-3
identified by Lys-50, so these may operate as a single binding
site. Thus, FGF-18 may possess a canonical binding site that is

G

VOLUME 287+NUMBER 47+-NOVEMBER 16, 2012



TABLE 3

Heparin-binding Sites of Fibroblast Growth Factors

Summary of peptides identified by Protect and Label structure proteomics

Labeled peptides were identified by tandem mass spectrometry and analyzed by Protein Prospector package Version 5.9.2. Here, a summary of the peptides involved in the
heparin-binding sites and the labeled position is provided. A full list of identified peptides is provided in the (supplemental Table S1).

FGF Peptide Sequences HBS” Residues”
FGF-1 1 VGLK(biotin)K(biotin)NGSC(carboxymethyl)K(biotin)RGPRTHY GQ(carboxymethyl)K(biotin) AILFLPL 1 124-150
2 ISK(biotin/acetyl)K(biotin/acetyl) HAEK (biotin/acety ) NWF 2/1 113-123
3 K(biotin/acetyl)K(biotin/acetyl) PK(biotin/acetyl)LLY 3 24-30
4 IK(biotin)STETGQYL 3 71-80
FGEF-7 1 VALNQK(biotin) GIPVRGK (biotin/acetyl)K(biotin/acetyl) TK (biotin/acetyl)K(biotin)EQK(acetyl) TAHF 1 165-188
2 LAM(oxidation)NK(biotin)EGK(acetyl)LY 1 119-128
3 ASAK(biotin) WTHNGGEMF 1 152-164
4 YLRIDK(biotin/acetyl RGK(biotin/acetyl) VK (biotin/acetyl) GTQE MK (acety)NNY 4 76-95
FGE-9 1 VALNK (biotin)DGTPREGTRTK (biotin)RHQK (biotin)E 1 164-184
2 HLEIFPNGTIQGTRK(biotin) DHSRF 1 73-92
3 THFLPRPVDPDK(biotin)VPELY 1 185-201
4 K(biotin)HVDTGRRY 1 154-162
FGE-18 1 TK(biotin)K(biotin) GRPRK (biotin) GPK(biotin) TRENQQDVHEM (oxidation) 1 154-175
2 C(carbamidomethyl) MNRK (biotin/acetyl) GK(biotin)LVGK 1 109-129
(Biotin/acetyl) PDGTSK(biotin/acetyl) EC(carbamidomethyl) VF
3 RIHVENQTRARDDVSRK(biotin)QL 2 34-52
4 GRRISARGEDGDK((biotin)Y 2 70-83
5 GSQVRIK (biotin/acetyl) GK(biotin/acetyl ETEFYL 2 94-108
6 M(oxidation)K(biotin/acetyl) RYPK(biotin/acetyl GQPELQK (biotin/acetyl) PF 2 175-189

“ HBS, numbering was according to that in Ori et al. (26), canonical = HBS-1.
? Residue number was according to Fig. 2.

A

K177, K178
K180, K181

(N-terminus)

FGF-7

K177, K178
K180, K181

I L abeled lysines

[ Literature annotated + aligned canonical HBS lysines
[ Overlap

""" Other residues

FIGURE 3. Position of biotinylated peptides in FGF-7 (residues 51-191)
identified by structural proteomics mapped onto the predicted three-
dimensional structure (rat FGF-7 3D PDB 1QQK (39)). Labeled peptides are
colored in blue; literature annotated and aligned canonical HBS lysines are
labeled in yellow, and peptides overlapping with literature annotated and
aligned canonical HBS lysines are colored in green. A and B, ribbon diagram.
C and D, corresponding molecular surface. FGF-7 is shown using schematic
representation. B and D, 90° bottom view of Aand C.

expanded by Lys-155, Lys-156, Lys-161, and Lys-164, and Lys-
113, Lys-115, Lys-119 and Lys-125, and a single large secondary
binding (HBS-2/3) to which contribute Lys-50, Lys-82, Lys-100,
Lys-102, and also Lys-180, Lys-176, and Lys-187. The dimen-
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I Labeled lysines

[ Literature annotated + aligned canonical HBS lysines
[ Overlap

[ Other residues

FIGURE 4. Position of biotinylated peptides in FGF-9 (residues 52-208)
identified by structural proteomics mapped onto the predicted three-
dimensional structure (PDB 1IHK (42)). Labeled peptides are colored in
blue, and overlapped peptides are colored in green. A and B, ribbon diagram.
C and D, corresponding molecular surface. FGF-9 is shown using schematic
representation. B and D, 90° left view of Aand C.

sions of a heparin chain, with its intrinsic flexibility and the
added reach of appended sulfate groups, can readily span the
protein surface even to bind amino acids that reside on opposite
faces of the protein as seen in FGF-9 (Lys-87, Lys-168, Lys-183,
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B

181GQPELQKPFKYTT
VTKRSRRIRPTHP206
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K113, K180 K82

K115

(N-terminus)

FGF-18

I Labeled lysines

[ Literature annotated + aligned canonical HBS lysines
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[ Otherresidues

FIGURE 5. Position of biotinylated peptides in FGF-18 (residues 35-176)
identified by structural proteomics mapped onto the predicted three-
dimensional structure (modeled structure from FGF-8b PDB 2FDB (56)
using software SPDBV (57). Labeled peptides are colored in blue, and pep-
tides overlapping with literature annotated and aligned canonical HBS
lysines are colored in green. Loop between Gly-70 and Arg-71 was missing,
and residues after Gly-181 was not shown due to model (FGF-8b) differences
compared with FGF-18. A and B, ribbon diagram. C and D, corresponding
molecular surface. FGF-18 is shown using schematic representation. B and
D, 120° top view of A and C.

Lys-17, and Lys-154) and FGF-18 (Lys-100 and Lys-176). This
finding is similar to the situation seen with proteins possessing
bipartite HBS, such as VEGF (7).

Circular Dichroism Spectroscopy Reveals Generally Distinct
Secondary Structures among FGF Subfamily Members—To
explore the structural changes of FGFs and their sugar com-
plexes, SRCD was used. The heparin alone (1.4 mg/ml) control
spectrum was first collected to confirm that it presented only a
small signal, which would not affect the spectra of the FGF
heparin complexes. The spectra of six FGFs and their heparin
complexes were collected under the same conditions by SRCD
(Fig. 6). The spectra of FGF-1, FGF-2, FGF-7, and FGF-9 typi-
cally include the B and random coil with little a-helix, which all
have a peak around 190 nm (Fig. 6, A-D), and the secondary
structure content is close to that observed in the corresponding
structures determined by x-ray crystallography (39-42) or
NMR spectroscopy (supplemental Table S2) (43, 44). Similarly
to FGF-1 and FGF-2, which exhibited significant changes when
the 1:5 molar ratio heparin was introduced, FGF-7, FGF-9, and
FGF-18 also showed visible changes (Fig. 6, A-E). Nonetheless,
the spectral changes, which related to the conformational
change of the secondary structure, were different in these six
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FIGURE 6. SRCD spectra of six FGFs and their complexes. SRCD spectra
were recorded on beamline B-23 at Diamond Synchrotron between 180 and
260 nm of the FGFs (FGF-1, FGF-2, FGF-7, FGF-9, FGF-18, and FGF-21), in the
absence or presence of heparin (molar ratio 1:5). A heparin control spectrum
(1.4 mg/ml) was also recorded. A, FGF-1 and heparin spectra. B, FGF-2.
C FGF-7.D, FGF-9. E, FGF-18. F, FGF-21.

FGFs. The spectra of the FGF-1 subfamily showed that, as hep-
arin is introduced, the signals of FGF-1 and FGF-2 become
more linear (Fig. 6, A and B), highlighting the similarity within
this subfamily. The spectral features of FGF-7, FGF-18, and in
particular FGF-9 became more pronounced in the presence of
heparin. Only the spectrum of FGF-21 was virtually unaffected
(Fig. 6F), agreeing with previous studies, confirming that
FGF-21 binds to heparin only weakly (45, 46).

DSF and Heparin-dependent Thermostabilizing Effects on
FGFs—DSF was developed previously to screen heparin bind-
ing specificity through the effects of binding on the thermal
stabilities of FGF-1, FGF-2, and FGF-18 (15). DSF was
employed here to determine the melting temperature of FGF-7,
FGF-9, and FGF-21 and their sugar complexes to provide a data
set across five FGF subfamilies. A range of heparin concentra-
tions was tested against a fixed amount of FGFs (5 um). The
melting temperatures of FGF-7 and FGF-9 increased, as the
concentration of heparin increased (Fig. 7A and supplemental
Fig. S11A), whereas that of FGF-21 did not (supplemental Fig.
S12A). Calculation of the first derivative (Fig. 7B and supple-
mental Figs. S11B and S12B) allowed the melting temperature
to be determined at each concentration of polysaccharide (Fig.
7C and supplemental Figs. S11C and S12C) (see under “Exper-
imental Procedures”). These data show that the T, of FGF-7
progressively increased as the concentration of heparin
increased from 0.5 uMm (molar ratio FGF-7/heparin 10:1) to 5

VOLUME 287+NUMBER 47-NOVEMBER 16,2012


http://www.jbc.org/cgi/content/full/M112.398826/DC1
http://www.jbc.org/cgi/content/full/M112.398826/DC1
http://www.jbc.org/cgi/content/full/M112.398826/DC1
http://www.jbc.org/cgi/content/full/M112.398826/DC1
http://www.jbc.org/cgi/content/full/M112.398826/DC1
http://www.jbc.org/cgi/content/full/M112.398826/DC1
http://www.jbc.org/cgi/content/full/M112.398826/DC1
http://www.jbc.org/cgi/content/full/M112.398826/DC1

-]
< —PBS FGF-7 A
& 300000 :
[Te]
e
W 2000001
[(e]
[le}
ai 1000004
8
C
2 30 40 50 60 70 80
i T(°C)
~——pPBS  [FGF-7]. B
=
<
[0]
[$)
c
[0]
a3
]
[e]
=]
[T
© T T T T T T
30 40 50 60 70 80
T(°C)
FGF-7 C
68 LI T T
_ 66 %%
O
i 64
|_
621
: .
60

Y, : : : ,
0 0.1 1 10 100
Heparin concentration (M)

FIGURE 7. Stabilization effect of heparin on FGF-7. Differential scanning
fluorimetry of 5 um FGF-7 in the presence of different concentrations of hep-
arin (“Experimental Procedures”). A, melting curve profiles of FGF-7 (5 um)
with a range of heparin concentrations (0-500 um). B, first derivative of the
melting curves in A. G, peak of the first derivative of the melting curves from
B, which is the melting temperature, T,,, (mean of triplicates = S.E.).

M (molar ratio FGF-7/heparin 1:1) and was then unchanged at
higher concentrations of the sugar (Fig. 7C). In contrast, the
effect of heparin on FGF-9 was apparent from a lower concen-
tration (0.05 um) of the polysaccharide (molar ratio FGF-9/
heparin 100:1) and then progressively increased up to 5 um of
heparin (molar ratio FGF-9/heparin 1:1) (supplemental Fig.
S$11C) showing that heparin can cause a concentration-depen-
dent thermal stabilization of FGF-7 and FGF-9, which is dis-
tinct for each of these FGFs. Furthermore, heparin influences
the thermal stability of FGF-9 more than FGF-7. A range of
heparin concentrations (0.5-500 um) binding to a fixed con-
centration (5 uM) of FGF-21 was also tested by DSF (supple-
mental Fig. S12C) showing that heparin did not significantly
influence the thermal stability of FGF-21, even at the highest
concentrations (molar ratio of 100:1, heparin/FGF-21). The
binding of FGF-21 to heparin cannot be measured by this
method, in all likelihood because this interaction is too weak
(45, 46); therefore, the His, tags do not interact with heparin.
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FIGURE 8. Differential scanning fluorimetry analysis of heparin deriva-
tives on FGF-7 and FGF-9 reveals distinct dependence on substitution
pattern. Differential scanning fluorimetry was performed with a range of
heparin-based poly- and oligosaccharides with 5 um protein and 175 ug/ml
sugar. A, relative thermal stabilization effect of controls (PBS and heparin),
chemically modified heparins (D2-D9), and other GAGs (HS, HA, CS, and DS).
B, cation-modified heparin forms (20). C, heparin-derived oligosaccharides,
ranging from DP2 to 12. Results are the mean of triplicates after normaliza-
tion = S.E., and an apparent absence of error bar is due to a small S.E.

If we compare the T,, of these three FGFs (Fig. 7C and sup-
plemental Figs. S11Cand S12C and supplemental Table S3—-S5)
with that of FGE-1, FGE-2, and FGE-18 (15), EGE-2 (55.4 °C),
FGF-9 (53.7 °C) and FGF-18 (56.9 °C) have a similar melting
temperature; however, FGF-7 is more stable with a 7,, at
60.7 °C, whereas FGF-1 (48.5 °C) and FGF-21 (48.2 °C) are less
stable. After binding to heparin, FGF-2 has a dramatic increase
of T, (22.2°C) (15), and FGF-9 is similar in this respect
(19.1 °C) (supplemental Fig. S11C and supplemental Table S4),
whereas the T, of FGF-1 and of FGF-18 (15) increase to a lesser
extent (FGF-1, 13.5 °C; FGF-18, 14.9 °C), and FGF-7 has the
lowest increase (7.5 °C) (Fig. 7C and supplemental Table S3).

Characterization of the Thermostabilizing Effect of Different
Polysaccharides on FGFs—To determine structures in the poly-
saccharide responsible for binding FGF-7 and FGF-9, we used
full-length homogeneously modified heparin derivatives (Table
1) and libraries of oligosaccharides of various lengths bearing a
range of different sulfation patterns. Three FGFs (FGF-1,
FGF-2, and FGF-18) were tested only with cation-modified
heparins and GAGs, because their binding to the other heparin
derivatives has been published (15) (47). The experiments were
all based on an approximate molar ratio of 1:1 protein to poly-
saccharide. At this ratio, the stabilization effect of heparin on
both FGF-7 and FGF-9 was in the medium to high range, suit-
able for the measurement of binding specificity. The singly de-
sulfated species of heparin had contrasting effects on FGF-7
and FGEF-9. Singly desulfated heparins (D2, D3, and D4; Table
1) were all around 50% as effective as heparin in stabilizing
FGF-9 (Fig. 84). In contrast, for FGF-7 there is a trend of
decreasing effectiveness from D2 (no N-S) to D3 (no 2-S) and
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D4 (no 6-S), and FGF-7 is less sensitive to the loss of a sulfate at
any one position and to the loss of any two sulfates than FGF-9
(Fig. 84). Interestingly, heparin lacking N- and 2-O-sulfates or
6-0- and 2-O-sulfates is as effective at stabilizing FGF-7 as hep-
arin lacking just 6-O-sulfate, whereas heparin without N- and
6-O-sulfate is much less effective. Totally desulfated heparin is
ineffective, whereas persulfated heparin is no more effective than
the mono-desulfated species. Thus, FGF-7 clearly has a preference
for N- and 6-O-sulfate and their conformational effects. FGF-9
shows a similar but less pronounced preference for N- and 6-O-
sulfate when challenged with mono-sulfated heparins (D5, D6,
and D7, Fig. 84). However, totally desulfated heparin is as effective
as heparin with just a 2-O-sulfate and persulfated heparin being
less effective than native heparin. Thus, FGF-9 can be viewed as
being somewhat more heavily influenced by the overall charge of
the polysaccharide, but it still has a clear preference for N- and
6-O-sulfate groups and their conformational effect on heparin.

Other GAGs were also compared with the heparin com-
pounds. HS exhibited 60% of the thermal stabilization of hepa-
rin for FGF-7, ~30% for FGF-9, ~50% for FGF-1 and FGF-2,
and just ~20% for FGF-18, which might reflect the relative
abundance of suitable structures in HS for these FGFs (Fig. 84
and supplemental Fig. S13). HA and CS interacted only weakly
with these FGFs, whereas DS was more effective, although it
interacted more weakly than HS (Fig. 84 and supplemental Fig.
$13). This may result from a strong preference for IdoUA resi-
dues, which are absent in HA and CS. The basic repeating disac-
charide unit of heparin is a disaccharide termed DP2 (degree of
polymerization 2). To understand the minimal length of oligo-
saccharide required to stabilize FGF-7 and FGF-9, various
lengths of heparin oligosaccharides from DP2 to DP12 were
tested by DSF. There is a trend of increasing effect from DP2 to
DP12 observed, with FGF-7 and FGF-9 (Fig. 8B). This showed
that the length of heparin oligomer is important for binding to
these FGFs. Binding to FGF-7 was only apparent from DP4 and
longer. As the length of the oligosaccharide increased from DP4
to DP8, there was a progressive increase in binding (Fig. 8B), but
from DP8 to DP12, there was no measurable difference. FGF-9
in contrast clearly had a weak interaction with DP2, which then
increased with oligosaccharide length up to a maximum at
DP10 (Fig. 8B). Thus, FGF-9 appeared to require a larger struc-
ture than FGF-7 and was able to bind the shortest units. Both
FGEF-7 and FGF-9 were stabilized less effectively by DP12 than
by heparin (Fig. 8B). Larger sugar structures may either bind
differently or contain rare substructures that are particularly
effective at binding these proteins.

The effect of the cation form of heparin was also tested using
heparins in which cations had been exhaustively exchanged
into the appropriate ion forms using cation exchange resin (20).
Na*, K", Ca®>", and Zn*" forms of heparin had an ~30% lower
thermal stabilization effect on FGF-7 and FGF-9 compared
with standard heparin (Fig. 8C). Interestingly, the Cu®>* form of
heparin had a markedly reduced thermal stabilization effect on
FGF-7 but not on FGF-9 (Fig. 8C). Cu®" can cause the rigidifi-
cation of the heparin chain (48), to which FGF-7 may be partic-
ularly sensitive. All the cation forms have a similar effect on
FGF-2, which does not affect heparin binding (supplemental
Fig. S13). Na™ and Cu®* decrease binding to FGF-18 (~50% of
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FIGURE 9. Identification of the structural specificity underlying the inter-
actions of five FGFs with heparin. DSF was used to establish the relative
affinity of each FGF for a library of modified heparins and heparin fragments
of defined sizes. The binding specificity of the FGFs for the polysaccharides is
revealed following principal component analysis by a combination of their
interactions with heparin fragments and the modified heparin library. The
three-dimensional plot (PC1 versus PC2 versus PC3) indicated that FGFs bind-
ing is affected by both substitution pattern and size of heparin represented
by the first three components. PC1 explains 59.01%, PC2 explains 23.96%, and
PC3 explains 10.34% of the variance.

Na' and ~20% of Cu*") (Fig. 8C). Na*, K", Ca*" forms of
heparin have quite a similar effect on FGF-1, a reduction in
binding (~20%), but ~30% for Zn>" to FGF-1 compared with
standard heparin (supplemental Fig. S13). FGF-1 binding to
Cu®* heparin could not be measured by this method as the
melting curve became flat reflecting the documented effect of
Cu?* on FGF-1 (49).

The thermal stabilization effects on the five FGFs, of heparin
fragments (DP2-12) and the modified heparin library (D1-D9),
were analyzed by principal component analysis (PCA) (Fig. 9),
showing distinct effects on FGF stabilization according to sub-
stitution pattern and size. PCA analysis of these spectra
revealed that the first three principal components (PCs)
described 93.34% of the variance and differentiated the FGFs
(Fig. 9). According to the three-dimensional plot (Fig. 9), FGFs
have binding specificities to these sugars. Although there is no
simple relationship between substitution patternand 7', this is
not unexpected, because removal of sulfate groups alters the
overall conformation resulting in complex changes in structure
(20). FGF-1 and FGF-2 bind to similar sugars, although it is
known that their structural effects are distinct (47). This
showed that there are similarities in subfamily members; how-
ever, they can still be separated by PC1 and PC2 (Fig. 9). PC1
differentiated the FGFs into three groups, consisting of FGF-18
and then FGF-1 and FGF-2, and FGF-7 and FGF-9; PC2 into
three groups consisting of FGF-7 and FGF-18, FGF-1 and
FGF-2, and FGF-9; and PC3 separated them into three groups,
consisting of FGF-2 and FGF-7, FGF-1 and FGF-18, and FGF-9.
PC1, PC2, and PC3 combined were able to differentiate all the
FGFs (Fig. 9).

DISCUSSION

To address the specificity of the recognition of the HS co-re-
ceptor by FGFs, we have characterized this interaction from
different perspectives as follows: the sites in the FGF that are
recognized by the sugar, the sugar structures that are important
for binding FGFs, and the effect of sugar binding on the FGF
structure in solution.
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Taking the present Protect and Label data (Figs. 1 and 3-5)
together with those published previously (26), how some
aspects of heparin binding may have evolved across the FGFs
can be proposed. As expected from sequence alignments, Pro-
tect and Label identifies the consensus heparin-binding site,
HBS-1, in all the FGFs (Figs. 1-5) (26). It is important to note
that the Protect and Label technique only identifies lysine res-
idues that are in contact with heparin for the duration of the
protection step. Therefore, the lysines identified here and in a
previous study (26) as bound to heparin represent real molec-
ular contact points in the FGF-heparin complexes in solution.
Because FGFs are small, single domain proteins and their lysine
residues are exposed to solvent, labeled lysines are very unlikely
to be protected due to intra-protein interactions resulting from
conformational change induced by heparin binding. The fact
that the biotinylation step is achieved on intact protein released
from heparin under native conditions also argues strongly that
the labeled lysines are contact points in the complex.

Our approach identifies the three documented HBSs in
FGF-1 and FGF-2 (Table 3 and Fig. 2) (26, 34, 44) and the best
characterized FGFs from the perspective of heparin binding.
Thus, in the FGF-1 subfamily, the secondary HBS at 89 and the
loop between B-strand 9 and 10 (HBS-2) and at the N terminus
of the proteins (HBS-3) are conserved. Although the affinity of
these secondary binding sites for heparin is modest (K, 120 =
50 uM (38)), there is evidence that they affect the activity of
these FGFs. For example, deletion of HBS-3 at the N terminus
of FGF-2 causes a small but significant reduction in the mito-
genic activity of the growth factor (50). Together with the con-
servation of these sites within the subfamily, this argues that the
secondary binding sites are functionally significant.

In FGF-7, a new secondary HBS, HBS-4, between 32 and 3,
was identified. HBS-1 in FGF-7 has clearly expanded compared
with the FGF-1 subfamily. The consequence is that the canon-
ical HBS-1 together with HBS-4 form a large T-shaped patch on
the surface of the protein. This indicates that FGF-7 may bind
extended sulfated sequences in HS in a variety of orientations.
This larger binding site in FGF-7 does not result in reduced
stringency of interaction. On the contrary, FGF-7 has a slower
association rate constant, k,, compared with FGF-1 and FGF-2,
suggesting a requirement for a more precise alignment of the
protein and particular sequences of saccharides if a molecular
collision of the two is to result in a molecular complex and that
electrostatic steering is less dominant in complex formation.
Moreover, the observation that dodecasaccharides derived
from heparin, DP12, persulfated heparin, and HS do not afford
the same thermal stabilization as full-length heparin suggests
that there may be rare structures in heparin that allow for a
stronger interaction. These may encompass 3-O-sulfates on
glucosamine, which have been shown to be critical for high
affinity interactions of FGF-7 with heparin (51).

In FGF-18 the canonical HBS-1 has expanded considerably
compared with the FGF-1 subfamily. Moreover, HBS-2 has also
expanded, and as a consequence, these two sites form a single
large HBS. This more extensive site requires a larger minimal
oligosaccharide for binding than FGF-1, FGF-2, or FGF-7, with
aDP10accounting for the binding observed with heparin, and it
will accept sugar sequences presenting a wide range of combi-
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nations of sulfate groups (Fig. 7) (15). This suggests that FGF-18
binds HS with quite a low stringency given an S-domain (or an
NAS-S-NAS domain combination) of minimal length DP6.

Despite its very high basicity, FGF-9 has the most restricted
HBS, consisting of just an extended HBS-1. However, com-
pared with FGF-1 and FGF-2, this site does not accommodate
the smaller oligosaccharides effectively. Moreover, as observed
for FGEF-7, the longer oligosaccharides, DP10 and DP12, do not
bind FGF-9 as well as heparin. FGF-9 also has the slowest asso-
ciation rate constant, k,, of the FGFs. Together, these data indi-
cate a mode of binding to heparin that is less dependent on
electrostatic steering and require a reasonably precise align-
ment of HBS-1 and the polysaccharide, if a molecular collision
is to give rise to a complex. The observation that, of all the FGFs,
FGEF-9 is the only one to significantly bind, albeit weakly, com-
pletely desulfated heparin supports the idea that electrostatic
bonding contributes less to the interaction of FGF-9 with hep-
arin. However, FGF-9 does not interact with HA, which has a
different backbone to desulfated heparin (B1-3GlcNAc-GIcA
versus B1—4GIcNAc-IdoUA). Given the conformational versa-
tility of iduronate residues in heparin (52), this suggests that
FGF-9 is sensitive to the conformation of the polysaccharide
backbone and the uronic acid. Thus, as least some of the sulfa-
tion requirements observed for FGF-9 binding (Fig. 4) may be
due to sugar conformation (53). The SRCD spectra show that
the predominant solution structures of the FGFs are the com-
binations of B-sheets and unstructured regions, as would be
expected. The same is true when the FGFs are bound to hepa-
rin, which acts as a proxy for the natural ligand, HS. However,
regardless of whether the FGFs are bound to heparin or not,
there is no common secondary structural form. Nevertheless,
there are some similarities, most obviously between the closely
related FGF-1 and FGF-2 (both members of FGF-1 subfamily).
More surprising, however, is the similarity between the dis-
tantly related pair, FGF-7 and FGF-21, the latter of which binds
heparin only weakly. This may indicate that these two FGFs
converge to a similar secondary structure, despite their rela-
tively low sequence similarity when heparin is bound. FGF-21
undergoes only a slight conformational change on binding hep-
arin and may adopt a conformation very close to that required
for complex formation and signaling before heparin binding.
There is also some similarity between these two and FGF-9 with
heparin bound, and together, these observations may indicate a
common conformation for some heparin-bound FGFs. Because
these three FGFs exhibit distinct receptor specificity (1, 10, 11),
this suggests that the receptor specificity resides in their surface
amino acids, rather than with the FGF conformation, and their
different HBS characteristics might contribute as follows:
FGF-9 possesses one HBS site (HBS-1, Figs. 2C and 4), whereas
FGF-7 has two (HBS-1 and HBS-4, Figs. 2B and 3).

The present data demonstrate conservation of HBSs in the
FGE-1 subfamily and considerable variation in both HBSs and
in the sugar structures recognized across five FGF subfamilies.
Alignment of the amino acid sequences of the FGFs suggests
that the HBSs are conserved within subfamilies (Fig. 2). For
example, all FGF-7 subfamily members display sequence con-
servation in both canonical and secondary HBSs (Fig. 2B). In
agreement with this, a previous study identified Arg-186, Arg-
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193, and Lys-195 as part of the HBS of FGF-10 (13). Moreover,
at the extension of HBS-1, all the FGF-7 subfamily members
have lysines or arginines (FGF-3, Lys-102; FGF-22, Lys-99, and
FGEF-10, Lys-136) (Fig. 2B) at the same position as FGF-7, Lys-
123. FGF-3, FGF-10, and FGF-22 may also have an HBS-4 like
FGF-7, but with a lower affinity due to the presence of fewer
basic residues, one arginine for FGF-3 and FGF-22 and two
lysines for FGF-10 (Fig. 2B). Similar arguments for the conser-
vation of both canonical and secondary HBSs can be made for
the FGF-8 and FGF-9 subfamilies (Fig. 2, C and D).

The evolution of the FGF signaling system is closely related
to the development of multicellular and complex life forms. In
evolutionary terms, the increase in the demands on signaling
required the diversification of the extent of signaling systems
and their overall capacity. The FGFs have evolved by exploiting
several features to provide additional diversity, while maintain-
ing a conserved heparin-binding site, HBS-1. Alignments of the
four invertebrate FGFs, Pyramus and Thisbe from Drosophila,
and EGL-17 and LET-756 from C. elegans also revealed a prob-
able HBS-1. In addition, Pyramus and Thisbe may also possess
an HBS-2 equivalent to Lys-72 of FGF-1 and EGL-17 likewise at
Lys-176 to Lys-187 of FGF-18. With the exception of EGL-17,
they all have a potential HBS-3 at the same position as FGF-1,
but all four apparently lack an HBS-4. Although the FGF family
shows considerable variation in amino acid sequence, the
resulting secondary structure has provided only moderate addi-
tional diversity. For example, there is evidence that several
FGFs (FGF-7 and FGF-18, and to some extent FGF-9) adopt
similar conformations on heparin binding, and their solution
conformations therefore seem unlikely to determine their dis-
tinct receptor specificities. More likely, the identity of surface-
exposed amino acids and the development of additional HBS
(e.g HBS-4 in FGF-7) provide the required additional diversity
and hence increased signaling capacity. Whereas changes in
HBS-1 could clearly have an impact on both the transport of
FGFs (6) and the assembly of receptor complexes, the role of the
secondary HBSs is less clear.

Thus, it would appear that in the course of the expansion of
the FGF family, there has been a diversification of the specificity
of FGF-heparin interactions and HBSs. However, selection
pressure to maintain a degree of functional coherence within
each FGF subfamily may have prevented their further diver-
gence within subfamilies. These results highlight the central
role in FGF function of HS binding, which has allowed a balance
between diversification and conservation of HBSs during meta-
zoan evolution.
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