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Abstract: The interaction of fibroblast growth factors

(FGFs) with their fibroblast growth factor receptors

(FGFRs) are important in the signaling network of cell

growth and development. SSR128129E (SSR),[1, 2] a ligand

of small molecular weight with potential anti-cancer prop-

erties, acts allosterically on the extracellular domains of

FGFRs. Up to now, the structural basis of SSR binding to

the D3 domain of FGFR remained elusive. This work re-

ports the structural characterization of the interaction of

SSR with one specific receptor, FGFR3, by NMR spectrosco-

py. This information provides a basis for rational drug

design for allosteric FGFR inhibitors.

Receptor tyrosine kinases (RTKs) represent the primary media-

tors that transmit extracellular signals into the cell. Deregula-

tion of their signaling network can result in cancer and other

diseases.[3, 4] Hence, RTKs and their subfamily, the fibroblast

growth factor receptors (FGFRs) form a major class of drug tar-

gets. Whereas antibodies target RTKs at the extracellular hor-

mone binding site (orthosteric inhibition, Figure 1A), small

molecules intracellularly inhibit the tyrosine kinase activity.

Blocking of all signaling pathways is characteristic for both in-

hibition pathways of the receptor.[5] We recently reported[1, 2] a

multi-FGFR antagonist, SSR128129E[1] (short: SSR, Figure 1A),

an in vivo active compound that acts allosterically on the ex-

tracellular D3 domain of FGFR. In a pathway specific manner,

SSR inhibits ERK1/2 activation, whereas PLC-g phosphorylation

is not affected.[2] The development of pathway-selective allo-

steric drugs has several advantages over traditional orthosteric

drugs, in particular with regard to selectivity and safety.[6] Up

to now, detailed structural studies of the SSR-FGFR interaction

have been challenging: No electron density could be observed

for a close SSR derivative in the FGFR2D2D3-FGF1-ligand com-

plex X-ray structure.[2] The NMR spectra of the D3 domains of

three different isoforms of the FGF receptor (FGFR1, 2, and 4)

within a larger construct, but also in isolation, were characteris-

tic for molten globule (MG) states, evidenced by substantial

line broadening (see the Supporting Information, S1).[2]

Molten-globule behavior demonstrates the existence of sec-

ondary structure elements with slowly fluctuating tertiary or-

ganization, which makes characterization by NMR spectroscopy

close to impossible.[8–11]

Previous work revealed SSR binding to the D3 domain. A

structural atomistic model could, however, only be derived

from MD simulations of FGFR2.[2] The simulations predicted a

binding mechanism according to which SSR initially binds to

the surface of FGFR2-D3, leading to the stabilization of the

short and flexible a1-helix and opening a cryptic binding site.

A recent study[12] of the FGFR3cD3 domain showed a well-re-

solved 1H,15N-HSQC spectrum indicating a stable structure and

its amenability to solution NMR studies. Although not all

amino acids of the D3 domain are conserved in the different

FGFR homologues (see the Supporting Information, S2), we

structurally characterized the interaction of SSR to FGFR3cD3.

Utilizing the published buffer conditions, FGFR3cD3 remained

stable only for a few hours. Buffer screening allowed us to in-

crease the stability of FGFR3cD3 to seven days (see the Sup-

porting Information, S3) at a pH value of 5.8, but interactions

of the protein and ligand were also observed at pH 7.5. Based

on 3D experiments and 14 different 15N-amino acid-selectively

labeled samples, 71% of the non-proline protein backbone

NMR signals were assigned (see the Supporting Information,

S4). Residual conformational dynamics in the intermediate ex-

change time regime led to disappearing signals localized be-

tween P283 and K310. For two segments (Q256-V266 and

A314-T317 residing in the bC’-bE loop), additional signals are

detected in the apo state of FGFR3cD3, which indicate the

presence of two conformational states. Both conformations
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could be assigned and one of the two conformations is indica-

tive for random coil behavior. Addition of SSR had no impact

on this conformational heterogeneity (see the Supporting In-

formation, S5), but induced 28 observable chemical shift per-

turbations (CSPs, Figure 1B) to FGFR3cD3 with a KD value of

49 mm (2D NMR), in agreement with the KD of SSR binding to

FGFR1D1D2D3-FGF1.[2] The binding site of SSR is visualized on

the surface of the FGFR3cD3 crystal structure (PDB: 1ry7;[7] Fig-

ure 1C and the Supporting Information, S6). The induced CSPs

are confirmed by NMR of amino acid-selectively labeled sam-

ples (Supporting Information, S7). The CSPs spread across two

regions. The main and largest region exhibits the strongest

CSPs (region I, Figure 1C, left), whereas the second region is

positioned on the opposite side of D3 and overlaps with the

FGF binding surface (region II, Figure 1C, right). Because the

assignment of FGFR3cD3 is not complete, a large region

(P283–K310) could only be partially analyzed for SSR interac-

tion (Supporting Information, S4 and S6). The dynamic nature

of this region is in line with high B-factors (residues 288–308;

Supporting Information, S8) in the crystal structure (1ry7[7]).

To further distinguish between both FGFR3cD3 regions af-

fected by SSR and its suggested allosteric mechanism, we in-

vestigated the FGFR3cD3-FGF1 complex. We focused our stud-

ies on the D3 domain, which binds SSR in a mm-regime com-

pared to a mm binding of the D2 domain.[2] An overlay of the
1H,15N-HSQC spectra of FGFR3cD3 with and without unlabeled

FGF1 (Figure 1D) reveals effects on residues that are part of

the FGFR3cD3-FGF1 direct interface and other residues (e.g. ,

G302, F347, S348, H349, W353, L354), that are also involved in

the SSR binding to the D3 domain. A subset of peaks in the

D3 domain that disappear upon binding of FGF1, reappear

upon addition of SSR (e.g. , S344, G346, S348, L354) indicating

that SSR might modulate the complex by weakening the

FGFR3cD3-FGF1 interaction (Supporting Information, S9). How-

ever, SSR addition shows only a slight influence on FGF1

within the complex (Supporting Information, S10). We thus

conclude that SSR is bound by FGFR3cD3 both in the presence

and absence of FGF.

To further substantiate that the allosteric region represents

the binding epitope for SSR on FGFR3cD3, we performed site-

directed mutagenesis studies (criteria for selection of residues

(Y337, S348, H349, and S351), which are summarized in the

Supporting Information, S11). Additionally, the mutation of two

residues served as control (I285-FGF binding region; H327-

lowest CSP; see S11). The structural integrity of all mutants

was monitored by 2D 1H,15N experiments (S12) and KD values

were determined (S13 and S14). NMR titration revealed that

only the mutation of H349, part of the here proposed allosteric

binding site, significantly changes the KD value of SSR to the

target protein. Mutation of the histidine’s aromatic and polar

character to a non-aromatic system as, alanine or aspartate or

lysine resulted in an over twenty-fold higher KD value (H349A,

H349D, H349K>1000 mm ; Figure 2A, S13) than the wild-type

(49 mm), whereas all other mutants except S351 (171 mm)

behave as the wild-type (52–79 mm, S14). We deduced H349 to

be the hot spot for SSR interaction confirming this region as al-

losteric SSR binding site on D3. H349 was further mutated to

phenylalanine and tyrosine, which are conserved in FGFR2 and

4, respectively. Both mutants H349F and H349Y retained the

p–p interaction, resulting in higher affinities (H349F:214 mm ;

H349Y:118 mm) for SSR binding than the other mutants

(H349A, H349D, and H349K). Therefore, we assume that, apart

Figure 1. (A) Schematic representation of the FGFR signaling and inhibition

mechanisms. Binding of FGF to its receptor leads to receptor dimerization

and signal transduction. Inhibition of FGFR signaling utilizing antibodies

blocks all signaling pathways. SSR128129E as multi-FGFR inhibitor acts allos-

terically on the extracellular domains. SSR inhibits ERK1/2 activation selec-

tively. (B) Overlay of the 1H,15N-HSQC spectra of FGFR3cD3-apo (blue) and in

complex with SSR (green) shows chemical shift perturbations (green arrows

for assigned residues; grey arrows for unassigned residues). (C) Mapping of

CSPs (in green) on to the FGFR3c crystal structure (1ry7[7]) clustered into two

regions: the main SSR interaction site (region I) and the area overlapping

with the FGF hormone binding site (region II). All the backbone assigned

residues are colored in blue and the unassigned ones in grey. (D) Overlay of

the 1H,15N-HSQC spectra of FGFR3cD3-apo (blue) and in complex with unla-

beled FGF1 (red). Upon interaction with FGF1, the signals disappearing (dot-

ted circles) and showing CSPs (arrows) are indicated. (E) (top) Mapping of

FGF1-induced effects onto the surface of FGFR3c (in red). (below) The resi-

dues in the direct interface of FGFR3cD3-FGF1 derived from the crystal struc-

ture are highlighted in black.
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from the aromatic system, the polar properties of the histidine

side chain are required for the SSR-FGFR3cD3 interaction. Fur-

thermore, using differential scanning fluorimetry (DSF) the pro-

tein melting temperature (Tm) of FGFR3cD3-apo, FGFR3cD3-SSR

complex, and the mutants thereof were determined. Whereas

SSR binding to wild-type protein induces a similar increase in

melting temperature (DTm) as the single point mutation of

H349 (TmwtÿTmapo= +5.4 8C; S15B), all other mutants reveal

either no effect or a decrease in melting temperature (S14).

The increased protein stability of the H349A mutant, together

with its higher KD value for SSR binding, supports H349 to be a

key amino acid in the FGFR3cD3 interaction with SSR (S14).

Isothermal titration calorimetry (ITC) confirmed the NMR de-

termined affinities of FGFR3cD3 wild-type and its mutants to

the SSR inhibitor despite a high noise level (S16 and S17). The

FGFR3cD3 wild-type and its H327D mutant revealed a mm-

binding (Figure 2B). In contrast, the H349D FGFR3cD3 mutant

and its H327DH349D double mutant do not show binding to

SSR. Due to the low solubility of SSR in aqueous buffers, we

used a titration scheme with lower injection numbers but

higher volume of single injections to observe the small molar

enthalpy of the interaction. The FGFR3cD3-SSR titration profile

shows a very low binding enthalpy, almost at the edge of de-

tection and yields a KD in the 50–100 mm range, confirming the

KD value determined by NMR. The low binding enthalpy (DH=

ÿ0.5 kcalmolÿ1) indicates that the FGFR3cD3-SSR interaction

occurs by means of association of hydrophobic surfaces on

FGFR3cD3 and SSR molecules, with a minor contribution of en-

thalpy-driven interactions. Significant positive entropy changes

upon SSR binding turns out to be the dominant component to

the Gibbs free energy (DG) of binding. As the NMR spectra of

the amide signals do not indicate increased dynamics (back-

bone hydrogen bonding and b-sheet secondary structure do

not change), it most probably involves the amino acid side-

chains and the hydrophobic effect. In agreement, the

FGFR3cD3 mutations (H327DH349D and H349D) which disrupt

the hydrophobic binding surface, also weaken the FGFR3cD3-

SSR interaction, yielding an ITC profile not distinguishable from

the SSR dilution heat.

We examined the influence of the SSR-fragments on

FGFR3cD3. Addition of neither 5-acetyl-2-aminobenzoic acid

nor its simpler derivative 2-aminobenzoic acid induced CSPs

(S18). In contrast, the addition of the 1-methoxy-2-methylindo-

lizine-fragment to FGFR3cD3 induced several CSPs (G302,

Y337, T338, I345, H349, S351, A352, W353, L354 (S18C)) indicat-

ing that this fragment interacts with the proposed allosteric

binding site. Furthermore, H349 displays the strongest CSP

(S18C).

To generate an inhibitor binding model based on the NMR

CSPs and mutagenesis data, we performed HADDOCK calcula-

tions[14] utilizing the FGFR3c crystal structure (1ry7), although it

contains several challenges (low resolution, no waters, locally

increased B factors, artificial stabilizing crystal contacts). The

alignment of 13 published FGFRD2D3-FGF crystal structures

depicts a flexible loop around residues 288–308 of all D3 do-

mains (S19), supporting our NMR observations. Therefore, this

region was left flexible during all stages of the docking. The

ambiguous interaction restraints (AIRs) were defined for the

surface exposed residues that exhibit the largest CSPs (D301,

G302, F347, H349, H350, S351, W353 and N262) and also in-

clude the disappearing signal of the R252 sidechain (Fig-

ure 3A). From the fragment analysis, an additional ambiguous

restraint was included between the H349 sidechain and the

SSR indolizine moiety. The docking resulted in a large main

cluster (Figure 3A) containing the lowest energy structures

that represents an allosteric binding site on the D3 domain

(S19) consistent with the CSPs, mutagenesis and X-ray structur-

al data (Figure 1C, S6) and a smaller minor cluster (S20). Both

poses indicate the same potential binding site for SSR and

show a stacking of the SSR indolizine with the H349 sidechain.

A subsequent energy minimization performed using Molecular

Operating Environment[15] (MOE) suggested a binding pose in

congruence with the major HADDOCK binding pose. SSR inter-

acts strongly with the amino acids T303, T338, H349, H350,

S351, D301, and G302 (Figure 3B) in the SSR-binding site of

FGFR3cD3, further highlighting the importance of this binding

surface.

This approach yielded a binding mode consistent with NMR

data modeled onto available crystal structures (S19). We previ-

ously[2] reported a significant effect of SSR on the conforma-

tional landscape of the receptor, proposing a binding model to

the D3 domain of FGFR, involving a newly exposed cavity

within this domain. In contrast, the binding site determined in

this study is localized on to the surface of the D3 domain and

is supported by NMR, ITC, and biological data of H349 mu-

tants.

Interestingly, the SSR binding site proposed by NMR over-

laps partially (residues: D301, T338, F347, and H349) with the

binding site of the FGF8b hormone[13] and the klotho proteins

on FGFR (Figure 3C). Structurally, unlike all other FGFs, the

FGF8 subfamily is composed of a globular domain, common

Figure 2. (A) NMR-based (CSP) titration curve for the interaction of SSR with
WTFGFR3cD3 and the H349D mutant. The mutant (right) shows twenty fold

reduced affinity to SSR in comparison to the wild-type receptor (left). (B) ITC-

based titration curves and KD values for the interaction of SSR with
WTFGFR3cD3 and mutants. The SSR affinity of the H327D mutant is similar to

wild-type, while the H349D mutant and H327DH349D double mutant exhibit

at least a five-fold higher KD value.
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for all FGFs, and in addition is characterized by a unique vary-

ing length of N-terminal sequence, which regulates the biolog-

ical activity. The hydrophobic residues of the N-terminal

Groove-helix (G-helix), which are conserved within the FGF8

subfamily, engage a hydrophobic groove in the D3 domain of

the FGFRc isoforms. This binding site can be detected at high

pH (pH 8.0) ; the binding epitope peptide (G-peptide) from

FGF8 binds to FGFR3cD3 at a KD of 2.8 mm and induces CSPs

(Figure 3D; labeled A352, T338, S348, and L354 and shown as

zoomed inset). This weak interaction observed between the

FGFR3cD3 and G-peptide can be competed out by the addi-

tion of SSR, which binds at a KD of 204 mm at pH 7.5 (Fig-

ure 3D). Furthermore, binding of SSR is independent of the

H349 protonation state (double/single) as interactions are ob-

served both at pH 5.8 and 7.5. A subset of residues which

show CSPs, overlap with those involved in G-peptide binding,

providing substantial evidence for the NMR proposed binding

site.

SSR selectively inhibits the ERK1/2 phosphorylation of

FGFRs, and monitoring of the ERK activation therefore repre-

sents an indirect approach to evaluate the effect of SSR on

FGFR3cD3 wild-type and mutants. Cellular assays (FGFR3c-FGF

signaling) tested a selection of wildtype and mutants (T338A,

H349A and L354A). While the T338A and L354A mutants

cannot be activated by FGF1, H349A and wild-type FGFR3c are

stimulated. Upon addition of SSR both constructs show inhibi-

tion of this stimulation, which is more significant for the wild-

type than the H349A mutant (S21).

In conclusion, the amenability[12] of FGFR3cD3 to NMR spec-

troscopy allowed us to propose a structural model for the in-

teraction of SSR to FGFR3. This NMR-derived model differs

from a previously delineated binding site from MD simulation

of the FGFR2 receptor. The competition of SSR with the FGF8b

derived G-peptide points towards an orthosteric interaction at

this site, which is allosteric to the interaction interface of the

common globular domains of all FGFs. The FGF8b binding site

has previously been delineated for the FGF receptor 1c and

2c. Thus, the current work substantiates our understanding of

the binding site and of the interference with specific signaling

pathways.

Figure 3. (A) High ambiguity driven docking (HADDOCK) derived potential binding model for SSR (green) on FGFR3cD3 (strongest CSPs in red: G302, H349,

H350, and S351, medium CSPs in orange: D301, F347, W353, N262 and as well for residue R252 whose sidechain signal disappears, not surface exposed CSPs

in yellow: Y337, T338, G342, S348, A352 and L354, not-assigned residues are indicated in grey). The FGFR3cD3 loop region (residues 288–308) and the SSR

ligand were defined fully flexible at all refinement stages and the sidechains at the interface (including those which exhibited large CSPs but were not surface

exposed) were allowed to move during the semi-flexible refinement stage. (B) Ligplot showing residues involved in the interaction with SSR derived after

MOE-based energy minimization of the HADDOCK model (color coding is similar to that of A). (C) Structural model of the FGF8b-FGFR3c complex. The struc-

ture was modeled by superimposing the ligand-binding D2-D3 domains of FGFR3c from the FGF1-FGFR3c crystal structure (1RY7) onto the D2-D3 domains of

FGFR2c in the FGF8b-FGFR2c crystal structure (2FDB). Residues for which the backbone amides are assigned are colored in blue and those unassigned in

grey. The residues (S348, T338, A352, L354, and G335) of the FGFR3cD3 showing CSPs upon binding of SSR or the FGF8b derived G-peptide are colored in

red. (D) Interaction of SSR and the FGF8b derived G-peptide with FGFR3cD3 monitored by NMR. (left, top) SSR binds to FGFR3cD3 with a KD of 204 mm at

pH 7.5. The inset shows a shifting amide crosspeak with varying concentrations of SSR. (left, bottom) G-peptide binds to FGFR3cD3 with a KD of 2776 mm at

pH 8.0. The inset shows a shifting amide crosspeak with varying concentrations of the G-peptide. (right) SSR competes out the G-peptide: 1H, 15N-HSQC of

FGFR3cD3 apo (blue), in the presence of G-peptide (red) and in the presence of both G-peptide and SSR (green). Addition of G-peptide to FGFR3cD3 results

in CSPs (labeled A352, T338, S348, and L354 and shown as zoomed inset) and peaks which appear or increase in intensity (circled). Furthermore, addition of

SSR induces CSPs (a subset of these residues overlap with those involved in G-peptide binding) and out-competes the G-peptide.
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