4638

J. Med. Chem. 2003, 46, 4638—4647

Articles

Kinases, Homology Models, and High Throughput Docking

David J. Diller* and Rixin Li
Pharmacopeia, Inc., CN5350, Princeton, New Jersey 08543-5350

Received November 5, 2002

With the many protein sequences coming from the genome sequencing projects, it is unlikely
that we will ever have an atomic resolution structure of every relevant protein. With high
throughput crystallography, however, we will soon have representative structures for the vast
majority of protein families. Thus the drug discovery and design process will rely heavily on
protein modeling to address issues such as designing combinatorial libraries for an entire class
of targets and engineering genome-wide selectivity over a target class. In this study we assess
the value of high throughput docking into homology models. To do this we dock a database of
random compounds seeded with known inhibitors into homology models of six different kinases.
In five of the six cases the known inhibitors were found to be enriched by factors of 4—5 in the
top 5% of the overall scored and ranked compounds. Furthermore, in the same five cases the
known inhibitors were found to be enriched by factors of 2—3 in the top 5% of the scored and
ranked known kinase inhibitors, thus showing that the homology models can pick up some of

the crucial selectivity information.

Introduction

Homology modeling has the potential to impact the
drug development cycle significantly in at least the
following three ways. First, whether due to limited
resources or problems with protein crystallization, X-ray
structures often become available too late in the drug
design process to have maximal impact. This limits the
impact that structure-based drug design has on drug
development. As homology models are relatively inex-
pensive to create, they could fill the gap between the
start of drug discovery and the elucidation of the target
structure by experimental methods. Second, in design-
ing combinatorial libraries for high throughput screen-
ing, often one is interested in entire target families, for
example kinases, G-protein-coupled receptors, nuclear
hormone receptors, etc., rather than a single target. In
target families where a single genome could have
hundreds of members, it is unlikely that we will ever
have structures of every family member. Homology
models could fill in the resulting gaps, thereby allowing
true class-based design of combinatorial libraries using
structure-based methods. Third, it seems likely that
many toxicity failures have been due to lack of selectiv-
ity. An example is the gastrointestinal agent Cisapride
which was withdrawn from the market because of
cardiotoxicity.! The cardiotoxicity of Cisapride was
subsequently determined to be caused by potent inhibi-
tion of the human ether-a-go-go-related gene potassium
channel.2 With the sequencing of the human genome
now complete, homology modeling might offer an avenue
through which genome wide selectivity, particularly
over target classes, could be addressed.
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Since homology modeling has the potential to impact
the design of drugs in so many ways, it is important to
assess the quality of the information one can obtain from
homology models and to understand how best to extract
this information. Given the wide range of potential
problems addressable with homology modeling, it is
important to understand which problems are amenable
to homology modeling.

For this study the tyrosine and serine/threonine
kinase family was chosen. Protein kinases represent a
good test family for homology modeling for a variety of
reasons. First, kinases are becoming a very important
class of drug targets. They have been implicated in
many diseases including cancer®, angiogenesis®, Alz-
heimer’s disease,* ¢ diabetes,”® and inflammation.®10
With the approval of the first kinase-targeted drugs,'*
the interest in kinases and thus our understanding of
their role in disease will continue to grow.

Second, the human genome contains a large number
of protein kinases. Recently, using a hidden Markov
model, Manning and colleagues? have located 518
distinct human kinase genes from all available sources
including public and Celera genomic databases. As a
result, selectivity is crucial for any potential kinase-
targeted drug. Thus, the design of kinase-targeted drugs
could benefit significantly from large scale homology
modeling.

Third, there are many publicly available X-ray struc-
tures of a variety of kinases. In the protein data bank*3
there are over 150 X-ray structures of kinase catalytic
domains. The kinases that currently have publicly
available structures include the tyrosine kinases ABL
(1fpu), BTK (1k2p), CSK (1byg), EGFR (1m14), EPHB2
(1jpa), FGFrl (lagw), FGFr2 (1gjo), HCK (1ad5), IGF1r
(1k3a), INSr (1gag), LCK (1gpc), MUSK (1luf), SRC
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Figure 1. The basic kinase structure. The N-terminal domain
is shown is green. The C-terminal domain is shown in purple.
The hinge region is shown in light blue. ATP is shown in red.
The substrate peptide is shown in yellow. The structure used
is pdb code 1ir3.7®

(1fmk), TIE2 (1fvr), and VEGFr2 (1vr2) and the ser/thr
kinases AKT2 (106k), CAMK1 (1a06), CDK2 (1aql),
CDKS5 (1h4l), CDK6 (1bl7), CHK1 (lia8), CSNK1D
(1cki), CSNK2A1 (1jwh), DAPK (1igl), ERK2 (lerk),
GSK3p (1gng), INK3 (1jnk), MAPKAPK2 (1kwp), P38a
(1a9u), P38y (1cm8), PAK1 (1f3m), PHKG1 (1phk), PKA
(apm), and TGFj1r (1b6c). Beyond the relative abun-
dance of kinase structures, they also have a common
template. The kinase fold consists of two domains, an
N-terminal domain and a C-terminal domain connected
by a stretch of 5—6 residues called the hinge region!*
(see Figure 1). The ATP binding site is the cleft formed
between the two domains.

From a computational viewpoint, kinases represent
a very difficult and thus interesting challenge. In
general, the structures have a wide range of flexibility.
This flexibility includes a wide range of side chain
motion in the ATP binding site, flexible loops such as
the active site loop and the activation loop, and domain
motion between the N and C terminal domains. This
binding site variation depends on the actual kinase, the
nature of the cocrystallized ligand, the activation state,
and crystal contacts. Typically, the interkinase struc-
tural variation is not significantly more than the in-
trakinase structural variation.

In this study we specifically looked at whether high
throughput docking can be used with homology models.
To assess the potential of homology models in the
docking arena, homology models were built for six
different Kinases using a variety of templates. Data sets
of known inhibitors of the six kinases were assembled
from the literature. A database of 32 000 random
compounds was then assembled. The random com-
pounds and the inhibitors were docked into the homol-
ogy models using LibDock.’®> The results were then
analyzed to see if the known inhibitors could be pulled
out over the random compounds. In 5/6 cases the
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Figure 2. A flowchart of the homology modeling/docking
process. First, a homology model is built for the desired protein
using a related template and the program Modeler617 avail-
able through Insight2000.18 The compounds of interest were
converted to a conformational database using Catalyst.'® The
conformations were then docked into the homology model using
LibDock.*® The docked compounds were then ranked using the
scoring suite available in Cerius2.2*

inhibitors could be pulled out at a rates around a factor
of 5 faster than the random compounds. In the sixth
case, the inhibitors were pulled out no faster than the
random compounds. When rerun with a homology model
built from an alternate template, the results in this
sixth case were comparable to the first five cases. In
addition, in all cases the homology models were able to
pull out the appropriate kinase inhibitors around 2
times faster when compared to the other kinase inhibi-
tors. Thus, the models are picking up some of the
selectivity information.

Methods

The basic process (see Figure 2) followed throughout
this study is that homology models were built using
Modeler>16.17 accessible through the Insight200018 in-
terface. Conformational databases were built for the
compounds of interest using Catalyst.® The compounds
were then docked into the homology models using
LibDock.1®> The docked compounds were then ranked
using the piecewise linear potential22® as implemented
in Cerius22! augmented with a solvation and entropy
correction.

As described in the preceding section, protein kinases
were chosen as a test family. The six kinases chosen
were the epidermal growth factor receptor (EGFr), the
fibroblast growth factor receptor (FGFrl), the vascular
endothelial growth factor receptor (VEGFrl), the platelet-
derived growth factor receptor (PDGFrp), the mitogen-
activated protein kinase P38, and the non receptor
tyrosine kinase SRC. The particular kinases were
selected largely because a sufficiently large number of
inhibitors could be assembled for each from the litera-
ture. The templates used to build the homology models
offer a wide range of sequence identities (see Table 1).
In addition, some of the models were built from a single
template while others were built using multiple tem-
plates. The models were built using the default options
from the Insight2000 interface.

A database of over 1000 kinase inhibitors was as-
sembled from the literature (see Table 2). The kinase
inhibitor sets include inhibitors of EGFr, VEGFrl,
PDGFrf, FGFrl1, SRC, and P38%27%2 (see Figure 3 for
representative structures). The data set of kinase
inhibitors is not ideal. In particular, the selectivity
information for each inhibitor is not known across all
six kinases. As a first example, the SmithKline series
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Figure 3. Representative kinase inhibitors used in the docking study. The kinase data set consisted of 141 compounds in the
same class as 3a and 3b, 69 in the same class as 3c, 42 in the same class as 3e, 110 in the same class as 3f, 5 in the same class
as 3g, 38 in the same class as 3h, 302 in the same class as 31, 3j, and 3k, and 173 in the same class as 3l. A few miscellaneous
classes of compounds, such as purines, were members of the data set as well.

Table 1. Kinases in the Docking Study and the Templates
Used To Build the Homology Models?

Table 2. Molecules Used in the Study and Their Physical
Properties

Kinase templates seq. i.d., % X-ray
FGFrl (lagw) 53
PDGFrf VEGFr2 (1vr2) 55 none
INSr (1ir3) 35
VEGFrl VEGFr2 (1vr2) i none
FGFrl (lagw) 55
FGFr1 (lagw) 34
CSK (1bgy) 35
EGFr INSTr (1ir3) 30 iml4
VEGFr2 (1vr2) 33
HCK (1qcf) 33
LCK (3lck) 31
P38 ERK (3erk) 49 1a%u
SRC LCK (3Ick) 66 2src
ABL (1fpu) 48
VEGFr2 (1vr2) 58
FGFr1 INSr (1ir3) 38 lagw
SRC (2src) 38

a Structures were eliminated as potential templates if they were
not complete in the ATP binding site or the ATP binding site was
hindered by a loop such as the activation loop. The sequence
identities reported are over the entire kinase domain.

of P38 inhibitors has shown some inhibition of LCKS3>
(Figure 3a), a member of the SRC family. Other mem-
bers of this series, however, have been shown to be quite
selective versus LCKS38 (Figure 3b) and thus will likely
be selective versus SRC. Most of the members of this
class of P38 inhibitors do not have published binding
data versus SRC or any of the other members of the
test family. It is reasonable to believe that the P38

rotatable H-bond H-bond
no.2 Mwa bonds? acceptor? donor?
PDGFr5 161 368+97 53+26 46+16 12+1.2
EGFr 387 355+64 42+24 46+14 20+£1.1
VEGFrl 46 383+49 6.2+19 56+£19 19411
P38 115 366+44 47+15 45+11 13+1.1
SRC 138 426 +76 6.1+26 59+12 22+13
FGFrl1 111 438+72 65+27 58+£13 22+12
random 357+38 91+29 464+12 20412

2 The value given is the mean + the standard deviation.

inhibitors are more potent versus P38 on average than
the remaining kinase inhibitors. As a second example,
the compound shown in Figure 3c inhibits both ¢c-SRC
and EGFr with I1Csgs in the low nanomolar range.f° The
closely related compound shown in Figure 3d is over 100
fold selective for EGFr versus c-SRC.% Thus, while there
is certainly some cross inhibition between the inhibitors
of the data set, there should be a sufficient amount of
differentiation between the various kinase inhibitor sets
to draw some conclusions concerning the potential for
homology models to address kinase selectivity.

These kinase inhibitors were then used as seeds in a
database of 32 000 random compounds. The random
compounds were selected from our internal collection
with some attempt to keep the polarity and molecular
weight in line with the kinase inhibitors. The reason
for doing this is to ensure that the homology models do
not select the kinase inhibitors solely based on size. The
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Figure 4. A plot of the size of the molecule versus its docked
score. 4a: With the PLP alone a large correlation between size
and score is observed (typically R? of about 0.6). 4b: The PLP
score adjusted with solvation and entropy corrections.

physical properties of the inhibitors and the random
compounds are shown in Table 2. The entire database
of compounds was turned into a conformational data-
base using the program Catalyst!® with a maximum of
100 conformations per compound and a 15 kcal/mol
strain cutoff.

The compounds were then docked using LibDock with
a standard set of parameters.'®> Docking times range
from 2 to 5 s per compound. The box size for each kinase
was 22 A x 22 A x 15 A with the X-axis running parallel
to the hinge, the Y-axis running parallel to the active
site loop and the Z-axis (the short axis) running from
the C-terminal domain to the N-terminal domain. Each
compound was docked multiple ways in the binding site,
but only the top ranked pose by LibDock’s internal score
was used in the final scoring stage.

The compounds were ranked using the Piecewise
Linear Potential 2 (PLP2)?° augmented with a solvation
and entropy correction. The PLP2 score was chosen
because it has in the past given us the most consistent
results. The shortcoming of the PLP2 score and many
widely used scoring functions is that it primarily counts
interactions. The result is that the score is often
correlated heavily with the size of the compounds (see
Figure 4a). The correlation between score and size
makes it difficult to extract any meaningful information
from the docking scores. To offset this correlation, the
score has for this study been augmented with a solvation
and entropy correction. The entropy correction was set
at 0.5 kcal/mol per rotatable bond, as this seems to be
a well supported value.54=67 The solvation model used
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Figure 5. The results with the PDGFrj homology model. The
solid curve shows the enrichment of the PDGFrg inhibitors
versus the random compounds. The dashed curve shows the
enrichment of the PDGFrf inhibitors versus the other kinase
inhibitors.

is that described by Stouten and co-workers.8 The chief
advantage of this solvation model is that it uses only
an atom pairwise potential, which means the protein
contribution to the solvation can be precalculated on
grids making the score extremely fast to calculate. The
solvation model was weighted to remove the correlation
between the resulting score and molecular weight (see
Figure 4b).

The scores were then used to see if the known
inhibitors for each kinase could be pulled out from the
random compounds and from the other known kinase
inhibitors. The quantity used to measure the quality of
the docking results is the enrichment.®® The enrichment
is defined via

: _ah
enrichment = AN Q)

where N is the number of compounds, n is some
predetermined number of compounds to be screened, A
is the number of actives in the entire collection, and a
is the number of actives in the top n ranked compounds.
Enrichments greater than one indicate a successful
docking experiment. Generally we will give the range
of enrichments over 1-5% of the total compounds.

Results

As a typical example the results with the PDGFrp
homology model are shown in Figure 5. The maximum
enrichment found is 6.9. This enrichment occurs when
about 1.5% of the compounds have been screened.
Between 1% and 5% of the compounds screened the
enrichment versus the random compounds varies be-
tween 4.5 and 6.9. To test whether the homology models
can pick up more than just the general kinase shape,
the enrichment of the PDGFrg inhibitors was considered
against the other kinase inhibitors. Against the kinase
compounds the PDGFrj enrichment is approximately
2 over the 1% to 5% of the kinase compounds screened.
This latter result is of significance because it means the
homology model is picking up some of the specific
information, and thus the docking results contain some
information concerning selectivity.

The overall results for the six kinases are shown in
Table 3. The table gives the maximum and minimum
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Table 3. Overall Results?

homology model X-ray structures

kinase random kinase random kinase
PDGFrj 4.8-6.9 1.6—2.4 NA NA

VEGFrl 4.2—7.5 1.4-2.1 NA NA

EGFr 3.9-5.1 1.3—-1.6 4.8—6 1.5-1.8
P38 1.5-2.6 2.0-2.8 6.9-11.5 1.5-5.3
SRC 10.8—38.6 3.0-8.0 3.2-5.3 1.8-2.5
FGFrl 1.0-1.0 1.0-1.0 1.0-1.0 1.0-1.0

a The EGFr study with the X-ray structure was redone with a
comparable set of random compounds drawn from the MDDR
database. The observed enrichments ranged from 3.0 to 3.5.

enrichments versus the random compounds and versus
the other kinase inhibitors in the top ranked 1—-5% of
the compounds. For the second homology model where
no crystal structure is available (VEGFrl), the results
are comparable to the PDGFrf case. The enrichment
versus random compounds ranges from a lower limit of
around 4 to an upper limit of around 7. For the VEGFrl
case the enrichment versus the Kkinase compounds
varies from 1.4 to 2.1.

For the four cases where an X-ray structure was
available (EGFR, P38, SCR, FGFr1l), the same docking
experiment was performed for the homology model and
for the X-ray structure to determine how much loss of
information was due to the homology models. For these
four cases the results, described below, are instructive.

For EGFr, an apo-structure (1m147%) was used. In this
case, the results with the homology model and the X-ray
structure are comparable. The homology model exhib-
ited enrichments between 4 and 5 versus the random
compounds compared to enrichments between 5 and 6
for the X-ray structure. When compared to the other
kinase inhibitors, the enrichments are 1.3—1.6 for the
homology model and 1.5—1.8 for the X-ray structure.
While the enrichments versus the kinase compounds
seem low, nearly one-third are known EGFr inhibitors.
Thus the maximum enrichment is only 3.

For the P38 case, the docking experiments gave the
results that one from the outset would have expected.
The X-ray structure worked quite well. The enrichments
ranged from 7 to 11.5 against the random compounds
and went as high as 5 relative to the other Kkinase
inhibitors. The homology model performed significantly
worse. The enrichments varied from 1.5 to 2.6 versus
the random compounds. The homology model, however,
did slightly better versus the kinase compounds: en-
richments in this case varied from 2.0 to 2.8. Part of
the reason for the superior performance of the X-ray
structure is that the structure used (pdb code 1a9u?)
was solved in complex with the Smith Kline inhibitor
SB203580 (Figure 3a). Since the majority of the P38
inhibitors are from the same class there is likely some
bias toward this series.

For SRC, the homology model worked surprisingly
well. The enrichment versus the random compounds
ranged from 10 up to nearly 40. In fact the three highest
scoring compounds for this case are all SRC inhibitors.
The SRC X-ray structure was not nearly as productive:
the enrichment versus the random compounds varied
from 3 to 5. While the enrichment for the X-ray
structure is in line with the majority of the homology
models, it is quite a bit less than that of the SRC
homology model. The reason for the relatively poor
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Figure 6. The results with the FGFr1 homology model built
from an alternate template. The curves are as those defined
in Figure 5.

performance of the SRC X-ray structure is in part due
to the fact that this particular structure was solved in
complex with ANP. The Kkinase structures solved in
complex with ATP analogues in general tend to be more
closed than other structures and as a result typically
do not work as well for this purpose. The reason the
SRC homology model worked so well is not clear. In
part, the template (pdb structure 3lck’2) used to build
the model is an LCK structure, which is a member of
the SRC family. The overall identity of the two proteins
is 66%. In all likelihood the template would work as well
as the homology model. The LCK structure used as a
template, however, is an apo structure. Thus, there is
no issue of bias to any series of compounds.

For FGFr1, neither the homology model nor the X-ray
structure was able to extract the FGFr1 inhibitors above
random. The X-ray structure was solved in complex with
a relatively small inhibitor (Figure 3c). This inhibitor
appears to have led to a significant amount of induced
fit, resulting in a binding site that was much to small
to accommodate the majority of the FGFrl inhibitors.
A second homology model was created using an alter-
nate template (pdb3lck which is 39% identical to
FGFrl). In this case the docking experiment was more
consistent with the VEGFr1, EGFr, and PDGFrp cases.
With this new homology model the enrichment versus
random varied between 5.5 and 10, and the enrichment
versus the kinase compounds ranged between 2.8 and
4.5 (see Figure 6). It is not absolutely clear why this
second homology model worked well while the original
model failed. The major difference appears to be that
the second model is more open than the first model.

The overall results with the four X-ray structures can
be explained. The P38 X-ray structure, which worked
significantly better than the majority of the homology
models, was cocrystallized with a ligand that was
representative of the majority of the ligands in the p38
inhibitor set. The SRC structure, which performed
comparable to the majority of the homology models, was
cocrystallized with an ATP analogue. Similarly, the
EGFr structure, which is an apo structure, performed
comparably to the homology models. The FGFrl X-ray
structure, which resulted in no enrichment, was coc-
rystallized with a ligand that was not representative of
the majority of the ligands in the FGFrl data set. Thus,
the nature of the bound ligand can significantly bias
the results of docking. Not surprisingly, when the bound
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ligand is similar to the inhibitors of interest, the
cocrystal structure will in all likelihood prove superior.
When the bound ligand is significantly different from
the inhibitors of interest, the cocrystal structure might
not be the most appropriate. Thus, when one is inter-
ested in discovering novel chemotypes, apo structures
should be considered as viable alternatives to structures
with bound ligands.

A systematic comparison of the predicted binding
modes of the docked compounds is very difficult because
the binding modes for most of the series are not known.
A visual inspection of the results did reveal a clear
trend. The cases with the best enrichment corresponded
to those in which the compounds were docked the most
consistently. As an example, the series of SRC inhibitors
with representative shown in Figure 3f was consistently
docked with the 2,6-dichlorophenyl in the main hydro-
phobic pocket, a nitrogen of the central bicyclic system
hydrogen bonding to the NH of Met343 of the hinge
region, and the remaining phenyl in the secondary
hydrophobic patch. While the true binding mode of this
series of inhibitors is not known for SRC, it is consistent
with the known structure—activity relationship.2437.57
As the enrichment decreased, typically the binding
modes were both less consistent and less convincing. For
example, one compound might be docked with an
appropriate group in the hydrophobic pocket but not
interact with the NH of the hinge region while a second
compound would be docked with the interaction with
the NH of the hinge region but miss the main hydro-
phobic pocket. Finally, compounds such as those shown
in Figure 3g and 3h are known to cause large degrees
of induced fit on the part of the protein and could never
be accurately docked into the given homology mod-
e|s_73,74

The majority of the P38 inhibitors used in this study
are in the same class as those shown in Figure 3a,b. Of
the 115 P38 inhibitors used in this study 63 have the
triaryl pyridine-imidazole-phenyl core. The binding
mode for this series of compounds is well understood
(see pdb structures 1a9u, 1bl6, and 1bl771). Thus the
quality of the P38 docking studies can be further
guantified by comparing the docked poses of the core of
each of the compounds with the triaryl core to the
crystallographically determined binding mode for this
core in P38. For both the study with the X-ray structure
and the study with the homology model, the majority
(~80%) of the compounds have a pose which exhibits
an rms deviation below 2.0 A (see Figure 7a). The
difference between the two cases is that in the study
with the X-ray structure the majority of the compounds
attain an rms deviation below 1.0 A, whereas for the
homology model, the rms deviations vary between 1.0
A and 2.0 A. The difference in the docking quality in
all likelihood accounts for the difference in the observed
enrichments.

The rms deviation alone can be somewhat misleading.
As mentioned above, both P38 structures 1a9u and 1bl6
are cocrystallized with inhibitors containing the triaryl
core. When aligned, the C, rms deviation in the ATP
binding site is very small (~0.3 A). The rms deviation
of the triaryl cores from the resulting alignment is 1.1
A (see Figure 7b). A visual examination, however, shows
essentially the same interaction pattern for the core:
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Figure 7. A comparison of the docked poses with their
crystallographically determined position. 7a: The rms devia-
tion between the docked poses and the crystallographically
determined position of the triaryl pyridine-imidazole-phenyl
core of the compound shown in Figure 3a. The rms deviation
was calculated only over the atoms of the triaryl core of those
P38 compounds with the triaryl core. 7b: An alignment of the
two P38 X-ray structures 1a9u (green) and 1bl6 (purple). While
the proteins align very well (rms deviation < 0.3 A), the triaryl
cores of the two cocrystallized ligands differ significantly (rms
deviation 1.1 A). 7c: The rms deviation between the core of
the EGFr compounds and the crystallographically determined
position for the core. The core in this case is that of the
molecules shown in Figure 3j,k.

the pyridine nitrogen hydrogen bonds with the NH of
Met109, the central imidazole hydrogen bonds with
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Lys53, and the phenyl ring binds in the main hydro-
phobic pocket. Even though the rms deviation is sig-
nificant, the binding modes are identical. Thus the rms
deviation alone is not a sufficient indication of the
quality of docking.

In the P38 study, a visual inspection verifies that the
reason for the difference in enrichments can be at-
tributed to the quality of the poses. For the X-ray
structure, the vast majority of the top-ranked poses
make the three key interactions: the pyridine-Met109
hydrogen bond, the imidazole-Lys53 hydrogen bond, and
the phenyl binding in the main hydrophobic pocket. For
the homology model, usually at least one of the three
interactions is significantly distorted. The difference in
the quality of these interactions ultimately accounts for
the difference in the observed enrichment.

In the case with EGFR, the pdb structure 1m177° is
cocrystallized with a ligand that is representative of a
large subset of the EGFR inhibitors used in this study.
Of the 387 EGFR inhibitors used in this study, 111 have
the same core as the molecule shown in Figures 3j and
3k. In this case the majority of the compounds have a
pose that is docked reasonably well (Figure 7b). The
compounds appear to be somewhat better docked than
the homology model. Again, this agrees well with the
fact that the X-ray structure showed slightly better
enrichment than the homology model.

In the case with FGFr, the pdb structure 2fgi’® is
cocrystallized with a ligand that is representative of a
large subset of the FGFr inhibitors. Of the 111 FGFr
inhibitors used in this study, 61 have the same biaryl
core as either the molecule shown in Figure 3f or that
shown in Figure 3. As in the P38 and EGFr cases, the
quality of docking can be quantified by comparing the
core of each pose of these 61 molecules to the crystal-
lographically observed binding mode for the core. For
both the original homology model and the X-ray struc-
ture used in the study, very few (<5) of the 61 molecules
were docked so that the core was within a reasonable
distance of the crystallographically determined position
of the core. For the second homology model, 20 of the
compounds had poses within 1.0 A of the crystallo-
graphically observed binding mode for the core, and
most of the compound had poses below 2.0 A. Thus
again, the observed enrichments correlate well with the
observed enrichments.

Conclusions

In this study, homology models of six kinases were
built to see if when combined with high throughput
docking they could distinguish between known inhibi-
tors and random compounds. In five of the six cases the
models were able to select the inhibitors fives times over
random. In the sixth case the original model was unable
to distinguish between inhibitors and random com-
pounds. In this case a model built with an alternate
template was able to distinguish inhibitors from random
at a rate comparable to the original five models. Thus,
it seems reasonable with the current protocols that in
the majority of cases a factor of 5 times above random
is reasonable. With some enhancements, factors around
10 are within reach.

Homology models can be improved by a few general
considerations. The most important consideration in

Diller and Li

building a quality homology model is to get to know the
protein family of interest. The first step should always
be to gather as many sequences from the family and
perform a multiple sequence alignment. A bad align-
ment will always result in a poor homology model. A
multiple sequence alignment will give the modeler some
statistical confidence in the alignment and also point
out potential areas of low reliability in the homology
model. The second step is to align as many X-ray
structures from the family as are available. The multiple
structural alignment should be used first to validate the
multiple sequence alignment. In particular the multiple
structural alignment can improve the low confidence
regions of the multiple sequence alignment. In addition,
the multiple structural alignment can be used to better
understand the structural degrees of freedom of the
protein family. This will give the modeler a better
feeling for the regions of the homology model likely to
be of high error. In cases where there are not sufficient
available structures to do a multiple structural align-
ment, site-directed mutagensis data could be used to
validate the multiple sequence alignment. Another
aspect to consider carefully in the homology model
building process is the selection of the template. Aspects
such as overall sequence identity, sequence identity in
the binding site, size and location of insertions and
deletions, quality of the potential templates, and inhibi-
tors or substrates bound in the active site should all be
considered. The relative weights for each of these factors
are likely to be dependent on the protein family of
interest. For kinases, structures with an ATP analogue
are less desirable than apo structures. Structures with
bound inhibitors are certainly better than an apo
structure when one is interested in inhibitors of related
structure to that in the cocrystal complex. When an
unbiased model is desired, apo structures should be
considered as well. Generally, for kinases, open struc-
tures make better templates.

At the level of quality demonstrated in this study,
there are several clear places of application for homology
modeling. The first is to augment X-ray crystal struc-
tures early in the drug discovery process. While homol-
ogy modeling and docking will never be able to compete
with the accuracy of cocrystal structures, there usually
is some time lag between the discovery of inhibitors and
the solution of the cocrystal complex. Thus when suit-
able templates are available, homology modeling should
be considered a viable avenue to improve early optimi-
zation efforts. The second area of clear application of
homology models is to improve target class-focused
discovery libraries. Given the expense of creating large
numbers of compounds, improving target class libraries
by only a factor of 2 is well worth the CPU time required
to do so.

The frontier for protein modeling is to address ge-
nome-wide selectivity for compounds over a target
family. With our current understanding of the physics
of protein folding and protein—ligand binding, address-
ing genome-wide selectivity is not yet within reach.
Given its relative importance for kinase-targeted inhibi-
tors and its clear scientific appeal, this problem will
certainly be vigorously pursued soon.
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