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A predictive relationship between calculated and observed binding affinities for the complexation
of ligands to the fibroblast growth factors FGF-1 and FGF-2 based on molecular docking
calculations is described. The majority of the ligands examined in this study have high
conformational flexibility, and to account for this, multiple conformers were generated for each
and subsequently used in flexible docking calculations. Two scoring functions, Gscore and
Emodel, were used to quantify the protein:ligand interaction of which the Emodel score showed
the best correlation with experimental binding energies. Both scoring functions, however,
predicted similar locations for the ligand sulfate groups in the binding site. The van der Waals
radii of nonpolar atoms of both the protein and ligand, which modify the effective sizes of both
the protein binding site and the ligand, were also systematically altered by factors of 1.0, 0.9,
and 0.8 in order to optimize the conditions for predictive docking. Least squares analyses of
the Emodel scores against experimental binding energies yielded best r? values of 0.91 and
0.83 for FGF-1 and FGF-2, respectively, with slightly lower g? values. Optimized scale factor
combinations in conjunction with the least squares lines of best fit based on the Emodel function
were used to define a predictive model that was tested against ligands not included in the
original set. Acceptable predictions of binding affinity were obtained for use in the initial

screening of potential leadlike molecules for both FGF-1 and FGF-2.

Introduction

Fibroblast growth factors (FGFs) have been impli-
cated in several human angiogenic pathologies, and
inhibition of angiogenesis as a therapeutic approach in
the treatment of cancer was suggested over 30 years
ago.! Anticancer agents that have been developed to
target the FGFs include heparin-mimicking polysul-
fonated compounds,? suramin and the related suradis-
tas,® and sulfated oligosaccharides.*® There are no small
molecule inhibitors of the FGFs in widespread clinical
use as antiangiogenic agents, though recent studies
using monosaccharides® and naphthalene sulfonate
derivatives’ demonstrate the promise of this approach.
The work described in this paper is a part of our effort
to design FGF inhibitors.

The FGFs are mediators of physiological development
and morphogenesis. They function by binding to and
dimerizing FGF receptors leading to receptor activation
and subsequent cell signaling.8~1° This process is facili-
tated in vivo through the binding of heparan sulfate to
the FGFs, and the prevention of this interaction may
form the basis for antiangiogenic therapies. For ex-
ample, exogenous heparin efficiently competes with
heparan sulfate for the FGFs and their receptors,'* and
recent three-dimensional structures of the heparin:FGF:
FGFR ternary complex!?13 suggest a central role for
heparin in the stabilization of the FGF:FGFR complex.

Heparin and heparan sulfate are glycosaminoglycans
(GAGS) of variable sequence and chain length based
upon a repeating 1—4 linked p-glucosamine and uronic
acid motif modified by differential sulfation, acetylation,
and epimerization. Both molecules are large, with
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molecular weights ranging from 5 to 50 kDa, and highly
negatively charged.1#1> Molecules smaller than heparin
or heparan sulfate also exhibit binding to the FGFs, and
several experimental structures of both FGF-1 and
FGF-2 complexed with smaller oligosaccharides are
known. The sulfated disaccharide sucrose octasulfate
(SOS) binds in the heparin binding site of FGF-11¢ and
mimics the natural heparan sulfate ligand by promoting
the formation of the FGF-2:FGFR-1:SOS ternary com-
plex.” NMR studies of naphthalene trisulfonate (NTS)!8
complexed with FGF-1 showed that NTS binds in the
same site as heparin.'® An X-ray crystal structure of a
monosulfonated naphthalene derivative complexed with
FGF-1 also demonstrates that molecules with much less
complexity than heparin can bind and inhibit FGFs.”

The size and conformational flexibility of the oligosac-
charide ligands that are native to the FGFs are the
major challenges confronting the molecular modeling of
FGF:ligand complexes. Reduction in the size of the
native ligand to include only those sugar units involved
in FGF binding is often a necessary concession. Calcula-
tions?%21 of a pentasaccharide binding to FGF-2 using
a combination of rigid manual docking, energy minimi-
zation, and molecular dynamics simulation demon-
strated that an oligosaccharide fragment could be used
to model the binding of heparan sulfate to FGF-2. These
studies also showed that the protein residues interacting
most strongly with the pentasaccharide agreed with the
mode of binding anticipated from site-directed mu-
tagenesis studies. Rigid manual docking was also used
to examine the binding of a hexasaccharide to FGF-2
in a study of the activation of FGF-2 by sulfated
colominic acid.??

Conformational flexibility inherent in oligosaccharide
systems might also be profitably reduced to an accept-
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able level by considering experimentally derived con-
formations in conjunction with rigid docking calcula-
tions. This approach was used to show how a heparin-
derived pentasaccharide could mimic the natural ligand
and also enabled prediction of the heparin binding site
in FGF-2.28 Docking of oligosaccharides comprised of as
many as 14 monosaccharides in conformations derived
from experiment also proved useful in the study of
chemokine:GAG binding.2425

Flexible docking of a hexasaccharide ligand to both
FGF-1 and FGF-2 has also been reported.2¢ This study
surveyed a range of flexible docking methodologies and
showed that mono- and disaccharides derived from
heparin or heparan sulfate can be used to probe heparin-
binding residues without requiring more complex cal-
culations involving the hexasaccharide ligand.?® These
results, along with the experimental findings that
synthetic heparin-derived di- and trisaccharides,?” SOS,6
NTS,!8 and related molecules’ bind to the same binding
site occupied by heparin, are important factors in
developing inhibitors and suggest potential therapies
that might limit angiogenesis.

Despite these findings, the exploration of FGF binding
sites by computational methods is not common since the
calculations are generally too demanding for routine
studies. This is understandable given the size and
degree of conformational complexity of the natural
ligands for the FGFs, and their derivatives, as such
molecules are at the upper end or beyond the limits
usually applied during routine in silico screening.
Furthermore, such large and flexible molecules are not
readily envisaged as viable drug candidates.?®2% Com-
putational studies of FGF binding are also complicated
by the location of the heparin binding site on the surface
of these proteins3® which compounds the problem of
conformational flexibility by effectively offering the
ligand less binding constraints. In this way the shallow
FGF binding sites differ from the deeper pockets often
explored in protein:ligand binding, for example in
algorithm validation3! or scoring function comparison.3?

The work described here is concerned with the
development of strategies for performing docking cal-
culations using flexible ligands to examine the heparin
binding sites of FGF-1 and FGF-2. Central to the
success or otherwise of these calculations are experi-
mental binding data which have been used to determine
optimal parameters for docking calculations and the
appropriateness of scoring functions.

Computational Details

The X-ray crystal structures of FGF-1 and FGF-2 (pdb
accession codes 1AFC! and 1BFB,%® respectively) used to
model the protein structures in this study both contain bound
ligands that define the relevant binding sites: sucrose octa-
sulfate in FGF-1 and a heparin-derived tetrasaccharide in
FGF-2. Water molecules of crystallization were removed from
the complexes, and the proteins prepared for docking using
the protein preparation utility provided by Schrodinger LLC
and the Impact®* program (FirstDiscovery v2.5). During this
preparation process, basic residues in the region of the binding
site were protonated to give octapositive formal charge and a
protein:ligand complex with overall neutral charge. Cavity
radii defining the region of the binding site considered during
the protonation step were 10.48 A for FGF-1 and 18.4 A for
FGF-2. Partial atomic charges were assigned according to the
OPLS-AA force field.3®
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All docking calculations were performed using the Glide
program (FirstDiscovery v2.5) and the 2001 implementation
of the OPLS-AA force field.®® The binding site, for which the
various energy grids were calculated and stored, is defined in
terms of two concentric cubes: the bounding box, which must
contain the center of any acceptable ligand pose, and the
enclosing box, which must contain all ligand atoms of an
acceptable pose. Cubes with an edge length of 14 A and
centered at the midpoint of the longest atom—atom distance
in the respective cocrystallized ligands defined the bounding
boxes in both proteins. The larger enclosing boxes were also
defined in terms of the cocrystallized ligands: edge lengths of
28 and 33.8 A were used for FGF-1 and FGF-2, respectively.

Default input parameters were used in all of the docking
calculations with the exception of the maxkeep variable which
sets the maximum number of poses generated during the
initial phase of the docking calculation that are passed to the
energy minimization step. In these calculations maxkeep was
increased to 800, compared to the default value of 400. Upon
completion of each docking calculation one pose per ligand was
saved.

Glide’s primary scoring function is GlideScore (abbreviated
as Gscore). It is a modified and extended version of the
empirically based ChemScore function®® and recent studies®’
predicted binding affinities to within a root-mean-square
deviation (rmsd) of 2.3 kcal/mol when compared with experi-
ment. Our initial studies, however, suggested that Gscore did
not correlate with experimental binding affinities all that well
and another scoring function used by Glide, Emodel, was
explored. The Emodel function is itself derived from a combi-
nation of the Gscore, Coulombic, and van der Waals energies
and the strain energy of the ligand.®”

Scale factors that reduce the van der Waals radii of nonpolar
atoms of both the protein and ligand are incorporated into
Glide. These effectively make the binding site larger and the
ligand smaller, and lower the energy penalties associated with
close protein:ligand contacts. Such scaling is intended to mimic
the changes that might occur in a binding site upon ligand
complexation, and modification of scale parameters, therefore,
allows for optimization of docking calculations within Glide.
Scaling was applied to those atoms with absolute partial
charges less than or equal to 0.15 and 0.25 electrons for protein
and ligand atoms, respectively, in accordance with standard
Glide definitions. Scale factors of 0.8, 0.9, and 1.0 were applied
systematically to the FGF—(1,2):ligand complexes, resulting
in nine separate docking calculations for each protein:ligand
complex. Scale factor combinations are denoted scale(protein)/
scale(ligand) throughout, thus “0.8/0.9” denotes calculations
performed with a scale factor of 0.8 for nonpolar protein atoms
(Jpartial charge| < 0.15 e) and 0.9 for nonpolar ligand atoms
(Jpartial charge| < 0.25 e).

Relatively few computational studies of the binding of small
molecules to FGFs have been carried out, and none have
involved the determination of protein:ligand binding energies
for direct comparison with experimental values. To calibrate
the docking methodology described here with experiment,
ligands with known binding energies and a degree of torsional
flexibility capable of treatment by Glide were required.
Molecules satisfying these criteria were taken from both
commercially available (naphthalene trisulfonate, 1; sulfasala-
zine, 2; and sucrose octasulfate, 3) and recently synthesized
molecules®:3° for which experimental binding affinities had
been measured using a surface plasmon resonance-based
solution affinity assay.*® The ligands used in this study, along
with their averaged experimental binding affinities*! to FGF-1
and FGF-2, are shown in Table 1. Where mixtures of both a-
and g-anomeric forms of a ligand were assayed (ligands 7, 10,
11, and 12 in Table 1) calculations were performed for both
anomers, and the same experimental dissociation constant (Kg)
was given to both and subsequently used in the statistical
analyses. Although this procedure adds uncertainty to the
statistical analyses, it is preferable that some attempt to
account for this situation be made as the procedure described
here is intended for use when anomeric purity is not assured.
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Table 1. Chemical Structures of the Ligands Used to Determine Appropriate Scale Factor Combinations for Use in Docking
Calculations?

Ligand N, Nc FGF-1 FGF-2
Ky AG® Ky AG®

1 XX 3 I 474 453 223 -4.98
X
2 o © 6 2 307 479 8020 -2.86
O
o

3 “0,C OH 7 4 609 -4.38 None -
Observed

N=N
H
N._N.

4 OMe 8 3 1340 -3.92 None -
HyC o Observed
(0]
—°
5 OMe 8 1 3375  -4.73 249 -4.91
X0 OX
6 XO [0)4 10 5 127 -5.31 343 -4.72
XO
OMe
7 XO Oé 11 3 (o) 37.5 -6.04 155 -5.19
X0 -
XB&“ 10®)
OoX

8 OX 12 4 921 -4.14 None -
O
xo/()&/ OMe Observed
° o

9 OX_-0X 19 93 1.15 -8.10 16.2 -6.53

X0 o %&om
oX
ox
10 ox ox 20 41 (o)
XO 0/& 33B)
ox X0

OX%OX
11 O’é 20 101 (o)  0.54 -8.54 6.3 -7.09
XQ 101 (B)
S ;
XOO fe)
XO

ox OX

12 XO O)é 20 19 (o) 0.13 -9.39 26.7 -6.24
%ﬁg 65 (B)

13 OX 21 140 0.74 -8.36 5.

—Q  CHox
2
*Qo 0.0X

1.2 -8.07 13.3 -6.65

w

-7.17

X0 Yy
CH,0X

a X denotes the SO3~ functional group; N, is the number of rotatable bonds in the ligand; N¢ is the number of conformers used as input
for docking calculations; Kq is the experimentally observed dissociation constant in units of uM; and AG is the corresponding binding
affinity in units of kcal/mol. ® AG = RT In Ky, T = 298 K.
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Table 2. Values of r2 and g? for the Comparison of Gscore and
Emodel Scoring Functions Obtained from the Glide Docking
Calculations with Experimental Binding Affinities?

FGF-1 FGF-2
Gscore

Gscore Emodel Emodel

scale
factors  r? q? r? q? r? q? r? q?

0.8/0.8 0.68 0.61 087 084 069 055 083 0.73
0.8/0.9 059 048 091 088 066 054 081 0.70
0.8/1.0 058 049 090 087 051 038 0.76 0.64
0.9/0.8 042 031 088 085 040 0.26 0.82 0.72
0.9/0.9 0.61 046 089 086 053 040 0.78 0.66
0.9/1.0 0.60 052 090 0.87 061 044 081 0.69
1.0/08 048 039 089 086 053 035 083 0.73
1.0/0.9 067 060 088 085 052 035 082 0.71
1.0/10 041 029 089 086 062 047 079 0.67

ar2is the squared correlation coefficient derived from the linear
regression analysis, and g2 is the squared correlation coefficient
derived from the leave-one-out analysis. Scale factors are shown
as scale(protein)/scale(ligand) pairs.

Although much smaller than the native heparan sulfate
ligand that binds to these growth factors in vivo, the ligands
shown in Table 1 average nearly 14 rotatable bonds per
molecule and are more flexible than those typically examined
in docking studies.*?~** Such flexibility increases both the effort
required to generate bioactive ligand conformations*>#¢ and
the possibility that regions of conformational space may not
be sampled properly.*

To compensate for the excessive ligand flexibility encoun-
tered in this study a set of conformers was generated for each
ligand using the Monte Carlo multiple minimum (MCMM)
conformational search algorithm#’ in conjunction with the
OPLS-AA force field and the GB/SA solvent model*® as
implemented in the MacroModel program (v8.0, v8.1).%° The
relatively rigid ligands (having less than 12 rotatable bonds)
were subjected to a 1000-step conformational search while for
the remaining ligands a conformational search was performed
with the number of Monte Carlo steps equal to 500 times the
number of rotatable bonds. Only those conformers within 6
kcal/mol of the global minimum were kept and the Xcluster>
program was used to find a manageable number of represen-
tative conformations for each ligand. The number of conform-
ers docked for each ligand is given in Table 1. This approach
is similar to both the “divide and conquer” methodology for
treating flexible ligands® and a recent docking study of a large
and flexible peptide ligand.>?

Linear regression and cross-validation analyses were per-
formed using the MARTHA pattern recognition software.535*
The Fisher F statistic®® calculated during the course of the
linear regression analyses was used to test the significance of
the squared correlation coefficients (r?2 and g?). F values for
all regression analyses are included in the Supporting Infor-
mation.

Results and Discussion

Scale Factor Selection. The ligand conformations
that gave the lowest, or “best”, Gscore and Emodel
values for each scale factor combination were compared
with the experimental binding energies. The r? values
from the regression analyses for all scale factor combi-
nations are given in Table 2. The Emodel-derived r?2
values are uniformly higher than the corresponding
Gscore values, suggesting that Emodel is a better
descriptor of binding affinity for these FGF:ligand
complexes. Also shown in Table 2 are the g? values
obtained from a leave-one-out analysis of each data set.
The g2 values based on the Emodel results for both
FGFs suggest a reasonable goodness-of-prediction, while
for the Gscore data the predictivity is somewhat lower.
Fisher F values indicate significance at the 95% confi-
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Figure 1. Plots of experimental AG values against calculated
Gscore values. (a) FGF-1 calculated using the 0.8/0.9 scale
factor combination, (b) FGF-2 calculated using the 0.8/0.8 scale
factor combination. All energies are given in units of kcal/mol.
The ligands in Table 1 are denoted by filled circles, an open
circle denotes 14, filled triangles denote ligands 15—17, and
filled diamonds denote ligands 18—20. The least squares lines
of best fit, with gradient m and y-intercept b, calculated using
ligands 1—-13 (Table 1) are also shown.

dence interval®¢ for all regression analyses while sig-
nificance at the 99% confidence interval is indicated for
all but the lowest r2 and g2 values in Table 2.

The r2 values obtained from the regression analyses
given in Table 2 indicate that the majority of scale factor
combinations produce acceptable agreement with ex-
periment when using the Emodel scoring function, while
greater variation in the range of r2 values is found for
comparisons with the Gscore function. The scale factor
combinations chosen, therefore, were those that, in the
first instance, performed best for the Emodel function
followed by the performance of the Gscore function. This
resulted in the choice of the 0.8/0.9 scale factor combi-
nation for FGF-1 and 0.8/0.8 for FGF-2.

Plots of the experimental binding energies against
Gscore and Emodel obtained from the docking calcula-
tions that used the optimal scale factor combinations,
along with their corresponding least squares lines, are
shown in Figures 1 and 2. While correlation between
Gscore and the experimental binding energies is low
(Figure 1), agreement between Emodel and experiment
is significantly better (Figure 2). In the case of FGF-1
there are several discrepancies between the experimen-
tal binding energies and Gscore values that are not
present in the corresponding Emodel plot. For FGF-2
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Figure 2. Plots of experimental AG values against calculated
Emodel values. (a) FGF-1 calculated using the 0.8/0.9 scale
factor combination, (b) FGF-2 calculated using the 0.8/0.8 scale
factor combination. All energies are in kcal/mol. Ligands are
denoted using the same symbols described in Figure 1. The
least squares lines of best fit, with gradient m and y-intercept
b, calculated using ligands 1—13 (Table 1) are shown as full
lines. The least squares lines of best fit, with gradient m' and
y-intercept b’, calculated using ligands 1—20 are shown as
dashed lines.

there is one significant outlier in both plots, 2, which
has the lowest measured binding affinity. Both scoring
functions predict greater FGF-2 binding affinity for this
ligand, though the Emodel prediction is slightly better
than that of Gscore.

Influence of Scale Factor on Ligand Conforma-
tion. The best Emodel poses for all ligands obtained
from calculations performed with 1.0/1.0 (i.e., no scaling
of nonpolar van der Waals radii) and 0.8/0.8 scale factors
are overlaid in Figure 3. An important feature of this
figure is the general clustering of ligand positions within
the binding site that is independent of the scale factors
used. Ligands docked with FGF-1 show general cluster-
ing in the middle of the bounding box (which must
contain the center of every ligand, see the Computa-
tional Details section above) that defines the binding
site (Figure 3a) while for FGF-2 a preference for the
bottom right region of the binding site is observed for
both scale factor combinations (Figure 3b).

Scale factor choices for these protein systems are,
therefore, important for obtaining optimal agreement
with experimental binding energies, but less so for
finding the “best” pose for any given ligand. This is
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Figure 3. A comparison of the effect of scale factor choice on
ligand conformation docked into (a) FGF-1 and (b) FGF-2. The
best (lowest energy) Emodel poses obtained from 1.0/1.0
calculations are shown in red and those obtained from 0.8/0.8
calculations are shown in green. The protein backbones are
depicted by ribbons and ligand hydrogen atoms are omitted.
The binding site regions that must contain the ligand center
during docking calculations are depicted by green cubes.

perhaps an unsurprising result as the binding site is
quite open, by virtue of its situation on the protein
surface, and the ligands are presented with only a face
of the protein with which to bind. In this binding site
ligands can be accommodated in much the same manner
irrespective of small changes in the sizes of nonpolar
van der Waals radii. This may not necessarily be the
case, for example, in proteins where the binding site is
more enclosed and size constraints more important.
Scoring Functions: Gscore Versus Emodel. Al-
though better agreement with experiment is proffered
by the Emodel scoring function, the conformations of
the bound ligands predicted by the two scoring functions
are in many cases the same (10 of 17 for FGF-1; 9 of 14
for FGF-2). Where binding conformations differ there
is usually agreement in the positioning of the sulfate
groups that bind to the protein. Examples are shown
in Figure 4 for the complexes formed between FGF-1
and -12 (0.8/0.9 scaling) and FGF-2 and 6 (0.8/0.8
scaling) for which different Gscore and Emodel binding
conformations are predicted. Although the modes of
protein binding are different, both show similarly
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Figure 4. A comparison of the best Gscore (carbon = green,
oxygen = red, sulfur = yellow) and Emodel (carbon = light
blue, oxygen = red, sulfur = dark blue) poses calculated for
(a) the FGF-1:5-12 complex and (b) the FGF-2:6 complex.
Protein backbone atoms in both plots are depicted by ribbons.

positioned sulfate groups in the binding site. The rmsd
between the two $-12 conformations in Figure 4a, based
on non-hydrogen atoms only, is 5.4 A though sulfate
groups clearly overlap. Similarly, Figure 4b shows clear
overlap of two sulfate groups in the two docked confor-
matg)ns of 6 while the rmsd between the two poses is
6.6 A.

The general similarity of Gscore and Emodel solutions
to the docking problem suggests that there are no clear
differences or preferences for one scoring function over
the other: both may provide plausible conformations for
the complexed ligands. This similarity, along with
Emodel’s overall better agreement with experimental
binding energies, suggests that this scoring function is
appropriate for these FGF systems, particularly as some
degree of predictivity is required when screening pos-
sible lead candidates.

Sulfate Positions: Cocrystallized versus E-
model. The docked poses displayed in Figures 3 and 4
suggest clustering of ligand sulfate groups in specific
regions within the heparin binding sites. The validity
of such clustering, as predicted by the Emodel function,
is further explored in Figure 5 by comparing calculated
sulfate positions with those observed in various struc-
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Figure 5. The positions of sulfate groups from ligands
predicted by the Emodel scoring function in conjunction with
0.8/0.9 and 0.8/0.8 scaling for FGF-1 and FGF-2, respectively.
Also shown are the relative positions observed for sulfate
groups of cocrystallized ligands (including sulfate ions) in the
different crystal structures available for FGF-1 and FGF-2.
Predicted ligand sulfate groups are shown in green while
cocrystallized O-sulfate and N-sulfate groups are colored
according to the scheme: nitrogen = blue, oxygen = red, sulfur
= yellow. (a) FGF-1 showing ligands from 1AFC, 1AXM, 1JT3,
1JT5, 1377, 1RML, and 2AXM. (b) FGF-2 showing ligands
from 1BFB, 1BFC, 2FGF, 4FGF, and 1FGA.

ture determinations of FGF:ligand complexes. In Figure
5 the different cocrystallized protein:ligand complexes
were aligned by their protein backbone atoms, and only
the positions of the ligand sulfo functional groups
(including cocrystallized sulfate ions) are shown. Where
dimeric structures were observed in the crystal struc-
ture two protein:ligand monomer complexes were con-
structed and included in the superposition process. Our
findings concur with those of Pellegrini®’ who also
showed that the spatial overlap of sulfate groups of
heparin fragments cocrystallized with FGFs is signifi-
cant.

Figure 5 shows both the variety of sulfate positions
in the binding site regions of FGF-1 and FGF-2 as well
as their specificity. Qualitative agreement between
observed and calculated sulfate positions is clear for
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Table 3. Predicted Binding Affinities for Complexes of FGF-2
for Which Binding Was Not Experimentally Observed?

AG Kg AG Ky
Gscore Ky (Gscore) (Gscore) Emodel (Emodel) (Emodel)

3 —4.61 416 —4.36 632 —100.45 —3.90 1369
4 —-5.03 205 —4.80 304 —11953 —4.15 902
8 —-591 46 -5.70 66 —122.20 -4.19 851

a Values of AG(Gscore), AG(Emodel), and the corresponding Kg
values were derived from the least squares lines shown in Figures
1b and 2b. Energies are in kcal/mol and Ky values are in uM.

both FGFs, with the results for FGF-1 showing overlap
of sulfates in the central region of the binding site. For
FGF-2 it is interesting to note the tendency for sulfate
groups to cluster toward the bottom right-hand region
of the bounding box shown in Figure 3b, close to the
side chain residues Asp80, Lys130, and Thr122. This
has some experimental justification as a sulfate ion
(from the structure with pdb accession code 2FGF) is
also located in this region of the binding site (see Figure
5b). Presumably this region is not accessible to the
larger oligosaccharide ligands but might be exploited
by smaller charged groups such as a free sulfate ion or
the ligands used in this study.

Implications for Screening. The ultimate aim of
this study is to provide a reliable quantitative measure
of binding affinities for FGF:ligand complexes. Although
such measures may only be useful to within approxi-
mately 2 kcal/mol it would, of course, be helpful if
promising candidates were identified for further inves-
tigation ahead of those unlikely to warrant extra at-
tention.

The predictivity of the approach described here can
be tested in the first instance by examining ligands 3,
4, and 8 for which binding to only FGF-1 was observed.
Gscore and Emodel functions for these ligands docked
with FGF-2 using the 0.8/0.8 scale factor combination
along with the appropriate predicted binding affinities
and Ky values are shown in Table 3. Gscore values
obtained directly from the docking calculation suggest
that all three ligands should bind to FGF-2 with binding
affinities of between —5 and —6 kcal/mol (Kq ~ 40—400
uM), and predictions based on the least-squares fit of
Gscore to observed AG values are similar. The least-
squares fit using the Emodel data, however, suggests
lower affinities of between —3.9 and —4.2 kcal/mol (Ky4
~ 850—1400 uM). A prediction based on the Emodel
scoring function and available binding data suggests,
therefore, that these three ligands would, at best, bind
only weakly to FGF-2.

Testing the Models. The predictive ability of the
scoring functions for both FGFs was tested using the
ligands in Table 4, and their calculated Gscore and
Emodel values are also included in Figures 1 and 2. Of
the ligands given in Table 4 only the experimental
binding affinity of the polysulfated trisaccharide ligand
14 was known prior to commencing this study, thus 15—
20 were used to test the utility of the lines of best fit
shown in Figures 1 and 2 that relate docking scores to
the measured Ky values.

The binding affinity of 14 was measured using a
mixture of o- and pB-anomers,*® however, only the
B-anomer was considered because of its high flexibility
(29 rotatable bonds) and the computational effort re-
quired for both MCMM searching and the subsequent

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 7 1689

docking of multiple input conformations. The best
Gscore values calculated for 5-14 were —6.81 and —6.56
kcal/mol for FGF-1 and FGF-2, respectively, which are
considerably lower than those observed, —11.05 (FGF-
1) and —8.08 (FGF-2) kcal/mol. While it is clear that
Gscore predicts moderate binding for this ligand to both
FGFs, its affinity is underestimated possibly because
of the large number of rotatable bonds in this molecule
which incurs a penalty during the calculation of the
Gscore.?’

Emodel-derived binding affinities for $-14 are closer
to the observed values. The least squares line of best
fit derived for the Emodel function for FGF-1 using the
0.8/0.9 scale factor combination predicted a binding
affinity of —8.70 kcal/mol for 3-14. The analogous least
squares line of best fit for FGF-2 using the 0.8/0.8 scale
factor combination predicted a binding affinity of —7.07
kcal/mol. Use of the Emodel scoring function in this
manner, therefore, predicts binding between -14 and
the FGFs that is stronger than anticipated on the basis
of the Gscore function alone.

Gscore values for 15—17 binding to FGF-1 predict
reasonable binding ranging from —5.6 to —7.8 kcal/mol
(less than 100 M), compared to the observed values of
about —3.0 kcal/mol (approximately 3—6 mM), and
appear as outliers in Figure la. The Emodel scores for
the ligands 15—17, however, are in better agreement
with the proposed relationship between it and the
observed binding affinity. The binding to FGF-1 pre-
dicted by Emodel for these ligands using the line of best
fit given in Figure 2a is at the lower end of the series,
with predictions based on the least-squares fit ranging
from —4.2 to —4.8 kcal/mol, approximately 1.2 to 1.5
kcal/mol stronger than observed. The over-estimation
predicted using the Gscore least squares relationship
shown in Figure 1a, on the other hand, is of the order
of 3 to 5 kcal/mol.

The binding of 15—17 to FGF-2 shows similar trends,
although their binding affinities for this protein are
generally lower than those observed for FGF-1. The raw
Gscore values predict binding energies ranging from
—4.5 to —6.0 kcal/mol, and the least squares predictions
are similarly better, compared to the observed binding
energies of —2.4 to —3.1 kcal/mol. As with FGF-1, the
Gscore function significantly over-estimates the binding
affinities of these ligands. The Emodel values, however,
suggest that these ligands are at the lower end of the
binding range with predictions based on the least-
squares fit for binding of the order of —4.1 to —4.3 kcal/
mol for 15—-17.

The ligands 18—20 were also used to examine the
predictivity of the least squares lines of best fit. As
shown in Figures 1 and 2 both scoring functions predict
that these ligands will bind moderately well, in accord
with experiment. The Gscores for both FGFs are within
0.5 to 2.2 kcal/mol of the observed values, with an
average unsigned difference of 1.4 kcal/mol. The least
squares line derived from the Emodel function predicts
binding affinities to within 0.3 to 1.2 kcal/mol of the
observed values, with an average unsigned difference
of 0.9 kcal/mol.

Although the Gscore and Emodel functions differ in
their agreement with the observed binding affinities,
the orientation of the ligands in the FGF binding sites
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Table 4. Chemical Structures of the Ligands Used to Test the Least Squares Lines of Best Fit Derived for FGF-1 and FGF-22

Ligand N Ne FGF-1 FGF-2
Ka AG® Ky AG®
14 XO—, OX " 29 100 0.0078 -11.05 1.18 -8.08
XO -Q O
X0 A%
Xo
)
X0 OX
15 xQ_ OX 6 6 5940  -3.04 17400  -2.39
gt
16 X0, OX 8 15 3410 -3.36 5100 313
)ﬁo o)
17 X0 oX 11 42 3250 -3.39 7500 -2.90
el
(-
N. -
18 3 ox 9 15 340 4.73 258 -4.89
X%ﬁ@
OX
19 PO g 16 12 120 535 375 -4.67
Q}N’
N H
o
LA
XO
ox
20 Cy, 20 33 300 -4.80 550 -4.44
o
N
XO—/_ 0
(0]
X0 X0
XO
OMe

a See Table 1 for definitions. Cy and Ph are used to abbreviate the cyclohexyl and phenyl functional groups, respectively. P AG = RT

In Kg, T =298 K.

predicted by both functions are quite similar. This is
illustrated in Figure 6 for ligands 15—17. In the case of
FGF-1 the sulfate groups of all three ligands overlap
almost perfectly, and only 16 shows orientational dif-
ferences, namely in the position of the benzyl group,
between the Gscore and Emodel poses. Similarly, the
overlap of sulfate groups in the FGF-2 poses is also
significant. The exception for FGF-2 is again 16, for
which the position of one sulfate group is conserved
between scoring functions while the other sulfate group
interacts with different side chain residues.

The orientational differences observed in 18—20 are
similar. For both 18 and 20 there is little difference
between the best Gscore and Emodel poses, while for
19 different modes of interaction with side chain resi-
dues are found. These results, along with those for 15—
17, further illustrate the point that the requirements
for the positioning of sulfate groups in the FGF binding
sites is quite specific, while those governing the orienta-
tion of other portions of the ligand are not.

Extending the Model. Addition of the ligands 14—
20 to the original set (i.e., ligands 1—13) is another test
of the robustness of the least squares analyses for these
FGF systems, as the predictive relationships already
discussed should, of course, persist upon addition of
more data. Inclusion of these ligands in the regression
analyses of Gscore data for both FGFs, however, results
in much reduced r? and g2 values of 0.24 and 0.13 for
FGF-1 and 0.42 and 0.31 for FGF-2. This is not surpris-
ing as the extra points, particularly 15—17, increase the
scatter in the plots dramatically (see Figure 1).

Predictions based on the Emodel function using all
ligands are in keeping with the results obtained for
1—-13. For FGF-1 the r? and g? values obtained for all
ligands are 0.86 and 0.83, respectively, and only slightly
lower than the values obtained using the original set.
Similarly, for FGF-2 the line of best fit determined using
Emodel scores for all ligands gave r? and g? values of
0.82 and 0.78, respectively, similar to those already
obtained for the original set. These least squares lines
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Figure 6. Comparison of Gscore and Emodel poses for 15—
17 docked to (a) FGF-1 and (b) FGF-2. Atoms are colored
according to red = oxygen and sulfur = yellow, while carbon
atoms of the Gscore poses are colored: 15 = light purple, 16
= light green, and 17 = light blue. For the Emodel poses
carbon atoms are colored: 15 = dark purple, 16 = dark green,
and 17 = dark blue. The Gscore and Emodel poses of 15 and
17 in (a) are identical and only the Emodel coloring is shown.

of best fit calculated using all Emodel values are also
shown in Figure 2a and b.

The inclusion of these extra ligands, which show
strong, moderate and weak binding to FGF-1 and FGF-
2, modifies the line of best fit by increasing both the
gradient and the y-intercept (see Figure 2). While the
relationship between the Emodel score and the mea-
sured binding affinity is preserved, the inclusion of more
ligands, particularly those with stronger binding affini-
ties, is required for the extension and continued utility
of this approach for estimating FGF:ligand binding
affinities.

Conclusions

The docking calculations described here show that the
binding of charged ligands with FGF-1 and FGF-2 can
be described semiquantitatively by the Emodel scoring
function. This function predicts specificity in the binding
site positions occupied by the ligand sulfate groups
which correspond closely to the sulfate positions ob-
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served in experimental structure determinations. The
ligand positions predicted by the Gscore function are
similar to those predicted by the Emodel function,
particularly with respect to the orientation of sulfate
groups, but do not show the same degree of correlation
with experimental binding affinities.

The docking calculations described here were com-
plicated by the open, surface nature of the binding site
of the FGFs and by the very flexible nature of the
ligands that bind in it. Some attempt to account for the
nature of the binding site was made by scaling nonpolar
atomic radii of protein and ligand atoms to 80 or 90%
of their standard values in order to obtain the best
agreement between observed binding energies and
calculated docking scores. Although little variation in
the agreement between Emodel and experiment was
found over the range of scale factors considered, those
chosen also maximized the performance of the Gscore
function, hence their choice. Ligand flexibility was
treated by performing the (flexible) docking calculations
using a family of conformers for each ligand previously
derived from conformational searching. Such an ap-
proach appears necessary when highly flexible ligands
of the type described here are used in the docking
calculations.

The predictive nature of the least squares lines
relating experimental binding energies with Emodel and
Gscore were tested against seven related molecules not
used in the original statistical analyses. The predictions
for six of these, based on the Emodel scoring function,
suggested only weak to moderate binding, in accord with
experiment. The semiquantitative nature of the rela-
tionship is clear, however, as predicted binding affinities
were stronger than the observed values. Thus the model
is probably most valuable in situations where Gscore
is liable to predict strong binding at odds with experi-
ment, while the correlation with Emodel appears more
realistic.

The calculations described here show how the rela-
tively complex problem of docking flexible ligands to a
binding site on a protein surface might be tackled.
Flexible docking involving multiple conformers per
ligand, an appropriate scoring function and scaling of
the nonpolar atoms involved in the binding event,
suggest a methodology for the design of small molecule
inhibitors for FGF-1 and FGF-2.
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