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Abstract High throughput docking (HTD) is routinely
used for in silico screening of compound libraries with the
aim to find novel leads in a drug discovery program. In the
absence of an experimentally determined structure, a
homology model can be used instead. Here we present an
assessment of the utility of homology models in HTD by
docking 300,000 anticipated inactive compounds along
with 642 known actives into the binding site of the insulin-
like growth factor 1 receptor (IGF-1R) kinase constructed
by homology modeling. Twenty-one different templates
were selected and the enrichment curves obtained by the
homology models were compared to those obtained by
three IGF-1R crystal structures. The results show a wide
range of enrichments from random to as good as two of the
three IGF-1R crystal structures. Nevertheless, if we
consider the enrichment obtained at 2% of the database
screened as a performance criterion, the best crystal
structure outperforms the best homology model. Surpris-
ingly, the sequence identity of the template to the target is
not a good descriptor to predict the enrichment obtained by
a homology model. The three homology models that yield
the worst enrichment have the smallest binding-site
volume. Based on our results, we propose ensemble
docking to perform HTD with homology models.
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Introduction

The genome sequencing projects result in an ever increas-
ing number of protein sequences. Structural genomics is
expected to elucidate many experimentally determined
protein structures and, therefore, representative structures
for most of the protein families will soon be available.
Nevertheless, it is unlikely that there will ever be an atomic
resolution structure of every relevant protein. Furthermore,
solving a protein structure by crystallography or NMR
remains a long and expensive effort. Virtual screening by
docking requires a three-dimensional (3D) structure of the
target of interest. In this respect, constructing 3D-models
based on the structures of homologous proteins represents
an interesting approach.

Homology modeling has the potential to significantly
impact the drug development cycle. (see [1, 2] for a
review). One of the possible applications is the high
throughput docking (HTD) of large databases of com-
pounds. Several successful applications of HTD using
comparative models have been published. Rhodopsin-based
homology models of G-protein coupled receptors have been
shown to be useful to enrich known active compounds in
database screening [3] and to discover novel and potent
ligands [4—6]. A potent and selective inhibitor of the protein
casein kinase 2 was identified by HTD using a homology
model [7]. An evaluation of the efficacy of docking to an
homology model and to the crystal structure for 10 proteins
was reported [8]. Although the best results were obtained
with the crystal structure, the homology models yielded
significant enrichment of known active compounds against
a background of decoys. A HTD experiment of a database
of 32,000 compounds with homology models was reported
for six different kinases [9]. In five of the six cases, the
known active compounds were found to be enriched by a
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factor of 5 in the top 5% of the database screened. A wide
range of performance was also observed. Some homology
models performed comparably to the crystal structures,
whereas others performed significantly worse. In one case,
the homology model even yielded better enrichment than
the crystal structure [9]. The relationship between sequence
identity and docking performance was addressed by
carrying out HTD with eight homology models for factor
VIla and four homology models for cyclin-dependent
kinase 2 (CDK2) [10]. For factor VIIa, homology models
based upon templates with a sequence identity above 50%
outperformed those built with templates with a sequence
identity below 50%. For cyclin-dependent kinase 2, no
correlation between sequence identity and enrichment
factor was observed. Gilson et al. reported an in-depth
assessment of the performance of HTD with comparative
models for five targets [11]. Some homology models were
found to yield an enrichment comparable to that obtained
by the crystal structure. Furthermore, the sequence identity
of the template used to build the homology to the target was
found to show little correlation with the performance of the
docking calculations. Very recently, a discovery of novel
inhibitors of 12-and 15-human lipoxygenase by HTD with
homology models was reported [12].

Here, we present an evaluation of the utility of
homology models in HTD using the insulin-like growth
factor 1 receptor kinase (IGF-1R) as the target protein.
Although we investigated only one kinase, the results of
this study are expected to be similar across the kinase
family, given the high similarity of the ATP binding site.
We selected the IGF-1R because kinases represent a very
important class of drug targets. They are implicated in
many diseases including cancer [13], diabetes [14], and
inflammation [15]. Currently, around 20 percent of all
research programs at major pharmaceutical companies are
focused on kinases and they represent an important target
for structure-based drug design (SBDD) [16—19]. Further-
more, the human genome contains a large number of
protein kinases: 518 distinct human kinase genes have been
identified [20]. As of June 2003, the Protein Data Bank
(PDB) [21] contained 164 crystal structures of protein
kinases, and only 38 of the 518 putative kinase targets were
represented [22]. Therefore, homology modeling could
significantly contribute to the discovery of novel kinase
inhibitors. From a structural point of view, protein kinases
share a common fold, which consists of two domains, an N-
terminal domain and C-terminal domain connected via a so-
called hinge-domain, which allows rotation of the two
domains. The hinge domain is also involved in the binding
of ATP via two hydrogen bonds. The conserved ATP
binding site makes the design of selective inhibitors very
challenging. On the other hand, it simplifies the alignment
procedure involved in comparative modeling.
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In this work, 21 templates were selected for homology
model building, which guarantees statistically meaningful
conclusions. A large number of compounds (300,000) from
the Novartis Corporate Database, along with 642 known
IGF-1R active compounds, were docked into the ATP
binding site of the IGF-1R structures and the 21 homology
models using the program Glide [23]. A sequence and
structure analysis of the enrichment results is presented.

Methods

Target protein and homology modeling The IGF-1R kinase
belongs to the tyrosine protein kinase subfamily. Three
IGF1-1R crystal structures were available at the time this
study was undertaken. Two structures are publicly avail-
able: 1jgh, which was co-crystallized with ANP, an ATP
analog, and 1p4o, which is an apo, inactive structure. The
third structure is an in-house structure and was co-
crystallized with the inhibitor NVP-AEW541, which binds
IGF-1R with an ICsy of 0.15 pm in an in vitro assay [24]
(Fig. 1). This structure will be referred to hereafter as aew.
To select the templates, a basic local alignment search tool
(BLAST) search against the PDB was conducted using the
IGF-1R kinase sequence as a query. Only the structures
with a Blast Bit-score above 130 were kept. The following
criteria were then used to discard structures: (a) no ligand
bound (apart from one structure, see below), (b) missing
residues in the binding site, (c) inactive conformation, and
(d) structural similarity of the binding site (for the structures
sharing a very similar structural binding site, only one was
kept to limit the number of homology models). The final
selection of templates contains 21 structures, which all
belong to the tyrosine protein kinase subfamily (Table 1).
Among these templates, it is worth mentioning the insulin
receptor (InsR) kinase, because it is very closely related to
the IGF-1R. Only one residue (Thr in IGF-1R, which is
mutated into Ala in InsR) that are in close proximity to ATP
differs. Furthermore, this residue is located in the hinge and
does not have a direct interaction with ATP. Two crystal
structures of InsR are available in the PDB: 1ir3, which was
co-crystallized with an ATP analog, and lirk, which repre-
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Fig. 1 Structure of NVP-AEW541
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Table 1 Number of gaps and insertions®, heavy atom RMSD from the aew binding site®, volume of the binding site®, area under the ROC
curves®, and enrichment factor at 2% of the database screened® for the 3 IGF-1R structures and the 21 homology models studied in this work

PDB Gene Bind. site seq. Kin. dom. seq. Gaps/ Bind. site rmsd Bind. site vol. Area EF
name ID ID Inserts® (AP (A% (ROC)? (2%)°
aew IGF-1R 100 100 0 0.0 789 0.72 12.6
1jgh IGF-1R 100 100 0 2.0 707 0.67 6.2
Ipdo  IGF-1R 100 100 0 1.8 735 0.73 6.3
1ir3 INSR 97 81 0 22 415 0.51 1.6
lirk INSR 97 81 0 1.6 829 0.75 5.6
Imp8 FAK 72 40 16 2.1 827 0.57 2.9
2f4j ABL 70 43 25 33 878 0.60 5.6
1y57  SRC 67 40 20 2.7 725 0.74 7.9
Iqgef  HCK 67 37 21 3.0 733 0.70 43
Ixkk  EGFR 67 36 19 2.8 722 0.74 7.6
Iml17 EGFR 67 36 19 2.7 853 0.69 5.6
Igpe LCK 67 36 21 2.7 889 0.70 6.6
us9  ZAP70 67 33 14 2.4 982 0.69 5.3
1It0p  MET 64 41 18 3.1 631 0.73 39
Ibyg CSK 64 37 28 3.1 889 0.71 34
Imgb EPHA2 61 39 15 1.9 675 0.64 5.5
Ipkg  KIT 61 34 10 22 326 0.50 1.7
lagw  FGFR-1 58 41 9 24 660 0.60 2.1
1fgi FGFR-1 58 41 9 3.1 445 0.51 1.5
2fgi FGFR-1 58 41 9 2.4 767 0.60 1.9
loec  FGFR-2 58 41 9 2.1 836 0.67 6.7
Lyvj JAK3 58 32 28 22 744 0.76 7.3
lywn KDR 58 38 11 2.9 866 0.67 2.6
2b7a  JAK 55 32 32 35 577 0.61 5.6

Qualitative interpretation of the area under ROC curves is as follows: 0.0-0.6: fail, 0.6—0.7: poor, 0.7—0.8: fair, 0.8—0.9: good, 0.9—1.0: excellent.

sents the unphosphorylated, apo form of InsR. Furthermore,
Table 1 also shows that four templates were built upon the
fibroblast growth factor receptor (FGFR) kinase co-crystal-
lized with four different ligands.

The homology models were built using Prime [25]
accessible through the Maestro interface [26]. All water
molecules were removed and the bound ligand was kept.
The alignment of the binding site residues was always
unambiguous, since there was no gap in the sequences for
these residues. During the homology model building, Prime
keeps the backbone rigid for the cases in which the
backbone does not need to be reconstructed due to gaps
in the alignment. Several measures of the similarity of the
templates to the target are provided in Table 1: kinase
domain and binding site sequence identity, number of gaps
and insertions, and heavy atom root-mean-square deviation
(RMSD) from the aew structure of the binding site residues.
A residue was considered as a binding site residue if it had
at least one heavy atom within 5 A from the ligand bound
in aew (NVP-AEW541). Apart from the InsR kinase,
Table 1 shows that the kinase domain and binding site
sequence identity range between 32% and 43%, and
between 55% and 72%, respectively.

Known binders and database for high throughput dock-
ing 300,000 compounds were randomly selected from the
Novartis Corporate Database and expressed as sdf file. For
each compound, 3D coordinates were generated using
CORINA [27]. The compound structures were then ionized
assuming a pH of 7.0 with the ionizer module supplied by
Schrodinger [28]. Compounds were finally subject to a
minimization based on the OPLS-AA force-field. The 642
compounds that bind IGF-1R with an ICsy below 10 pm
were also extracted from the Novartis Corporate Database.
These compounds were grouped with the clustering method
implemented in Pipeline Pilot [29], which is a maximal
dissimilarity-based partitioning method. The maximum
distance of any cluster member from the center of this
cluster was set to 0.6 and the FCFP_6 descriptors were
used. 85 clusters were obtained in this way, 32 of which
contain only one member (singleton). This result shows the
significant diversity of the IGF-1R actives.

Docking using Glide All protein structures were prepared
according to the standard procedure described in the Glide
user manual [23]. The default input parameters implemented
in Maestro were used for the generation of the command
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files for the docking of the small-molecule database against
the IGF-1R crystal structures and homology models. For the
generation of the scoring grid, the van der Waals radii of the
non-polar protein atoms were not scaled. Compounds were
docked using Glide in single-precision mode. In order to
limit the number of false positive compounds, a pharmaco-
phoric constraint (hydrogen bond with the NH of Met83,
since all potent kinase inhibitors form this hydrogen bond)
was used in the docking experiment. The best pose for each
compound, as evaluated by the Glide scoring function, was
written out.

Post-processing of HTD data After the HTD experiment,
the successfully docked compounds were sorted into a
ranked list based upon the Glide scores. This ranked list
was then used to generate the enrichment and receiver
operating characteristic (ROC) curves [30]. These two
curves are not equivalent. A ROC curve describes the
tradeoff between sensitivity and specificity. Sensitivity is
defined as the ability of the model to detect true positives
while specificity is its ability to avoid false negatives. The
area below a ROC curve can be used to quantify the
enrichment. A ROC value greater than 0.9 is considered
excellent and a value below 0.6 represents no enrichment.

Results and discussion

We first evaluated the ability of the three IGF-1R crystal
structures to discriminate active compounds from inactive
ones. Figure 2 shows the enrichment curves obtained by the
Glide scoring function for these three receptors. They
perform significantly better to pick up the active com-
pounds than a random model. 1jgh and 1p4o yield similar
enrichments and significantly worse than those that
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Fig. 2 Enrichment curves for the three IGF-1R crystal structures. The
curve “Perfect” is based on the assumption that all the compounds that
have not been experimentally tested are inactive
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obtained by aew in the top 5% of the database. The better
enrichment obtained by the aew structure originates from
an induced-fit effect of NVP-AEW541 upon binding.
Figure 3 shows the binding mode found by Glide with the
aew and 1jgh receptors. For the aew receptor, the RMSD of
the top-scoring pose from the crystal structure is only 0.7 A
and the Glide score is —10.4, whereas the corresponding
values for the ljgh receptor are 10.1 A and —5.4,
respectively. For the latter receptor, the aspartic acid that
forms a salt bridge with the catalytic lysine would clash
with the benzyloxy-phenyl group of NVP-AEW541 in the
right binding mode, and Glide cannot generate this mode
since the receptor is kept rigid upon docking. The
benzyloxy-phenyl pyrrolo-pyrimidine moiety of NVP-
AEW3541 is present in 83 out of the 642 binders. For most
of these compounds, Glide generates the correct binding
mode with the aew receptor, whereas a wrong docked pose
is obtained with the 1jgh and 1p4o receptors.

Next, we analyze the ability of the homology models to
retrieve the active compounds. The enrichment curves
obtained by the models built upon the two InsR kinases
and the four FGFR kinases are depicted in Fig. 4 and in
Fig. 5, respectively. In both cases, the performance of the
homology modes ranges from random to similar to that
obtained by the 1jgh and 1p4o receptors. This result clearly
shows that the sequence identity of the template to the
target is not a good descriptor to predict the enrichment
obtained by a homology model. Unexpectedly for the InsR
kinase, the homology model based upon the structure co-
crystallized with an ATP analog (1ir3) yields no enrich-
ment, whereas the model based upon an apo structure (1irk)
performs comparably to the 1jgh and 1p4o structures. It is
worth mentioning that the natural choice for an IGF-1R
template is lir3, since lirk is an unbound structure and all
the other templates are much farther away in the sequence
space. As for the 1jgh and 1p4o structures, the homology
models perform significantly worse than aew in the top 5%
of the database, which originates from an induced-fit effect
of NVP-AEW541 upon binding (as shown above).

Figure 6 and Table 1 show for the IGF-1R structures and
the homology models the values for the area under the

Fig. 3 Top-scoring binding mode of NVP-AEW541 found by Glide
with the aew receptor (left) and with the 1jqh receptor (right)
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Fig. 4 Enrichment curves for the two homology models built upon
the insulin receptor kinases. The enrichment curve for the aew
structure is shown for comparison

ROC curve and the enrichment factors at 2% of the
database screened. From the perspective of HTD of large
compound libraries, we consider the latter to be more
important than the former. In terms of enrichment factor
(@2%), the aew outperforms all the other receptors,
including the two other IGF-1R structures, which is due
to induced-fit effects (see above). The picture differs for the
area under the ROC curve, where five homology models
perform slightly better than the aew structure. Overall, a
large range of performance can be observed, which shows
that the nature of the bound ligand can significantly bias the
results of docking. The enrichment factors range from
slightly better than random (1.5 for the receptor built upon
the 1fgi template) to 7.9, which is obtained for a homology
model based upon 1y57. Although the latter enrichment is
significantly worse than that obtained by aew (12.6), it is
better than those obtained by the two other IGF-1R
structures (6.2 and 6.3). The values for the area under the
ROC curve range from random (0.50) to fair enrichment
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Fig. 5 Enrichment curves for the four homology models built upon

the fibroblast growth factor receptor kinases. The enrichment curve for

the aew structure is shown for comparison
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Fig. 6 ROC values and enrichment factors at 2% of the database
screened for the 21 homology models (black) and for the 3 IGF-1R
crystal structure (red). The homology models built upon structures co-
crystallized with an ATP analog are also indicated
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(0.76). We note that 8 out of the 21 homology models
(38%) yield ROC values above 0.70, and that 3 out of the 4
homology models that yield the worst ROC values were co-
crystallized with an ATP analog (1pkg, lir3, and 1mp8).
Figure 7 represents the enrichment at 2% of the database
screened and the area under the ROC curve as a function of
the template-to-target binding-site sequence identity. No
correlation can be observed, which is consistent with
previous studies [10, 11]. Using the kinase-domain
sequence identity leads to the same conclusion (data not
shown). This result can be explained by different factors.
First, the receptor is kept rigid during docking, whereas the
true structure of the crystal structure of the target depends
on the bound ligand. Therefore, since the crystal structure is
not entirely correct for some of the binders, a higher
sequence similarity with the target protein will not
necessarily translate into an improved enrichment. Very
recently, the influence of protein structure on the successful
reproduction of known ligand poses by Glide was investigat-
ed using 20 different CDK2 structures and a set of 340 binders
[31]. The rate of correct pose reproduction was found to
range from 16% to 82%. This result should also translate
into a large range of enrichment results in virtual screening.
In a docking study based on CDK2 and neuraminidase, it
has been shown that enrichment is significantly higher for
the actives whose binding modes are predicted correctly
[16]. If various crystal structures can yield very different
enrichments, the same result can be expected for homology
models. Second, like most of the scoring functions, the Glide
scoring function depends relatively strongly on the exact
protein-ligand conformation, i.e., small changes in the
conformation can result in large changes in the binding
scores. Therefore, docking into two homology models with a
high sequence similarity to the target and small conforma-
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Fig. 8 Enrichment factor at 2% of the database screened and area
under the ROC curve as a function of the heavy-atom RMSD from the
aew structure. The results for the homology models and IGF-1R
structures are shown in black and red, respectively
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identify the multiple receptor conformations, the 21 binding
sites were clustered using XCluster [37] accessible through
the Maestro interface and the conformation closest to the
centroid was kept as a representative for each cluster. The
enrichment at 2% of the database screened and the area
under the ROC curve are represented in Fig. 10 as a
function of the number of clusters. When all the homology
models are grouped into two clusters, the enrichment factor
(@2%) obtained by the merging-and-shrinking is 5.5,
which is very similar to those obtained by the two
representatives (5.6 and 5.5). On the other hand, this result
is much better than that one would have obtained by
choosing 1ir3 as a template, which is the natural choice for
an IGF-1R template. Figure 10 also shows that using more
than two receptor conformations does not improve the
enrichment value. Indeed, the enrichment factor obtained

(=)
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|
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N

Fig. 9 Enrichment factor at 2% of the database screened and area
under the ROC curve as a function of the ATP binding site volume.
The results for the homology models and IGF-1R structures are shown
in black and red, respectively

docking against multiple receptor conformations yields
improved enrichment versus docking against a single
conformation [33, 34]. Similarly to the consensus scoring
function [35], a consensus cavity scoring approach has been
proposed to improve hit rates [36].

Here, we make use of the homology models to assess the
performance of ensemble docking. When HTD is per-
formed against multiple receptor conformations, a post-
processing step is carried out, where the results of the HTD
experiment against each conformation are merged by
keeping for each compound the best rank according to the
Glide score. Therefore, the size of this ranked list
corresponds to that of a HTD against a single receptor.
We will refer to here as the merge-and-shrink procedure,
which has been used recently [34]. We also used the scores
to combine the results of multiple receptors and we
obtained very similar results (data not shown). In order to
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Fig. 10 Enrichment factor at 2% of the database screened and area
under the ROC curve as a function of the number of clusters. The
results obtained by the merging-shrinking procedure and by the
individual homology models are shown in black and colors,
respectively
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by the merge-and-shrink procedure is 4.3 when the
homology models are grouped into three clusters. The
decrease in performance is due to the fact the enrichment
obtained by the 1ywn template, which is the representative of
the third cluster when going from two to three clusters, is
only 2.6. The inactive ligands that receive low docking
scores in the lywn receptor are “carried over” with the
merge-and-shrink procedure, thus increasing the rate of false
positives and worsening the performance. On the contrary,
using more and more conformations improves the ROC
value (Fig. 10). The ROC value obtained by the merging-
and-shrinking applied to four structures is 0.74, which is
very close to the value obtained by the best homology
model (0.76). Furthermore, the merging-and-shrinking
always yields a ROC value that is better than those
obtained by the single receptors. This result can be
explained by the fact that the merge-and-shrink procedure
improves the docking scores of the active compounds.
When applied to three conformations, the average Glide
score for the binders is —7.1, whereas the corresponding
value for the receptors is —6.5, —5.9, and —6.8, respectively.
It is instructive to compare the binders that are ranked in the
top 2% scored poses by the homology models. As an
example, we consider the representatives of the three
clusters obtained by grouping all the homology models.
These three structures have only three actives in common in
the top 2% and, therefore, it is likely that ensemble docking
should improve the diversity of the hits.

Conclusions

In this study, 21 homology models of the IGF-1R kinase
were built to assess their ability to discriminate active from
inactive compounds in HTD. More than 600 known IGF-
IR actives were pooled with 300,000 compounds, which
were considered to be inactive. All compounds were
docked into the ATP binding site of the 21 homology
models and the three IGF-1R crystal structures, and the
performance ranks of the known actives with respect to the
remaining pool were converted into enrichment and ROC
plots. We have found that the homology models yield a
large range of performance from random to as good as
those obtained by two of the three crystal structures of the
target protein. We have even observed that different
homology models based on templates with the same
sequence identity yield very different enrichments. In terms
of enrichment factors at 2% of the database screened, the
results range from an 1.5-fold to an 7.6-fold enrichment
compared with random screening. As a basis of compari-
son, the enrichment factors obtained by the IGF-1R
structures range from an 6.2-fold to a 12.6-fold enrichment.
Furthermore, the best crystal structure outperforms the best

@ Springer

homology model and we have also shown that this result
originates from an induced-fit effect. In terms of ROC
values, the performance for the homology models and the
IGF-1R crystal structures ranges between 0.50 and 0.76,
and between 0.67 and 0.73, respectively.

Based on a structural analysis of the results, we can
formulate a few recommendations for HTD on kinases.
First, we have seen that the receptors with the smallest
binding site perform worst and, therefore, the volume of the
ATP binding site can be used as a criterion to discard a
template. On the other hand, Fig. 9 also shows that the
performance of the homology models does not correlate
with the size of the binding site for values above 600 A°. It
is therefore likely that some regions of the binding site are
more important than others. Second, the results have shown
that the homology models based upon a structure co-
crystallized with an ATP analog perform poorly and should
not be used. Third, we have proposed to combine the
compound rankings of multiple receptor conformations as a
way to take into account receptor flexibility. Further work is
needed to determine the optimal way of choosing these
conformations. At present, a reasonable choice is to select
conformations with various shapes and sizes. It should be
kept in mind that allowing conformational flexibility might
increase the rate of false positives, since inactive com-
pounds could be docked with a better score. At the very
least, this approach should avoid the situation where HTD
yields no enrichment.

Overall, this study shows that the rigidity of the receptor
is an important limitation in HTD and that the selection of
the template(s) is a key aspect in comparative modeling.
Furthermore, our results are consistent with previous
studies based on other docking algorithms and targets.
Therefore, it is unlikely that the protein target and docking
method used in this work have a significant bias on the
conclusions. From the perspective of HTD, it may be
difficult to choose which structure to use. If a compound is
known to bind the target protein, a strategy would be to use
this information to validate the homology models. In this
respect, an algorithm that makes use of the known binding
mode of a binder during the homology modeling process
has been developed [38].
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