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Abstract

Repositioning existing drugs for new therapeutic uses is an efficient approach to drug discovery. We have developed a
computational drug repositioning pipeline to perform large-scale molecular docking of small molecule drugs against
protein drug targets, in order to map the drug-target interaction space and find novel interactions. Our method emphasizes
removing false positive interaction predictions using criteria from known interaction docking, consensus scoring, and
specificity. In all, our database contains 252 human protein drug targets that we classify as reliable-for-docking as well as
4621 approved and experimental small molecule drugs from DrugBank. These were cross-docked, then filtered through
stringent scoring criteria to select top drug-target interactions. In particular, we used MAPK14 and the kinase inhibitor BIM-8
as examples where our stringent thresholds enriched the predicted drug-target interactions with known interactions up to
20 times compared to standard score thresholds. We validated nilotinib as a potent MAPK14 inhibitor in vitro (IC50 40 nM),
suggesting a potential use for this drug in treating inflammatory diseases. The published literature indicated experimental
evidence for 31 of the top predicted interactions, highlighting the promising nature of our approach. Novel interactions
discovered may lead to the drug being repositioned as a therapeutic treatment for its off-target’s associated disease, added
insight into the drug’s mechanism of action, and added insight into the drug’s side effects.
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Introduction

The continuing decline of drug discovery productivity has been
documented by many studies. In 2006, only 22 new molecular
entities were approved by the Food and Drug Administration
(FDA) despite research and development expenditures of $93
billion USD by biotech companies and large pharmaceutical
companies, and this low productivity has not improved since [1].
From discovering, developing to bringing one new drug to market,
clinical trials are the most expensive step, accounting for 63% of
the overall cost [2]. To this end, drug repositioning - finding new
therapeutic indications for existing drugs - represents an efficient
parallel approach to drug discovery, as existing drugs already have
extensive clinical history and toxicology information.

Many of today’s repositioned drugs were discovered through
serendipitous observations, including high profile drugs sildenafil
by Pfizer - first developed for angina but later approved for erectile
dysfunction - and thalidomide by Celgene - first marketed for
morning sickness, then approved for leprosy and recently for
multiple myeloma [3]. Repositioned drugs have also been
discovered through rational observations, including imatinib
(Gleevec), which was first approved for chronic myeloid leukemia
by targeting the BCR-Abl fusion protein but was subsequently
approved for gastrointestinal stromal tumor due to its ability to
potently inhibit c-KIT [4]. Another example is the anti-depressant
duloxetine (Cymbalta) that is also indicated for stress urinary
incontinence based on a shared mechanism of action between the
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two diseases [3]. In order to rationally reposition drugs, novel
target-disease or drug-target relationships must first be elucidated.
By screening compounds against a panel of proteins, there is
potential to discover novel drug-target interactions. Drug candi-
dates are routinely screened against a small panel of similar proteins
to determine their specificity to the intended target. Large panels
with hundreds of kinase proteins have been developed to assess
kinase inhibitor specificity [5], especially since we now know that
many kinase drugs are multi-targeting. However, the druggable
proteome is much larger than just the kinome, so larger and more
varied protein panels are needed to truly assess drug specificity.
With the availability of massively parallel DNA sequencing
technology, recurrently mutated proteins in diseases — such as
EZH2 in certain lymphomas [6] and FOXL2 in certain ovarian
cancers [7] - are now being rapidly determined and are also relevant
drug targets. However, testing all drugs against all targets
experimentally is extremely costly and technically infeasible.
Recent computational endeavors to predict novel drug
repositioning candidates have used methods incorporating protein
structural similarity [8], chemical similarity [9], or side effect
similarity [10]. One study also incorporated some molecular
docking to help filter interactions predicted through protein
binding site similarity [8]. Here we present a large-scale molecular
docking analysis of known drugs against known protein targets for
the prediction of novel drug-target interactions. Molecular docking
is a computational method that predicts how two molecules
interact with each other in 3-dimensional space. It is well
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Author Summary

Most drugs are designed to bind to and inhibit the
function of a disease target protein. However, drugs are
often able to bind to ‘off-target’ proteins due to similarities
in the protein binding sites. If an off-target is known to be
involved in another disease, then the drug has potential to
treat the second disease. This repositioning strategy is an
alternate and efficient approach to drug discovery, as the
clinical and toxicity histories of existing drugs can greatly
reduce drug development cost and time. We present here
a large-scale computational approach that simulates three-
dimensional binding between existing drugs and target
proteins to predict novel drug-target interactions. Our
method focuses on removing false predictions, using
annotated ‘known’ interactions, scoring and ranking
thresholds. 31 of our top novel drug-target predictions
were validated through literature search, and demonstrat-
ed the utility of our method. We were also able to identify
the cancer drug nilotinib as a potent inhibitor of MAPK14,
a target in inflammatory diseases, which suggests a
potential use for the drug in treating rheumatoid arthritis.

established as a virtual screening method in drug discovery [11],
where typically many chemicals are docked against a specific
protein binding site, in order to discover novel inhibitors of that
target. Compared to similarity analyses, docking has the potential
to find drugs that bind to proteins with novel scaffolds as well as
off-targets that may be structurally dissimilar to the known targets.

Large-scale docking of many targets to many drugs is now
feasible when run on powerful computer clusters. However,
limitations in scoring methods result in high false positive
prediction rates [12], and large-scale studies amplify these low
prediction accuracies. Our method emphasizes removing false
positive predictions using scoring and ranking thresholds, and
retaining only the highest confidence interactions as drug
repositioning candidates.

Results

Computational pipeline
A computational pipeline was developed for large-scale
molecular docking of drugs to protein targets (Figure 1). Briefly,
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we collected all 3D structures available for each drug target,
determined binding pockets in the structures, and docked drugs to
each pocket. Results were collected and thresholds were applied to
select the top predicted interactions, which were then visually
inspected.

Known interactions docking

We first docked 3570 known protein-drug interactions anno-
tated by DrugBank, between 678 unique human proteins and
1309 small molecule drugs. We used the docking software ICM
developed by Molsoft [13], which ranks ligands using a Monte-
Carlo based docking procedure and an empirical, energetics-based
docking score. Like most docking software, ICM recommends a
standard score cut-off’ for virtual screening efforts: —32 [14],
where more negative scores represent more likely binding
interactions. However, studies have used different cut-offs
depending on the protein target [15]. Here we used a score of
—30 as the threshold for ‘good’ dockings scores. Of the 3570
known interactions docked, 1116 (31%) had a good ICM docking
score. 252 proteins had at least one known interaction predicted
by docking — these formed the ‘reliable’ set of proteins that we
believe are more suited for docking purposes. A breakdown of
protein classifications for this reliable set revealed that 67% of
targets were enzymes, of which 12% were protein kinases. In
contrast, there were few G-protein coupled receptors in our
database due to lack of crystal structures, which reflects both the
current state of solved protein crystal structure space as well as
popular drug targets.

Known interactions docking evaluation

In high-throughput molecular docking, it is common to hold
protein structures rigid during the simulation. With this restriction,
re-docking a PDB ligand back to its native PDB structure (cognate
docking) is a simpler task than docking a different ligand to the
structure (non-cognate docking) because in the former case the
protein is already in a specific ligand-bound conformation.
Cognate-docking situations occur frequently and previous studies
show that they can be docked well in 60-80% of cases [16]. In
contrast, the more useful non-cognate docking is only successful in
20-40% of cases [16].

We analyzed the 1116 known interactions to examine whether
those that docked well were only due docking cognate ligands. For
each interaction, we observed whether the drug bound 1) a /olo
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Figure 1. The computational molecular-docking pipeline.
doi:10.1371/journal.pcbi.1002139.g001

@ PLoS Computational Biology | www.ploscompbiol.org 2

September 2011 | Volume 7 | Issue 9 | 1002139



(unliganded) protein structure, 2) an apo (liganded) structure with a
same or similar ligand as the drug (the cognate-docking scenario),
or 3) an apo structure with a chemically different ligand from the
drug. Chemical similarity was defined as having a Tanimoto
coefficient less than 0.54. Figure 2 shows that cognate docking
occurred in 380 of the 1116 interactions. Of these, only 56 were
drugs docked to an apo protein with the same ligand (Tanimoto
coefficient of 0). The majority of drugs docked well to folo
structures as well as apo structures with dissimilar ligands. In short,
the ICM docking method was able to predict known interactions
for both cognate and non-cognate docking scenarios.

Aside from the docking score, it was also important to verify that
the ligands were docked in correct binding conformations. We
further examined the 380 cognate dockings and found that the
docked drug conformation was close to the known drug
conformation (RMSD value <2 A) in 69% of cases. The other
31% fell into two categories: 1) partly symmetrical ligands like
NAD and 2) ligands that bound to a small pocket. In the first case,
the molecule was incorrectly determined to be flipped, causing a
high RMSD; however, its central portion was docked correctly
due to symmetry. In the second case, the region of ligand bound in
the pocket was docked correctly, but the region free in solvent
contributed to a poor RMSD value. Overall, this analysis showed
that when a known interaction was docked with a good score, the
binding conformation was also reasonably predicted.

Known drug-target network

We gathered the known protein-drug interactions into a network
(Figure 3) with proteins as rectangular nodes, drugs as circular
nodes, and interactions as edges. Interaction edges with good
docking scores were highlighted in red. Proteins from the same
family were often grouped close together and shared many drug
interactions, such as the retinoid X and retinoic acid receptors and
the matrix metalloproteinases. Proteins having the most known drug
interactions in the network included the transport proteins serum
albumin and the phosphatase PI'PN1. The most highly-connected
chemicals in the network were metabolites: ATP, NAD, and NADP.
For some proteins such as MAPK14, 13 of 14 known inhibitors
were well predicted by docking, whereas for others such as ACE,
only one of its nine known inhibitors scored well. For 426 of the 678
protein targets not included in Figure 3, none of their known
interacting drugs could be docked well, reflecting the limitations of
current molecular docking methods. To this end, we chose the
subset of 252 protein targets for which at least one known drug
docked well (from the 1116 interactions that docked well), deemed
as more ‘reliable-for-docking’ compared to the other proteins.

Large scale cross-docking & score thresholds
We proceeded to dock the 252 reliable protein set against the
database of 4621 drugs. Considering the multiple crystal structures
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per protein and the multiple binding pockets per structure, there
were a total of 1514 crystal structures and 2923 binding pockets.
Each drug was docked to all binding pockets of a protein and
whichever pocket gave the best docking score for the drug
determined the final protein-drug score. This method allowed
multiple conformations of a protein to be accounted for during
docking and provided a simple model of protein flexibility.

In total, we docked 1.2 million protein-drug interactions.
104,625 (0.9%) had ICM docking scores (icm-score) of —30 or
better, encompassing alll116 known interactions in the reliable
data set. Since the fraction of known interactions in the predicted
set was so low, we assumed that the vast majority of predictions
were false positives. Though we believed that novel drug-target
interactions existed and were enriched within these 104,625, there
was clearly a need for more stringent score thresholds.

We investigated various methods of selecting top drug-target
interactions. The standard software-recommended icm-score is
based on a weighted sum of various binding energy terms [13].
The pmf-score, or potential of mean force score, is a measure of
the statistical probability for the drug and protein to interact with
cach other (for example, it examines interatomic distances and
atom types of the docked interaction and compares that to existing
interactions in PDB) [14]. A consensus score was developed that
uses both icm- and pmf- scores and allows us to select the x% of
top interactions for each protein; it is described in more detail in
case studies below. We also ranked interactions in two ways. The
drug-rank is the rank of this drug compared to all drugs docked to
this protein (from 1-4621), and the protein-rank is the rank of this
protein when the drug is docked to all proteins (from 1-252).
Requiring high drug and protein ranks (i.e. a low value when the
two ranks are summed together) enforces a mutual specificity
criterion. We hypothesized that by choosing interactions with
good scores and ranks, we would better filter out false positive
predictions.

To assess performance, we measured the positive predictive
value (PPV), defined as the proportion of predicted interactions
that are known binding interactions. The premise is that a better
threshold would yield a set of predictions more enriched with
known interactions, and novel interactions that are more likely be
true binding events. Figure 4a shows that as the stringency of a
threshold increased (i.e. icm-score of —40 versus —30), fewer
interactions are predicted; however, the PPV increased due to a
higher proportion of known interactions in the predicted set. This
behavior is consistent for all thresholds, and the highest PPVs are
generally observed within the top 100 predicted interactions. It is
important to note that each of the 4621 drugs will always have a
top-ranked protein (interactions with protein-rank of 1), and each
of the 252 proteins will always have a top-ranked drug
(interactions of drug-rank 1). Thus, the protein-rank threshold
particularly is not sensitive alone.

3590 known drug-target
interactions docked

69% docked with
good conformation
(RMSD s 2A)

1116 docked with
a good ICM score

359 docked to
an apo PDB
structure

376 docked to a holo
PDB structure with a
different ligand

380 docked to a holo
PDB structure with a
same or similar ligand

A

31% docked with
poor conformation
(RMSD > 2A)

Figure 2. Evaluating the known drug-target docking. 1116 (31%) of 3570 known interactions docked with a good score. Two-thirds of the
1116 were ligands docking to non-cognate protein structures, showing that the method could do more than re-dock existing drug-target structures.

doi:10.1371/journal.pcbi.1002139.g002
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MAPK14

Figure 3. Network of known protein-drug interactions. Proteins
are shown as rectangular boxes (nodes), drugs are shown as pink
(approved) and blue (experimental) circles, and edges represent known
interactions annotated by DrugBank. Edges colored red denote known
interactions that were docked with a good icm-score. Here we show
only the 252 proteins for which at least one known drug docked well -
the ‘reliable-for-docking’ set. The proteins at the bottom of the graph
are not connected to other proteins through shared binding drugs.
doi:10.1371/journal.pcbi.1002139.g003
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The protein-rank and pmf-score thresholds appeared to be the
worst based on both the PPV plot (Figure 1) and on enrichment
factors (Table 1). However, they showed better PPVs when
combined with other thresholds. For example, the drug rank and
protein rank measure performs much better than drug-rank alone,
and the consensus score (combining icm- and pmf-score) also
performs better than the icm-score alone. We measured the
enrichment factor for each type of threshold, at its most stringent
setting (leftmost points of Figure 4a) and found that the pmf-score
and protein-rank were the least effective at predicting known drugs
(Table 1). Instead, combinations of score and rank criteria
provided a 100-500x enrichment of known interactions com-
pared to a random algorithm, and al0-50X enrichment com-
pared to a standard binding energy-based ICM score cut-off of
—30. Interestingly, the drug-rank 1 and protein-rank 1 (basically
the sum of ranks is 2) combination threshold performs surprisingly
well; however, adding the consensus score clearly improves PPV
for the top ~300 interactions (Figure 4b) which are the most
interesting to us for manual inspection.

Another threshold method is to use the scores of known binders
as the score cut-off for each protein. We investigated this using the
best and worst icm- and pmf-scores of known drugs. Table 2 shows
that this did not result in a higher enrichment, nor did it help
narrow down the number of predicted interactions.

Opverall, the combination of consensus score with the two ranks
gave the highest PPV and enrichment values: in the top 50
predicted interactions, 49% are known. This gave us confidence
that many of the other 51%, all novel interactions, are real.

Case study: MAPK14

Two examples are presented to illustrate the utility of
combining rank and scoring criteria. The first is for the signaling
protein  MAPK14 (also known as p38 alpha), an integral
component in numerous cellular processes. It is a drug-target for
inflammatory diseases [17]. MAPK14 is known to be a challenging
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Figure 4. Score thresholds assessment. Various combinations of score and rank thresholds were assessed using the positive predictive value
(PPV). A) shows the PPVs for thresholds predicting less than 7000 interactions. B) is a zoomed in version showing clearer PPV separation for the top

500 predicted interactions.
doi:10.1371/journal.pcbi.1002139.g004
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docking target due to its structural flexibility [18] and its shallow
binding pocket [19]. However, these docking studies used only one
3D structure. In our dataset, there are 35 crystal structures of
MAPKI14 in different conformations, providing a simple view of
protein flexibility.

The consensus score is based on the observation that when
docking a large number of diverse compounds to any target, most
compounds have poor icm- or pmf- scores, and few compounds
have both good icm- and pmf- scores. Therefore, we chose a linear
threshold that eliminated the densest area of points in the poor
scoring region (top-right) of a score plot like Figure 5, and selects
the compounds in the best scoring region (bottom-left) as potential
interaction hits. As seen in Figure 4a and Table 1, the consensus
score performed better for PPVs and enrichments compared to a
simple icm- and pmf- score combination.

Figure 5 plots the icm- versus pmf- scores of the 4621 drugs
docked to MAPK14. Each drug is a point on the graph, where the
5% of drugs passing a consensus threshold are shown in orange,
and the 1% passing a consensus threshold are shown in purple.
For 67 drugs, MAPK 14 was one of the top 5 scoring targets; they
are circled in green. Table 3 shows that a combination of the
consensus and protein rank criteria resulted in the best enrichment

Table 1. A comparison of various threshold methods based on their ability to predict a high percentage of known interactions
(PPV) and enrich the predicted interaction set for known interactions.

# predicted # known in # proteins in % known in enrichment factor
threshold interactions predicted interactions interactions predicted set (PPV) versus random
random 1,164,492 1116 252 0.1% 1
icm-score of —30 104,625 1116 252 1.1% 1
pmf-score of —300 150 3 20 2.0% 21
protein-rank of 1 4621 234 206 5.1% 53
consensus score 0.05% 437 45 238 10.3% 107
icm-score of —100 72 9 17 12.5% 130
drug-rank of 1 252 42 252 16.7% 174
icm-score —100 48 8 13 16.6% 174
& pmf score —140
drug rank 1 & protein rank 1 53 16 53 30.2% 315
consensus score 0.05% & sum 45 22 39 48.8% 510
(drug rank, protein rank)=4
Thresholds are listed by increasing enrichment. It is also important to consider the size of the predicted set and how many proteins are included.
doi:10.1371/journal.pcbi.1002139.t001

(110x) of known drugs. There were 15 annotated known binders
of MAPK 14 in DrugBank, but we disregarded 2-chlorophenyl due
to it being a very small molecule with a very weak MAPK14-
binding affinity (>1 mM). 10 of 14 known drugs were predicted
through our stringent thresholds. Though 4 true positive binders
were lost, 99.99% of points were eliminated, presumably
consisting mostly of non-binders. Through literature search, we
found that imatinib and quercetin have been previously tested
against MAPK14 and did not show any inhibition [20]. This
suggested that the 5% consensus threshold was too lenient for
MAPKI14, whereas the 1% was more appropriate. Within the
other approved drugs predicted to bind MAPKI14, we found
literature validation for sorafenib, a multi-kinase inhibitor appro-
ved for renal cell carcinoma [21], and gefitinib, a EGFR inhibitor
approved for late stage non-small cell lung cancer [22].

Previous high-throughput studies have shown varying results
regarding nilotinib-MAPK 14 inhibition. Some enzymatic assays to
MAPK14 showed weak inhibition: 570 nM or 2.2 uM depending
on the assay type [23]. Direct binding assays have shown 100 nM
Kd [23] or no binding at all in peptide pulldown experiment [20].
Since nilotinib was one of our top approved drugs predicted to
bind MAPK 14, we decided to further experimentally validate the

Table 2. A comparison of various threshold methods based on their ability to predict a high percentage of known interactions
(PPV) and enrich the predicted interaction set for known interactions compared to other methods.

# known in

enrichment
factor
versus random

% known in
predicted set (PPV)

# proteins in
interactions

# predicted predicted
Threshold interactions interactions
use icm- score of worst scoring 62337 1117
known binder
use icm- & pmf- scores of worst 28840 716
scoring known binder
use icm- score of best scoring 16412 253
known binder
use icm- & pmf- scores of best 7859 253

scoring known binder

252 1.8% 20
252 2.5% 27
252 1.5% 17
252 3.2% 35

doi:10.1371/journal.pcbi.1002139.t002
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Figure 5. A score-plot containing docking ICM- and pmf- scores for 4621 drugs to MAPK14. Each point represents a drug. The top 5% of
the drugs as determined by the consensus scoring threshold are shown as orange dots. These drugs were also docked to the 252 other drug targets
in our database, and circles denote the drugs for which this protein was one of the top 5 targets for the drug. The circle colors denote whether the
protein rank was based on the ICM score (green) or the pmf score (purple). Finally, drugs that are known to bind MAPK14 are shown in red boxes, and
it can be seen than most of these red boxes pass both the consensus and protein rank thresholds.

doi:10.1371/journal.pcbi.1002139.g005

interaction. We performed MAPKI14 ATP-competitive binding
assays for two inhibitors that were available for purchase:
zafirlukast, and nilotinib. As seen in Figure 6, both drugs exhibited
inhibition of MAPK14 at therapeutically relevant concentrations
(<10 uM) in a dose dependent manner. Zafirlukast (AstraZeneca)
is an oral leukotriene inhibitor that reduces inflammation of
breathing passage in asthma patients. We found that it does inhibit
MAPKI14 weakly, and this may contribute to its inflammation
reducing effect. The chronic myeloid leukemia drug nilotinib was
especially potent with an 1C50 of 40 nM.

Despite their appeal as an inflammatory disease target,
MAPK14 drug candidates to date have failed due to drug toxicity

Table 3. Enrichment factors of various thresholds for
MAPK14.
enrichment
all docked known drugs factor versus
drugs ligands random
# docked to 4621 14 1
MAPK14
# passing icm 970 14 5
score =—30
# passing 5% 225 10 15
consensus score
# passing 5% 67 10 49
consensus &
protein rank =5
# passing 1% 45 6 44
consensus score
# passing 1% 18 6 110
consensus &
protein rank =5
doi:10.1371/journal.pcbi.1002139.t003

@ PLoS Computational Biology | www.ploscompbiol.org

issues [24]. Though it may seem underwhelming to use a cancer
drug with potentially serious side effects to treat inflammation,
nilotinib is noted to have a much milder adverse effects profile
compared to its similar drug dasatinib [20]. Another similar drug
imatinib has shown promise in treating rheumatoid arthritis in
mouse models [25] and specific patients [26,27], speculated due to
its inhibition of mast cell c-Kit and PDGFRB. Nilotinib also
inhibits these two proteins, and its extra inhibition of MAPK14
may render it a better choice for arthritis models. Recently,
nilotinib was tested in a glucose-6-phosphate-isomerase-induced
arthritis mouse model and found to significantly prevent paw
inflammation — to a greater extent than imatinib [28]. This study
also suggested that the two drugs acted through some distinct
mechanisms. Overall, these findings seem to agree with our
observations that nilotinib potently inhibits MAPK14, unlike
imatinib, and thus has added potential as an anti-inflammatory
drug.

Case study: BIM-8

A second example is the Protein Kinase C inhibitor BIM-8. We
docked BIM-8 to the set of 252 reliable targets, and the results are
plotted in Figure 7. Each point on the graph represents a protein
target, and targets for which BIM-8 passes the 5% consensus
threshold are shown in orange.

We compared our results to three previous studies. Two studies
performed protein kinase assays with radioactive ATP and
substrate peptides, where inhibitor binding decreases the amount
of radioactive peptide produced [29,30]. The third study
performed thermal shift assays where inhibitor binding increased
the kinase stability and thus the melting point [31]. BIM-8 targets
discovered by these papers are shown in shades of red in Figure 7,
and non-binders in these papers are shown green. The only
annotated target of BIM-8 in DrugBank is PDPK1. GSK3B and
PIM1, which are in the top 5 protein rank and top 5% consensus
threshold, were also validated as inhibitors. PDPK 1 was not found
to be an mnhibitor by the first two studies but was confirmed as a

September 2011 | Volume 7 | Issue 9 | 1002139
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Figure 6. Testing nilotinib and zafirlukast in ATP-competitive
enzymatic assays against MAPK14. Results are plotted as percent
inhibition of activity versus drug concentration. The nilotinib-MAPK14
IC50 was calculated to be 40 nM.
doi:10.1371/journal.pcbi.1002139.g006

binder by the third study with a kinase assay and crystal structure.
Overall, if we count that there are 4 known binders (PIMI,
PDPKI1, GSK3B, LCK, since CDK and MAPK14 are probably
weak or nonbinders), we can see that applying a 5% consensus
threshold and protein rank criteria gave us a 63-fold enrichment
over random selection, and a 63/10.5 =46 fold enrichment over
using a standard ICM score threshold of —30 (Table 4).

Drug-target interaction map

For a global and quantitative review of the predicted protein-
drug interactions, we plotted the icm scores of drugs docked to
established drug targets (Figure 8). Each protein is represented by
a column, on which a black line denotes a known drug docked to
the target, a red dot denotes an approved drug docked to the
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target, and a blue dot denotes an experimental drug docked to the
target. Only protein-drug interactions that docked with a score
passing the consensus threshold and had a protein-rank =5 are
shown.

Opverall, the known drugs (black crosses) had better scores than
other drugs for a given target. This was expected, as many of these
known drugs were chemically optimized for their targets. For a
number of targets, the known drug was the only predicted
interaction. None of the approved and experimental drugs from
DrugBank were able to dock well, despite a reliable protein
structure, suggesting that virtually screening larger chemical
databases may be the only way to discover novel inhibitors by
docking. For most targets, at least one experimental drug showed a
better score than the known drugs; however, experimental drugs
are often unavailable for purchase or experimental testing.
Instead, we were most interested in cases with approved drugs
such as the MAPK14-sorafenib example which was verified by the
literature, and the MAPK14-nilotinib example which we verified
with an in vitro kinase assay.

Through literature search, we found experimental support for
many of our top drug-target predictions that scored better than
known interactions (Table 5). These all pass the 1% consensus
threshold and are observed to have high drug and protein ranks
for the most part. It is important to note that the drug-rank
depends on the number of known binders for the protein; thus,
since ESR1 had 39 annotated drugs in DrugBank, a drug-rank of
16 is not as low. In contrast, a drug-rank of 16 would be low for
MMP13, which has only seven annotated drugs in DrugBank.

One type of validated interaction includes drugs that are close
analogs of known drugs for that target; for example, the estrogen
analog ERA-923 is a known selective estrogen receptor modular
(SERM) [32]. Genistein is known to bind both ESR1 and ESR2
[33]. Becocalcidol and ED-71 are vitamin-D analogs and bind the
vitamin D receptor [34,35]. Drosiprenone is a synthetic progestin
with anti-mineralocorticoid receptor (MR, NR3C2) effects and has
potential for reducing cardiovascular risk in women taking oral
contraceptives or postmenopausal hormone treatment [36]. Due
to the many in depth studies on kinase inhibitor specificity, we
were able to find collaborating evidence for some of our kinase
protein interaction predictions. For example, vatalanib is a known
pan-VEGFR inhibitor [37], nilotinib is a potent KIT inhibitor
[38], and other inhibitors of MAPK14 and targets of kinase
inhibitor BIM-8 were discussed in previous sections. Docosahex-
anoic acid (DHA, DB03756) is an endogenous ligand for brain
fatty acid binding protein (B-FABP) that is essential for brain
growth and function [39]. We predicted that it binds the transport
protein human serum albumin; indeed, this interaction has been
validated and found to confer neuroprotection in animal models of
ischemia [40]. This finding suggested that DHA might have
potential repositioning value for ischemic stroke.

Opverall, we were able to find literature support for 30 of our top
predicted interactions, which validated our computational method
as useful for finding novel drug-target interactions.

Discussion

The binding of a small molecule drug to its target protein in a
cell is much more complex than a single docking calculation. For
example, an ATP-competitive kinase drug would have hundreds of
ATP-binding sites to choose from due to the large size of the
kinome. Cancer drugs such as sunitinib are now known to potently
inhibit many more kinase targets than previously expected [41]. In
addition, non-kinase targets of kinase drugs have also been found:
NQO2 was the first non-kinase target discovered for imatinib
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Table 4. Enrichment factors of various thresholds for BIM-8.

enrichment

consensus &
protein rank =5

all docked known protein  factor versus
proteins targets random
# proteins BIM-8 252 4 1.0
was docked to
# passing default 24 4 10.5
score =—30
# passing 5% 20 4 12.6
consensus score
# passing 1% 6 3 315
consensus score
# passing 5% 3 3 63
consensus &
protein rank =5
# passing 1% 3 3 63

doi:10.1371/journal.pcbi.1002139.t004

[20,42], and several cytotoxic LIM kinase inhibitors were found to
be actually inhibiting tubulin [43]. Such studies imply that the
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target search space for any inhibitor should be the entire
druggable proteome.

Our strategy was to find novel drug targets of existing drugs by
computationally screening the druggable proteome. For this
purpose, we chose molecular docking due to its speed, low cost,
and detailed three-dimensional simulation. Moreover, docking can
evaluate any protein with a solved structure due to its virtual
nature, without the need for tailoring enzymatic assays or
collecting drugs in solutions. However, docking is known to have
a high false positive prediction rate, due to limitations such as
incomplete binding pocket prediction, inadequate ligand confor-
mation sampling, inaccurate scoring functions, lack of protein
flexibility, and lack of water and cofactor molecules during the
simulation. As evidenced in this study, only 31% of the 3570
known interactions docked with a good score. One review states
that 10-50% of a set of diverse compounds can be expected to be
docked correctly for a given target [12]. We are well within this
range, and believe our method performs quite well considering the
large variety protein targets involved and the automated nature of
the pipeline. However, the other 69% of known interactions were
not predicted due to docking limitations.

Our method attempted to address these limitations. First, we
manually included binding pockets that were present in PDB
structure complexes but not predicted by the binding pocket
search. Second, we docked each interaction 10 times to better
sample ligand conformations. Third, we applied consensus score
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Figure 8. Quantitative interaction map of drugs docked to protein targets, according to their ICM docking score. Each protein is
represented by a column, on which a black cross denotes a known drug docked to the target, a red dot denotes an approved drug docked to the
target, and a blue dot denotes an experimental drug docked to the target. Only the top predictions for established drug targets (at least one known
approved drug) that docked with a score passing the consensus threshold and had a protein-rank =5 are shown.

doi:10.1371/journal.pcbi.1002139.g008
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and rank criteria to further narrow down top scoring docking hits.
Fourth, we used all available structures of a protein (versus
choosing one representative structure), to allow a simple view of
protein flexibility. We did not incorporate water and cofactor
molecules in our docking simulations due to the computational
complexity involved. However, by selecting proteins for which at

@ PLoS Computational Biology | www.ploscompbiol.org

Table 5. Top predicted hits that have literature support.

protein drug icm score pmf score drug rank protein rank notes

AIFM1 DB02332 =79 —231 1 1 Flavin is a cofactor. [51]

ALB DB03756 —66 —163 1 2 Dosahexanoic acid (DHA) can form complex with
albumin and confers neuroprotective effects in rats.
[40]

ALB DB06689 =51 —130 84 3 Ethanolamine oleate promptly binds with albumin
in the blood [52]

AKT1 DB03265 —81 —-95 2 1 Crystal structure of inositol 1,3,4,5-
tetrakisphosphate bound to AKT1. [53]

BTK DB03344 —69 —-99 1 3 [54] shows that inositol 1,3,4,5-tetrakisphosphate
binds to BTK. This compound is very similar: inositol
1,3,4,5,6 tetrakisphosphate.

CYB5R3 DB02332 =71 —258 2 2 Flavin is a cofactor. [55]

ESR1 DB05414 —47 —-197 3 1 ERA-923 is a selective estrogen receptor modulator.
[32]

ESR1 DB01645 —42 —109 16 1 Genistein is a selective estrogen receptor
modulator. [33]

GART DB02223 —63 —126 1 5 LY-231514 tetra-glu a known thymidylate synthase
inhibitor. LY-231514 is pemetrexed, a GART and
thymidylate sythase inhibitor. inhibitor. [56]

GART DB02794 —62 —147 2 4 Crystal structure of compound bound to E.coli
GART. [57]

GSR DB02332 —57 =211 Flavin is a cofactor. [61]

KDR DB04879 —49 —152 1 1 Vatalanib is a pan VEGFR inhibitor. IC50 37 nM. [37]

KIT DB04868 —44 —240 4 2 Nilotinib. [38]

MAPK10 DB00317 -39 —183 72 3 Gefitinib binds MAPK10 weakly: Kd =2-3 uM. [58]

MAPK14 DB00398 =51 —161 2 2 Sorafenib 1C50 0.057 uM. [59]

MMP2 DB02255 —37 —84 1 6 lllomastat is a broad-spectrum MMP inhibitor. Ki
0.5 nM (Chemicon International Inc, Temecula, CA)

MMP8 DB02255 —44 —67 2 1 lllomastat is a broad-spectrum MMP inhibitor. Ki
0.1 nM (Chemicon International Inc, Temecula, CA)

NR3C2 DB01395 —48 —150 1 1 Drospirenone, a progestogen with
antimineralocorticoid properties. [60]

PPARD DB03756 —62 —144 1 4 DHA can activate PPARD. [61]

PPARG DB06536 —47 —-130 9 1 Tesaglitazir is a dual PPARA/PPARG agonist [62]

RAC1 DB03532 —120 —145 1 1 RACT is a GTPase [51], and this compound is a
standard GTP analog.

RARG DB02466 —58 -216 1 1 BMS181156 binds RARG with Kd 0.6 nM. [63]

RARG DB02258 -56 —220 2 1 SR11254 is a RARG-selective ligand [64].

RARA DB05076 —45 —-131 6 2 4-HPR is a highly selective activator of retinoid
receptors. [65]

RARG DB05076 —46 —134 6 1 4-HPR is a highly selective activator of retinoid
receptors. [65]

RARG DB02741 —52 -217 3 1 CD564 binds RARG with Kd 3 nM. [63]

RARG DB03466 —46 —208 1 1 BMS184394. [63]

RXRA DB03756 —54 -137 1 8 DHA. [66]

RXRA DB04557 —53 —156 2 5 Arachidonic acid. lit support. [63]

VDR DB04891 —49 —204 1 1 Becocalcidiol, a vitamin D analog. [34]

VDR DB04295 —44 —297 4 1 ED-71, a vitamin D analog. [35]

doi:10.1371/journal.pcbi.1002139.t005

least one known drug docked and scored well, we selected proteins
for which the limitations of the docking software were not critical
for a good prediction. In short, assuming the docked conformation
of the known ligand was correct, we used only proteins for which
the binding pocket was genuine, the scoring functions were
adequate, the protein was in a conformation amenable for drug
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inhibition, and the lack of water or cofactor molecules didn’t
drastically affect the prediction.

Virtual screening studies typically involve docking large
chemical databases to one protein target, selecting compounds
that score within the top 0.5-1% of the database and then further
prioritizing them by visual examination. When experimentally
validating these top candidates, a 5% hit rate can be considered a
successful endeavor (where a good hit is a predicted compound
showing an experimental binding affinity in the uM or lower
range) [44]. Depending on the target, the crystal structure, the
software used, post-docking criteria (such as chemical clustering),
and even the individual performing the visual examination, the hit
rate can be improved to 10-40% (Cavasotto et al. had 14% hit rate
from 50 tested compounds [15]; Sabio et al. had a 36% hit rate
from 56 tested compounds [45]).

In our case, both the standard scoring threshold and the known-
inhibitor score were not sufficient. With a normal score threshold
of —30, docking 4621 drugs against 252 proteins resulted in
104,625 predicted interactions. This is roughly 1% of the docked
interactions, so even selecting the top 1% of the docking hits for
validation becomes prohibitive for large-scale studies. It is
important to note that each protein has different physiochemical
properties: for some proteins, hundreds of compounds pass the
—30 cut-off, while for other proteins none pass. Thus, using the
known-inhibitor score as a cut-off allows for a threshold that is
tailored to each protein. However, this method still predicted
~8000 interactions at the most stringent. Our consensus threshold
allowed us to pick the top 1% (or any x%) of docked compounds
with the best icm- and pmf- scores for each protein and further
filter from there. Through testing many combinations, we found
that using the consensus score with rank information allowed us
the highest PPV — nearly 50% - and enrichment factor — 50 times
better than standard —30 score threshold and 490 times better
than random selection. This high enrichment for known
interactions suggests that many of the other predictions that have
not yet been experimentally tested may be true binding
interactions.

There are limitations to this scoring scheme. Since the pmf-
score is a statistical score comparing the docked interaction to
known interactions in PDB, a chemical with a different scaffold or
novel binding conformation may have a poor pmf-score and
become predicted as a false negative. However, our foremost goal
in this study was to eliminate as many false positive predictions as
possible and obtain a high enrichment of true positives in our
predicted interaction set. Thus, it was acceptable to miss some
false negative predictions. In addition, the consensus score is quite
simple with a linear separation method, and may not be as
informative as a machine-learning algorithm that trains on known
ligand docking scores. However, we desired an automated scoring
method that did not depend upon the existence of known ligands.
That is, if a protein structure had just one, or no known binders,
our method would still be able to select the top 1% of docking hits.

To date, cross-docking of proteins to compounds has generally
been used for small datasets. As an example, Huang et al. docked
40 targets against 40 compounds to check whether their docking
method could distinguish between a target’s cognate ligands and
the other targets’ cognate ligands [19]. In this large-scale cross-
docking study, our use of a 1000-processor cluster was essential to
completing the tens of millions of docking simulations in a timely
manner. In addition, the large number of crystal structures and
binding pockets involved required much of the docking pipeline be
automated.

High-throughput computational screening of drug-target inter-
actions represents a parallel approach to high-throughput experi-
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mental screening. Due to differences in experimental methods,
assay settings, and protein panels, different studies may present
differing results. For example, small molecule affinity purification
methods that use whole cell lysates would give different results
from in wvitro kinase assays that use a specific panel of proteins. In
the case of gefitinib, two such studies had distinct differences in
their proposed cellular targets [22,41]. Differences in methods are
also further compared in a study by Manley et al [23]. We
presented an example for BIM-8, which binds to PDPKI
differently in two similar i vitro experiments. For MAPK 14, the
experimental results for nilotinib also varied. We experimentally
tested two purchasable approved drugs against MAPK14 and
found that nilotinib was a strong nanomolar inhibitor, and
zafirlukast was also an inhibitor, though not as potent. Thus,
interactions that are predicted to be very likely inhibitors
computationally may merit extra study even if experimental tests
are initially negative.

In short, we have developed a computational pipeline that can
run large-scale cross-docking of compounds to targets. We
developed stringent criteria to filter a large proportion of false
positive interactions. The two case studies presented were selected
based on known experimental binding assay data, so as to
demonstrate the notable enrichment of known interactions using
our scoring and ranking criteria. We hypothesized that predicting
a set of interactions with a higher PPV (enrichment of known
interactions) would also lend confidence to the other novel
interactions in the set. This appears to have worked, as we were
able to find validation for 31 predicted drug-target interactions
that were not previously annotated in DrugBank, as well as
validate two other inhibitors of MAPKI14. Other drug-target
interaction predictions are currently undergoing experimental
validation; novel interactions discovered are potential drug
repositioning candidates, but also provide insight into a drug’s
mechanism of action and adverse effects profile.

Methods

Pocket database and drug database construction

We downloaded the DrugBank 2.5 database [46], containing
drug information and comprehensive information of their targets.
We extracted human protein drug targets from DrugBank and
retrieved their sequences from SwissProt [47]. Protein Data Bank
structures showing at least 95% sequence identity for proteins at
least 20 amino acids in size were downloaded. They were required
to be X-ray crystal structures with a minimum resolution of 2.8 A.
Multiple chains were grouped into a set of non-redundant
sequences, based on PDB’s chain redundancy analysis at the
95% sequence identity level.

Preparing a target pocket database

We prepared protein structures for docking using Molsoft’s
ICM software version 3.4-9c [13], removing water molecules,
solvent lons, and other ligands from the structures. We added
hydrogen atoms to the structures then optimized their positions.
These prepared protein structure files can be downloaded from
http://www.bcgsc.ca/downloads/yli/. To predict pockets, or
potential binding sites, we used the PocketFinder [48] method in
ICM, which calculates a transformation of the van der Waals
energy for an aliphatic carbon probe on a grid map. For each
protein, the three largest pockets are retained in the database. If
metal ions were found near a pocket, we prepared two receptors
for docking, one of the protein with the metal ion and one without.

The receptor was defined as the box 3.5 A surrounding the
pocket. If the pocket overlapped well with the ligand but the ligand
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extended out of the protein structure, we defined the receptor be
the box 3.5 A around the pocket but also including 2.0 A around
the ligand. This ensured that known ligand binding sites not
predicted by our automated method were also included in our
pocket database.

Docking

We docked drugs to target receptors using the ICM virtual
library screening (VLS) module. This method performs rigid-
receptor flexible-ligand docking using a two-step Monte Carlo
minimization method and energy scoring function to sample
ligand conformations and select the best docking hits. MMFTF
partial charges and ECEPP/3 force-field parameters are used.
Docking one interaction required on average 30 seconds to 1 min
per processor. A given protein may have several structures, each of
which with more than one pocket; in such cases we dock all
pockets to a drug, and the best scoring interaction is selected to be
the representative protein-drug score.

To ensure a sufficient coverage of the docking energy landscape,
we docked each drug-target interaction 10 times in the known
docking analysis and 5 times in the large-scale cross-docking
analysis. Docking was performed on a Linux cluster with 1000
processors — this level of throughput allowed us to complete 1-3
million dockings per day.

Known interactions docking

8867 known interactions between human protein targets and
drugs were culled from the DrugBank Drugcards database. Of
these, 3570 interactions with protein target crystal structures
present in our database were docked. Due to the Monte-Carlo
nature of the ICM method, each interaction was docked 10 times
to better cover the docking energy landscape. After 10 iterations,
the best scoring prediction was retained.

If the protein structure was solved in complex with a ligand, a
Tanimoto coeflicient was used to determine if the docked drug was
similar to the complexed ligand. A coefficient less than 0.54
represented similar molecules [49], and thus cognate dockings.
Evaluation of static RMSD values of protein-drug interactions
representing 380 cognate interaction dockings was performed on a
case-by-case basis as the chemical numbering of PDB heteroatoms
and docked structures often differed, which caused incorrect
RMSD calculations. Each RMSD comparison was required to
match at least 30% of the docked ligand atoms to the cognate
crystal-structure ligand. 320 interactions pass this requirement, of
which 221 (69%) showed RMSDs under 2 A. The other 99 (31%)
had RMSDs larger than 2 A.

Cytoscape [50] was used to generate the known drug-target
interaction map. Networks were fitted to a force-directed layout
and manually edited for improved visibility. Drugs and protein
targets are nodes in the network, interconnected by interaction
edges. The edge lengths were not weighted, and are adjusted for
maximum visible understanding.
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Applying and evaluating score thresholds

We applied several methods of score thresholding: applying cut-
offs of the ICM docking score ranging from [—25 to —100];
applying cut-offs of the ICM potential of mean force score ranging
from [—80 to —200]; applying a drug rank cut-off ranging from [1
to 4500]; applying a protein rank cut-off ranging from [1 to 252];
applying a combined docking score and mean force score cut-offs.
For the consensus score thresholds, all slopes (from —1 to —40)
and intercept (from 0 to —400) combinations were tested. For each
line, we calculated the density of the points eliminated in a
trapezoidal area delineated by the consensus line, the best icm-
score for this protein, and the best pmf-score for this protein, the
midpoint between the worst icm-score and its mean, and the
midpoint between the worst pmf-score and its mean. For two
consensus thresholds that predicted the same number of
interactions, we used the one that eliminated a denser cloud of
points.

While evaluating PPV for combination thresholds, it was often
observed that two sets of thresholds resulted in the same number of
predicted interactions but different PPVs. In such cases, we
considered only the threshold combination that gave us the higher

PPV.

Large scale cross-docking

1,164,492 interactions between 252 proteins and 4621 drugs
were docked using ICM. Though there were actually 4854 drugs
small molecules, some were excluded being too small or too large
for docking (molecular weight under 100 or over 1000 g/mol).
Due to the multiple binding pockets per protein and multiple
crystal structures per protein, there were a total of 2923 binding
pockets. Each interaction was docked 5 times to better cover the
docking energy landscape and the best scoring conformation was
retained. Overall there were 2923 x4621 x5 dockings or 68 million
docking calculations. The icm and pmf scores of each interaction
were gathered into large matrices for further analysis.

Kinase assays

Protein inhibition assays were performed by SignalChem
(Richmond, BC, Canada). Kinases assays consisted of **P-ATP
at 25 uM, the protein kinase, peptide substrate, assay buffer, and
the drug. Blank assays without substrate or drug, and assays
without the drug, were used as controls. Staurosporine at 1 pM
was used as the positive control drug.

Author Contributions

Conceived and designed the experiments: YYL JA SJM]J. Performed the
experiments: YYL. Analyzed the data: YYL. Contributed reagents/
materials/analysis tools: YYL JA. Wrote the paper: YYL. Aided in
manuscript preparation: JA SJM]J. Supervised the study: SJM]J.

4. Druker B (2004) Imatinib as a paradigm of targeted therapies. Adv Cancer Res
91: 1-30.

. Karaman MW, Herrgard S, Treiber DK, Gallant P, Atteridge CE, et al. (2008)
A quantitative analysis of kinase inhibitor selectivity. Nat Biotechnol 26:
127-132. 10.1038/nbt1358.

6. Morin RD, Johnson NA, Severson TM, Mungall AJ, An ], et al. (2010) Somatic
mutations altering EZH2 (Tyr641) in follicular and diffuse large B-cell
lymphomas of germinal-center origin. Nat Genet. 10.1038/ng.518. Available:
www.refworks.com via the Internet.

o

September 2011 | Volume 7 | Issue 9 | €1002139



22.

23.

27.

28.

29.

30.

31.

32.

. Abagyan R, Totrov M, Kuznetsov D (1994) ICM

Shah SP, Kobel M, Senz J, Morin RD, Clarke BA, et al. (2009) Mutation of
FOXIL2 in granulosa-cell tumors of the ovary. N Engl J] Med 360: 2719-2729.
10.1056/NEJMo0a0902542.

. Kinnings SL, Liu N, Buchmeier N, Tonge PJ, Xie L, et al. (2009) Drug discovery

using chemical systems biology: Repositioning the safe medicine comtan to treat
multi-drug and extensively drug resistant tuberculosis. PLoS Comput Biol 5:
€1000423. 10.1371/journal.pcbi.1000423.

. Keiser MJ, Setola V, Irwin JJ, Laggner C, Abbas Al, et al. (2009) Predicting

new molecular targets for known drugs. Nature 462: 175-181. 10.1038/
nature08506.

. Campillos M, Kuhn M, Gavin AC, Jensen IJ, Bork P (2008) Drug target

identification using side-effect similarity. Science 321: 263-266. 10.1126/
science.1158140.

. Jorgensen WL (2004) The many roles of computation in drug discovery. Science

303: 1813-1818. 10.1126/science.1096361. 12/10/2007.

. Abagyan R, Totrov M (2001) High-throughput docking for lead generation.

Curr Opin Chem Biol 5: 375-382.

A new method for protein
modeling and design: Applications to docking and structure prediction from the
distorted native conformation. J Comput Chem 15: 488. 10.1002/
jce.540150503. 12/10/2007.

. Abagyan R, Orry A, Raush E, Budagyan L, Totrov M (2007) ICM manual.

version 3.0.

Cavasotto CN, Ortiz MA, Abagyan RA, Piedrafita EJ (2006) In silico
identification of novel EGFR inhibitors with antiproliferative activity against
cancer cells. Bioorg Med Chem Lett 16: 1969-1974. 10.1016/7.bmcl.2005.
12.067.

. Jain AN (2009) Effects of protein conformation in docking: Improved pose

prediction through protein pocket adaptation. J Comput Aided Mol Des 23:
355-374. 10.1007/510822-009-9266-3.

. Kumar S, Boehm J, Lee JC (2003) p38 MAP kinases: Key signalling molecules as

therapeutic targets for inflammatory diseases. Nat Rev Drug Discov 2: 717-726.
10.1038/nrd1177.

. Verdonk ML, Mortenson PN, Hall RJ, Hartshorn MJ, Murray CW (2008)

Protein-ligand docking against non-native protein conformers. J Chem Inf
Model 48: 2214-2225. 10.1021/¢i8002254.

. Huang N, Shoichet BK, Irwin JJ (2006) Benchmarking sets for molecular

docking. J] Med Chem 49: 6789-6801. 10.1021/jm0608356.

. Rix U, Hantschel O, Durnberger G, Remsing Rix LL, Planyavsky M, et al.

(2007) Chemical proteomic profiles of the BCR-ABL inhibitors imatinib,
nilotinib, and dasatinib reveal novel kinase and nonkinase targets. Blood 110:
4055-4063. 10.1182/blood-2007-07-102061.

. Namboodiri HV, Bukhtiyarova M, Ramcharan J, Karpusas M, Lee Y, et al.

(2010) Analysis of imatinib and sorafenib binding to p38alpha compared with
c-abl and b-raf provides structural insights for understanding the selectivity of
inhibitors targeting the DFG-out form of protein kinases. Biochemistry 49:
3611-3618. 10.1021/bi100070r.

Brehmer D, Greff Z, Godl K, Blencke S, Kurtenbach A, et al. (2005) Cellular
targets of gefitinib. Cancer Res 65: 379-382.

Manley PW, Drueckes P, Fendrich G, Furet P, Liebetanz J, et al. (2010)
Extended kinase profile and properties of the protein kinase inhibitor nilotinib.
Biochim Biophys Acta 1804: 445-453. 10.1016/j.bbapap.2009.11.008.

. Ghoreschi K, Laurence A, O’Shea ]J (2009) Selectivity and therapeutic

inhibition of kinases: To be or not to be? Nat Immunol 10: 356-360. 10.1038/
ni.1701.

. Koyama K, Hatsushika K, Ando T, Sakuma M, Wako M, et al. (2007) Imatinib

mesylate both prevents and treats the arthritis induced by type II collagen
antibody in mice. Mod Rheumatol 17: 306-310. 10.1007/510165-007-0592-9.

. Eklund KK, Lindstedt K, Sandler C, Kovanen PT, Laasonen L, et al. (2008)

Maintained efficacy of the tyrosine kinase inhibitor imatinib mesylate in a
patient with rheumatoid arthritis. J Clin Rheumatol 14: 294-296. 10.1097/
RHU.0b013e318188blce.

Vernon MR, Pearson L, Atallah E (2009) Resolution of rheumatoid arthritis
symptoms with imatinib mesylate. J Clin Rheumatol 15: 267. 10.1097/
RHU.0b013e3181b0d352.

Akashi N, Matsumoto I, Tanaka Y, Inoue A, Yamamoto K, et al. (2010)
Comparative suppressive effects of tyrosine kinase inhibitors imatinib and
nilotinib in models of autoimmune arthritis. Mod Rheumatol. 10.1007/510165-
010-0392-5.

Davies SP, Reddy H, Caivano M, Cohen P (2000) Specificity and mechanism of
action of some commonly used protein kinase inhibitors. Biochem J 351:
95-105.

Komander D, Kular GS, Schuttelkopf AW, Deak M, Prakash KR, et al. (2004)
Interactions of LY333531 and other bisindolyl maleimide inhibitors with PDK1.
Structure 12: 215-226. 10.1016/j.5tr.2004.01.005.

Fedorov O, Marsden B, Pogacic V, Rellos P, Muller S, et al. (2007) A systematic
interaction map of validated kinase inhibitors with Ser/Thr kinases. Proc Natl
Acad Sci U S A 104: 20523-20528. 10.1073/pnas.0708800104.

Cotreau MM, Stonis L, Dykstra KH, Gandhi T, Gutierrez M, et al. (2002)
Multiple-dose, safety, pharmacokinetics, and pharmacodynamics of a new
selective estrogen receptor modulator, ERA-923, in healthy postmenopausal
women. J Clin Pharmacol 42: 157-165.

@ PLoS Computational Biology | www.ploscompbiol.org

12

33.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

53.

54.

56.

57.

58.

59.

Computational Drug Repositioning

Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad J, et al. (1997)
Comparison of the ligand binding specificity and transcript tissue distribution of
estrogen receptors alpha and beta. Endocrinology 138: 863-870.

. Naldi L, Raho G (2009) Emerging drugs for psoriasis. Expert Opin Emerg Drugs

14: 145-163. 10.1517/14728210902771334.

. Pinette KV, Yee YK, Amegadzie BY, Nagpal S (2003) Vitamin D receptor as a

drug discovery target. Mini Rev Med Chem 3: 193-204.

. Fuhrmann U, Krattenmacher R, Slater EP, Fritzemeier KH (1996) The novel

progestin drospirenone and its natural counterpart progesterone: Biochemical
profile and antiandrogenic potential. Contraception 54: 243-251.
Wood JM, Bold G, Buchdunger E, Cozens R, Ferrari S, et al. (2000) PTK787/
7K 222584, a novel and potent inhibitor of vascular endothelial growth factor
receptor tyrosine kinases, impairs vascular endothelial growth factor-induced
responses and tumor growth after oral administration. Cancer Res 60:
2178-2189.
Weisberg E, Manley PW, Breitenstein W, Bruggen J, Cowan-Jacob SW, et al.
(2005) Characterization of AMN107, a selective inhibitor of native and mutant
ber-abl. Cancer Cell 7: 129-141. 10.1016/j.ccr.2005.01.007.
Balendiran GK, Schnutgen F, Scapin G, Borchers T, Xhong N, et al. (2000)
rystal structure and thermodynamic analysis of human brain fatty acid-binding
protein. J Biol Chem 275: 27045-27054. 10.1074/jbc.M003001200.
Belayev L, Marcheselli VL, Khoutorova L, Rodriguez de Turco EB, Busto R,
et al. (2005) Docosahexaenoic acid complexed to albumin elicits high-grade
ischemic neuroprotection. Stroke 36: 118-123. 10.1161/01.STR.0000149620.
74770.2e¢.
Fabian MA, Biggs WH, 3rd, Treiber DK, Atteridge CE, Azimioara MD, et al.
(2005) A small molecule-kinase interaction map for clinical kinase inhibitors. Nat
Biotechnol 23: 329-336. 10.1038/nbt1068.
Bantscheff M, Eberhard D, Abraham Y, Bastuck S, Boesche M, et al. (2007)
Quantitative chemical proteomics reveals mechanisms of action of clinical ABL
kinase inhibitors. Nat Biotechnol 25: 1035-1044. 10.1038/nbt1328.
Ross-Macdonald P, de Silva H, Guo Q, Xiao H, Hung CY, et al. (2008)
Identification of a nonkinase target mediating cytotoxicity of novel kinase
inhibitors. Mol Cancer Ther 7: 3490-3498. 10.1158/1535-7163.MCT-08-0826.
Kolb P, Ferreira RS, Irwin JJ, Shoichet BK (2009) Docking and chemoinfor-
matic screens for new ligands and targets. Curr Opin Biotechnol 20: 429-436.
10.1016/j.copbio.2009.08.003.
Sabio M, Jones K, Topiol S (2008) Use of the X-ray structure of the beta2-
adrenergic receptor for drug discovery. part 2: Identification of active
compounds. Bioorg Med Chem Lett 18: 5391-5395. 10.1016/j.bmcl.2008.
09.046.
Wishart DS, Knox C, Guo AC, Shrivastava S, Hassanali M, et al. (2006)
DrugBank: A comprehensive resource for in silico drug discovery and
exploration. Nucleic Acids Res 34: D668-72. 10.1093/nar/gkj067.
Boeckmann B, Bairoch A, Apweiler R, Blatter MC, Estreicher A, et al. (2003)
The SWISS-PROT protein knowledgebase and its supplement TrEMBL in
2003. Nucleic Acids Res 31: 365-370. 12/10/2007.
An J, Totrov M, Abagyan R (2005) Pocketome via comprehensive identification
and classification of ligand binding envelopes. Mol Cell Proteomics 4: 752-761.
10.1074/mcp.M400159-MCP200. 12/10/2007.
Raevsky OA, Trepalin SV, Trepalina HP, Gerasimenko VA, Raevskja OE
(2002) SLIPPER-2001 — software for predicting molecular properties on the
basis of physicochemical descriptors and structural similarity. J Chem Inf
Comput Sci 42: 540-549.
Shannon P, Markiel A, Ozier O, Baliga NS, Wang J'T, et al. (2003) Cytoscape: a
software environment for integrated models of biomolecular interaction
networks. Genome Res 13: 2498-2504.

. UniProt Consortium (2010) The universal protein resource (UniProt) in 2010.

Nucleic Acids Res 38: D142-8. 10.1093/nar/gkp846.

. Choi YH, Yoon CJ, Park JH, Chung JW, Kwon JW, et al. (2003) Balloon-

occluded retrograde transvenous obliteration for gastric variceal bleeding: Its
feasibility compared with transjugular intrahepatic portosystemic shunt.
Korean J Radiol 4: 109-116.

Thomas CC, Deak M, Alessi DR, van Aalten DM (2002) High-resolution
structure of the pleckstrin homology domain of protein kinase b/akt bound to
phosphatidylinositol (3,4,5)-trisphosphate. Curr Biol 12: 1256-1262.

Fukuda M, Kojima T, Kabayama H, Mikoshiba K (1996) Mutation of the
pleckstrin homology domain of bruton’s tyrosine kinase in immunodeficiency
impaired inositol 1,3,4,5-tetrakisphosphate binding capacity. J Biol Chem 271:
30303-30306.

. Bando S, Takano T, Yubisui T, Shirabe K, Takeshita M, et al. (2004) Structure

of human erythrocyte NADH-cytochrome b5 reductase. Acta Crystallogr D Biol
Crystallogr 60: 1929-1934. 10.1107/50907444904020645.

Stankova J, Lawrance AK, Rozen R (2008) Methylenetetrahydrofolate reductase
(MTHFR): A novel target for cancer therapy. Curr Pharm Des 14: 1143-1150.
Greasley SE, Marsilje TH, Cai H, Baker S, Benkovic SJ, et al. (2001)
Unexpected formation of an epoxide-derived multisubstrate adduct inhibitor on
the active site of GAR transformylase. Biochemistry 40: 13538-13547.

Fabian MA, Biggs WH, 3rd, Treiber DK, Atteridge CE, Azimioara MD, et al.
(2005) A small molecule-kinase interaction map for clinical kinase inhibitors. Nat
Biotechnol 23: 329-336. 10.1038/nbt1068.

Namboodiri HV, Bukhtiyarova M, Ramcharan J, Karpusas M, Lee Y, et al.
(2010) Analysis of imatinib and sorafenib binding to p38alpha compared with
c-abl and b-raf provides structural insights for understanding the selectivity of

September 2011 | Volume 7 | Issue 9 | €1002139



60.

61.

62.

63.

inhibitors targeting the DFG-out form of protein kinases. Biochemistry 49:
3611-3618. 10.1021/bi100070r.

Oeclkers W (2004) Drospirenone, a progestogen with antimineralocorticoid
properties: A short review. Mol Cell Endocrinol 217: 255-261. 10.1016/
j-mce.2003.10.030.

Yu K, Bayona W, Kallen CB, Harding HP, Ravera CP, et al. (1995) Differential
activation of peroxisome proliferator-activated receptors by eicosanoids. J Biol
Chem 270: 23975-23983.

Lebovitz H (2006) Diabetes: Assessing the pipeline. Atheroscler Suppl 7: 43-49.
10.1016/j.atherosclerosissup.2006.01.007.

Klaholz BP, Mitschler A, Moras D (2000) Structural basis for isotype selectivity
of the human retinoic acid nuclear receptor. J Mol Biol 302: 155-170. 10.1006/
jmbi.2000.4032.

@ PLoS Computational Biology | www.ploscompbiol.org

13

64.

66.

Computational Drug Repositioning

Desai SH, Boskovic G, Eastham L, Dawson M, Niles RM (2000) Effect of
receptor-selective retinoids on growth and differentiation pathways in mouse
melanoma cells. Biochem Pharmacol 59: 1265-1275.

. Fanjul AN, Delia D, Pierotti MA, Rideout D, Yu JQ, et al. (1996) 4-hydroxyphenyl

retinamide is a highly selective activator of retinoid receptors. J Biol Chem 271:
22441-22446.

Lengqvist J, Mata De Urquiza A, Bergman AC, Willson TM, Sjovall J, et al.
(2004) Polyunsaturated fatty acids including docosahexaenoic and arachidonic
acid bind to the retinoid X receptor alpha ligand-binding domain. Mol Cell
Proteomics 3: 692-703. 10.1074/mcp.M400003-MCP200.

September 2011 | Volume 7 | Issue 9 | €1002139



