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HS (heparan sulphate) proteoglycans bind secreted signalling pro-
teins, including FGFs (fibroblast growth factors) through their HS
side chains. Such chains contain a wealth of differentially sul-
phated saccharide epitopes. Whereas specific HS structures are
commonly believed to modulate FGF-binding and activity, select-
ive binding of defined HS epitopes to FGFs has generally not been
demonstrated. In the present paper, we have identified a series
of sulphated HS octasaccharide epitopes, derived from authentic
HS or from biosynthetic libraries that bind with graded affinities
to FGF4, FGF7 and FGF8b. These HS species, along with pre-
viously identified oligosaccharides that interact with FGF1 and
FGF2, constitute the first comprehensive survey of FGF-binding
HS epitopes based on carbohydrate sequence analysis. Unexpec-

tedly, our results demonstrate that selective modulation of FGF
activity cannot be explained in terms of binding of individual
FGFs to specific HS target epitopes. Instead, different FGFs bind
to identical HS epitopes with similar relative affinities and low
selectivity, such that the strength of these interactions increases
with increasing saccharide charge density. We conclude that FGFs
show extensive sharing of binding sites in HS. This conclusion
challenges the current notion of specificity in HS—-FGF interac-
tions, and instead suggests that a set of common HS motifs medi-
ates cellular targeting of different FGFs.

Key words: co-receptor, epitope, fibroblast growth factor, glycos-
aminoglycan, heparan sulphate proteoglycan.

INTRODUCTION

The functional significance of the structural variability exhibited
by GAG (glycosaminoglycan)-type polysaccharides remains a
fundamental question in cell and developmental biology. GAGs
are abundant on cell surfaces and in the extracellular matrix, and
have been shown to regulate cell behaviour in the broadest sense.
GAGs dynamically influence cell adhesion, migration, prolifer-
ation and differentiation, either through direct binding to secreted
signalling proteins, thereby modulating their activities, or through
interactions with molecules of the extracellular matrix [1]. HS
(heparan sulphate) GAGs, abundantly implicated with regulation
of growth factor activity, are ubiquitous in animal organisms. HS
chains occur covalently attached to PG (proteoglycan) core pro-
teins, either as membrane-intercalated HSPGs (syndecans and
glypicans) at cell surfaces, or deposited in the extracellular matrix
(perlecan, agrin and collagen XVIII). Genetic studies in Droso-
phila and other model systems have shown that HS is essential for
normal FGF (fibroblast growth factor), Wingless/Wnt, Dpp (deca-
pentaplegic)/BMP (bone morphogenetic protein) and Hedgehog
activity. Mutants that are defective in enzymes associated with
HS biosynthesis show anomalous distribution and signalling of
these growth factors/morphogens [2—4].

HS is synthesized as a linear polymer of up to several hundred
units of alternating GIcA (D-glucuronic acid) and GlcNAc
(N-acetylglucosamine) units. This precursor is partially modified
through a series of reactions, including N-deacetylation and N-sul-
phation of GIcNAc units, C5-epimerization of GlcA into IdoA
(L-iduronic acid), sulphation at 3-O- and 6-O-positions of glu-
cosamine and at 2-O-position of GIcA and IdoA units. Owing
to the variable regulation of these reactions in different cells and
tissues, and at different developmental stages, the mature HS pro-

ducts display sulphated domains of variable length and compo-
sition [5,6]. These domains provide binding sites for protein
ligands. The structural diversity is strictly regulated, as revealed
by compositional analysis of HS from various organs and by im-
munohistochemical application of antibodies recognizing differ-
ent HS epitopes [7].

FGFs (22 distinct protein species are currently recognized) are
of fundamental importance in embryogenesis. The various FGFs
generally require HS for biological activity, presumably to gen-
erate ternary signalling complexes with FGF receptors [8—12]. The
marked temporal and topological selectivity of FGF action during
embryonic organogenesis has been attributed to modulations of
HS fine structure [13,14]. To test this hypothesis, we have com-
pared a series of HS epitopes with regard to saccharide sequence
and FGF binding. The results demonstrate extensive sharing of
growth-factor-binding HS epitopes between different FGF spe-
cies, and thus challenge the notion of specificity in these inter-
actions.

EXPERIMENTAL
Materials

FGF8b was produced in Escherichia coli and purified through its
Hisg-tag under denaturing conditions. After refolding by dialysis,
FGF8b was purified on a heparin—Sepharose CL-6B column, and
the bound protein was eluted with NaCl [15]. FGF7 was produced
in bacteria and was purified as described previously [16]. The
mature secreted form of human FGF4, spanning amino acids
Ala-31 to Leu-206, was expressed from the PET-15b bacterial
expression vector after transformation into E. coli BL21 and

Abbreviations used: [1-*H]aMang, 2,5-anhydro-b-[1-*H]mannitol; FGF, fibroblast growth factor; FGFR, FGF receptor; GAG, glycosaminoglycan; GlcA,
p-glucuronic acid; GIcNAc, N-acetylglucosamine; GIcNS, N-sulphated glucosamine; HS, heparan sulphate; IdoA, L-iduronic acid; PG, proteoglycan.
* To whom correspondence should be addressed (email johan.kreuger@genpat.uu.se).
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Figure 1 Sequence analysis of HS octasaccharides with different affinities for FGF8b

(A) Affinity chromatography of [1-H]aMang-labelled HS octasaccharides isolated from pig intestinal mucosa on immobilized FGF8b. Bound saccharides were eluted with a stepwise gradient of NaCl
(dotted line). (B) Fractions recovered at different NaCl concentrations (indicated in the upper right corner of each panel) were separated further with respect to charge by anion-exchange HPLC. Peak
fractions indicated by asterisks were subjected to sequence analysis. (C) Sequence analysis (see the Experimental section) of octasaccharides eluted from the FGF8b matrix at 0.3 M NaCl. Panel 1:
the elucidated structures of the two different octasaccharides, denoted 8a and 8b (corresponding to structures 2/2-1/6-a and 2/2-1/6-c in Table 1) found in this affinity pool, along with subfragments
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induction with isopropyl B-D-thiogalactoside. FGF4 protein was
purified as described in [17].

Fully N-sulphated oligosaccharides were prepared from pig
intestinal mucosa HS as described in [18]. Briefly, the polysacch-
aride was N-deacetylated by hydrazinolysis, followed by deam-
ination with nitrous acid (pH 3.9). The products were reduced
with NaB3H, (64 Ci/mmol) to create terminal [1-*H]aMang (2,5-
anhydro-D-[1-*H]mannitol) residues. The specific radioactivity
for octamers was typically 5 x 10° d.p.m./pmol. The labelled sac-
charides were separated by size-exclusion chromatography, and
the octasaccharide fraction was isolated [19]. In-vitro-generated
oligosaccharide libraries were obtained as described in [20].
Briefly, fully N-sulphated partially O-desulphated heparin octa-
saccharides, or N-sulphated octasaccharides isolated from E. coli
K5 capsular polysaccharide, were subjected to enzymatic O-sul-
phation by incubation with various O-sulphotransferases.

Affinity chromatography

Recombinant histidine-tagged FGF8b (2.3 mg) dissolved in 17 ml
of 1 M NaCl was circulated twice through 0.5 ml of Ni-NTA
(Ni**-nitrilotriacetate) Superflow nickel-chelating Sepharose
(Qiagen). The gel was rinsed with 20 mM imidazole buffer accord-
ing to the manufacturer’s instructions before further use. The
degree of coupling was estimated to be 70 % by measurement of
the absorbance of the protein solution before and after circulation
through the Ni-NTA resin. Approx. 1 mg of recombinant FGF4 or
FGF7 was immobilized on to CH Sepharose-4B as described in
[19]. A control column of CH Sepharose lacking FGF protein did
not bind highly sulphated heparin oligosaccharides. The FGF col-
umns (generally a total volume of 1 ml, containing 60—180 nmol
of total protein, or 1-3 mg of protein/ml of gel) were equilibrated
in 0.14 M NaCl, 50 mM Tris/HCI, pH 7.4, before sample addi-
tion. Oligosaccharide samples for affinity chromatography were
derived from authentic HS, as well as from biosynthetic libraries.
For preparative runs, 50 nmol of saccharide (250 x 10 d.p.m.)
was applied to the FGF columns. Octamers of already known se-
quence [19-21], typically 1-5 pmol, were also applied indivi-
dually to the FGF columns for analytical runs. Samples were
generally applied in 200 ul of the equilibration buffer, retained
for 10 min at 4°C and eluted with a stepwise gradient (total
volume 35 ml) ranging from 0.2 to 1.0 M NaCl, buffered as above.
Fractions of 1 ml were collected and analysed for radioactivity.

lon-exchange chromatography

Oligosaccharide fractions eluted from the FGF affinity matrices
were desalted on PD-10 columns (Amersham Biosciences) run in
water, and further resolved by anion-exchange chromatography
on a 2 mm X 250 mm PropacPA-1 column (Dionex, Camberley,
Surrey, U.K.). Samples were eluted with a linear gradient (total
volume 100 ml) extending from 1 to 1.5 M NaCl, adjusted with
HCI to pH 3. Saccharides corresponding to peak fractions were
pooled, desalted and dried in a centrifugal evaporator.

Sequence analysis

Sequence analysis was performed as described previously [19,22].
Briefly, 20 x 10° d.p.m. (~4 pmol) of N-sulphated [1-*H]aMang

end-labelled octasaccharides were subjected to partial deaminat-
ive cleavage (pH 1.5 procedure) in 20 pul of nitrous acid (2 mM
NaNQO, and 20 mM HCI) on ice. The reaction was terminated at
various time points (15, 30, 45, 60 and 75 min) by transferring
4-pl aliquots to 10 ul of 200 mM sodium acetate, pH 6. The
resultant pool was split into four equal portions that were variously
subjected to enzyme digestion. Enzymes used were iduronate-
2-sulphatase, o-L-iduronidase and glucosamine-6-sulphatase
(Glyko, Novato, CA, U.S.A.). The samples were incubated as
indicated in the legend to Figure 1, at 37°C for 16 h according
to the manufacturer’s instructions. The sequence data were as-
sembled by comparing the PropacPA-1 anion-exchange patterns
of samples before and after enzyme treatments. The PropacPA-1
column was run in gradients (0.01 ml/min) of 0—1 M NaCl (total
volume 100 ml) or 0—1.5 M NaCl (total volume 150 ml), adjusted
to pH 3 with HCl, and analysed online using a radioactivity flow
detector (Radiomatic 500 TR, Packard, Meriden, CT, U.S.A.).

RESULTS

Data from crystallography and affinity chromatography have
shown that FGF-binding domains may be accommodated within
octasaccharides generated by deaminative cleavage of HS. Such
octamers, derived from N-sulphated domains of authentic HS,
were isolated after selective chemical degradation of the poly-
saccharide. In addition, octamer libraries were generated by
enzymatic O-sulphation of 6-O-desulphated and partially 2-O-de-
sulphated (re-N-sulphated) heparin octasaccharides. The biosyn-
thetic libraries enable assessment of rare epitopes that are present
at low concentration in tissues, and provide a valuable comple-
ment to tissue-derived saccharides in assessing the binding speci-
ficities of protein ligands. Both types of fragments were previously
affinity-fractionated on immobilized FGF1, and selected species
were sequence analysed using a technique based on combined
chemical and enzymatic degradation of terminally radiolabelled
octamers [19,20]. While these analyses showed an overall correl-
ation between FGF1 affinity and O-sulphate content, sequences
containing an internal -IdoA2S-GIcNS6S-IdoA2S- (where GIcNS
is N-sulphated glucosamine) structure were in particular impli-
cated with FGF1 binding. In the present study, we took a similar
approach to probe the saccharide-binding requirements of other
FGF species that are known to be selectively recruited in embryo/
organo-genesis, primarily FGF4 and FGF8b.

Structural analysis of FGF8b-binding octasaccharides

HS-octasaccharides isolated from N-sulphated domains of pig in-
testinal mucosa, and end-labelled by reduction with NaB*H,, were
shown previously to encompass a range of epitopes with graded
affinities for FGF1 and FGF2 [19]. Following application of such
an octasaccharide mixture to an FGF8b—Sepharose column, ap-
prox. 50 % of the *H-labelled fragments were retained by the
immobilized growth factor at physiological salt conditions, and
could be eluted at stepwise increasing salt concentrations, from
0.2 to 1 M NaCl (Figure 1A). Each affinity fraction was separated
further by anion-exchange HPLC (Figure 1B). The flow-through
fraction (Figure 1B, top panel) contained several components

generated by chemical scission of the two octasaccharides. Symbols used to depict non-sulphated and sulphated HS monosaccharide units (and in Table 1) are shown in the box beneath (B).
Panels 2—6 show analytical ion-exchange chromatograms of intact octasaccharides (Panel 2), and of fragments (di-, tetra- and hexa-saccharides) obtained by partial HNO, degradation, either
with no subsequent enzyme treatment (Panel 3) or followed by digestion with iduronate 2-sulphatase (Panel 4), iduronate 2-sulphatase and «-L-iduronidase (Panel 5), or iduronate 2-sulphatase,
a-L-iduronidase and glucosamine 6-sulphatase (Panel 6). The enzyme digestions (releasing sulphate groups or IdoA units) induce shifts in the elution positions of individual subfragments. The
shifts were related to the elution positions of a panel of previously characterized oligosaccharide standards [19]. The end label (at the [1-*H]aMang residue, designated by a triangle in Panel 1),

provides a common reference point that enables sequence readout.
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Table 1

Selection of HS octasaccharides that interact with FGF4, FGF8b and FGF1

AData from Kreuger et al. [19] and Jemth et al. [20]. A complete listing of all HS sequences probed for interaction with these proteins, and with FGF7, has been compiled in Supplementary Table 1
(see http://www.BiochemJ.org/bj/389/bj3890145add.htm). A key to symbols can be found in Figure 1.

NaCl conc. (M) required for elution

Octasaccharide
designation Structure FGF4 FGF8b FGF1A
12345678
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with no or only few O-sulphate groups, as judged by their early
elution positions in the chromatogram. The FGF8b-binding frac-
tions contained limited numbers of distinct subfractions with dif-
ferent O-sulphate contents, and with apparent correlation between
charge density and affinity. Charge-homogeneous octasaccha-
rides, recovered from fractions indicated by asterisks in Fig-
ure 1(B), were subjected to sequence analysis based on exo-
enzyme digestion of fragments obtained by partial deaminative
cleavage [19]. Figure 1(C) illustrates the sequence identification
of octasaccharides eluted from the FGF8b column with 0.3 M
NaCl, and purified by anion-exchange HPLC (fraction emerging
after ~49 min; panel marked 0.3 M in Figure 1B). Sequence read-
out revealed a mixture of two distinct octasaccharides (designated
8a and 8b in Figure 1C; 2/2-1/6-a and 2/2-1/6-c respectively in
Table 1), both carrying two 2-O-sulphate groups and one 6-O-
sulphate group.

© 2005 Biochemical Society

The sequence information for all octasaccharides separated
with regard to affinity for FGF8b is compiled in Supplementary
Table 1 (http://www.BiochemJ.org/bj/389/bj3890145add.htm).
The selection of FGF8b-binding HS epitopes in Table 1 illustrates
our key findings, relating saccharide sequence information to
growth factor affinity (expressed in terms of the salt concentration
required for elution from immobilized FGF8b). The exclusively
N-sulphated octamer, 0/2-0/6, did not bind FGF8b at physio-
logical salt concentration, whereas octamers with two or more
O-sulphate groups bound with appreciable affinity. Evidently, HS
saccharides need to carry O-sulphate groups in order to bind
FGFs. Surprisingly, a general lack of preference for one or the
other type of O-sulphate group was observed for interactions
between FGF8b and HS. For example, an octamer with three
2-O-sulphate groups and no 6-O-sulphate (3/2-0/6-a) bound
FGF8b as tightly as an octamer carrying three 6-O-sulphate
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groups and no 2-O-sulphate (0/2-3/6-a). Another unexpected
finding was that the C5 configuration of the hexuronic acid resi-
dues within the HS epitopes seems to have little importance for
FGF8b binding. A 6-O-sulphated fragment with predominantly
GIcA units (0/2-3/6-b) thus binds FGF8b as avidly as an identi-
cally sulphated fragment containing only IdoA units (0/2-3/6-a).
Thus the affinity for FGF8b generally increases along with the
charge density of the HS octamer epitopes (see also [23]). Motifs
with clusters of both 6-O- and 2-O-sulphate groups tend to provide
slightly stronger binding to FGF8b, compared with motifs that
contain the same number of more evenly spaced O-sulphate
groups (compare, for example, 2/2-2/6-b with 4/2-0/6).

Binding of sequence-defined octasaccharides to FGF4 and FGF7

Interactions with FGF4 were probed by applying a panel of al-
ready sequence-defined octasaccharides (from authentic HS, as
well as from biosynthetic libraries; see Supplementary Table 1 at
http://www.BiochemJ.org/bj/389/bj3890145add.htm) to affinity
chromatography on the immobilized growth factor. FGF4 was
able to bind essentially all HS epitopes recognized by FGF8b, the
relative affinities toward the two proteins varying only slightly
(Table 1). Analogous to FGF8b, FGF4 binds with similar affinity
to tri-6-O-sulphated octasaccharides containing either all GlcA
or IdoA residues. Also, the most efficient FGF4 ligands tend to
exhibit charge clusters made up of both 2-O- and 6-O-sulphate
groups. Altogether, the similarities in HS-epitope recognition be-
tween FGF8b and FGF4 are remarkable (Table 1).

Analogous experiments with FGF7 revealed overall weaker
binding of octamers to this species than to FGF4 and FGF8b
(shown in Supplementary Table 1 at http://www.Biocheml].org/bj/
389/bj3890145add.htm). However, all motifs that bind FGF7
also interact with FGF4 and FGF8b. Notably, FGF7 seems to
favour saccharide motifs with spread-out, rather than clustered,
O-sulphate groups.

DISCUSSION

Several developmental processes are known to depend on selective
FGF involvement in temporally controlled mode [13]. For exam-
ple, limb and brain development involve selective FGF activ-
ation [24]. We demonstrated previously differential structural
requirements for HS binding to FGF1 and FGF2, such that
FGF?2 interacts strongly with an epitope containing an -IdoA2S-
GlcNS-IdoA2S-trisaccharide sequence, whereas FGF1 binding
requires, in addition, 6-O-sulphation of the internal GIcNS unit
for substantial binding [19]. This finding, and other data on dif-
ferential O-sulphate requirements in HS—FGF interactions [25],
suggested that selective binding of different FGF species to HS
motifs could be of primary importance in regulation of FGF ac-
tion. Our present study, the first survey of HS—FGF interactions
based on actual saccharide sequence information, does not support
this notion. In fact, an octamer (fragment 2/2-1/6-a in Table 1) con-
taining the tri-O-sulphated trisaccharide sequence implicated with
FGF1 binding was found to interact with similar affinity also
with FGF4 and FGF8b. Moreover, the survey reveals alternative
binding structures that may be shared by several different FGFs
at physiological, or higher, ionic strength (Table 1). This con-
clusion applies primarily to FGF1, FGF4 and FGF8b, but also to
FGF7, although binding of octasaccharides to FGF7 was generally
weaker (Supplementary Table 1 at http://www.Biocheml].org/bj/
389/bj3890145add.htm).

Highly sulphated sequences with both 2-O- and 6-O-sulphate
groups generally bind strongly to FGFs. FGF2 alone appears cap-

able of strong binding to sequences containing only one type of
O-sulphates (i.e. 2-O-sulphate groups [19,20,26]). Epitopes that
bind more weakly at close to physiological ionic strength could
conceivably be more discriminative, hence functionally impor-
tant. Again, our results argue against such selectivity (Table 1,
and Supplementary Table 1 at http://www.Biochem].org/bj/389/
bj3890145add.htm) [19,20]. In fact, FGF1, FGF4, FGF7 and
FGF8b all bind N-sulphated octasaccharides with three 6-O-sul-
phate groups, but no 2-O-sulphate, at physiological ionic strength.
The same growth factors (FGF1 was not tested) also bind octamers
with three or four 2-O-sulphate groups, but no 6-O-sulphate.
These findings agree with studies on FGF7 by Ostrovsky et al.
[27], but are at some variance with those of Ashikari-Hada
et al. [25], who proposed that FGF4 and FGF7 bind only to HS
epitopes containing both 2-O- and 6-O-sulphate groups. The lack
of interaction between FGF8 and the sulphated oligosaccharides
tested by Ashikari-Hada et al. [25] may be due to the selection of
the target FGF8 isoform (FGF8b, a heparin-binding isoform, was
used in the present study).

It may be argued that salt elution of oligosaccharides from the
various immobilized FGFs would affect mainly the electrostatic
component of these interactions, and not assess the substantial
contribution to the binding affinity (and specificity) from van der
Waals forces and hydrogen bonds [28,29]. Our results do not
exclude some uncertainty in this regard. On the other hand, the
data of Thompson et al. [28] show a linear correlation between
affinity (as measured by isothermal titration calorimetry) and the
NaCl concentration needed to elute various FGF2 mutants from a
heparin column. In this case, saccharides were immobilized and
not the proteins, but the experiment is energetically equivalent to
those performed in the present study. Furthermore, we have deter-
mined the dissociation constants for several different HS octasac-
charides with FGF1 using a filter-binding assay [30] and again
found a good correlation between affinity and critical NaCl con-
centration (J. Kreuger, P. Jemth and U. Lindahl, unpublished
work). We therefore assume that our data reflect the true affinity
of these interactions, and not only the strength of the electrostatic
bonds.

Our findings indicate that the regulation of FGF action in vivo
cannot be explained in terms of the selectivity of the primary
interactions between FGF species and HS chains. Yet other studies
point to the importance of HS fine structure in such regulation
[13]. It has been proposed that formation of the FGF-HS-FGFR
(FGF receptor) ternary complex is initiated by FGF-HS inter-
action, followed by transition of the growth factor to a HS do-
main interacting with both proteins [14,31]. Selectivity achieved
through formation of a HS-binding pocket by an FGF-FGFR
pair would not necessarily reflect the binding properties of either
protein alone [13,14,31]. Apart from the distribution of sulphate
groups, also the organization of protein-binding domains along
the HS chain may need to be considered [32]. Previous findings
implicating HS-binding sites on both FGF and its receptor [§]
have been amply verified through crystallography of ternary FGF—
oligosaccharide-FGFR complexes [9,11].

On the other hand, the comparatively restricted phenotype de-
rangements resulting from targeted disruption of genes encoding
certain enzymes (2-O-sulphotransferase, glucuronyl C5-epimer-
ase) in murine HS biosynthesis clearly argue against a critical
role for specific HS epitopes in FGF regulation [2,33,34]. In fact,
the only functionally implicated selective HS epitope identified
to date is the antithrombin-binding pentasaccharide sequence in
heparin and HS [5]. Notably, this sequence, like the (yet to be fully
characterized) HS epitope interacting with the Herpes simplex
gD glycoprotein [35], contains a rare, and functionally essential,
glucosamine 3-O-sulphate unit.

© 2005 Biochemical Society



150 J. Kreuger and others

The present study reveals that selective modulation of FGF
activity cannot be explained by binding of individual FGFs to spe-
cific HS target epitopes. No HS epitope has yet been shown to
selectively interact with any given protein owing to its unique
disposition of the commonly expressed N-, (IdoA-)2-O-, and
6-O-sulphate groups. Pending the disclosure of such specific
interactions between HS epitopes and protein ligands, we suggest
that the binding of proteins to commonly sulphated HS domains
is dictated primarily by charge density rather than by the precise
disposition of various sulphate substituents. This suggestion does
not detract from the functional significance of the HS—protein
encounters [36].

The FGF8b expression vector was a gift from C. MacArthur. J.K. is supported by the
Wenner—Gren Foundations. Supported by grants from the Swedish Research Council
(15023), the Swedish Cancer Society (4708), the Swedish Foundation for Strategic
Research (A303:156e), and Polysackaridforskning AB (Uppsala, Sweden).
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