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Abstract

The interactions between fibroblast growth factors (FGFs) and their receptors (FGFRS) are
facilitated by heparan sulfate (HS) and heparin (Hp), highly sulfated biological polyelectrolytes.
The molecular basis of FGF interactions with these polyelectrolytes is highly complex due to the
structural heterogeneity of HS/Hp, and many details still remain elusive, especially the
significance of charge density and minimal chain length of HS/Hp in growth factor recognition
and multimerization. In this work, we use electrospray ionization mass spectrometry (ESI MS) to
investigate the association of relatively homogeneous oligoheparins (octamer, dp8, and decamer,
dp10) with acidic fibroblast growth factor (FGF-1). This growth factor forms 1:1, 2:1 and 3:1
protein/heparinoid complexes with both dp8 and dp10, and the fraction of bound protein is highly
dependent on protein/heparinoid molar ratio. Multimeric complexes are preferentially formed on
the highly sulfated Hp oligomers. Although a variety of oligomers appear to be binding competent,
there is a strong correlation between the affinity and the overall level of sulfation (the highest
charge-density polyanions binding FGF most strongly via multivalent interactions). These results
show that the interactions between FGF-1 and Hp oligomers are primarily directed by
electrostatics, and also demonstrate the power of ESI MS as a tool to study multiple binding
equilibria between proteins and structurally heterogeneous polyanions.

Introduction

Glyscosaminoglycans (GAGS), in particular heparan sulfate (HS) and heparin (Hp), are
engaged in a wide spectrum of physiological processes including embryogenesis, immune
response, cell proliferation, differentiation and angiogenesis. All of these are related to the
ability of these heparinoids to potentiate the activity of numerous signaling proteins, e.g. by
mediating the interactions of growth factors and their cell surface receptors, or by
sequestering and releasing signaling proteins in the extracellular matrix. The main challenge
in characterizing GAG-protein binding arises from the immensely polydisperse GAG
structure due to (#) wide distribution of chain lengths and (/i) apparently stochastic sulfation
patterns. While this polydispersity allows GAGs to interact with a variety of proteins, the
details of the relationship between sulfation and protein affinity remain largely elusive. The
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fact that GAGs are the most highly charged macromolecules in animals suggests that
electrostatic forces play significant roles in modulating their protein affinity, but such long-
range interactions are typically relegated to supportive roles in protein recognition.
Deciphering the structure-property relations of the heparinoids, which would remove a
major barrier to the development of potential biomedical applications of these GAGs beyond
their well-established role as anti-coagulants, is thus coupled to the need to understand the
role of sulfation patterns in binding their diverse physiological partners [1-4].

In the GAG family, HS is composed of repeating disaccharide units of A-acetylated
(GlecNAC)/ N-sulfated glucosamine (GIcNS) and glucuronic acid (GIcA) or iduronic acid
(IdoA) [5]. The biosynthesis is not controlled by a genetic template and the polymer chain
undergoes a series of enzymatic modifications (de-acetylation, and addition of sulfates at
various positions on the polysaccharide backbone by A-sulfotransferases and OG-
sulfotransferases) and epimerization (transformation of glucosamine unit to L-iduronic
acid). These modifications do not occur uniformly across the entire chain during
biosynthesis of HS and Hp; for example, the structure of HS exhibits domains of high
sulfation, rich in IdoA and O-sulfation (NS), non-sulfated but A-acetylated (NA) domains,
and alternating NS/NA domains [6]. Hp is structurally similar to the extended NS domains
of HS comprising regions of NV-and O-sulfation, which are thought to be involved in protein
binding events. This justifies the common use of Hp as a proxy for HS in studies of GAG-
protein interactions, and their similarity prompted the use of the term “heparinoid” [7].

Growth Factors (GFs) are signaling proteins that bind to their trans-membrane receptors
(GFRs) to initiate cell proliferation, differentiation and angiogenesis [8]. The interaction
between GF and GFR is promoted by cell surface HS which reduces dimensionality of the
protein/receptor encounter from three dimensions (for the free protein in solution) to one
(for the GAG-bound state), which facilitates the docking process [9]. HS acts as a low
affinity but abundant receptor for GFs and increases the possibility of finding less abundant
high affinity receptor on the cell surface [10]; /n vivo studies have provided strong evidence
for the role of HS in effective FGF signaling [11-13].

Previous efforts to characterize HS and Hp interactions with growth factors have focused on
the contribution of specific sulfate groups, such as 6-O- sulfates for FGF-10, 2-O sulfates for
FGF-2, or both for FGF-4 and FGF-7 [14, 15]. The basic premise of this approach is that
pair-matching of basic residues on the protein and sulfates on the heparin oligomers drives
the interaction. However, in these studies, the importance of a more general charge
complementarity between the protein and the polyelectrolyte-like HS/Hp had not been
considered [16, 17], possibly overlooking the role of more long-range multivalent
electrostatics in the dynamic recognition between the protein and the highly heterogeneous
and flexible polyanionic chains.

All heparin-binding proteins appear to have well-defined positive domains within globally
negative molecules, while GAGs usually have non-uniform structure [18]. There is growing
evidence that strong binding occurs between globally negative proteins and polyanions when
polyanion charge distributions are arranged in a way that minimizes long-range repulsion
while optimizing short range attractions with locally positive protein domains [19]. This can
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result in a form of selectivity that does not arise from short-range interactions such as
hydrogen-bonding or salt bridge formation [20-22]. Supporting this perspective, several
groups suggested non-specific contributions to GAG interactions with growth factors.
Catlow et al. showed that the selectivity of hepatocyte growth factor binding to HS is
strongly influenced by HS sulfate density [23]. Krueger et al. indicated that various FGFs
share the same binding domain on the HS, where binding affinity is correlated with the
extent of sulfation [24]. Jastrebova et al. extended the studies to FGF-2 and its receptors, and
revealed that highly sulfated chains induced ternary complex formation [25] and FGF-2
cellular signaling [26]. These findings point to the need for a new concept of GAG-protein
specificity that considers charge complementarity between the protein and the related
polyanion [27] beyond well-defined ion pairs (such as salt bridges in protein/protein and
protein/nucleic acid interactions).

While it is clear that the sulfation patterns are important determinants of polysaccharide-
induced protein assembly, most of the studies of protein/GAG interactions cannot make a
distinction among various polyanionic structures present in highly heterogeneous Hp or HS
samples and, as a result, probe the behavior averaged across the entire ensemble of GAG
oligomers. An earlier attempt to circumvent this problem by taking the advantage of the
ability of mass spectrometry (MS) to make a distinction among various species based on
differences in their masses failed to produce meaningful results for FGF/GAG association
[28]. The use of matrix-assisted laser desorption ionization (MALDI) MS in that study
prevented the observation of specific associations (even though there are several examples of
successful use of MALDI MS to detect non-covalent biopolymer complexes [29], such
studies typically require careful selection of experimental conditions to ensure that
biopolymers are co-crystallized under non-denaturing conditions). Furthermore, MALDI is
typically used with time-of-flight (TOF) mass analyzers, which provide high resolution in
the low m/z region, but the resolution decreases dramatically at high /7/z (typical for work
with non-covalent complexes). This problem is further compounded by massive adduct
formation and low detection efficiency for high-mass ions, unless the instrument is
extensively modified [30]. Native electrospray ionization (ESI) mass spectrometry offers an
attractive alternative vis-a-vis characterization of relatively short heparinoid/protein
complexes, as it allows both the binding stoichiometry [31-33] and the overall degree of
sulfation of the heparinoid component [34, 35] to be readily deduced from the mass of the
complex. Furthermore, combination of native ESI MS with methods of ion manipulation in
the gas phase (such as limited charge reduction [36]) enables meaningful analysis of protein
interactions with much more heterogeneous GAGs, such as intact unfractionated heparin
[37]. In this work we use native ESI-MS to probe ability of short heparinoids to induce
multimerization of FGF-1, and examine the effects of the polyanion concentration in
solution, its chain length, and the total extent of sulfation.

Experimental

Materials

The H93G mutant of the acidic fibroblast growth factor (FGF-1) was kindly provided by
Prof. Robert Linhardt (RPI, Troy, NY). The mutation is introduced to increase stability [38]
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by shifting the protein pl to 7.8. Heparin oligomers (octa- and deca-saccharides, dp8 and
dpl10), prepared by partial heparin lysis followed by high resolution gel filtration, were
generously donated by Dr. John Gallagher (Iduron, Manchester, UK). All other chemicals
and solvents used in this work were of analytical grade or higher.

All ESI-MS measurements were carried out with a QStar-XL (AB Sciex, Toronto, Canada)
hybrid quadrupole-time-of-flight mass spectrometer equipped with a nano-ESI source. Both
closed and pre-opened (1-2 um id) glass nanospray capillaries (New Objective, Woburn,
MA) were used in this work. The FGF-1 solution concentration was kept constant
throughout all measurements (0.08 g/L, or ca. 5 pM in 100 mM NH4CH3CO, at pH 6.8),
while the dp8/dp10 concentration was varied from 1 to 25 pM. The FGF-1 solution
concentration was verified by measuring UV-VIS absorbance (using molar absorptivity of
17545 M~1em™1). Both dp8 and dp10 were diluted to the required concentration from 2
mg/mL stock solutions. To ensure stability of the protein/heparinoid complexes in the gas
phase, all mass spectra were acquired using the following settings of ion optics elements in
the ESI interface: DP, 100; FP, 265; and DP2, 15. The mass distributions of the protein-
bound heparinoid molecules /(Mgpx) Were recalculated from the raw data A77/2) using the
following formula:

=z . (m ——_mn, - /| .
Afde—Z (z )complez jon " #TT N[pmtemv (]_)

where zis the ionic charge, nis the number of protein molecules in the complex, and
Mprotein is the mass of the neutral protein molecule (15892.9 Da).

Electrostatic potentials around FGF-1 (PDB id: 1K5U) were calculated at pH 7.0 and /=
100 mM using DelPhi V. 4r1.1 [39, 40], which applies non-linear Poisson-Boltzmann
equation to generate the potential surface of the protein. Fractional charges of amino acids
on the protein surface were determined by fitting experimental pH titration curves, using
Tanford’s spherical-smeared charge model [41].

Results and Discussion

Factors controlling heparinoid-assisted FGF-1 multimerization

The ESI mass spectrum of FGF-1 acquired in the absence of oligoheparins showed no
evidence of dimers or higher-order multimer formation (Figure 1). This is consistent with
the results of SEC analysis of this sample showing a single symmetrical peak for monomer
with no early eluting species that would be indicative of the presence of dimeric and multi-
meric forms of the protein (data not shown). However, formation of the protein oligomers
was clearly visible when either dp8 or dp10 was present in solution with the protein at
[FGF]/oligoheparin molar ratio r= 2 or higher. Binding of up to three FGF-1 molecules to a
single heparin chain was observed (Figure 2), and FGF multimerization is clearly favored in
solutions with higher protein/heparin molar ratio. Polyanion chain length promotes
multimerization (e.g., compare the relative abundance of FGF3-dp8 and FGF3:dp10 ionic
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species in Figure 2). Formation of the 1:1 FGF/dp8 complex is strongly favored at low
protein/heparin ratio (r= 0.2), while the 2:1 complex becomes prominent at 7= 0.5, and is
the most abundant species at higher values of 7. This behavior is mirrored by dp10, which
forms only 1:1 complexes with the protein at low 7. As rincreases, heparin-bridged dimers
and trimers of FGF also appear in the mass spectra, the 2:1 complex being the most
abundant ionic species at r= 2. It is important to note that this behavior (the increase of the
extent of protein association upon decreasing the oligoheparin concentration while keeping
the protein concentration constant) provides very strong evidence that the observed protein/
oligoheparin assemblies originate from solution, rather than represent gas-phase artifacts
(similar to those observed in MALDI MS analysis of FGF/oligoheparin interactions [28]).
Indeed, should these complexes be formed in the ESI interface as a result of non-specific
interactions, one would expect to see a dramatic increase in complex ion formation upon a
ten-fold increase of the oligoheparin concentration, exactly opposite to the trend shown in
Figure 2.

Another intriguing feature of the ionic signals of FGF/dp8 and FGF/dp10 complexes is a
noticeable variation in the widths of the ionic peaks reflecting structural heterogeneity of the
heparin component of these complexes. The 1:1 complexes appear to display broader mass
distributions, even after correction is made for the lower number of charges carried by these
ions (higher number of charges compresses the mass distributions on the m/z scale). This
could indicate that not all heparin chains are capable of binding multiple FGF-1, while many
chains can provide binding sites for a single protein molecule, pointing towards the
promiscuous nature of these interactions [42] (vide infra).

The 3:1 complex (already visible in the mass spectrum acquired at r= 2) is even more
abundant at 7= 4 (Figure 3) where the signal of the 1:1 complexes is nearly absent from the
mass spectrum, and the ionic intensity is distributed almost uniformly among the FGF,-dp10
and FGF3-dp10 species. The inability of the abundant free FGF molecules in solution to
drive the complexation process to complete saturation (.., convert all FGF,-dp10
complexes to the FGF3-dp10 form) provides additional evidence that only a subset of the
entire pool of dp10 molecules have sulfation patterns that allow three protein molecules to
be accommodated on a single oligoheparin chain.

The observation of the 3:1 FGF/dp10 complexes raises an intriguing question, namely how
can the relatively short oligomer chain accommodate three FGF molecules. Dynamic and
static light scattering studies showed that 14-15 FGF-1 molecules could bind to a single
intact Hp chain, averaging four monosaccharide units per protein molecule [43], suggesting
that accumulation of up to three protein molecules per single dp10 chain might be
problematic. To visualize these possibilities, the FGF-1 surface charge distribution in
solution at pH 7.0 and ionic strength /=100 mM was generated using DelPhi (Figure 4).
The resultant electrostatic potential contours at 0.5 k77¢, indicate a dominant positive patch
at pH 7.0, which appears to be suitable for binding a polyanionic chain. Even though the
exact location of the protein-bound chain cannot be determined, it can be assumed that the
highly negative heparin would avoid the negatively charged protein domains). Furthermore,
it seems unlikely that this association conforms to the classical “lock-and-key” interaction
model. Instead, the oligoheparin is likely to be kept within the immediate vicinity of the
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positive protein domain, which generates a strong attraction basin for polyanions without
forcing them to a specific highly defined (and, therefore, entropically costly) conformation.
This dynamic behavior notwithstanding, if the FGF-binding site size is assumed to consist of
four contiguous monosaccharide units (~ 2 nm [43]) binding of three FGF-1 molecules
(hydrodynamic radius 2 nm) to a single dp10 chain (contour length 5 nm) could not
realistically be accomplished in a cis configuration. However, it is possible that the semi-
flexible heparin chain [44, 45] can accommodate FGF-1 molecules in different directions,
leading to formation of a #rans complex (Figure 4). Importantly, multi-valent protein binding
to the heparinoid chain is likely to be governed not only by the electrostatic attraction
between the polyanion and protein, but also by repulsion among the protein molecules (the
latter would dictate the “allowed” proximity between the two protein molecules located on
the “same side” of the chain).

Binding preferences of heparin oligomers: correlation between charge density and affinity

The two heparinoids examined in this work, dp8 and dp10, have fixed lengths, but
nonetheless exhibit structural polydispersity with respect to both total levels of sulfation and
the distribution of the sulfate groups across the polysaccharide backbone (“sulfation
patterns”). Observation of protein/heparinoid complexes of different stoichiometries
complexes indicate the existence of multiple biding sites within each chain with a range of
affinities for FGF-1. In order to identify the binding preferences of dp8 and dp10 species
with different levels of sulfation, the molecular weight distributions of FGF-bound
heparinoids were determined based on the shapes of the most abundant ionic peaks
representing various protein/heparinoid complexes in ESI mass spectra shown in Figures 2
and 3. This was done by converting the mass-to-charge ratios to masses of the neutral
complexes, followed by subtraction of the mass of the protein component using equation (1).
The results of these calculations show the mass distributions of dp8 (Figure 5) and dp10
(Figure 6) species participating in formation of the FGF/heparinoid complexes of different
stoichiometries and at different mixing ratios. Since all analyses were performed in the
positive ion mode, each ionic species is expected to incorporate 4-5 cations, such as Na* or
NH,4* in addition to H*, to neutralize the excessive negative charge on the heparinoid chain
[46]. Given the uncertainty in the total number of charge-neutralizing cations attached to the
polyanionic chain, and the mass difference between Na* or NH,4*, the mass of a specific
heparinoid molecule is not a specific number, but rather a range (shown in Figures 5 and 6 as
a shaded box for each species), even though both the length and the total number of sulfate
groups are fixed. Although these ranges partially overlap for heparinoids whose extents of
sulfation are similar, a clear distinction can be made between the species that differ by at
least two sulfate groups (the notations in Figures 5 and 6 are based on the Roepstorff-
Henriksen nomenclature, which identifies heparinoid molecules with three numbers, the
number of saccharide units in the chain, the total number of sulfate groups, and the number
of acetyl groups [47]). Overall, the extent of sulfation for the binding-competent dp8 species
ranges from 8 to 12 (Figure 5), while the total sulfation range for binding-competent dp10
species ranges from 10 to 15 (Figure 6).

The mass distributions of FGF-bound dp8 molecules (Figure 5) show a clear difference
among the polyanionic chains accommodating only a single protein molecule (blue trace)
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and those bridging two proteins (pink traces). Not surprisingly, only the chains with
relatively high extent of sulfation participate in formation of the 2:1 FGF/dp8 complexes: at
least ten sulfate groups are required for dp8 to bridge two FGF molecules, while the chains
incorporating 11 or 12 sulfate groups give rise to the most abundant dp8-bridged FGF
dimers (Figure 5). In contrast, 1:1 complexes readily form even when the total number of
sulfate groups is eight. Comparison of the mass distributions acquired at different FGF/dp8
ratios provides unequivocal evidence of a range of protein affinities among heparin
oligomers. Indeed, when the protein is in short supply (r= 0.2), the most abundant FGF-dp8
complexes contain polyanionic chains incorporating 10-11 sulfate groups. However,
increasing the relative amount of the protein (to 7= 1) shifts this distribution to lower mass,
with a maximum corresponding to only 9 sulfate groups. It appears that the scarcity of the
client protein in solution results in a competition among the heparin oligomers for binding,
with the higher charge density species being the winners. When more protein is available,
lower-charge density heparin oligomers also participate in the binding process. Therefore,
despite a wide range of binding-competent dp8 molecules, there is clearly a correlation
between the extent of sulfation and the binding affinity. On the average, higher sulfation
levels favor stronger FGF binding, although some lower charge density species may have
high affinity, while certain subsets of higher charge density polyanionic chains are weak
binders (vide infra). A very similar trend can be observed from the mass distributions of dp8
chains participating in formation of the FGF,-dp8 complexes: limited availability of protein
molecules in solution (r=0.2) results in preferred utilization of polyanions with the highest
charge density (12 sulfate groups), while the increased supply of FGF (r= 1) gives rise to
equi-abundant complexes whose dp8 components incorporate either 11 or 12 sulfate groups.
This also provides strong indication of the role of electrostatics in protein/oligoheparin
association, although these observations do not necessarily rule out a possibility that there
are subsets of (8, 11, 0) species that have very high FGF affinity, exceeding that of some (8,
12, 0) species.

A very similar trend is observed in the mass spectra of the FGF/dp10 mixtures with
decreasing heparinoid content (Figure 6). No multiple binding to a single chain is observed
when the oligoheparin is present at significant molar excess (r= 0.2), and the majority of the
FGF-dp10 complexes contain polyanionic chains with relatively high charge density (14 or
15 sulfate groups per oligoheparin chain). Gradual decrease of dp10 content results in
utilization of oligoheparins with diminishing charge density in 1:1 complex assembly, as
shown by the shift of the red traces in Figure 6 (representing mass distributions of dp10
chains bound to a single protein molecule) towards lower mass. In parallel, complexes of
higher stoichiometry become abundant (FGF,-dp10 at = 0.5 and FGF3-dp10 at 7= 4.0).
While in each case the average charge density of dp10 chains bridging two protein
molecules is always higher than that of the polyanions participating in formation of the
FGF-dp10 complexes, the mass distributions also shift towards lower mass as the total level
of the oligoheparin in solution decreases. This indicates that the scarcity of the
heterogeneous polyanions in solution forces the protein molecules to associate with lower
charge density chains regardless of the binding stoichiometry, although accommodation of
multiple protein molecules on a single dp10 chain always requires a higher negative charge.
These observations demonstrate again the strong correlation between the oligoheparin
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charge density (/.e., average sulfation level) and its ability to associate with FGF
molecule(s).

Insight into protein affinity of heparin oligomers from the analysis of free polyanions in

solution

While the analysis of the mass distributions of FGF-bound oligoheparins presented in the
preceding section clearly suggests that the average charge density is an important
determinant of the binding competence, it leaves open the possibility of a relatively small
population of high charge-density polyanions being poor FGF binders. Indeed, the data
presented in Figures 5 and 6 does not reveal whether all highly sulfated oligoheparin chains
are occupied even at very high protein/oligoheparin ratios (e.g., r= 2). To answer this
question, we monitored the composition of free (unbound) dp10 chains in solution in the
presence of FGF and compared these distributions with that of the dp10 chains in the
absence of the protein (Figure 7). This approach aims at observing uneven depletion patterns
within the pool of heparinoids following their interaction with the protein.

As one can expect, no significant change to the mass distribution of free dp10 chains was
observed when they were present in significant (five-fold) molar excess over the protein
molecules. However, total depletion of oligoheparins with the highest level of sulfation
(fifteen sulfate groups) is observed even when the dp10 molecules are present at a two-fold
molar excess; significant reduction in abundance of the polyanionic chains with fourteen
sulfate groups is also evident. This provides unequivocal evidence that all high charge-
density dp10 chains are strong binders, as they are eliminated from the pool of free
oligoheparins even before the FGF/dp10 mixing ratio becomes equimolar.

Further increase of the protein/oligoheparin ratio (to 7= 1.0) results not only in complete
elimination of free high charge-density chains (dp10 molecules carrying fourteen and fifteen
sulfate groups), but also a significant reduction of oligoheparins incorporating thirteen
sulfate groups. Furthermore, the dp10 chains with the lowest degree of sulfation (ten sulfate
groups per chain) are represented under these conditions by abundant ionic signal. Since
dp10 molecules incorporating ten sulfate groups were barely detectable in the absence of
protein we conclude that at 7= 1.0 there is a significant reduction in the concentration of free
heparinoids even with the modest extent of sulfation (= 11), which increases the relative
abundance of the (10, 10, x) species and makes their ionic signal prominent in the mass
spectrum. Taken together, these observations not only confirm the correlation between
binding affinity and oligoheparin sulfation level, but also provide unequivocal evidence that
there are no weak FGF binders within the subpopulation of polyanions with the highest
charge density. This latter conclusion is not trivial, since the dp10 species incorporating
fifteen sulfate groups may still exhibit enormous structural heterogeneity: the total possible
number of isomers within this subpopulation can be calculated using binomial distributions
as C1%,4 = 15,504 for (10, 15, 0) species and as C1°;¢ = 3,876 for (10, 15, 1) species). The
sulfation process is stochastic, but not random, and not all of these isomers are equi-
abundant. Nevertheless, a large number of isomers with different sulfation patterns are
expected, and the fact that all of them are potent FGF binders provides a strong indication of
the major role played by electrostatics in protein/oligoheparin recognition and association.
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Elimination of only two sulfate groups from the (10, 15, 0) and (10, 15, 1) species results in
a dramatic increase of the possible numbers of isomers (which can be calculated as C13,, =
77,520 for the (10, 13, 0) species and as C13;¢ = 27,132 for the (10, 13, 1) species). Again,
even though totally random placement of the sulfate groups is unlikely, the sheer number of
possible isomers decreases the probability of having a long contiguous oligoheparin segment
with high charge density within the dp10 chain, hence the apparent decrease in the average
FGF affinity within the population of oligoheparins carrying 13 sulfate groups. In our
interpretation, this lower apparent affinity is a result of the co-existence of several sub-
populations: more or less even distribution of the negative charge across the polysaccharide
backbone fails to generate strong electrostatic attraction between the positive patch on the
protein surface and the oligoheparinoid; whereas concentrating the sulfate groups within a
segment of the polysaccharide with physical dimensions similar to the positive patch on the
FGF surface results in strong electrostatic attraction and, therefore, higher affinity. Such
oligosaccharides are depleted first (reduction of the relative abundance of ions representing
the (10, 13, 0) and (10, 13, 1) species is observed at rvalues as small as 0.5 in Figure 7). The
oligosaccharides with more evenly distributed sulfation are recruited by FGF only at
relatively high r(e.g., r=1.0 in Figure 7) after the higher-affinity polyanions have been
already consumed, and the protein is forced to target the so-called “large-capacity but low-
affinity sites” [48].

Since HS- or heparin-induced FGF multimerization is the initial step in receptor activation
[49], the observed modulation of FGF multimer formation by both protein/oligoheparin ratio
and the sulfation patterns (total number of sulfates and their distributions) provides strong
support of an HS regulatory role in receptor activation. Unlike classical protein interactions
(protein/protein, or protein/small ligand), with well-defined binding affinities that and can
typically be expressed with a single Kp value, oligoheparins display a spectrum of affinities
towards a given target such as FGF. The protein can then recruit varying populations of the
polyanions based not only on their structural characteristics but also on protein/oligoheparin
stoichiometry. Such “promiscuity” of oligoheparin/FGF interactions appears to be relevant
to signaling processes, as it makes the association of FGF with oligoheparin chains subject
to a binding isotherm (similar to the binding isotherm in the pleiotrophin/heparin system
reported by Linhardt and co-workers[50]). The probability of multiple GF binding to a
single oligoheparin chain increases with 7, making the polyanion a template for FGF dimer
formation, at least until its saturation. In a sense, oligoheparin binding converts the first step
of FGF dimerization to a linear encounter [51]. However, further increase of FGF levels does
not necessarily result in a sustained growth of dimer concentration, as the protein must
recruit polyanions with progressively lower affinities, akin to generating a negative
feedback, thereby preventing excessive (and presumably harmful) receptor over-activation.
Metaphorically speaking, the polyanionic chains act as non-linear amplifiers by enhancing
the signal transmitted by growth factors when their concentration is relatively low, and
damping the signal at high protein concentration, possibly averting the “overheating” of the
molecular signaling circuitry.
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Conclusions

The binding of oligoheparins dp8 and dp10 to FGF, a paradigmatic cognate protein for
heparan sulftate, provides unequivocal evidence of “promiscuous” complexation driven
primarily by electrostatics. Surprisingly, even these relatively short oligoheparins can
accommodate up to three protein molecules within a single polyanionic chain. The major
determinant of binding efficiency appears to be the overall extent of sulfation controlling not
only the affinity towards single proteins but also promoting their multimerization. This
process is most notable at elevated protein/heparinoid molar ratios: decreasing the
concentration of oligoheparin promotes the binding to lower charge-density polyanions.
These observations are consistent with glycosaminoglycans in the extracellular matrix acting
as non-liner amplifiers of FGF receptor activation: not only do they facilitate FGF
dimerization (an obligatory first step in receptor activation) at relatively low protein
concentration, but also inhibit excess dimer formation at high protein concentration). The
present results might support progress in drug delivery and regenerative medicine, including
artificial tissue matrices that incorporate heparin to immobilize growth factors. Indeed, our
observations suggest that well characterized short heparinoids could modulate growth factor
sequestration, in a manner vastly superior to heterogeneous native (intact) heparin.
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Figurel.
ESI mass spectrum of a 5 uM solution of FGF-1 in 100 mM NH4CH3CO, at pH 6.8.
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Figure 2.
ESI mass spectra of FGF-1 incubated with dp8 (left panel) and dp10 (right panel) it 100 mM

NH4CH3CO, at pH 6.8. The numbers in boxes indicate charge states of free FGF-1 (black),
and its complexes with heparinoids: 1:1 (red), 2:1 (blue) and 3:1 (green). The rvalues shown
in each row indicate the protein/heparinoid molar ratio.
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3500

4000

ESI mass spectrum of dp10 incubated in a 5 uM solution of FGF-1/100 mM NH4CH3CO, at

pH 6.8 (protein/heparinoid molar ratio 7= 4).
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Figure 4.
Delphi-generated electrostatic potential contours (0.5 k77¢, red and +0.5 k77¢, blue)

generated around FGF-1 (PDB id: 1K5U) at pH 7.0 and ionic strength /=100 mM (top). A
representative dp10 molecule (a deca-saccharide segment of 3I1RJ) is shown for comparison
to provide the physical dimensions of the polyanionic chain relative to the protein
dimensions. Diagrams at the bottom show possible arrangements of dp10 (shown
schematically as a ruler) and FGF-1 in multi-valent complexes.
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Figureb.
Mass distributions of the FGF-bound dp8 molecules at two different protein/heparinoid

molar ratios. Mass distributions of the dp8 chains involved in formation of 1:1 complexes
(red traces) are calculated based on the ionic signal of FGF-dp8*’ species, and those for 2:1
complexes (blue traces) are calculated based on the ionic signal of FGF,-dp8*12 species. The
colored boxes indicate the mass ranges corresponding to the dp8 species with varying levels
of sulfation.
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Figure6.
Mass distributions of the FGF-bound dp10 molecules at several different protein/heparinoid

molar ratios. Mass distributions of the dp10 chains involved in formation of 1:1 complexes
(red traces) are calculated based on the ionic signal of FGF-dp10*7 species, those for 2:1
(blue traces) and 3:1 (green trace) complexes are calculated based on the ionic signals of
FGF,-dp10*12 and FGF3-dp10*14 species, respectively. The colored boxes indicate the mass
ranges corresponding to the dp10 species with varying levels of sulfation.
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Figure7.
Mass distributions of free dp10 molecules in solution in the absence (green trace) and in the

presence of FGF-1 (r~values are shown on each panel) calculated based on the ionic signals
of FGF*2 species in ESI mass spectra. The colored boxes indicate the mass ranges
corresponding to the dp10 species with varying levels of sulfation.
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