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Binding Modes and Display Distinct Biophysical Signatures
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ABSTRACT: The binding of a ligand to its target protein is

often accompanied by conformational changes of both the —
protein and the ligand. This is of particular interest, since
structural rearrangements of the macromolecular target and the
-TAS AG

ligand influence the free energy change upon cornplex
formation. In this study, we use X-ray crystallography,

isothermal titration calorimetry, and surface-plasmon reso- % -4
nance biosensor analysis to investigate the binding of ‘_E“

pyrazolylaminopyrimidine inhibitors to FGFR1 tyrosine kinase, g =
an important anticancer target. Our results highlight that o

structurally close analogs of this inhibitor series interact with
FGFR1 with different binding modes, which are a consequence
of conformational changes in both the protein and the ligand as well as the bound water network. Together with the collected
kinetic and thermodynamic data, we use the protein—ligand crystal structure information to rationalize the observed inhibitory
potencies on a molecular level.
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embers of the fibroblast growth factor receptor (FGFR) N-N
family (FGFRI to 4) serve as high affinity receptors for NM R
the fibroblast growth factors (FGFs)" and are key mediators of Q
both developmental and disease-associated angiogenesis.” They EK/JN\
are heavily implicated in the pathogenesis of tumor N™ °N
vascularization in a number of different tumor types, including K@/
breast,” pancreatic,* prostate,” and ovarian® carcinomas. Hence, O-N
they have been seen as attractive targets for the development of
therapeutic agents7 aimed at inhibiting tumor growth and R= R= R=
metastasis through blockade of neovascularization. Recently, o— - ,
Norman et al. reported on the discovery of pyrazolylaminopyr- \—Qfo
imidines as potent FGFR1 inhibitors and their structure-based \_Q L@
optimization that led to the identification of compound 1 o— /o
(Figure 1).* In our continuing studies aimed at optimizing
ligand-binding site interactions, the substitution pattern of the pIC501= 8.7 pI0502= 70 pIC503= 8.1
3,5-dimethoxyphenyl group of 1 was varied. Interestingly, a Ky (SPR) = 3.1 "M K, (SPR) = 311.4 nM K, (SPR) =67.9nM
tight structure—activity relationship was observed: moving one Kp (ITC)=5.8 nM Kp (ITC) = 447 nM Ko (ITC) = 69.1 nM

methoxy function from the 5- to the 4-position (compound 2) Figure 1. Structure, inhibitory potency, and binding affinity of

resulted in a drop of in}.libitory Potency/ bindiflg affinity (?f pyrazolylaminopyrimidine-based inhibitors. Potency data presented as
almost 2 orders of magnitude (Figure 1). Intrigued by this PICq, (pICso = —logio(ICs)).

finding, we set about investigating the interaction between
FGFR1 kinase and the selected pyrazolylaminopyrimidine

inhibitors 1—3 using structural and biophysical analysis. The crystal structure of FGFR1 in complex with 1 revealed
Comparisons of the inhibitor binding modes as well as the the inhibitor to bind as expected with the pyrazolylaminopyr-
accompanying kinetic and thermodynamic signatures provide

detailed insights into the molecular determinants governing the Received: October 19, 2013

different affinities of these structurally close inhibitors toward Accepted: December 6, 2013

FGFRI1 kinase. Published: December 6, 2013
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Figure 2. Crystal structures reveal differential inhibitor binding modes. (a) The overall structure of FGFRI in complex with inhibitor 1 (cyan)
exhibits a classical two-lobed kinase fold. The hinge region (yellow), P-loop (blue), activation loop (red), and C helix (green) are highlighted. (b)
FGFR1 kinase in complex with 1 as determined at 2.57 A resolution. (c) FGFR1 kinase in complex with 2 as determined at 2.19 A resolution. (d)
FGFRI kinase in complex with 3 as determined at 2.50 A resolution. The electron densities of compounds 1, 2, and 3 and Wat161 are represented as
blue meshes calculated as F, — F, OMIT maps contoured at 3.0c. Polar interactions are indicated as dotted lines, and bound water molecules are

shown as red spheres.

imidine core, forming three hydrogen bonds to the hinge
region of the kinase domain. The methyl isoxazole protrudes
into a constricted indentation at the base of the ATP pocket,
which was previously referred to as the “pit” region,” and the
nitrogen of this heterocycle makes a further hydrogen bond to a
water molecule (Watl161 in chain A and Wat163 in chain B,
respectively). This water molecule in turn is hydrogen-bonded
to the side chains of protein kinase-conserved Lys514 and
Asp641 and the backbone nitrogen of Ala488 (Figure 2b).
Thus, this water molecule is in a binding site that provides the
maximum number of hydrogen-bonding partners, suggesting
that the enthalpic gain resulting from the formation of
hydrogen bonds likely compensates the entropic penalty
incurred by restriction of rotational and translational degrees
of freedom through sequestration from bulk water.’
Interestingly, a water molecule in a closely equivalent
location occurs in six further FGFR1—ligand complexes (PDB
codes: 2FGL' 3TTO," 3C4F,'* 3GQL,"> 3RHX,"* and
1AGW)"® and also in ligand-bound complexes of other kinases
such as ABL (PDB code: 2GQG,'® 10P)),"” SRC (PDB code:
1Y57),"® or JAK1 (PDB code: 4ESW;" Supporting Informa-
tion Figure S1). In some of the structures, the conserved water
molecule mediates a hydrogen bond to the ligand, as observed
for the FGFR1—1 complex; furthermore, it interconnects
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different structural features of the kinase domain (P-loop, A-
loop, aC helix, 3 sheet) through hydrogen bonds. Thus, a
water molecule in this position seems to contribute to the
overall stability of the complex.*’

As shown in Figure 2b, the dimethoxy phenyl group of 1
binds to the hydrophobic pocket, where it packs against the
gatekeeper residue ValS61. One of the methoxy groups makes a
hydrogen bond with the amide nitrogen of Asp641, part of the
protein kinase-conserved Asp-Phe-Gly triad at the beginning of
the activation loop. Hence, the 3,5-dimethoxyphenyl group of 1
shows the same interactions with FGFR1 as reported for the
dimethoxy substituted phenyl ring of the potent pyridopyr-
imidine inhibitor PD173074 (Supporting Information Figure
S2). In this inhibitor class the 3,5-dimethoxyphenyl motif was
identified as a key selectivity determinant that is uniquely
tolerated by FGFR. Changing the substitution pattern of the
phenyl ring from 3,5-dimethoxy (IC;, = 60 nM) to 3,4-
dimethoxy (ICy, = 20 uM) also resulted in a dramatic loss of
inhibitory potency.”' The molecular origin of this significant
difference in potency, however, has, to date, remained elusive.

The crystal structure of the FGFRI—2 complex provides
insights in this regard. It shows that replacement of the 3,5-
dimethoxyphenyl group in 1 by a 3,4-dimethoxyphenyl moiety
(compound 2) significantly changes the FGFRI-bound
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Figure 3. Inhibitor-induced conformational changes. (a) Overlaid protein conformations of FGFR1 in complex with 1 (blue cartoon representation)
and FGFRI in complex with 2 (yellow cartoon representation). (b) Detail of the conformational change induced by the binding of 2 in FGFR1
(yellow stick representation), relative to FGFRI in complex with inhibitor 1 (blue stick representation); bound water molecules are shown as red
spheres.

inhibitor conformation (Figure 2c). In contrast to 1 and pocket in which the dimethoxy phenyl group binds. A similar P-
PD173074, which bind to FGFR1 with the planes of the phenyl loop conformation that shields the ligand from the surrounding
ring approximately perpendicular to the plane of the solvent has been observed for p38«a kinase in complex with the
pyrazolylaminopyrimidine and pyrido[2,3-d]pyrimidine rings inhibitor Scios-469 (PDB code: 3HUB).** In contrast, the P-
(Figure 2b; Supporting Information Figure S2), the 3,4- loop adopts a less ordered conformation in the FGFRI1-2
dimethoxy substitution in 2 forces the phenyl and the structure and does not closely pack against the inhibitor (Figure
pyrazolylaminopyrimidine rings into a parallel geometry, most 3a). Most likely, this is due to the altered conformation of the
likely for steric reasons (Figure 2c). 3,4-dimethoxy-substituted phenyl group, which does not allow
A regiospecific effect of phenyl substitutions on ligand 2 to enter as deeply into the hydrophobic pocket as 1. On the
potency has previously been discussed by Hajduk et al. In their other hand, this causes the side chains of Lys514, Glu531, and
statistical analysis of common chemical substitutions on ligand Asp641 to adopt alternative conformations, which allow
potency, they observed that the frequencies of achieving 10-fold accommodation of the 3,4-dimethoxy phenyl substituent of 2
losses in potency for dimethoxy substitutions are 2-fold higher but would clash with the P-loop conformation observed in the
for the 3,4- than for the 3,5-substitution pattern.*” FGFR1-1 structure (Figure 3b). The solvent-exposed 3-
The FGFRI1-bound conformation of the desmethoxy analog methoxy group of 2 makes a polar contact to the side chain
3 (Figure 2d) is similar to the previous conformation of a close of Lys514, but the hydrogen bond to the amide nitrogen of
analog having a bromine substituent on the pyrimidine ring in Asp641 is lost. We hypothesize that ligand-induced conforma-
complex with FGFR1 (PDB code: 4F65).® In contrast to the tional changes in the glycine-rich loop contribute substantially
structures of FGFR1 in complex with the bromine substituted to the affinity differences between inhibitors 1 and 2,
analog or 1, respectively, the observed electron density did not corroborating the previously stated importance of the P-loop
support the presence of a water molecule at the FGFR1-3 as determinant for inhibitor selectivity and afﬁnity.24 Thus, the
interface. In this structure the plane of the phenyl ring is also design of kinase inhibitors that interact directly with the P-loop
perpendicular to the plane of the core. An alternative could provide a route to inhibitors with optimized selectivity
conformation of the ethyl linker between the pyrazole and and affinity profiles.
the phenyl rings of 3, however, positions the phenyl group of 3 The different positioning of the 3-methoxy group of 2 also
close to the hydrophobic side chains of Val491, Val561, and results in the displacement of the optimally coordinated,
Val559. In contrast, in the FGFR1—1 complex, the dimethoxy conserved water molecule from its binding site. Since this water
phenyl group is shifted toward the beginning of the activation molecule mediates a hydrogen bond between FGFRI and 1 as
loop. This facilitates the formation of the hydrogen bond with well as interconnecting the P-loop, the A-loop, and the 33 sheet
the amide nitrogen of Asp641 and avoids steric clashes with the by interactions with Ala488, Asp641, and Lys514, respectively,
N-terminal part of the ATP binding cleft (structure of the its absence in the FGFR1—2 complex might also be a
protein kinase catalytic domain reviewed in Schwartz and determinant for the reduced complex stability.
Murray™?). To evaluate whether the observed structural differences
Compared with the FGFR1—1 complex, binding of 2 favored translate directly into thermodynamic and kinetic effects, we
a different conformation of the glycine rich nucleotide-binding have analyzed the thermodynamic and kinetic profiles of the
loop (P-loop; Figure 3). In the structure of FGFRI in complex FGFRI1—inhibitor interactions. Changes in the thermodynamic
with 1, the P-loop adopts a conformation that packs tightly parameters for binding across inhibitors 1—3 were determined

against the inhibitor, with Phe489 capping the hydrophobic by isothermal titration calorimetry (ITC). As shown in Figure
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4, the binding free energy of 1 (AG = —11.2 kcal mol™") is
clearly dominated by an enthalpic component (AH = —8.6 kcal

Il AH

Bl -TAS Bl AG
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Ky=5.8 nM Ko=447 nM Kp=69.1 nM

Figure 4. Thermodynamic parameters as determined by ITC. Data
represent geometric means from at least two independent experi-
ments; standard errors are shown as error bars (values and errors are
presented in the Supporting Information).

mol™"). Replacement of the 3,5-dimethoxyphenyl group in 1 by
a 3,4-dimethoxyphenyl substituent (compound 2) is accom-
panied by a remarkable relative loss in enthalpy (AAH,_,, = 4.3
kcal mol™"). The observed changes in the polar FGFR1—
inhibitor interactions, including the liberation of a hydrogen-
bonded water molecule from its binding site, may contribute to
this large loss, corroborating the hypothesis that this water
molecule makes a favorable contribution to the binding free
energy due to the enthalpic gain resulting from four hydrogen
bonds. Conversely, release of a bound water molecule into the
bulk solvent is entropically favorable: taken together with the
more flexible P-loop conformation in the FGFR1—2 complex,
the displacement of the water molecule may underlie the more
favorable entropic component (—TAAS,_,, = —1.9 kcal mol™")
in the binding of 2 relative to 1.

The gain in entropy partly compensates the degradation in
enthalpy, and therefore, inhibitor 2 binds with a balanced
thermodynamic profile, where both the enthalpy and entropy
terms contribute equally (at standard concentration) to the
(reduced) binding affinity (AH = —4.3 kcal mol™' and —TAS =
—4.3 kcal mol™"). Biela et al. have observed a comparable
change in enthalpy and entropy for a series of thermolysin
inhibitors where enlargement of an alkyl side chain of the
inhibitors led to the displacement of a hydrogen-bonded water
molecule at the interface with the bulk solvent.*®

Our observation in FGFRI1 illustrates that in some cases the
enthalpy gain resulting from formation of additional hydrogen
bonds more than offsets the entropic penalty that must be paid
for immobilizing the water involved. Therefore, incorporating
functional groups that are able to interact with water molecules
mediating hydrogen bond bridges to the protein might be
generally beneficial for ligand affinity. A corollary is that
strategies involving expulsion of such structural waters may in
many cases be deleterious to affinity.

Onmitting the methoxy groups on the phenyl ring (compound
3) increases the binding free energy relative to 2 (AAG,_; =
—1.1 kcal mol™") by approximately 1 order of magnitude
whereas it decreases it relative to 1 (AAG,_,; = 1.5 kcal mol™)
by a similar margin.
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Binding kinetic data for the selected pyrazolylaminopyr-
imidines were obtained using surface plasmon resonance (SPR)
biosensor analysis (Figure S) and demonstrated binding
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Figure S. Kinetic value plot of association rate constant (k,,) versus
dissociation rate constant (k). The affinities (K) were calculated
from the equation Ky = kyg/k.,; broken lines represent affinity
isotherms. Data represent geometric means from at least two
independent experiments; standard errors are shown as error bars
(values and errors are presented in the Supporting Information).

affinities similar to those measured by ITC. The kinetic analysis
highlights the fact that, despite similar association rate
constants, the dissociation rates of inhibitors 1-3 vary
considerably and are the key driver for the observed differences
in the overall binding affinity. The dissociation rate of 1 (ko =
1.1 X 1072 s7") is 23-fold slower than that seen for 3 (kg = 2.5
x 107" s7') and as much as 46-fold slower than that observed
for 2 (kyg = 5.1 X 107" s7'; Figure 5).

Relating the biophysical signatures to the structural binding
modes, a trend becomes apparent: a parallel orientation of the
plane of the phenyl ring relative to the plane of the
pyrazolylaminopyrimidine core of the ligand (compound 2)
leading to the displacement of a conserved water molecule is
characterized by a less favorable enthalpic contribution to the
binding free energy and a faster dissociation rate than
orthogonal geometries (compounds 1 and 3). Comparing 3
and 1 shows that anchoring of the perpendicular ring
conformation by introduction of substituents that make
additional interactions further increases the enthalpic contri-
bution to the binding energy and decreases the dissociation rate
constant.

In conclusion, we have performed a comprehensive study of
the binding of pyrazolylaminopyrimidine inhibitors to FGFR1
tyrosine kinase. The striking differences observed between
inhibitor binding modes highlight the fact that minor changes
in the substitution pattern of the ligand (1 (3,5-dimethox-
yphenyl) versus 2 (3,4-diemthoxyphenyl)) can have a profound
effect on the enzyme-bound conformation. Inhibitor 1 binds to
FGFRI with the plane of the phenyl ring in a perpendicular
orientation to the plane of the pyrazolylaminopyrimidine core,
whereas in the FGFR1—2 complex these two planes are aligned
parallel to one another. A corollary of the altered geometry is
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release of an evidently enthalpically favorable bound water
molecule, coupled with reduced ordering of the P-loop. The
complex with 2 is characterized by a smaller enthalpic
contribution to the binding free energy and a significantly
faster dissociation rate constant than that of the FGFR1-1
complex, resulting in the observed potency differences. Further
studies are currently underway in our laboratory using NMR to
understand the contribution of protein dynamics to the
observed global biophysical signatures of these and other
FGFRI inhibitors. Taken together with the data reported here,
these insights will inform design strategies for improved drug
candidates targeting FGFRI kinase.
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