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Abstract: NMR-based approaches play a pivotal role in providing insight into molecular recogni-
tion mechanisms, affording the required atomic-level description and enabling the identification of
promising inhibitors of protein—protein interactions. The aberrant activation of the fibroblast growth
factor 2 (FGF2)/fibroblast growth factor receptor (FGFR) signaling pathway drives several patholo-
gies, including cancer development, metastasis formation, resistance to therapy, angiogenesis-driven
pathologies, vascular diseases, and viral infections. Most FGFR inhibitors targeting the intracellular
ATP binding pocket of FGFR have adverse effects, such as limited specificity and relevant toxicity. A
viable alternative is represented by targeting the FGF/FGFR extracellular interactions. We previously
identified a few small-molecule inhibitors acting extracellularly, targeting FGFR or FGE. We have
now built a small library of natural and synthetic molecules that potentially act as inhibitors of
FGF2/FGFR interactions to improve our understanding of the molecular mechanisms of inhibitory
activity. Here, we provide a comparative analysis of the interaction mode of small molecules with
the FGF2/FGFR complex and the single protein domains. DOSY and residue-level NMR analysis
afforded insights into the capability of the potential inhibitors to destabilize complex formation,
highlighting different mechanisms of inhibition of FGF2-induced cell proliferation.

Keywords: NMR; DOSY; fibroblast growth factor; rosmarinic acid; resveratrol; dobesilate; allosteric
inhibitors

1. Introduction

Fibroblast growth factor (FGF2)/fibroblast growth factor receptor (FGFR) signaling
represents a crucial element of progression in several tumors driven by aberrant FGFR
activation [1,2]. FGF/FGFR interactions play relevant roles in the organization of the tumor
microenvironment and the regulation of tumor-stroma interactions, including immune
evasion. The FGF/FGFR pathway has been recently recognized as a mediator of tumor re-
sistance to therapies [3]. Several inhibitors of this pathway have been developed, including
erdafitinib and pemigatinib, which have been approved for metastatic urothelial carcinoma
and advanced or metastatic cholangiocarcinoma with FGFR alterations, respectively [4-6].
Besides cancer, the FGF/FGFR axis acts as a pivotal player in other pathologies, including
angiogenesis-driven and vascular diseases, expanding the potential range of therapeutic
applications for inhibitors of this pathway [7].

FGF2 is the prototype and most studied member of the FGF family. FGF inter-
actions with the FGFR extracellular D2 and D3 domains and heparin induce the auto-
phosphorylation of the FGFR intracellular tyrosine kinase (TK) domain, leading to the
activation of FGFR signal transduction pathways (Figure 1A) [8-10].
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Figure 1. Structural features of the extracellular FGFR portion in complex with FGF2 and heparin, as
well as the intracellular portion, including the ATP binding pocket (yellow rectangles), as derived from
1FQ9 [11] and 1FGI [8] PDB data, respectively (A). SM27 (B) and rosmarinic acid (RA) (C) binding
sites (pink spheres) on FGF2 and FGFR-D2, respectively. Regions affected by long-range dynamic
perturbations along the FGF2/FGFR interface region are highlighted with blue spheres.

Most FGER inhibitors developed to date, such as erdafitinib and pemigatinib, target
the ATP binding pocket of the FGFR intracellular portion (Figure 1A) [12]. However, limited
specificity, relevant toxicity, and the occurrence of intrinsic and acquired resistance limit
the efficacy of these drugs, even in RTK-addicted cancers [13]. Inhibition of the FGF/FGFR
system through molecules acting at the extracellular level offers new pharmacological
opportunities [14-17]. Targeting allosteric regulatory sites is a potentially powerful strat-
egy [15], despite only one molecule having been tested in a clinical trial to date, targeting
the extracellular portion of the FGFR receptor [18,19].

Protein—protein interactions play crucial and subtle roles in many biological processes,
and the modulation of their association by specific molecules represents a promising thera-
peutic opportunity. NMR spectroscopy techniques provide atomic resolution information
on the binding interfaces, intermolecular affinity, and binding-induced conformational
changes in protein—protein complexes formed in solution [20], thus playing a determinant
role in the identification of potential inhibitors of protein—protein interactions.

Previous NMR studies support the identification of a few leads, either targeting
FGF2 [21-23] or the FGFR-D2 domain [24], able to interfere with the FGF2/FGFR system
and inhibit the subsequent signaling cascade. Specifically, the synthetic compound SM27
(Scheme 1), mimicking the endogenous inhibitor of angiogenesis thrombospondin-1, en-
gages FGF2 at the heparin binding site and induces long-range dynamic perturbations along
the FGF2/FGER interface regions [21,25] (Figure 1B). The functional consequence of SM27
binding is an impaired FGF2 interaction with FGFR and heparan sulfate proteoglycans, as
demonstrated by SPR and cell-based binding assays [21].
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Scheme 1. The natural polyphenolic compound, rosmarinic acid (RA, Scheme 1 and Figure 1C), interacts
with FGFR, inhibiting FGFR phosphorylation and FGF2-induced endothelial cell proliferation [26]. A
variety of NMR approaches provide a molecular-level description of the interactions of RA with the
FGF2/FGFR-D2 complex and both FGF2 and FGFR-D2 separately, showing that RA binds the FGFR-D2
domain and destabilizes the complex through direct and allosteric perturbations [24].

To capitalize on previous results, we extended the mechanistic interaction studies to
a small library of natural and synthetic compounds, namely resveratrol, toluquinol, and
calcium dobesilate, which were selected based on their vaunted potential as inhibitors of
the FGF2/FGEFR axis (vide infra). SM27 is included in the library, as additional experiments
are required to investigate whether it can target the receptor domain (Scheme 1).

Resveratrol (RES) is a polyphenolic compound reported to inhibit the phosphorylation
of mitogen-activated kinase isoforms (MAPKp44/MAPKp42) induced by FGF2 in prolifer-
ating endothelial cells in a dose-dependent manner [27]. It belongs to the stilbenoid class of
naturally occurring phytochemicals known to display prominent antiangiogenic effects in
preclinical models of tumor angiogenesis [26,28-30]. Toluquinol (TOL) is a marine fungus
metabolite reported to affect the FGF2-induced phosphorylation of Akt in BAECs cells and
FGF2-mediated cell invasion in the Matrigel plug [31]. 2,5-dihydroxybenzene sulfonate
(dobesilate, DOBE) is an anti-inflammatory and antiviral synthetic compound belonging to
a group of chemical leads derived from gentisic acid and identified as an effective anti-FGF
inhibitor [32,33].

Cellular tests were performed to validate their biological activity as modulators of the
FGF2/FGEFR pathway. NMR solution studies were employed to assess the capability of the
small molecules to target the FGF2/FGFR complex and highlight any preferential binding
with the single proteins.

NMR diffusion experiments enabled the evaluation of the fraction of protein-protein
association in solution and quantification of the effect of the small molecules on the equilib-
rium between complexed and free protein species. DOSY thus highlighted the capability of
the different ligands to dissociate the FGF2/D2 complex. Finally, a residue level analysis
of protein perturbations suggested the molecular mechanism employed by the studied
molecules to act as FGFR signaling inhibitors. The reported comparative approach serves
the general purpose of identifying the most active inhibitors for a more in-depth molecular
and cellular investigation. The knowledge provided by the NMR analyses of the molecular
mechanism of action of the small molecules belonging to the identified library widens the
molecular space of the bioactive chemical domains, as required by the subsequent design
process to control specific intermolecular interactions within signaling pathways.
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2. Results and Discussion
2.1. RA, RES, SM27, and DOBE Establish Direct Interactions with the Extracellular
FGF2/D2 Domain

Nuclear magnetic resonance provided a preliminary screening of the selected library
for the interaction with a simplified system formed by FGF2 and the FGFR-D2 domain
(hereafter indicated as D2). D2 represents the most relevant domain of the extracellular
receptor [34], as it includes the primary interaction site with FGF2 and the positively
charged heparin-binding site (Figure 1A). The extracellular portion of FGFR involved in the
interaction with FGF2 comprises D2 and D3 immunoglobulin-like domains, together with
the D2-D3 linker. However, FGFR-D3 had the characteristics of a molten globule state [18],
non-tractable by NMR. Our previous NMR structural investigation further demonstrated
that the FGF2/D2 system is a valuable probe to test the activity of inhibitors of FGFR
extracellular interaction by showing that the NMR results were in agreement with FGFR
activation/inhibition derived from biological tests on endothelial cells [24].

The capability of the studied compounds to bind the FGF2/D2 complex was investi-
gated by acquiring 1D 'H NMR spectra of samples containing FGF2/D2 with a fourfold
excess of small molecules (FGF2:D2:small molecule 1:1:4). The rationale for selecting this
ligand:protein ratio is derived from our previous work on SM27 and RA with the FGF2/D2
system [21,24] (see also Materials and Methods). The changes observed for ligand reso-
nances induced by the presence of the FGF2/D2 complex were analyzed for the five ligands
(Figure 2). Chemical shift perturbations were observed for RA, RES, SM27, and DOBE. RES
and SM27 resonances were further affected by significant line broadening in the presence
of the protein complex, pointing to an exchange of the small ligand between a free and
bound state in an intermediate exchange regime on the NMR time scale.

TOL resonances did not change either in chemical shift or in linewidth. Therefore,
only RA, RES, SM27, and DOBE were further tested for their biological activity.

2.2. RA, RES, SM27 Inhibit FGF2-Induced Endothelial Cell Proliferation

RA, RES, SM27, and DOBE, establishing a direct interaction with the FGF2/D2 com-
plex, were evaluated for their ability to inhibit FGF2-induced endothelial cell proliferation.
All the tested compounds, except DOBE, which had only a marginal effect, completely
inhibited FGF2-induced BAEC proliferation in a dose-dependent manner (Figure 3A). The
compounds presented similar potencies, with mean IG values spanning from 32 uM for RA
to 82.7 uM for RES, although without statistical differences (Figure 3B).

To investigate the selectivity of the compounds for the FGF/FGEFR system, their activity
was also tested on EC proliferation induced by fetal calf serum (FCS) used as a general
stimulus, as it contains several growth factors, including FGF2, epidermal growth factor,
platelet-derived growth factor, and insulin-like growth factor 1. SM27 and RA showed
preferential inhibitory activity for FGF (in the case of SM27, the difference in GI50 between
FGF2 and FCS was statistically significant). However, RES did not show preferential
activity for the FGF/FGEFR system, suggesting that the compound might interact with—
and perturb—other growth factors/growth factor receptor systems (Figure S1).

2.3. A Diffusion-Ordered NMR Spectroscopy Analysis Highlights the Efficacy of Ligands upon
Complex Dissociation

We previously successfully employed NMR diffusion (DOSY) experiments to show
that RA was able to destabilize the FGF2/D2 complex, shifting the equilibrium of the
FGF2/D2 complex towards the uncomplexed species [24]. DOSY experiments enable the
routine measurement of diffusion coefficients to characterize chemical systems in solution.
Diffusion parameters can be related directly to an effective hydrodynamic radius of the
species in solution, according to the Stoke-Einstein equation, and are thus sensitive to the
structural properties of the observed species, such as size and shape [35]. In the case of
protein—protein interactions, DOSY experiments can report on complex formation and are
a convenient tool to estimate the affinity of interacting molecules [36].
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Figure 2. Comparison of 1D 'H spectra of small molecules, as indicated in the upper left, in the
presence (red, FGF2:D2:small molecule 1:1:4) or absence (green) of the FGF2/D2 complex. The
spectrum of the FGF2 /D2 complex ([FGF2] = [D2] = 0.2 mM) is shown in black as a reference. Vertical
dashed lines are positioned at the frequencies of the free-ligand resonances.
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Figure 3. Effect of RA, RES, SM27, and DOBE on bovine aortic endothelial cells (BAEC).
(A) Concentration-dependent inhibition of FGF2-induced BAEC proliferation by the compounds tested
at the indicated concentration. Data are expressed as the percentage of control proliferation (mean and
SEM). (B) GI50 values (in uM) for inhibition of FGF2-induced BAEC proliferation. N.A., not applicable;
GI50 was not reached for DOBE.

Here, we used DOSY experiments to evaluate the fraction of complexed proteins in
solution and determine the capability of the four molecules to perturb and dissociate the
FGF2/D2 complex.

The DOSY spectrum recorded for the FGF2:D2 1:1 complex showed a single exchange-
averaged diffusion coefficient (Figure 4). Indeed, when the exchange between monomeric
and complexed species is fast on both the chemical shift and the diffusion time scale, a
single diffusing species is observed at the weighted average of the diffusion coefficients
of the free and bound state of the two proteins, and the weighting factors are the relative
population of the respective forms [37,38]

Dops = XD2free % D2 + XComplex X D complex = XD2free X Dpafree + (1 — XDafree) X Dcomplex

Dops = XFGF2free X DrGr2 + Xcomplex X D complex = XFGF2free X Drgr2 + (1 - XFGFZfree) X Dcomplex

Considering that the diffusion coefficients measured for D2 and FGF2 are comparable
within their experimental errors (Pagano et al., 2021), and Xpofree = XEGE2free, the fraction of
complexed protein Xcomplex can be calculated as:

XComplex = 1- [(Dobs - Dcomplex)/(DDZfree - Dcomplex)]

Dpofree and Dgps were experimentally derived from DOSY spectra run on the D2:FGF2
1:1 sample and the D2 sample. Dcomplex Was estimated based on the previously deter-
mined model of FGF2/D2 structure in solution [24]. The FGF2/D2 shape can be assim-
ilated to a rod with a length of 60 A and a radius of 13 A. Starting from these values,
a Deomplex = 9-67 X 10~ m? /s was derived from the following equation describing the
translational diffusion of a rod-shaped molecule [39]:
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Figure 4. Overlay of 2D NMR DOSY spectra of the FGF2/D2 complex ([FGF2] = [D2] = 0.2 mM)
(black) and FGF2/D2 in the presence of the library molecules (red, FGF2:D2:small molecule 1:1:4). In

each panel, the DOSY recorded on the freshly prepared FGF2/D2 twin samples (with and with-out
ligand) are shown. The employed library molecule is indicated in the upper-left corner of each panel.
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Under our experimental conditions, based on D values measured for three different
samples, the fraction of the complex was estimated as 0.39 +/— 0.03, allowing for a rough
assessment of its K, through the following equation [40]:

(1 —xp2)Cp2
(Cp2 — (1 = xp2)Cp2) * (Cp2 — (1 — xp2)Cp2)

where Cp; is the initial D2 concentration. The estimated K; for the FGF2/D2 system is
Ky =1/K;~40 uM. DOSY experiments were then run on the FGF2:D2 1:1 complex in the
presence of the four ligands (Figure 4), affording the diffusion coefficients reported in
Table 1.

K, =

Table 1. Diffusion coefficient of protein species in the presence of inhibitors.

Sample D (x10'° m?/s) Complexed Fraction
D2:FGF2 1.11 £ 0.02 1 0.392
D2:FGF2:RA 3 1.19 £0.02 0.04
D2:FGF2:RES 3 1.17 £0.02 0.12
D2:FGF2:5M27 3 1.10 £ 0.02 0.42
D2:FGF2:DOBE 3 1.12 £0.02 0.35

1D value refers to the average =+ SD value obtained for three independent measures on fresh FGF2/D2 samples;
2 SD of the order of 0.03 was obtained from measurements performed on three different samples of FGF2/D2;
3 error on D value is derived from DOSY peak linewidth.

A fourfold excess of RA with respect to the complex induced an increase in the
diffusion constant close to the figures observed for the unbound proteins (Dpp = 1.19 & 0.04
x 1071% m2/s), highlighting its ability to induce complex dissociation. The fraction of the
complex decreased from 39% to 4% (Table 1). RES, like RA, caused an increase in diffusion
corresponding to a reduced population of the complexed species of approximately 12%.
At variance, the addition of SM27 and DOBE induced negligible spectral changes close
to the experimental error, indicating that their addition to the FGF2/D2 complex did not
significantly perturb its molar fraction.

NMR diffusion experiments highlighted different mechanism of action for RA and RES
with respect to SM27 and DOBE. The observation that SM27 behaves as an active inhibitor
(Figure 3 and Ref. [21]) prompted us to further investigate its molecular mechanisms
of action through a residue-level NMR analysis performed on the two separate protein
domains. These studies were performed for all the ligands to detect any preferential
binding to FGF2 or to its receptor and to identify putative binding sites. Analysis of
spectral perturbations on the separate domains is essential when binding is accompanied
by complex dissociation. HSQC spectral perturbation induced by RA and RES additions
to the preformed complex FGF2/D2 could not be safely attributed to ligand binding or
dissociation, as the two phenomena are concurrent.

2.4. Preferential Binding of Ligands to FGF2 or D2

RA, RES, SM27, and DOBE were tested separately for their interaction with I5N-FGF2
or I5'N-D2. Our previous NMR analysis (CSP, relaxation data, and temperature coefficients)
on the mechanism of RA interaction indicated that RA binds preferentially to D2 with
micromolar affinity, hindering the FGF2/D2 interface and favoring the dissociation of
the FGF2/D2 complex [24]. Previously performed SM27 interaction studies with FGF2

revealed a micromolar affinity, whereas no information was available on its interaction
with D2 [21].

2.4.1. A Ligand-Based Point of View

Analysis of 1D 'H NMR data recorded on FGF2:ligand or D2:ligand at a 1:4 molar
ratios supports a preferential binding to D2 for RA and RES. RA and RES resonances
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exhibited a diffuse line broadening and significant chemical shift changes in the presence
of the D2 domain, whereas only minor effects were visible upon FGF2 addition (Figure 5).
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Figure 5. Comparison of 1D H spectra of RA (left) and RES (right) in the presence of FGF2
([FGF2] = 0.2 mM, red) or D2 ([D2] = 0.2 mM, green). The spectra of free ligands are shown in
black as a reference. Vertical lines mark the frequencies of the free-ligand resonances.

Analysis of 'H resonances of SM27 and DOBE alone and in the presence of the single
domains did not highlight a preferential interaction with one of the two proteins (Figure S2),
although SM27 exhibited a slightly higher affinity for both proteins than DOBE, on the
basis of the entity of chemical shift perturbation.

2.4.2. A Protein-Based Point of View

NMR HSQC-based experiments on °N-labeled D2 or FGF2 proteins in the absence
and presence of 1:4 amounts of the studied ligands allowed us to identify global and
residue-specific effects in response to the addition of the library molecules and infer the
mechanism of action. Chemical shift perturbations and intensity variations of amide peaks
are sensitive to the chemical environment and mobility, respectively, allowing for the
identification of preferential binding epitopes and allosteric sites.

The residue level effects of the different ligands on D2 and FGF2 amide resonances are
reported in Figures S3-S8 and mapped on the structures in Figures 6 and 7. All ligands
induce CSP on the D2 receptor domain, but the most significant CSP entity, when compared
with that of the other ligands, is due to RA. The comparison of CSP measured for D2 and
FGF?2 is consistent with the preferential binding of RA to D2, as previously shown [24].

Although of minor entity, the CSP profile induced on D2 by RES addition is reminiscent
of that observed for RA addition (Figure S9). The less pronounced changes possibly reflect
a lower affinity for the receptor domain. RA and RES binding share a pattern of induced
perturbations covering residues: 162-168 (fA and A’ strands) conserved in all members
of the FGFRs family and belonging to the primary binding site of D2 with FGF2; 242-244
(BF strand) at the FGF2/D2 interface; and 214-218 (3D strand) (Figure 6). Both regions
represent the direct binding sites of RA RES on D2.

Significant SM27-induced CSP perturbations involve residue K176 (3B strand) in the
heparin-binding canyon and Y229, V232, and E234 on the opposite BF strand
(Figures 6 and S3). SM27-induced intensity variations involve the C-terminal apical re-
gion (residues 169-172 and 251-256) (Figure 6, lower panel, and Figure S10), as well as
residues K164 and R168 (heparin-binding canyon). The charged region defined by K164,
R168, and K176 likely represents the SM27 binding site on D2. Interestingly, the perturbed
C-terminal D2 tail (251-258) is part of the D2-D3 linker, which is allosterically perturbed
by RA addition based on NMR amide temperature coefficients [24].

DOBE induced minor CSP perturbation both at the level of residues 166-168 (3 A’ strand)
and at the level of regions affected by SM27 (K176, N228, and E234) (Figures 6 and S3). The
C-terminal D2 tail showed intensity perturbations, as observed for SM27.

Interestingly, residues 166-168 (A’ strand) at the FGF2/D2 interface were affected by
the three active ligands through direct (RA and RES) and allosteric (SM27) perturbations.
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Figure 6. Upon ligand addition, chemical shift variations of D2 amide resonances higher than (CSP)
+ 1o are reported on the D2 structure as red spheres (upper panels). Intensity changes lower than
—(<!Ip2tigand — Ip2 I> + 20) and higher than +(< I Ippjigana — Ip2 I > + 20) are shown as blue and red
spheres, respectively (lower panels). FGF2 and D3 are represented as grey cartoonfor clarity. The
employed PDB structures are reported in Material and Methods.

FGF2 chemical shift perturbation and intensity variations upon ligand addition were
also investigated. SM27induced the most significant CSP and intensity perturbations
compared to the other ligands. SM27 affected the chemical shift of the residues that limit
the FGF2 heparin-binding canyon (D46, Y124, K128, G131, L135, and 1146), thus defining
the binding site on the growth factor (Figure 7 and Ref. [21]). Intensity changes were
observed for residues T139 and A145, belonging to heparin-binding site R69, located in the
allosteric D3 interface [21], as well as L7, T9, L12, E14, G17, and A20 in the N-terminal tail,
undergoing a change in the dynamic regime as a consequence of SM27 binding [21].

Although a minor entity, the CSP profile induced by RA addition to FGF2 is remi-
niscent of that observed for SM27 for residues at the boundary of the heparin-binding
site (H44, G47, V49, and G142). Moreover, RA addition perturbs residues located at the
FGF2/D3 interface (G24, K27, E67, E68, and G70), a region dynamically affected in the
presence of SM27 [21]. This region also showed extensive intensity variations (G4-G24
region of the N-terminal tail, V71 in the fV strand, R81 in the BV-BVI loop, and K154
in the C-terminal segment). Finally, RA addition perturbs residue M151 (CSP) and K154
(intensity), located at the interface with D2.

RES addition perturbed the FGF2 CSP profile at the heparin-binding site (K134 and
T139), at the interface with the D3 domain (G70, V72, and F26), and the contiguous C-
terminal segment (5152). The observed effect is reminiscent of RA action (Figure 7, upper
panel). Intensity variations were instead negligible.

DOBE addition did not significantly affect FGF2 CSP or intensity profiles (Figures S11
and 512).
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The employed PDB structures are reported in Material and Methods.

3. Materials and Methods
3.1. Samples

Unlabeled and ®N FGF2 and D2 domains were purchased from ALSA Biotech. The
D2 domain is constituted by FGFR?2 residues 145-258 (Bmrb id 5943), with a C-terminal
His-tag:

MNSNNKRAPYWTNTEKMEKRLHAVPAANTVKFRCPAGGNP MPTMRWLKNGKE-
FKQEHRIGGYKVRNQHWSLIMESVVPSD KGNYTCVVENEYGSINHTYH LDVVLVPRGSLE-
HHHHHH

FGF2 is constituted by 155 residues (bmrb id 4091). FGF2 numbering is from amino
acid residue 1, as deduced from the cDNA sequence encoding the 155-residue form. In
addition, the two surface-exposed cysteines at positions 78 and 96 were mutated to serines,
as reported in [21,41].

3.2. NMR Experiments

NMR spectra were recorded at 25 °C with a Bruker DMX spectrometer operating
at 600 MHz and an Avance II operating at 500 MHz and processed with TopSpin™
4.08 Bruker’s software for NMR acquisition and analysis. NMR experiments on the
FGF2/D2 complex were performed with an FGF2:D2 1:1 mixture dissolved in 30 mM
deuterated phosphate buffer, pH = 6.5. For the NMR investigation of the changes in-
duced by the addition of inhibitors to protein samples (FGF2/D2 complex, D2, or FGF2), a
0.4 mM protein solution was split into two NMR tubes. The ligand under investigation
was added to the first tube, and an identical buffer volume was added to the second tube.
The required NMR experiments (1D 'H, 'H-'°N HSQC, or DOSY) were recorded subse-
quently for the apo and holo samples. A fourfold excess of the ligand to the protein was
selected to reproduce the experimental conditions employed in our previous works on
sm27 and RA [21,24]. These experimental conditions meet the concentration restrictions
related to the low solubility of SM27 and RES and enable a comparative study of all the
investigated ligands.
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DOSY spectra were acquired with stimulated echo pulse sequence, and matrices of
16384 (t2) by 80 points (t1) were collected. The z-axis gradient strength varied linearly
from 2% to 98% of its maximum value (53 G cm™!), the gradient pulse duration was
4.4 ms, and the time period between the two gradient pulses was optimized on each DOSY
spectrum: a range of 170-180 ms was employed for the FGF2/D2 complex in the presence
or absence of the ligand, whereas a range of 100-120 ms was employed for the single
protein domains with or without ligands. The relaxation delay D1 was set to 1 s. Water
suppression was achieved using a 3-9-19 pulse sequence with gradients. Self-diffusion
coefficients (D) were derived by fitting the NMR data to the Stejskal-Tanner equation [42].
Selected diffusion profiles for the FGF2/D2 complex in the absence and presence of the
ligand are shown in Figure 513. The diffusion constants observed for the unbound proteins
were Dpp = 1.19 + 0.04 x 10719 m? /s and Dpgpp = 1.15 + 0.04 x 10719 m?/s.

'H-1>N-HSQC experiments were acquired using a spectral window of 14 ppm and
2048 complex points in the 1H dimension and a spectral window of 40 ppm and 256 complex
points in the >N dimension. A total of 32 transients were acquired for each spectrum.
Gradient-tailored excitation was employed for water suppression to reduce signal losses
for exchangeable protons.

Chemical shift perturbations were calculated as a weighted sum of 'H and N chem-
ical shift changes [43], and the standard deviation calculated across the whole protein
sequence was used as a threshold value to map significant perturbations. Peak intensities in
HSQC spectra were measured by Sparky software (University of California, San Francisco).
The intensities of peaks belonging to each spectrum were normalized by dividing their
intensity by the total intensity, that is the sum of all the measured cross peaks.

PyMol software (DeLano Sci LLC, San Carlos, CA 94070 USA) was employed for
graphical representations. For graphical representation of the NMR results, the FGF2 NMR
structure (PDB ID: 1BLD) was employed and superimposed to chain A of the FGF2/D2D3
X-ray dimeric structure (PDB ID: 1EV2) in contact with chain E, including the D2 and
D3 domains.

3.3. Endothelial Cell Proliferation Assay

Bovine aortic endothelial cells (BAECs) provided by E. Dejana (Milano, Italy) were
cultured in DMEM with 10% FCS. BAECs (2500 cells/well) were seeded into 96-well
culture plates in DMEM 1.5% FCS. After 24 h, the medium was substituted with DMEM
containing FGF2 (10 ng/mL) and 1% FCS or DMEM with 3.5% FCS, with the indicated
concentration of the compounds. After 72 h, cells were fixed and stained with crystal violet
solution (Sigma—Aldrich). The staining was eluted with a 1:1 ethanol/0.1M sodium citrate
solution, and the absorbance was measured at 595 nm. Differences in GI50 values (the
concentration of compound causing 50% inhibition of cell proliferation) were analyzed by
two-way ANOVA followed by Tukey’s multiple comparison test, using GraphPad Prism 8
(GraphPad, La Jolla, CA, USA).

4. Conclusions

We demonstrated by NMR that four low-molecular-weight ligands (RA, RES, SM27,
and DOBE) establish specific interactions with the extracellular portion of the FGF2/FGFR
system. NMR diffusion experiments exploited to investigate the capability of each ligand
to disrupt FGF2/D2 assembly indicated that only RA and RES dissociate the complex.

Residue-level NMR interaction studies of the ligands with the FGF2/D2 complex
and with the single proteins, namely FGF2 and D2, indicate that the ligands exert distinct
mechanisms of action. RA and RES preferentially bind to D2 at the level of its interface
with FGF2, competing for the same binding site and thus hindering FGF2/FGFR complex
formation. SM27 preferentially engages the FGF2 surface at the level of residues located
in the long b10-b12 loop, which is part of the reported heparin-binding site. Touching the
heparin-binding region produces effects on an FGF2 distal region at the interface with D3,
as previously shown [21], thus explaining why SM27 does not dissociate the FGF2/D2
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complex. The mechanisms highlighted by the NMR molecular studies indicate that the
differing effects of the inhibitors on complex stability are related to their preferential binding
site. The finding that RA, RES, and SM27 were all active in inhibiting FGF2-induced cell
proliferation with comparable potencies indicates that both mechanisms of action are at
work in inhibiting the biological effects elicited by the FGF/FGFR complex. Despite the
preferential binding to one of the two partners, RA, RES, and SM27 engage direct and
long-range perturbations on the other protein domain. DOBE at variance was unable to
induce spectral perturbations on FGF2. The marginal effect of DOBE in proliferation assay
indicates that its interactions with D2, deduced from NMR analysis, may not be sufficiently
strong to translate into functional activity. We believe that the concurrent effect of the
ligands on both domains is the basis of an effective inhibitory action.

The knowledge of the molecular mechanisms driving the interactions of potential
inhibitors of a selected protein—protein complex (FGF2/FGFR) provided by NMR analysis
represents a fundamental step toward establishing effective strategies to control specific
intermolecular interactions within the studied signaling pathways.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms231810860/s1.

Author Contributions: Research conception and design, K.P. and L.R.; NMR experiments, K.P.; EC
proliferation essays, E.L. and G.T.; data analysis and discussion, all authors; writing—original draft
and editing, K.P, L.R., HM. and G.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partly funded by the Italian Association for Cancer Research (AIRC,
grant number 1G2018-21359 to G.T.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Fondazione Antonio De Marco is acknowledged for support. The project was
developed within the frame of sSPATIALS3 project, financed by the European Regional Development
Fund under the ROP of the Lombardy Region ERDF 2014-2020, Axis I “Strengthen technological
research, development and innovation”—Action 1.b.1.3 “Support for co-operative R&D activities to
develop new sustainable technologies, products and services”—Call Hub.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chioni, A.-M.; Grose, R.P. Biological Significance and Targeting of the FGFR Axis in Cancer. Cancers 2021, 13, 5681. [CrossRef]
[PubMed]

2. Turner, N.; Grose, R. Fibroblast growth factor signalling: From development to cancer. Nat. Cancer 2010, 10, 116-129. [CrossRef]

3. Szymczyk, J.; Sluzalska, K.D.; Materla, I.; Opalinski, L.; Otlewski, J.; Zakrzewska, M. FGF/FGFR-Dependent Molecular Mecha-
nisms Underlying Anti-Cancer Drug Resistance. Cancers 2021, 13, 5796. [CrossRef] [PubMed]

4. Katoh, M. Fibroblast growth factor receptors as treatment targets in clinical oncology. Nat. Rev. Clin. Oncol. 2018, 16, 105-122.
[CrossRef] [PubMed]

5. Krook, M.A; Reeser, ].W,; Ernst, G.; Barker, H.; Wilberding, M.; Li, G.; Chen, H.Z.; Roychowdhury, S. Fibroblast growth factor
receptors in cancer: Genetic alterations, diagnostics, therapeutic targets and mechanisms of resistance. Br. J. Cancer 2020, 124,
880-892. [CrossRef]

6. Yang, T.; Liang, L.; Wang, M.-D.; Shen, F. FGFR inhibitors for advanced cholangiocarcinoma. Lancet Oncol. 2020, 21, 610-612.
[CrossRef]

7. Katoh, M. Therapeutics Targeting FGF Signaling Network in Human Diseases. Trends Pharmacol. Sci. 2016, 37, 1081-1096.
[CrossRef]

8.  Mohammadi, M.; McMahon, G.; Sun, L.; Tang, C.; Hirth, P.; Yeh, B.K.; Hubbard, S.R.; Schlessinger, J. Structures of the tyrosine
kinase domain of fibroblast growth factor receptor in complex with inhibitors. Science 1997, 276, 955-960. [CrossRef]

9.  Plotnikov, A.N.; Hubbard, S.R.; Schlessinger, J.; Mohammadi, M. Crystal structures of two FGF-FGFR complexes reveal the

determinants of ligand-receptor specificity. Cell 2000, 101, 413—424. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms231810860/s1
https://www.mdpi.com/article/10.3390/ijms231810860/s1
http://doi.org/10.3390/cancers13225681
http://www.ncbi.nlm.nih.gov/pubmed/34830836
http://doi.org/10.1038/nrc2780
http://doi.org/10.3390/cancers13225796
http://www.ncbi.nlm.nih.gov/pubmed/34830951
http://doi.org/10.1038/s41571-018-0115-y
http://www.ncbi.nlm.nih.gov/pubmed/30367139
http://doi.org/10.1038/s41416-020-01157-0
http://doi.org/10.1016/S1470-2045(20)30152-2
http://doi.org/10.1016/j.tips.2016.10.003
http://doi.org/10.1126/science.276.5314.955
http://doi.org/10.1016/S0092-8674(00)80851-X

Int. ]. Mol. Sci. 2022, 23, 10860 14 0of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Plotnikov, A.N.; Schlessinger, J.; Hubbard, S.R.; Mohammadi, M. Structural basis for FGF receptor dimerization and activation.
Cell 1999, 98, 641-650. [CrossRef]

Schlessinger, J.; Plotnikov, A.N.; Ibrahimi, O.A.; Eliseenkova, A.V.; Yeh, B.K;; Yayon, A.; Linhardt, R.J.; Mohammadi, M. Crystal
structure of a ternary FGF-FGFR-heparin complex reveals a dual role for heparin in FGFR binding and dimerization. Mol. Cell
2000, 6, 743-750. [CrossRef]

Zhang, J.; Yang, P.L.; Gray, N.S. Targeting cancer with small molecule kinase inhibitors. Nat. Cancer 2009, 9, 28-39. [CrossRef]
[PubMed]

Wang, X.; Zhang, H.; Chen, X. Drug resistance and combating drug resistance in cancer. Cancer Drug Resist. 2019, 2, 141-160.
[CrossRef] [PubMed]

Presta, M.; Chiodelli, P.; Giacomini, A.; Rusnati, M.; Ronca, R. Fibroblast growth factors (FGFs) in cancer: FGF traps as a new
therapeutic approach. Pharmacol. Ther. 2017, 179, 171-187. [CrossRef] [PubMed]

Han, B.; Salituro, F.G.; Blanco, M.-]. Impact of Allosteric Modulation in Drug Discovery: Innovation in Emerging Chemical
Modalities. ACS Med. Chem. Lett. 2020, 11, 1810-1819. [CrossRef]

Jimenez-Pascual, A.; Mitchell, K.; Siebzehnrubl, F.A ; Lathia, ].D. FGF2: A novel druggable target for glioblastoma? Expert Opin.
Ther. Targets 2020, 24, 311-318. [CrossRef]

Nussinov, R.; Tsai, C.J. Allostery in disease and in drug discovery. Cell 2013, 153, 293-305. [CrossRef]

Herbert, C.; Schieborr, U.; Saxena, K.; Juraszek, J.; De Smet, E.; Alcouffe, C.; Bianciotto, M.; Saladino, G.; Sibrac, D.; Kudlinzki,
D.; et al. Molecular Mechanism of SSR128129E, an Extracellularly Acting, Small-Molecule, Allosteric Inhibitor of FGF Receptor
Signaling. Cancer Cell 2013, 23, 489-501. [CrossRef]

Kappert, F; Sreeramulu, S.; Jonker, HR.A.; Richter, C.; Rogov, V.V;; Proschak, E.; Hargittay, B.; Saxena, K.; Schwalbe, H.
Structural Characterization of the Interaction of the Fibroblast Growth Factor Receptor with a Small Molecule Allosteric Inhibitor.
Chem.—Eur. ]. 2018, 24, 7861-7865. [CrossRef]

Purslow, J.A.; Khatiwada, B.; Bayro, M.].; Venditti, V. NMR Methods for Structural Characterization of Protein-Protein Complexes.
Front. Mol. Biosci. 2020, 7, 9. [CrossRef]

Pagano, K.; Torella, R.; Foglieni, C.; Bugatti, A.; Tomaselli, S.; Zetta, L.; Presta, M.; Rusnati, M.; Taraboletti, G.; Colombo,
G.; et al. Direct and Allosteric Inhibition of the FGF2/HSPGs/FGFR1 Ternary Complex Formation by an Antiangiogenic,
Thrombospondin-1-Mimic Small Molecule. PLoS ONE 2012, 7, €36990. [CrossRef] [PubMed]

Ronca, R.; Giacomini, A.; Di Salle, E.; Coltrini, D.; Pagano, K.; Ragona, L.; Matarazzo, S.; Rezzola, S.; Maiolo, D.; Torella,
R.; et al. Long-Pentraxin 3 Derivative as a Small-Molecule FGF Trap for Cancer Therapy. Cancer Cell 2015, 28, 225-239. [CrossRef]
[PubMed]

Foglieni, C.; Pagano, K.; Lessi, M.; Bugatti, A.; Moroni, E.; Pinessi, D.; Resovi, A.; Ribatti, D.; Bertini, S.; Ragona, L.; et al.
Integrating computational and chemical biology tools in the discovery of antiangiogenic small molecule ligands of FGF2 derived
from endogenous inhibitors. Sci. Rep. 2016, 6, 23432. [CrossRef] [PubMed]

Pagano, K.; Carminati, L.; Tomaselli, S.; Molinari, H.; Taraboletti, G.; Ragona, L. Molecular Basis of the Antiangiogenic Action of
Rosmarinic Acid, a Natural Compound Targeting Fibroblast Growth Factor-2/FGEFR Interactions. ChemBioChem 2021, 22, 160-169.
[CrossRef]

Colombo, G.; Margosio, B.; Ragona, L.; Neves, M.; Bonifacio, S.; Annis, D.S.; Stravalaci, M.; Tomaselli, S.; Giavazzi, R.; Rusnati,
M.; et al. Non-peptidic thrombospondin-1 mimics as fibroblast growth factor-2 inhibitors: An integrated strategy for the
development of new antiangiogenic compounds. J. Biol. Chem. 2010, 285, 8733-8742. [CrossRef] [PubMed]

Arablou, T.; Aryaeian, N.; Khodaverdi, S.; Kolahdouz-Mohammadi, R.; Moradi, Z.; Rashidi, N.; Delbandi, A.-A. The effects of
resveratrol on the expression of VEGF, TGF-f3, and MMP-9 in endometrial stromal cells of women with endometriosis. Sci. Rep.
2021, 11, 6054. [CrossRef] [PubMed]

Brakenhielm, E.; Cao, R.; Cao, Y. Suppression of angiogenesis, tumor growth, and wound healing by resveratrol, a natural
compound in red wine and grapes. FASEB J. 2001, 15, 1798-1800. [CrossRef] [PubMed]

Arablou, T.; Delbandi, A.A.; Khodaverdi, S.; Arefi, S.; Kolahdouz-Mohammadi, R.; Heidari, S.; Mohammadi, T.; Aryaeian, N.
Resveratrol reduces the expression of insulin-like growth factor-1 and hepatocyte growth factor in stromal cells of women with
endometriosis compared with nonendometriotic women. Phytotherapy Res. 2019, 33, 1044-1054. [CrossRef]

Shanmugam, M.K.; Warrier, S.; Kumar, A.P,; Sethi, G.; Arfuso, F. Potential Role of Natural Compounds as Anti-Angiogenic
Agents in Cancer. Curr. Vasc. Pharmacol. 2017, 15, 503-519. [CrossRef]

Shimazaki, T.; Noro, N.; Hagikura, K.; Matsumoto, T.; Yoshida-Noro, C. Quantitative Analysis of Factors Regulating Angiogenesis
for Stem Cell Therapy. Biology 2021, 10, 1212. [CrossRef]

Garcia-Caballero, M.; Mari-Beffa, M.; Cafiedo, L.; Medina, M.A.; Quesada, A.R. Toluquinol, a marine fungus metabolite, is a new
angiosuppresor that interferes the Akt pathway. Biochem. Pharmacol. 2013, 85, 1727-1740. [CrossRef] [PubMed]

Fernandez, 1.S.; Cuevas, P.; Angulo, J.; Lépez-Navajas, P.; Canales-Mayordomo, A.; Gonzalez-Corrochano, R.; Lozano, RM.;
Valverde, S.; Jiménez-Barbero, J.; Romero, A.; et al. Gentisic Acid, a Compound Associated with Plant Defense and a Metabolite
of Aspirin, Heads a New Class of in Vivo Fibroblast Growth Factor Inhibitors. J. Biol. Chem. 2010, 285, 11714-11729. [CrossRef]
[PubMed]

Cuevas, P; Manquillo, A.; Guillen, P.; Giménez-Gallego, G. Fibroblast growth factor: A target for COVID-19 infection. Int. ]. Med.
Rev. Case Rep. 2020, 4, 122. [CrossRef]


http://doi.org/10.1016/S0092-8674(00)80051-3
http://doi.org/10.1016/S1097-2765(00)00073-3
http://doi.org/10.1038/nrc2559
http://www.ncbi.nlm.nih.gov/pubmed/19104514
http://doi.org/10.20517/cdr.2019.10
http://www.ncbi.nlm.nih.gov/pubmed/34322663
http://doi.org/10.1016/j.pharmthera.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28564583
http://doi.org/10.1021/acsmedchemlett.9b00655
http://doi.org/10.1080/14728222.2020.1736558
http://doi.org/10.1016/j.cell.2013.03.034
http://doi.org/10.1016/j.ccr.2013.02.018
http://doi.org/10.1002/chem.201801770
http://doi.org/10.3389/fmolb.2020.00009
http://doi.org/10.1371/journal.pone.0036990
http://www.ncbi.nlm.nih.gov/pubmed/22606323
http://doi.org/10.1016/j.ccell.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26267536
http://doi.org/10.1038/srep23432
http://www.ncbi.nlm.nih.gov/pubmed/27000667
http://doi.org/10.1002/cbic.202000610
http://doi.org/10.1074/jbc.M109.085605
http://www.ncbi.nlm.nih.gov/pubmed/20056600
http://doi.org/10.1038/s41598-021-85512-y
http://www.ncbi.nlm.nih.gov/pubmed/33723310
http://doi.org/10.1096/fj.01-0028fje
http://www.ncbi.nlm.nih.gov/pubmed/11481234
http://doi.org/10.1002/ptr.6298
http://doi.org/10.2174/1570161115666170713094319
http://doi.org/10.3390/biology10111212
http://doi.org/10.1016/j.bcp.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23603293
http://doi.org/10.1074/jbc.M109.064618
http://www.ncbi.nlm.nih.gov/pubmed/20145243
http://doi.org/10.5455/IJMRCR.Fibroblast-growth-factor-COVID-19

Int. ]. Mol. Sci. 2022, 23, 10860 150f 15

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

Elshorst, B.; Saxena, K.; Schieborr, U.; Schwalbe, H. 1H, 13C and 15N assignment of D2 domain of human fibroblast growth factor
receptor 4. Biomol. NMR Assign. 2013, 7, 179-182. [CrossRef]

Einstein, A. Investigations on the Theory of Brownian Movement; Dover Publications: Mineola, NY, USA, 1956.

Jiménez-Martinez, T.S.; Romero-Manig, S.; Esturau-Escofet, N.; Brisefio-Teran, M. DOSY Experiments to Monitor Block Copoly-
mer Polymerization. J. Mex. Chem. Soc. 2011, 55, 4.

Eliseo, T.; Ragona, L.; Catalano, M.; Assfalg, M.; Paci, M.; Zetta, L.; Molinari, H.; Cicero, D.O. Structural and dynamic
determinants of ligand binding in the ternary complex of chicken liver bile acid binding protein with two bile salts revealed by
NMR. Biochemistry 2007, 46, 12557-12567. [CrossRef]

Stockman, B.J.; Dalvit, C. NMR screening techniques in drug discovery and drug design. Prog. Nucl. Magn. Reson. Spectrosc. 2002,
41,187-231. [CrossRef]

Cussler, E.L. Diffusion Mass Transfer in Fluid Systems, 2nd ed.; Cambridge University Press: Cambridge, UK, 1998.

Bocian, W.; Naumczuk, B.; Urbanowicz, M.; Sitkowski, J.; Bierczyniska-Krzysik, A.; Bednarek, E.; Wiktorska, K.; Milczarek, M.;
Kozerski, L. The Mode of SN38 Derivatives Interacting with Nicked DNA Mimics Biological Targeting of Topo I Poisons. Int. J.
Mol. Sci. 2021, 22, 7471. [CrossRef]

Moy, EJ.; Seddon, A.P,; Bohlen, P.; Powers, R. High-Resolution Solution Structure of Basic Fibroblast Growth Factor Determined
by Multidimensional Heteronuclear Magnetic Resonance Spectroscopy. Biochemistry 1996, 35, 13552-13561. [CrossRef]

Stejskal, E.O.; Tanner, ].E. Spin Diffusion Measurements: Spin Echoes in the Presence of a Time-Dependent Field Gradient. J.
Chem. Phys. 1965, 42, 288-292. [CrossRef]

Mulder, EA.; Schipper, D.; Bott, R.; Boelens, R. Altered flexibility in the substrate-binding site of related native and engineered
high-alkaline Bacillus subtilisins. ]. Mol. Biol. 1999, 292, 111-123. [CrossRef] [PubMed]


http://doi.org/10.1007/s12104-012-9405-y
http://doi.org/10.1021/bi7013085
http://doi.org/10.1016/S0079-6565(02)00049-3
http://doi.org/10.3390/ijms22147471
http://doi.org/10.1021/bi961260p
http://doi.org/10.1063/1.1695690
http://doi.org/10.1006/jmbi.1999.3034
http://www.ncbi.nlm.nih.gov/pubmed/10493861

	Introduction 
	Results and Discussion 
	RA, RES, SM27, and DOBE Establish Direct Interactions with the Extracellular FGF2/D2 Domain 
	RA, RES, SM27 Inhibit FGF2-Induced Endothelial Cell Proliferation 
	A Diffusion-Ordered NMR Spectroscopy Analysis Highlights the Efficacy of Ligands upon Complex Dissociation 
	Preferential Binding of Ligands to FGF2 or D2 
	A Ligand-Based Point of View 
	A Protein-Based Point of View 


	Materials and Methods 
	Samples 
	NMR Experiments 
	Endothelial Cell Proliferation Assay 

	Conclusions 
	References

