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Fibroblast growth factors (FGFs) require a polysaccharide cofactor, heparin or heparan
sulfate (HS), for receptor binding and activation. To probe the molecular mechanism
by which heparin or HS (heparin/HS) activates FGF, small nonsulfated oligosaccharides
found within heparin/HS were assayed for activity. These synthetic and isomerically
pure compounds can activate the FGF signaling pathway. The crystal structures of
complexes between FGF and these heparin/HS oligosaccharides reveal several binding
sites on FGF and constrain possible mechanisms by which heparin/HS can activate the
FGF receptor. These studies establish a framework for the molecular design of com-

pounds capable of modulating FGF activity.

FGrs regulate a diverse range of physiolog-
ic processes such as cell growth and differ-
entiation as well as pathologic processes
involving angiogenesis, wound healing, and
cancer (1). FGFs use a dual receptor system
to activate signal transduction pathways
(2-5). The primary component of this sys-
tem is a family of signal-transducing FGF
receptors (FGFRs) that contain an extracel-
lular ligand-binding domain and an intra-
cellular tyrosine kinase domain (I). The
second component of this receptor system
consists of HS proteoglycans or related he-
parin-like molecules that are required in
order for FGF to bind to and activate the
FGFR (3, 4). Although the mechanism by
which heparin/HS activates FGF is un-
known, heparin, FGF, and the FGFR can
form a trimolecular complex (3). Heparin/
HS may interact directly with the FGFR
linking it to FGF (6). Furthermore, heparin/
HS can facilitate the oligomerization of two
or more FGF molecules, which may be im-
portant for receptor dimerization and acti-
vation (3). There are no pharmacologic
agents that modulate the activity of FGFs.

Heparin and HS are heterogeneously
sulfated glycosaminoglycans that consist of
a repeating disaccharide unit of hexuronic
acid and D-glucosamine. At a minimum,
highly sulfated octa- (3) or decasaccharide
(7) fragments derived from heparin are re-
quired for FGF to bind to the FGFR. How-
ever, preparation of these heparin fragments
produces mixtures of isomers and chemical-
ly modifies the oligosaccharide ends (8).
Furthermore, size-fractionated heparin may
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contain individual molecules with distinct
biological properties. To overcome these
limitations and to address the question of
whether nonsulfated oligosaccharide se-
quences, which are abundant in HS, are
involved in FGFR activation, we have
chemically synthesized and assayed the
function of di-, tri-, and tetrasaccharides
that correspond to structures found in hep-
arin/HS (Table 1) (9). These heparin/HS
analogs are isomerically pure and do not
contain any modified sugar residues.
The F32 cell line, which expresses FGFR
1, requires heparin/HS and FGF for growth
(3). This cell line was used to assay synthet-
ic heparin/HS molecules as potential acti-
vators or irthibitors of heparin/HS—depen-
dent mitogenesis (3). Two trisaccharides,
Tri-1 and Tri-3, are active at concentra-
tions comparable to that of heparin (Fig. 1
and Table 2). The third trisaccharide, Tri-2
(containing a glucosamine N-sulfate), and
four disaccharides (Di-2, -3, -4, and -5)
showed intermediate mitogenic activity
with basic FGF (bFGF), whereas the disac-
charide Di-1 and the three tetrasaccharides
examined demonstrated no activity in this
assay. Sucrose octasulfate (SOS), a highly

charged molecule thought to stabilize and
activate bFGF (10), was also examined.
Heparin, Tri-1, and Tri-3 were more than
1000 times more active than was SOS for
F32 cell growth. Di-3 and -4 were 55 times
more active in this assay.

Unlike previously examined fragments
of heparin, several of these synthetic hepa-
rin/HS molecules are nonsulfated, yet they
still have biological activity. Furthermore,
they are considerably smaller than the
smallest heparin oligosaccharide previously
shown to activate FGF (3). Because several
of these synthetic oligosaccharides are non-
sulfated, interactions with the carbohydrate
backbone of heparin-HS appear to be suffi-
cient for biological activity. Furthermore,
the large differences in activity observed
between closely related oligosaccharides
suggest that these interactions are highly
specific.

Two of the three trisaccharides (Tri-1
and Tri-3) stimulated proliferation of F32
cells in the presence of acidic FGF (aFGF).
However, their potency relative to that of
heparin was less than that observed with
bFGF (Fig. 1 inset). These data demon-
strate that the structure-function relation
between heparin/HS and aFGF is similar to
that between heparin/HS and bFGF and
suggests that recognition of the structural
features of heparin/HS is a conserved prop-
erty of FGFs and is not specific to a single
ligand.

FGFs have a high affinity for heparin
(binding affinity K; = 107° M) (11). We
assayed the ability of the synthetic oligosac-
charides to compete with the binding of
125]_labeled heparin to FGF (12). Oligosac-
charides Di-3, Di-4, Tri-1, and Tri-3, and
the related molecule, SOS, all bound aFGF
(9) and bFGF (Fig. 2A and Table 2) (9).
Heparin, Tri-1, and Tri-3 bound FGF with
an affinity higher than that of SOS. Di-3,
Di-4, and SOS bound FGF with similar
affinity, whereas Di-2, Tri-2, and Tetra-1
bound bFGF with an affinity less than that
of SOS. The number of hydrogen bonds in

Table 1. Heparin/HS oligosaccharides. Abbreviations of structure names are as follows: IdoA, iduronic
acid; GIcA, glucuronic acid; GlcN, glucosamine; Gal, galactose; aManOH, 2-5-anhydro-D-mannitol; Ac,

acetate; and Me, methyl.

Name M, Structure
Di-1 433.3  a-L-IdoA- (1—4)-a-D-GlcNAc-1—>0OMe
Di-2 493.2  a-L-IdoA- (1—4)-a-D-GIcNSO,-1—0Me
Di-3 433.3  B-D-GIcA-(1—4)-a-D-GlcNAc-1—0OMe
Di-4 493.2  B-D-GlcA-(1—4)-a-D-GIcNSO,-1—0OMe
Di-56 433.3 a-D-GlcNAc-(1—4)- B-D-GlcA-1—-0OMe
Tri-1 631.4  B-D-GlcA-(1—4)-a-D-GlcNAc-(1—4)- B-D-GlcA-1—-0Me
Tri-2 691.2  a-L-IdoA- (1—4)-a-D-GIcNSO,-(1—4)- B-D-GlcA-1—0OMe
Tri-3 631.4  a-L-IdoA- (1—4)-a-D-GlcNAc-(1—4)- B-D-GlcA-1—0OMe
Tetra-1  793.6  a-L-IdOA- (1—4)-a-D-GIcNAc-(1—4)- B-D-GlcA-1-(1—3)-B-D-Gal-1—0OMe
Tetra-4* 865.6  a-L-IdoA- (1—4)-6-SO4-a-D-GlcNAG-(1—4)-B-D-GIcA-(1—4)-a-D-aManOH
Tetra-5* 865.6  B-D-GlcA-(1—4)-6-SO,4-a-D-GIcNAG-(1—4)-B-D-GlcA-(1—4)-a-D-aManOH
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*Purified to isomeric homogeneity from nitrous acid-depolymerized heparin (39).
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the crystal structures of Di-3 and Tri-3 com-
plexed with FGF (see below) correlate well
with these data. The relative binding affin-
ities also correlate well with the mitogenic

Fig. 1. Mitogenic activity 8-
of synthetic oligosaccha-
rides. Activation of bFGF 8
mitogenic activity as mea- ]
sured by [BH]thymidine 7
incorporation into  F32 4 4
cells treated with 150 pM
bFGF and increasing con-
centrations of the indicat-
ed oligosaccharides. Inset
at upper left shows acti-
vation of aFGF mitogenic
activity determined as
above in the presence of
250 pM aFGF. The
dashed line at 2 x 10*
cpm incorporated was
used to calculate the rela-
tive mitogenic  activity
shown in Table 2. These
data are representative of
at least two independent
experiments.
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Fig. 2. Biochemical prop- A
erties of synthetic oligo-
saccharides. (A) Binding
of oligosaccharides to
bFGF as determined by
competition with 125]-he-
parin is shown (28). The
ICso’s (50% competition
for 125]-heparin binding
to bFGF) are: 69 ng/ml
for heparin, 11.7 pg/mi
for Tri-1, 5.8 pg/ml for
Tri-3, and 93 pg/ml for
SOS. (B) Binding of 29]-
bFGF to FRAP in the pres-
ence of the indicated oli-
gosaccharide is -shown.
Dash indicates no heparin
added. Heparin was at a
concentration of 50 ng/ml;
the remaining oligosac-
charides were added at a
concentration of 2 pg/ml.
FGFs were labeled by the
Chloramine T method as
previously described (37).
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activity of these molecules. However, on
the basis of the relative affinities for bFGF
(Table 2), Di-2, Tri-1, and Tri-3 show high-
er than expected mitogenic activity. Thus,
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presence of increasing concentrations of heparin or Tri-3. Binding assays were done as described (3).
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factors other than direct binding to bFGF
may contribute to the biological activity of
these molecules.

Binding of bFGF to a soluble FGFR-
alkaline phosphatase fusion protein
(FRAP) or to a cell-surface FGFR is en-
hanced by heparin/HS or by heparin-de-
rived oligosaccharides (8 to 12 sugar resi-
dues) (3, 4). We measured the ability of
heparin/HS—derived di-, tri-, and tetrasac-
charides to enhance FGF-FRAP binding in
vitro (3). These studies showed that Di-3,
Di-4, and Tri-3 enhanced bFGE-FRAP
binding (Fig. 2B). Furthermore, the binding
of either aFGF (Fig. 2C) or bFGF (Fig. 2D)
to FRAP increased in a dose-dependent
manner. At high concentrations of Tri-3,
the amount of '?°I-bEGF bound to FRAP
reproducibly exceeded that observed with
heparin (Fig. 2D). The observation that
small di- and trisaccharides can enhance
FGF-FRAP binding suggests that multiple
binding sites along a single heparin/HS
chain (like beads on a string) are not essen-
tial for biological activity, and that the
occupancy of a relatively small heparin/HS
binding site or sites on FGF may be suffi-
cient to activate FGF. The inability of Tri-1
to enhance FGF-FRAP binding suggests
that several mechanisms may mediate FGF
receptor activation. Clearly, the substitu-
tion of an iduronic acid for a glucuronic
acid at the nonreducing end of the saccha-
ride is sufficient to discriminate between
different modes of action.

Heparin/HS may stabilize a ternary com-
plex by binding directly to the FGFR (6) in
addition to FGF. To investigate this model,
we incubated FRAP with *°I-heparin (12).
No significant binding (more than twofold
over background binding) between 1%’I-he-
parin and FRAP could be detected. How-
ever, if bFGF (up to 4 nM) was added to

Table 2. Glycosaminoglycan cofactor activity. Mi-
togenic activity is shown as the relative concentra-
tion (w/v) required to incorporate 2 X 10* cpm
[BH]thymidine into F32 cell DNA (3), = SD (see Fig.
1). bFGF binding (see Fig. 2A) is shown as relative
affinity [based on IC, values (w/v)] for heparin bind-
ing to bFGF. Calculations based on molecular
weights give similar ratios, with the assumption that
the average molecular weight for heparin is 16,000
and that there are 15 FGF binding sites per heparin/
HS molecule (40).

Mitogenic bFGF

Name activity binding
Heparin 1.0+ 05 1.0
Di-2 695+ 9.6 >1340.6
Di-3 26.0 1224.5
Di-4 24.7 12245
Di-5 463.6 >1340.6
Tri-1 12+ 02 169.3
Tri-2 470.6 *+ 25.6 >1340.6
Tri-3 3.2 84.1
SOS 1380.8 = 30.6 1340.6
433
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this binding reaction, ?°I-heparin binding

was increased up to 25.5-fold over back-
ground (13). These data and the observa-
tion that molecules as small as disaccharides
were biologically active suggest that the
mechanism by which heparin/HS activates
the FGEFR results from a primary interaction
between the FGFR and a complex of hep-
arin/HS and FGF.

To further evaluate the mechanism by
which heparin/HS activates FGF and to
establish a framework for the rational de-

sign of drugs that modulate the activity of
FGF, we determined the crystal structure of
complexes between bFGF and biologically
active di- and trisaccharides (14) (Fig. 3A).
A view of a molecule of bFGF with bound
Di-3 reveals four binding sites (Fig. 3B).
Similar observations wete made with the
Tri-3-bFGF complex (Fig. 3, C and D).
Bound and apo-FGF structures superimpose
with a root-mean-square deviation in Ca
positions of 0.26 A. It is therefore unlikely
that a conformational change in FGF is

involved in its mechanism of activation by
heparin.

Two ligand molecules were observed in
the crystal structure. Each ligand contacted
two symmetry-related FGF molecules, thus
defining two pairs of binding sites: 1 and 1’
and 2 and 2’ (Fig. 3B). Site 1 is similar to
that observed for SOS bound to aFGF (15)
and is also the site where sulfate ions are
located in the bFGF apo-structure (16—18).
Twelve hydrogen bonds, as defined in (19),
formed between FGF and Tri-3 at site 1. In

B-p-GlcA-OMe

o-D-GIcNAc AN\

o-L-IdoA

Fig. 3. Crystal structure of bFGF complexed with synthetic
oligosaccharides. (A) Electron density for Tri-3 ligand in
sites 2 and 2 at 2.2 A resolution is shown. Thick lines

indicate the ligand atoms. Thin lines indicate contour lines

of electron density at 1.8 o above the mean density, in a

map calculated with the use of the coefficients (2|Fg| —

|Fo)exp(—ia,) where |Fg| is the observed structure factor

amplitude and |Fg| and o, are the amplitudes and phases

calculated from the model and adjusted by addition of the structure factor of the
solvent (74). Sugar residues are abbreviated as shown in Table 1. (B) Ribbon
diagram (38) of bFGF bound to Di-3 molecules, shown with solid black bonds
and labeled according to the sites to which they bind. The prime mark refers to
symmetry-related molecules. The B strands are shown as arrows. The notation
used is according to (77), with strands labeled from g1 to 12 and loops labeled
with the numbers of the secondary structures they join. Only secondary struc-
tures participating in the Di-3-bFGF interaction are indicated. However, the
location and features of the Tri-3 binding sites are essentially the same. (C)
Stereodiagram of sites 1 and 1’ with the Tri-3 ligand at a dimer interface. Tri-3
is shown with thick, solid black bonds. Sugar rings are labeled A, B, and C, with
A indicating iduronic acid, B indicating N-acetylglucosamine, and C indicating
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O-methylglucuronic acid. Medium-thick and thin lines indicate amino acid at-
oms involved in sites 1 and 1’, respectively. Dotted lines indicate hydrogen
bonds. Atoms and amino acids involved in hydrogen bonds are indicated by a
prime mark when the bond involves atoms of site 1'. The oligosaccharide in site
1 is within a pocket of high positive electric potential that includes primarily
amino acids of the 10-11 and 11-12 loops [see (B) for notation]. Site 1’ makes
contacts with regions of the structure that include the 5-6 loop and the p4
strand. (D) Stereodiagram of sites 2 and 2’ with the Tri-3 ligand at a dimer
interface. Notation is as in (C). Site 2 consists of regions of the structure that
include the B8 strand and the 4-5 loop. Site 2’ consists of a largely hy-
drophobic platform (strands 86 and B7) flanked by positively charged residues
Arg”2 and Lys®® on one side and residues Arg®! and Lys”” on the other side.
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comparison, only three hydrogen bonds
formed at site 1’ (Fig. 3C). These data
suggest that sites 1 and 1’ are not equiva-
lent in terms of binding affinity and there-
fore are unlikely to be involved in FGF
oligomerization. Site 1’ most likely results
from crystal packing forces.

Sites 2 and 2’ (Fig. 3, B and D) have not
been observed previously. This pair of sites is
symmetry-related and consequently located
very close to a crystal packing interface. In
contrast to sites 1 and 1’, both symmetry-
related FGF molecules made extensive con-
tact with Tri-3 at sites 2 (11 hydrogen
bonds) and 2’ (11 hydrogen bonds). There-
fore, each of these sites is likely to bind
ligand with high affinity, and each can be
considered an independent binding site.
However, the average hydrogen bond length
between Tri-3 and site 2’ was 0.35 A shorter
than that between Tri-3 and site 2. In addi-
tion, if a more stringent definition of the
hydrogen bond was used (20), eight hydro-
gen bonds were observed between Tri-3 and
site 2’ as compared with only four between
Tri-3 and site 2. This indicates that site 2’
may have greater affinity for Tri-3 than does
site 2. In the crystal structure, site 2 of one
FGF molecule and site 2’ of a symmetry-
related FGF molecule are brought together
by a single oligosaccharide molecule. Such
contacts may be responsible for the oli-
gomerization of FGF (see crosslinking exper-
iments below).

Several other putative heparin/HS bind-
ing sites on bFGF have been suggested (21,
22); however, no density was observed at
these sites for either Di-3 or Tri-3. In con-
trast to SOS, which has minimal biological
activity and occupies a single site on the
aFGF molecule, multiple binding sites for
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Fig. 4. Dimerization of bFGF in the presence of
heparin or synthetic oligosaccharides. 670 nM
bFGF and 3 X 10° cpm of 125|-bFGF were incu-
bated with the indicated concentrations of heparin
oligosaccharide. Cross-linking and electrophore-
sis were done as described (3). Dimer (45 kD)
band intensities were quantified by scanning den-
‘sitometry and are plotted above each lane.

Di-3 and Tri-3 were observed. The capabil-
ity of di- and trisaccharides to bind several
sites on FGF may be a requirement for
activity. Additionally, these sites may rep-
resent a path followed by heparin/HS poly-
saccharides between two FGF molecules
complexed in a functional dimer. Although
the biological relevance of the potential
dimer interface at site 2-2’ remains to be
proven, cross-linking studies demonstrate
that both di- and trisaccharides can induce
FGF oligomerization.

Di-3 and Tri-3, like the highly sulfated
heparin hexadecasaccharide (HS-16), can
induce FGF dimers as well as higher order
oligomers (Fig. 4) (3). However, there are
notable differences between the synthetic
oligosaccharides and HS-16. The optimal
concentration for dimerization activity in-
duced by Tri-3 (35 pg/ml) is approximately
10 times greater than that of HS-16 (3.9
pg/ml). At concentrations 10 to 20 times
greater than these, the amount of dimeriza-
tion seen with the hexadeccasaccharide ap-
proaches basal levels. However, the amount
of dimerization seen with the di- (13) or
trisaccharide (Fig. 4) remains elevated. High
ratios of HS-16 to FGF may favor a stoichi-
ometry of several heparin oligosaccharides
per FGF. Under these conditions, FGF
dimerization may be inhibited sterically by
the relatively large heparin molecule (HS-
16). High ratios of di- or trisaccharide to
FGF would not be expected to sterically
inhibit FGF dimerization.

The data presented here demonstrate
that both nonsulfated di- and trisaccharides
are biologically active in several FGF-depen-
dent assays and suggest that FGF can specif-
ically recognize structural features of the
nonsulfated carbohydrate backbone of hepa-
rin/HS, independent of ionic interactions
with highly charged sulfate groups. However,
because heparin is more active than low-
sulfated heparin (4), it is likely that ionic

interactions could further stabilize this inter-.

action. The lack of activity of Tri-2, a com-
pound that only differs from Tri-3 (our most
active compound) in having a N-sulfate
group on the glucosamine residue, suggests
that N-sulfated regions of heparin/HS may
not be involved in FGFR activation. Substi-
tution of an N-sulfate in the Tri-3-bFGF
crystal structure demonstrates repulsive in-
teractions between the sulfate group and glu-
tamic acid 96 in site 2. Several studies dem-
onstrate that 2-O-linked sulfate groups on
the hexuronic acid residues of heparin/HS
may be important for optimal activity (23—
26). Sulfation of our synthetic oligosacchar-
ides at the 2-O position may further increase
their affinity for bFGF and their biological
activity.

The small size of the synthetic heparin/
HS molecules suggests that linkage of mul-

tiple FGFs by heparin/HS in a “beads on a
SCIENCE -
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string” model is not an essential component
of the mechanism of FGFR activation. We
suggest a mechanism in which heparin/HS
induces FGF dimers, which in turn form
stable complexes with FGF receptor mole-
cules facilitating receptor dimerization. Re-
cent binding studies, with the use of distinct
members of the FGF family, suggest that an
FGFR may contain multiple, partially over-
lapping binding sites that involve both im-
munoglobulin-like domains II and III (27).
These data are consistent with FGFR mole-

cules interacting with homo- or het-
erodimers of FGF.
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Measurement of Interhelical Electrostatic
Interactions in the GCN4 Leucine Zipper

Kevin J. Lumb and Peter S. Kim*

The dimerization specificity of the bZIP transcription factors resides in the leucine
zipper region. It is commonly assumed that electrostatic interactions between oppo-
sitely charged amino acid residues on different helices of the leucine zipper contribute
favorably to dimerization specificity. Crystal structures of the GCN4 leucine zipper
contain interhelical salt bridges between Glu2° and Lys'®" and between Glu?? and
Lys2”". '3C-nuclear magnetic resonance measurements of the glutamic acid pK, values
at physiological ionic strength indicate that the salt bridge involving Glu?? does not
contribute to stability and that the salt bridge involving Glu2° is unfavorable, relative to
the corresponding situation with a neutral (protonated) Glu residue. Moreover, the
substitution of Glu2® by glutamine is stabilizing. Thus, salt bridges will not necessarily
contribute favorably to bZIP dimerization specificity and may indeed be unfavorable,
relative to alternative neutral-charge interactions.

Transcription factors of the basic-region
leucine zipper (bZIP) family bind to DNA
as homo- or heterodimers (1). Dimerization
of these proteins is controlled by the
leucine zipper (Fig. 1A), a parallel, two-
stranded coiled coil (2—4). The leucine zip-
per thus mediates the DNA-binding speci-
ficity of the bZIP transcription factors by
determining which bZIP proteins form sta-
ble dimers. Accurate prediction of bZIP
dimerization specificity will require an un-
derstanding of the principles governing
leucine zipper dimerization.

The formation of favorable hydrophobic
packing interactions involving residues at
positions a and d of the coiled-coil heptad
repeat, and including the side chains of res-
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idues at positions e and g (Fig. 1B), can
contribute to dimerization specificity. Resi-
dues at the e and g positions also can
contribute substantially to the specificity
of leucine zipper dimerization through in-
terhelical electrostatic interactions (Fig.
1A). Previous studies have demonstrated
that the dimerization specificity of both
the Fos-Jun oncoprotein (5) and a de novo
designed heterodimeric coiled coil (6) re-
sults largely from the relief of unfavorable
interhelical electrostatic interactions be-
tween residues of like charge in the ho-
modimers. Thus, avoidance of electrostat-
ic repulsion is an important determinant
of dimerization specificity (3, 6).
Conversely, it is often assumed that for-
mation of favorable electrostatic interac-
tions between the helices contributes to the
global stability and dimerization specificity
of two-stranded coiled coils (4, 7-12). In-
deed, crystal structures of leucine zippers (4,
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Fig. 1. (A) Schematic representation of the leucine
zipper, a parallel, two-stranded coiled coil (4). A
side view is shown. For simplicity, the supercoiling
of the helices is not depicted. The sequences of
coiled coils are characterized by a heptad repeat
of seven amino acid residues, denoted a to g (7).
Prime (') refers to positions from the other helix.
Most of the residues at positions a and d are
hydrophobic, forming the characteristic 4-3 re-
peat of coiled coils, whereas residues at positions
e and g are often charged (7, 26). The hydropho-
bic interface between the two a helices is formed
by residues at positions a, d, e, and g (4). One set
of packing interactions consists of side chains
from positions a, a’, g and g’ (light shading),
whereas the second set consists of side chains
from positions d, d’, e, and e’ (dark shading).
Residues at positions g’ and e pack against po-
sitions a and d’, respectively, and can participate
in interhelical electrostatic interactions from posi-
tion e to g’ of the preceding heptad (indicated with
ladders). (B) Schematic cross section through the
dimer, depicting packing interactions between the
residues at positions d and e (4). As an example,
leucine at position d and glutamic acid at position
e is shown. The large circles represent the helical
backbone and the line segments represent bonds
between carbon atoms. Residues at d and d’
make side-to-side interactions. Additionally,
methylene groups from residues at positions e
and e’ make contacts with the hydrophobic resi-
dues at positions d and d’. These types of inter-
actions are also present in the a layer, in which
residues from positions g and g’ make contacts
with residues at positions aand a’.

10, 11) show interhelical salt bridges be-
tween charged residues at g’ positions to
residues of opposite charge, on the other
helix, at e positions of the following heptad
(Fig. 1A).

GCN4-pl is a synthetic peptide corre-
sponding to the leucine zipper of the yeast
transcriptional activator GCN4 (Fig. 2A).
Interhelical salt bridges are observed in the
crystal structure of GCN4-pl (13) between






