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Glycogen synthase kinase-3 (GSK-3p) is a serine/threonine kinase that has recently emerged
as a key target for neurodegenerative diseases and diabetes. As an initial step of our lead
discovery program, we developed a virtual screen to discriminate known GSK-3/ inhibitors
and inactive compounds using FlexX, FlexX-Pharm, and FlexE. The maximal enrichment factor
(EF = 28) suggests that our protocol identifies potential GSK-3/ inhibitors effectively from
large compound collections. The effectiveness of our screening protocol was further investigated
by comparative experimental and virtual high-throughput screens (HTSs) performed for the
same subset of our corporate library. Enrichment factors, the significantly higher hit rate of
virtual screening (12.9%) than that of the HTS (0.55%), and also the comparison of active
clusters suggest that our virtual screening protocol is an effective tool in GSK-35-based library
focusing. Head-to-head comparison of true/false positives and negatives revealed the two

approaches to be complementary rather than competitive.

Introduction

Protein kinases phosphorylate several cellular pro-
teins providing control mechanisms for various signaling
pathways. Most protein kinases are subjected to positive
and negative regulation by phosphorylation of serine,
threonine, and tyrosine residues at specific sites. Gly-
cogen synthase kinase-3( (GSK-3(3), one of the major
isoforms of GSK-3, is a regulatory serine/threonine
kinase that phosphorylates glycogen synthase.! GSK-3
isoforms are related by a high degree of similarity in
the catalytic domain and differ at the N and C termini.2
To date several crystal structures of GSK-34 have been
published.?~® The overall structures of the enzyme
complexed with inhibitors are similar to that of the
apoenzyme, and these X-ray structures provided infor-
mation, for the first time, about how the enzyme
interacts with selective and nonselective inhibitor scaf-
folds.10

The development of selective protein kinase inhibitors
is currently of considerable interest as a drug discovery
target. A number of drug discovery programs have
yielded small-molecule ATP-competitive inhibitors that
are presently in various stages of development.!! Be-
cause each member of the kinase family binds the same
cofactor, the dogma had been that the ATP-binding cleft
of the enzyme would not prove to be a good target for
drug discovery. However, within the last several years
many selective ATP-competitive protein kinase inhibi-
tors have been identified. Given the association of
abnormal GSK-3 activity with various human diseases,
it is emerging as a promising therapeutic target,'? and
GSK-3 inhibitors might prove useful in the treatment
of conditions associated with elevated enzyme activity
such as type 2 diabetes or Alzheimer’s disease. Several
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new GSK-3 inhibitors have recently been identified, all
of which are ATP competitive. Since its discovery,
GSK-3 has provided insights into a number of biological
processes, several of which have proven to be new
signaling paradigms. It seems likely that this will
continue, and for example, by site-directed mutagenesis
studies with selective inhibitors, there is hope that the
true cellular roles for this multifaceted kinase will be
understood and hence its utility as a therapeutic target
will be realized.13:14

In this paper, we report the development of an
effective virtual screening protocol that was validated
in a real screening situation. The enrichment study was
first performed to search for GSK-3( inhibitors using
the publicly available structural information. The proper
preprocessing of the input database and the application
of pharmacophore filters!® improved the enrichment
factors given by FlexX.!® Docking into protein en-
sembles!” by FlexE and the restriction of the ligand
flexibility, however, did not improve the enrichment
factors further. Our results support the observation of
Lyne and co-workers,8 suggesting that for structurally
similar active sites of different protein targets very
similar scoring combinations can be effective. In fact,
we show here that the PMF and FlexX scoring scheme
applied by Lyne for CDK-2 outperforms other combina-
tions when screening against GSK-35. Combining re-
sults obtained on CDK-2,'8 CHK-1,'®* GSK-35 and
p38,1920 we argue that a pharmacophore-driven virtual
screening with FlexX and PMF scoring functions might
be a generally applicable protocol for serine/threonine
kinases that share similar active sites. Second, our
screening protocol was experimentally validated for the
first time by screening the same sublibrary of our
corporate collection in silico and in vitro. Similar enrich-
ment factors observed for both of the in silico and the
in vitro screen suggest that our virtual screening
protocol truly identifies active ligands from large librar-
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ies in real screening situations. In fact, we found that
the hit rate in virtual screening (12.9%) is significantly
higher than that obtained by the high-throughput
screen (HTS) (0.55%). Direct comparison of complete hit
lists and clusters of hits revealed that the overlap
between the results of the two approaches is acceptable.
The large number of false positives and false negatives
in virtual screening, however, suggest this method to
be a complementary approach to HTS that could be
useful in the design of screening libraries. On the basis
of these results, we concluded that our virtual screening
protocol might be an effective prescreening filter in the
GSK-3 lead discovery but could not replace experimen-
tal screening.

Results

Developing a Virtual Screening Protocol. Com-
parison of X-ray Structures. Comparison of the X-ray
structures has revealed that overall the folds of both
the apo enzyme and its ligand-bound form are very
similar. GSK-35 complexed with AMP-PNP (adenyl
imidodiphosphate) provides a good starting point for
understanding how ATP-mimetic inhibitors interact
with GSK-33. The main polar interactions are formed
between Aspl33, Vall35, GIn185, and the adenine
group of the substrate. Structural comparison of GSK-
3/ complexes (PDB codes 1Q4L, 1Q3W, 1Q41, 1UV5,
1ROE, 1Q5K, 1Q3D, 1PYX) strengthens the importance
of these polar interactions. In each of the complexes,
two conserved structural water molecules could also be
identified. In 1Q4L, crystallized with ligand I-5, GIn185
adopts a conformation that is significantly different from
all the other structures; the carboxylic oxygen of this
residue substitutes the O atom of one of the conserved
water molecules. Apart from 1Q4L, the conformation of
GIn185 divides ligand-bound GSK-33 X-ray structures
into two major classes: 1Q3W, 1Q41, 1UV5, and 1ROE
and 1Q5K, 1Q3D, and 1PYX (see Figure 1a,b). Since the
conformation of the active site has significant impact
on the enrichment, we selected 1Q4L and one repre-
sentative from each class (1UV5 and 1Q3D, respectively)
for virtual screening.

Virtual Screening Protocol. Virtual screening on
GSK-34 structures complexed with staurosporine (1Q3D),
6-bromoindirubin-3'-oxime (1UV5), and I-5 (1Q4L) was
performed by FlexX, FlexX-Pharm, and FlexE (Figures
2-5).

To show the effectiveness of our screening protocol,
we compared the enrichment factors calculated in
docking runs with various settings. Enrichment factors
assess the quality of the rankings:

EF(%) =
( ) (N active/ N all)

where EF(%) is given as the percentage of the ranked
database, Nactive%) is the number of active compounds
in a selected subset of the ranked database, N(4,) is the
number of compounds in the subset, and Ntive and Nay
are the number of active molecules and the number of
compounds in the screening database. Enrichment
factors were not scaled; that is, absolute values depend
on the ratio of active and inactive molecules and should
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be compared to the maximum (ideal) achievable EFs.
In our screening protocol, 1% of the database was
selected for calculating the enrichment factors as a fixed
threshold that enables the comparison of enrichment
factors when studying the effectiveness of the screening
protocol.

FlexX provided enrichment factors (Table 1) that were
comparable with those reported by Lyne and co-workers
for the structurally similar serine/threonine kinase,
CDK2.18 Using five different scoring functions, we first
extracted the best poses from the 30 saved ones gener-
ated for all of the ligands. Then ligands with the lowest
scores were ranked with the help of the same five
scoring functions; thereby the pose extraction and
ranking was separated resulting in 25 enrichment
factors for each docking run. For the sake of clarity,
Figures 2—5 show only 15 enrichment factors obtained
by the three best performing scores in pose extraction.
For 1UV5 and 1Q4L, ranking by Gold score gave the
highest enrichment factor, while for 1Q3D, FlexX score
best ranked the poses. Although ranking by different
scores showed significant effect on enrichment factors,
the scoring function used for pose selection has only
limited impact. When compounds were docked with
FlexX a maximal enrichment factor of 18 was achieved
for 1Q4L and the best enrichment factor of 14 was
calculated for both 1UV5 and 1Q3D. Introduction of
pharmacophore constraints by FlexX-Pharm increased
enrichment factors up to 28 (1UV5), 21 (1Q4L) and 19
(1Q3D), which is better than that obtained for CDK2.18
For the three structures, FlexX and PMF scores best
ranked the poses. Enrichment factors obtained under
pharmacophoric constraints were found to be more
sensitive to pose selection. In pose selection, the FlexX
score for 1Q4L provided the best enrichment factor; for
1UV5, the PMF score best selected the poses; and for
1Q3D, PMF score provided the highest enrichment
factor. Apart from the FlexX and PMF scores, some-
times the Dock score gave reasonable enrichment factors
as well. When the selected poses were ranked, FlexX
and PMF scores provided the best enrichment factors.
For 1UV5, with pose selection by PMF and ranking by
FlexX an enrichment factor of 28 was achieved, which
is by far the best compared to those for 1Q4L or 1Q3D
structures.

Because FlexX-Pharm could provide conformations
with impossible torsion energy values, we introduced
torsion energy constraints by setting the maximal
torsion energy term to 12 kJ/mol from a 20 kdJ/mol
default value to eliminate these artifacts. With this
setup, PMF and FlexX scores gave outstanding enrich-
ment factors, but no significant improvement was
observed compared to FlexX-Pharm.

Presently, FlexE cannot be combined with pharma-
cophore constraints, so a virtual screen by FlexE for
these three structures was performed without any
constraints. Enrichment factors are comparable to those
given by FlexX. PMF and Gold scores ranked the poses
well, while ChemScore, FlexX, and Dock scores best
selected the poses. The best enrichment factor was 14,
which is lower than the best one given by FlexX alone
(EF = 18). Therefore the reduction in maximal torsion
energy term and the usage of ensemble proteins were
not used for our in-house library screening.
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Figure 1. Active sites of (a) six X-ray structures and (b) X-ray structures used for virtual screening and the two recently released
X-ray structures: 1Q3W blue; 1PYX green; 1UV5 magenta; 1Q41 red; 1Q3D violet; 1Q4L yellow; 1Q5K orange; 1ROE cyan. Only
those residues that are given in the pharmacophore constraints are visible. Conserved water molecules are also assigned (HOH).

When FlexX or FlexX-Pharm are run on an Intel Xeon
MP CPU 2.50 GHz processor, the average run time for
docking one ligand is about 50 s, while on average the
run time of FlexE is about factor of two lower than the
accumulated time needed by FlexX or FlexX-Pharm for
placing a ligand sequentially into all ensemble struc-
tures.

High-Throughput Screening Protocol. The
Kinase-Glo luminescent kinase assay?? developed
by Koresawa and Okabe?! is a homogeneous high-
throughput screening method for measuring kinase
activity by quantifying the amount of ATP remaining
in the solution following a kinase reaction. This assay
can be performed with any kinase and substrate com-
bination and does not require radiolabeled components.
The Kinase-Glo assay was adapted and optimized for
screening against GSK-34. To get the best performance

in selecting between active and inactive compounds, the
optimization of kinase reaction conditions was per-
formed regarding both Promega’s protocol?? and the
results of Koresawa et al.

Determining Optimal ATP Concentration. A
direct linear relationship exists between the lumines-
cence measured and the amount of ATP in the assay
buffer from 0.003 to 3 uM (R? = 0.999) (Figure S1, see
Supporting Information). The measured signal was
stable and decreased only ~15% in 100 min at room
temperature. The 1% DMSO concentration used for
dissolving the test compounds did not influence the ATP
standard curve (data not shown). The optimal ATP
concentration for the kinase reaction was determined
by varying the ATP concentration in an excess of kinase
substrate and using as much kinase as reasonable
(estimated to be 20 ng of enzyme per assay when the
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Figure 2. Enrichment factors observed at 1% of the ranked database for 1UV5 structure. Docking algorithms FlexX and FlexX-
Pharm were used. The torsion energy term was also reduced to 12 kJ/mol where indicated; otherwise, the default value was set

(20 kJ/mol).

enzyme activity was previously tested, data not shown)
to achieve the maximal signal/noise ratio. The same
ATP titration without GSK-3j was also performed as a
control (Figure S2). The kinase was allowed to consume
as much ATP as possible (~70%), enabling our assay to
identify potent GSK-34 inhibitors. Although high sub-
strate conversion may not be suitable for kinetic inves-
tigations, for HTS purposes, the robust signal and
sensitivity are far more important requirements.23 This
substrate conversion might increase the number of false
positive molecules while not causing the loss of the true
positives. One micromolar ATP concentration was se-
lected for high-throughput screening, as a reaction
window large enough to select potent inhibitors from
inactive compounds.

Determining Optimal Substrate Concentration.
Serial dilutions of the prephosphorylated polypeptide
kinase substrate were prepared: 1, 5, 25, 50, 100, and
200 uM containing 1 uM ATP and 20 ng of enzyme
(Figure S3). Twenty-five micromolar substrate concen-

tration was chosen as the optimum that provided a large
change in luminescence (a high ARLU value) when
kinase reaction wells were compared to wells containing
no enzyme.

Determining Optimal GSK-3f Concentration.
The ATP consumption was compared at different en-
zyme concentrations (Figure S4). The reaction rate was
in the linear range up to 20 ng of GSK-33. Linearity of
the kinase reaction was preserved within 30 min of
incubation at 30 °C (data not shown).

The optimized parameters for the GSK-3/ assay
are 25 uM prephosphorylated polypeptide substrate,
1 uM ATP, and 20 ng of enzyme in a final volume
of 40 uLi at 30 °C. The reaction was stopped after
30 min.

The optimized assay was first validated by measuring
three known GSK-3 inhibitors as reference compounds,
TDZD-8,2* SB-41528635,2° and AR-A014418.26 The GSK-
3p inhibitory activities were measured using Kinase-
Glo and a radioisotope assay provided by Upstate.2?
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Figure 3. Enrichment factors observed at 1% of the ranked database for 1Q3D structure. Docking algorithms FlexX and FlexX-
Pharm were used. The torsion energy term was also reduced to 12 kJ/mol where indicated; otherwise the default value was set

(20 kJ/mol).

Measured values show good correlation and agree well
with those described in the literature (Table 2).

High-Throughput Screening of the Corporate
Sublibrary. The screening campaign involved testing
16 299 molecules, a diverse subset of our corporate
database. The campaign was realized on AssayStation,
an in-house robotic system developed for screening by
homogeneous assays.2® Compounds were plated to 96-
well black test plates. Each plate contained 80 test
compounds, negative controls (100 nM and 5 uM
SB415826 for 50% and 100% inhibition, respectively),
and positive controls (without inhibitor). Quality of
measurements was enumerated by calculating the Z'
factor for each plate:

Z factor = 1 — ((3SD(neg) +
3SD(pos))/(avg(neg) — avg(pos)))

where SD(neg) and SD(pos) stand for the standard

deviation of data obtained for the negative and positive
controls, respectively, and avg(neg) and avg(pos) are
averages obtained for negative and positive controls,
respectively.2?

Z' factor varied between 0.6 and 0.9 for assay plates
indicating that there is a large separation of data points
between the baseline and the positive signal.

For each tested compound, we calculated the inhibi-
tion % as follows:

inhibition% = 100.0(raw_data_of_compound —
avg(pos))/(avg(neg) — avg(pos))

Compounds having inhibition larger than 70% in a
screen concentration of 10 uM were identified as hits
and were then subjected to validation measurements
in triplicate. Table 3 shows the summary of our results.
Validated hits consist of 90 molecules that were clus-
tered using chemical similarity principles. Molecules
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Figure 4. Enrichment factors observed at 1% of the ranked database for 1Q4L structure. Docking algorithms FlexX and FlexX-
Pharm were used. The torsion energy term was also reduced to 12 kJ/mol where indicated; otherwise the default value was set

(20 kJ/mol).

were represented by their 2D UNITY fingerprints, and
the similarity of compounds was calculated as Tanimoto
distances between 2D fingerprints. The resulting clus-
ters of the validated hits (Table 4) allowed us to identify
six compound series as promising GSK-35 inhibitors.

To exclude the promiscuous compounds,3®3! the 90
validated hits were tested in three different assays
including an aspartic protease, a glutamate receptor,
and a peptidergic G-protein-coupled receptor (GPCR)
test (brief descriptions of these assays are available in
Supporting Information). None of the compounds showed
activity against more than one target out of these three
(Table S1), which suggests our validated hits to be free
from frequent hitters.

Virtual Screening of the Corporate Sublibrary.
The virtual screen of the sublibrary was performed
against the 1UV5 X-ray structure by FlexX-Pharm,
which provided the best results during the development
phase (Table 5) without restricting the torsion energy
term. Hits were evaluated using FlexX and PMF scores

for both extracting poses and ranking compounds.
Enrichment factors were calculated on the basis of the
validated HTS hits (see Table 5) at 1%, 2%, 5%, and
10% of the ranked database (Table S2) indicating that
all active compounds in the top 10% were already found
at 1% of the ranked database.

One percent of the top ranking molecules (162 com-
pounds) were then clustered as described for the HTS
dataset, and chemical classes were compared to those
of the HTS hits (Table 4). The evaluation of hits
identified by virtual screening resulted in four chemical
classes similar to those identified by HTS. Direct
comparison of the chemical space covered by the two
approaches was made by calculating the Tanimoto
distance matrix among all of the validated hits obtained.
Multidimensional scaling was used to illustrate the
coverage of the chemistry space in two dimensions
(Figure 6). This comparison indicated that the majority
of the GSK-3f-related chemistry space identified by the
HTS has also been explored by virtual screening.
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Figure 5. Enrichment factors observed at 1% of the ranked
database for the ensemble. Docking algorithm FlexE was used.

Table 1. Best Enrichment Factors at 1% of Ranked Database
for GSK-3f Structures®

structure FlexX FlexX-Pharm FP-torsion
1Q3D 14 19 15
1UV5 14 28 25
1Q4L 18 21 18
ensemble 14

@ FP-torsion: FlexX-Pharm with torsion energy constraints.

Table 2. Comparison of IC5y Values of Reference Compounds

IC50 value 1050 value
literature data in-house measured
radioactive radioactive Kinase-Glo
ref compd assay (uM) assay (uM) assay (uM)
TDZD-8 2.000¢ 0.990 1.300
SB-415286 0.077 0.132 0.103
AR-A014418 0.104 N/D 0.187

@ Measured with rabbit enzyme.

Polgar et al.

Table 4. Chemical Classes of Hits Found by High-Throughput
Screen and Virtual Screen®

Chemical class HTS Vs VS+SS

Cluster 1 5( 8(83) 2(81) 34(19)

\j\,r“’ 6(83) 2 (90) 4(87)

Cluster 2

Cluster 3 \\l,/( Y 6(75) 2(83) 2(83)

Cluster 4

Q—( 3(90) 1(90) 2(93)

0, / \ R2
Cluster 5 P2 4 (90) 0 0

Cluster 6 Ny 4(100) 0 0

¢ HTS = the number of hits found by HTS; VS = the number of
hits found by VS; VS+SS = the number of hits found by VS
combined with similarity seaching (similarity index > 0.85). The
average inhibitory activities are shown in parentheses.

Table 5. Enrichment Factors at 1% of Ranked Corporate
Database for GSK-34 (1UV5)¢

selecting position

Table 3. A Short Summary of the Validated HTS Hits ranking FlexX score PMF score
hits having FlexX score 23 (21) 23 (14)
compds inhibition% chemical PMF score 19 (28) 12 (14)
tested >10% hit rate classes @ Virtual screen was performed by FlexX-Pharm in consistency
HTS 16 299 90 0.0055 6 with parameters applied during the enrichment study. Enrichment
factors in parentheses are observed during the enrichment study
for 1UV5 when using FlexX-Pharm.
Discussion

Developing a Virtual Screening Protocol. Struc-
tural comparison of active sites in available GSK-3(
structures revealed that inhibitor-bound forms show
significant conformational differences. The GIn185 side
chain adopts different rotamer conformations; it is in
gauche conformation in 1UV5, 1Q41, 1R0E, and 1Q3W,
has gauche’ conformation in 1Q3D, 1PYX, and 1Q5K,
and shows a unique anti conformation in 1Q4L. Three
different X-ray structures, one from each conformational
group, were therefore selected for virtual screening
(Figure 1a,b).

Since polar interactions are dominant within the
GSK-3p active site, scores that consider these interac-
tions are expected to give adequate results. Poses
generated by FlexX were best ranked by Gold and FlexX
scores. Gold3233 score is a GOLD-like function that

focuses on H-bonding interactions, so this performs well
in situations where significant polar interactions ex-
ist.1920 FlexX score performs well when the ligand has
many site points (heteroatoms and ring centroids),'®
which is typically the case for cocrystallized GSK-34
inhibitors having at least four site points.
Introduction of pharmacophore constraints by FlexX-
Pharm improved the enrichment factors significantly,
which could be attributed to filtering out the inactive
molecules and decreasing the number of false positives.
This time, FlexX and PMF scoring combination did well
for all of the structures. Lyne and co-workers used FlexX
and PMF scoring combinations for CHK-1 and CDK-2
kinases.!® Their studies suggested that proteins with
structurally similar or identical active sites can be
screened by the same scoring functions. Because CDK-
2, CHK-1, and GSK-3 share a structurally identical
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Figure 6. 2D projection of chemical space by multidimen-
sional scaling based on Tanimoto distances calculated for hits
obtained by virtual and experimental screening: (@) false
negative molecules, 69; (O) true positive compounds, 21.

active site, the scoring combination suggested by Lyne
was expected to be outstanding. In our case, indepen-
dent from the conformation of the active site, the
combination of PMF and FlexX scores for ranking and
selecting poses gave the best enrichment factors, which
gives further support to the application of similar
scoring combinations for closely related active sites.
Reducing the possibility of improper torsions by de-
creasing the maximal torsion energy term showed no
effect on enrichment.

The conformational diversity of GIn185 within the
GSK-3f active site prompted us to test FlexE, a docking
tool developed for virtual screening of active sites
represented by conformational ensembles. FlexE pro-
vided enrichment factors comparable to those given by
FlexX. FlexE could not exceed FlexX-Pharm and did not
even improve the enrichment given by FlexX. FlexE
seems to provide the combination of enrichment factors
of FlexX but cannot eliminate the false hits of FlexX
and in consequence could not increase the enrichment.
Comparing results obtained by FlexX and FlexX-Pharm,
we assume that pharmacophore constraints could give
significant improvements when combined with FlexE.
In its present form, FlexE reduced the average run time
for docking one ligand by almost 50%, which indicates
that FlexE is a useful tool for docking to conformation-
ally diverse active sites in a shorter time compared to
independent FlexX runs.

Developing a High-Throughput Screening Pro-
tocol. Kinase-Glo is a homogeneous, nonradioactive,
luminescent kinase assay for measuring the kinase
activity by quantifying the ATP that is not consum-
mated during the kinase reaction. This method was
found to be highly sensitive, robust, and reproducible
in the case of GSK-3p, producing acceptable Z' factors
of 0.6—0.9 in the screening campaign. A potential
disadvantage of the assay is that compounds with
luciferase inhibitory activity or absorbing the lumines-
cence emission are detected as false negatives. In fact,
we could not detect such a compound during the
validation of primary hits. IC5¢ values measured by this
assay were comparable to those obtained by the con-
ventional radioactive 32P-y-ATP-based assay and also to
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literature data. The robustness of the assay allowed us
to adapt the process to our in-house HTS system,
AssayStation.

Evaluating the High-Throughput and Virtual
Screening Results. Screening of the 16 299-membered
diverse sublibrary of our corporate collection afforded
117 primary hits demonstrating enzyme inhibition
larger than 70% at 10 uM concentration. These hits
were validated by measuring inhibition at the screening
concentration in triplicate, which resulted in 90 vali-
dated hits. Validated hits were then clustered to six
different chemical classes (see Table 4). This dataset
obtained by experimental screening was used for the
performance evaluation of our virtual screening protocol.

Structure-based virtual screening has long been ap-
plied in lead discovery and has demonstrated its ef-
fectiveness in several applications.?* Validation of the
methodology applied for virtual screening in these cases
involves nothing else but picking several 10s to 100s of
compounds (virtual hits) and checking their activity in
a biological test. In such an evaluation, only compounds
with high scores are considered that experimentally
turn out to be true or false positives. However, false
negatives, that is, compounds with low scores but high
experimental activity are never explored and reported.
Validation, by definition, needs exactly two procedures
run in parallel: (i) experimental screening of a com-
pound library consisting N compounds and (ii) virtual
screening the very same N-membered library. Although
there are some studies that reported a comparison of
experimental and virtual screening, to the best of our
knowledge, such a real validation has never been
published.

Doman et al.?> compared the performance of DOCK?36
and experimental screening against protein tyrosine
phosphatase 1B by docking 235 000 commercially avail-
able compounds and screening a library of 400 000
compounds from the corporate collection. The hit rate
of virtual screening (34.8%) was significantly higher
than that obtained experimentally (0.021%). The un-
usually high enrichment factor of 1700 was rationalized
by differences in drug likeness of the libraries and
altered assay conditions used for evaluating hits identi-
fied by virtual screening. Unusually high enrichment
achieved by virtual screening indicates that different
libraries used for experimental and virtual screening
not only prevent direct comparison but also have
significant impact on the difference in hit rates achieved
by the approaches.

In a combined virtual and experimental screening
against peptide deformylase,?” Howard and co-workers
utilized distinct libraries (10 000 in-house compounds
for HTS and 528 439 commercially available compounds
for virtual screening). As in the previous case, libraries
used for HTS and virtual screening were different not
only in vendors and numbers but also in physicochem-
ical character, drug likeness, etc., which prevented the
direct comparison again. Although both HT'S and virtual
screening identified chemically similar inhibitors, hit
rates and enrichment factors were not reported and
compared.

Jenkins et al. reported a case study on small-molecule
angiogenin inhibitors;3® 18 111 compounds were experi-
mentally tested in an ANG-catalyzed oligonucleotide



7954 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 25

100

Polgar et al.

920

o HTS

80 4 ¢ Random
n VS

70

60

50

Hits %

40

30

20

10

0 10 20 30 40

50 60 70 80 20 100

Ranked Database %

Figure 7. Enrichment plot of VS and HTS data. Red curve is the enrichment plot of virtual screening calculated as the ratio of
the hits found by the virtual screen vs the ratio of the ranked database. The linear thin line indicates the random distribution of
active molecules. The thick black curve is the enrichment plot of high-throughput screening calculated as the ratio of the hits
found by the high-throughput screen vs the ratio of the ranked database; here the database is ranked by time. Deviation of the

HTS curve from random is the effect of plate design.

cleavage assay, which resulted in 12 validated hits (hit
rate 0.066%). The same library was subjected to virtual
screening in which GOLD yielded the best hit rate of
1.4%; the enrichment factor was around 20. Although
datasets in this case allowed direct comparison, the
authors demonstrated the ability of virtual screening
to enrich HT'S hit lists (true and false positives) and did
not analyzed hits from different approaches compara-
tively.

The most direct comparison between HTS and virtual
screening up to now has been published by Paiva et al.
reporting the discovery of dihydrodipicolinate inhibi-
tors.?? The authors used the very same source, the
Merck chemical collection, to select compounds for
screening that ensured the physicochemical character
and drug likeness to be more balanced. Experimental
and virtual screening were, however, performed on
sublibraries different in nature and size. HT'S and
virtual screening gave hit rates of 0.2% and 6%,
respectively, which resulted in an enrichment factor of
about 30. In the last two cases, when both approaches
utilized the same source for compounds, the enrichment
achieved by virtual screening was 20—30-fold, that is,
within the range reported for high-throughput docking
studies when compared to random. This finding again
indicates the importance of the source of compounds
used for comparative studies.

Here we report for the first time a direct comparison
of experimental and virtual screening utilizing the
protocol developed for GSK-3( on a single sublibrary of
our corporate collection. Comparative evaluation of

screening results involved the following criteria to be
investigated: (i) enrichment achieved, (ii) true positives
vs false positives and true positives vs false negatives,
and (iii) clusters of actives identified.

The effectiveness of our protocol was first checked by
calculating the enrichment factors, as shown in Table
5. The performance of the virtual screening protocol was
very similar to that observed in the dedicated enrich-
ment study performed during its development. This
result suggests that adequate virtual screening protocols
can identify active molecules in both enrichment studies
(artificial libraries mixed from active compounds and
hopefully inactive molecules) and real screening situa-
tions.

Enrichment plots are useful when comparing the
performance of different virtual screening protocols in
enrichment studies using artificial libraries. In this case,
the performance of the protocol is compared to a random
situation. The availability of HTS data allowed us to
calculate the enrichment plot for the real screening
library (Figure 7) where time ranking was considered.

Figure 7 shows that enrichment factors in real
screening might be somewhat different from those in
the random case depending on the plate design of the
screening library. For between 20% and 30% of tested
compounds, the enrichment factors calculated for the
HTS are better than random and more interestingly are
comparable to those achieved by virtual screening when
the top 20%—30% of the ranked database is considered.
However, when less than 15% of the tested/ranked
database is considered, the enrichment achieved by
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database is at FlexX score = —26.4. From the 90 validated HTS hits, only 41 could be docked using FlexX-Pharm; 49 did not
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virtual screening is significantly higher than that which
occurred randomly in HTS. Comparison of experimental
and virtual screening data in the top 5% of the ranked
database is the basis of the efficacy of our virtual
screening protocol. Figure 7 demonstrates that true hits
were most frequently identified in the top 1—2% of the
ranked database. This performance resembles that of
previously reported successful virtual screens that
calculated enrichment factors at 1-5% of the ranked
database. It should be noted, however, that the enrich-
ment factor achieved by our virtual screen reaches the
maximum of 45 at around 40% of the ranked database.
After this point, both the experimental and the truly
random situation outperform the virtual screen since
the latter could only identify 45% of the experimental
hits. Since our investigation is the first comparative
study using identical databases this behavior of virtual
screening has never been reported previously.

Our next criterion involved the comparison of true
and false positives and negatives identified by the two
approaches. Clustering the first 1% of the ranked
database obtained by virtual screening (162 compounds)
resulted in four clusters out of six identified by HTS.
Activity data obtained by HTS were compared directly
to scores calculated during virtual screening. This
comparison was possible for compounds that were
successfully docked and scored by FlexX-Pharm (5904
datapoints). We used 70% as a cutoff for actives in
experimental screening, while hits of virtual screening
were identified as the top 1% of the ranked database.
Compounds without any docking solution and score
were considered as inactives in virtual screening. Figure
8 depicts the result of this analysis.

Considering primary data, we found that virtual
screening identified 21 validated true positives and
141 false positives. The calculated hit rate (12.9%) is
higher than that of the experimental screening (0.55%).
The higher hit rate of virtual screening goes at the

expense of the relatively high rate of false positives.
The 23-fold enrichment factor achieved by virtual
screening suggests that our protocol is effective. In other
words, considering the top 1% of the ranked database,
virtual screening selects 162 compounds for biological
testing and out of them 21 are active, which parallels
structure-based virtual screens reported in the litera-
ture.34

It was interesting to see, however, that docking scores
showed no correlation with GSK-34 inhibitory activities
as measured by HTS. Although single-point HT'S results
are far from accurate and there are indications in the
literature that even the rank correlation between hit
lists of HT'S and virtual screening could be limited, there
is at least a hope that biological activity and docking
score run parallel. In our case, we were surprised when
we recognized that not only the ranking but also the
distributions of activity measures are different. Distri-
bution of HTS data shows a well-known picture with
maximum centered in the low activity range around 5%,
which can be considered as the noise of the assay. In
contrast, distribution of docking scores follows a quasi-
normal distribution centered at ~50% of the ranked
database, which indicates significant uncertainty in
activity predictions.

One of the major consequences of this uncertainty is
the high number of false negatives (69 compounds in
total) indicating that most of the primary hits were lost
by virtual screening. Our GSK-3/ assay was performed
using the recombinant protein, and the inhibitory action
of the compounds was measured by quantifying the
remaining ATP after the kinase reaction, which allows
the identification of both ATP-competitive and non-
competitive inhibitors. The virtual screening protocol
utilized the 3D structure of the very same protein, and
we only considered the ATP binding site. Consequently,
a chance for binding to alternate binding sites might
rationalize the larger diversity of HTS hits.
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The inability of scoring functions can also be consid-
ered as a potential source of false negatives. Although
the combined scoring function was able to give reason-
able enrichment factors in both mimicked and real
screening situations, we speculate that the inaccuracy
of the docking scores might be partially responsible for
this limitation of virtual screening.

In addition to scoring problems, we suspect pharma-
cophore constraints as being responsible for the limited
performance. To clarify this issue, false negatives were
further analyzed. Considering that FlexX-Pharm could
only dock 5904 compounds out of the 16 299, one can
conclude that false negatives might be (i) compounds
docked successfully but misscored and (ii) compounds
docked unsuccessfully. Careful analysis of the false
negatives revealed that FlexX-Pharm could not find any
docking solution for 49 compounds. The remaining 20
compounds out of the 69 false negatives were misscored.
Further analysis of misdocked compounds suggested
that the lack of the docking solution could be caused by
the docking algorithm itself or the pharmacophore
constraints applied. The misdocked compounds were
therefore redocked by FlexX without any pharmaco-
phore constraint. FlexX docked all but one compound
successfully revealing that the majority of misdocked
false negatives are due to pharmacophore constraints.

The enrichment factor achieved during the develop-
ment of our virtual screening protocol was found to be
14 as calculated at 1% of the ranked database, suggest-
ing that the distribution of the further 86% of actives
is not known within the 99% of the screening library.
In other words, one can expect a false negative rate as
high as 86% when comparing results to those of experi-
mental screening. In fact our false negative rate was
found to be ~77%, rather close to that suggested by the
enrichment factor calculated. Since the success criterion
of virtual screening is rather to find active compounds
than exploring all possible ligands in the library, the
huge number of false negatives might be acceptable.
Since this acceptance is closely related to the number
of clusters successfully identified by virtual screening,
we compared the clusters of actives identified by the
two approaches.

Comparison of the chemical space covered by HTS
and virtual screening is shown in Figure 6, which
reveals these spaces to be comparable. In fact, virtual
screening successfully identified four of the six HTS
clusters, and we only found two active clusters that were
lost (Table 4). This situation is unexpected when using
different libraries, and it was suggested to be the main
reason virtual and experimental screenings are comple-
mentary rather than competitive. Hit lists of experi-
mental and virtual screening were markedly dissimilar
for PTP-1B. Virtual and experimental hits identified for
dihydrodipicolinate,3® angiogenin,?® and peptide de-
formylase3” showed some partial overlap, but different
libraries used prevented direct comparisons. In our case,
using the same library for both virtual and experimental
screening, this overlap is significant and indicates the
success of our virtual screening protocol. It should be
noted, however, that clusters were only partially popu-
lated by virtual screening (Table 4). Virtual screening
identified 25—33% of actives in clusters 1—4 and failed
to pick up any hit from clusters 5 and 6. Limited

Polgar et al.

population of virtual screening hits in active HTS
clusters suggests again that scoring functions and
pharmacophore constraints could exclude some part of
the active chemistry space identified by HT'S. Disfavored
side chain orientations within the active site, however,
could also limit the identification of compounds with
identical cores but different substituents located within
a single cluster. One can therefore conclude that the
limited flexibility of side chains would also be a factor
responsible for the lost hits. These limitations could be
overcome by similarity searches coupled to virtual
screening. As seen in Table 4, similarity search using a
Tanimoto distance ratio of 0.85% around virtual hits
retrieves more actives in clusters 2 and 4. Although
similarity search identified a large amount of com-
pounds around the virtual screening hits of cluster 1,
their average activity was found to be low because of
the limited active content of this cluster.

Conclusion

We developed a successful virtual screening protocol
for GSK-34 inhibitors using the FlexX suite. The effects
of pharmacophore and torsional constraints, as well as
protein flexibility, were investigated. Pharmacophore
constraints are an effective way of filtering out many
unwanted structures in a database of virtual com-
pounds. They offer great help in enrichment studies by
overcoming the uncertainties of current scoring func-
tions due to their strictness and filtering power. On one
hand, however, they could also prevent one from finding
truly novel ligands, which could be a rationale for the
larger diversity of HTS hits when compared to that of
virtual screening. On the other hand, they showed less
impact on false positives and especially on false nega-
tives.

Reasonable enrichment factors have been achieved for
both crystal structures of GSK-3$ using constrained
(FlexX-Pharm) and unconstrained (FlexX) docking al-
gorithms. Increased performance of FlexX-Pharm over
FlexX was also shown for GSK-33. The same combina-
tion of scoring schemes observed for CDK-2, CHK-1, and
GSK-35 suggest that for similar active sites unique
methods can be applied, but differences in enrichment
factors could be rationalized by qualitatively different
input libraries. It might show that score selection is
dependent on the active site structure itself, while the
enrichment is dependent on the docking library. In
addition to this effect, it should be noted that the
inactive and active ratio strongly influences the enrich-
ment.

Although this study gives further support to the
hypothesis that similar virtual screening protocols can
be applied for structurally similar proteins, we showed
that considering different protein conformations by
FlexE is far from adequate for taking protein flexibility
into account.

Unfortunately, FlexE does not include a solution for
the problem of ligand-induced fit, so it is essential to
build in protein flexibility by including docking calcula-
tions when investigating selectivity issues. At the mo-
ment, the “flexibility” solution provided by FlexE does
not seem to reflect true flexibility, but FlexE could be a
useful tool for merging different crystal structures and
docking into them simultaneously.
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We conclude that pharmacophore constraints can be
applied successfully for GSK-3f kinase, and the scoring
combination suggested by Lyne et al. was found to be
effective in our virtual screening study. We provided
here some further support for applying general/similar
scoring schemes for various proteins sharing structur-
ally similar active sites.

The effectiveness of our screening protocol has been
partially demonstrated by comparing the results of a
virtual screen to those obtained by experimental screen-
ing. Virtual screening picked up four out of six series of
compounds identified by HTS, but the large number of
false positives and the high rate of false negatives
indicate significant limitations. Although FlexX-Pharm
with the combined FlexX/PMF scoring functions was
able to give reasonable enrichment factors in both
artificial and real screening situations, we showed that
the inaccuracy of the docking scores, the application of
pharmacophore constraints, and the neglected flexibility
of the active site might be responsible for these limita-
tions.

On the basis of the success criteria used in the
screening literature, our virtual screening protocol was
successful in producing remarkable enrichment and
identifying the majority of active clusters at much lower
cost and time relative to HTS. These results suggest
that this protocol can be useful for prefiltering our in-
house library and can complement experimental screen-
ing when investigating large, commercially available
virtual libraries for GSK-35 inhibitors.

We feel that this work, being the first truly compara-
tive study, might be interesting for the broader com-
munity of lead discovery teams when planning experi-
mental and virtual screening activities.

Materials and Methods

Virtual Screening. Preparation of the Ligand Data-
base. Our screening library involves a subset of World Drug
Index (WDI) as inactive molecules that were specifically
designated to reduce artificial enrichment.?® The WDI was first
filtered to eliminate compounds having molecular weight lower
than 200 and greater than 800, log P larger than 7, and
rotatable bonds more than 15. Inorganic compounds were also
filtered. Out of the ~40 000 remaining molecules, 5354 were
chosen on the basis of a diversity selection (2D UNITY
Fingerprint); Tanimoto index was lower than 0.68. The GSK-
3p ligand set (25 known inhibitors) was compiled manually
from Prous Integrity Drugs & Biologics database?® and other
public sources.*1%? Our main selection criterion was to cover
as many different compound classes as possible to establish
structural diversity among the inhibitors. The input library
comprised the 5354 inactive and 25 active compounds (active
molecules content ~0.5% such as in a typical real high-
throughput screen).

The preprocessing of a subset of our in-house library was
the same as mentioned above. This subset is comprised of
16 299 molecules in total.

Preparation of Protein Coordinates and Definition of
Active Sites for Docking with FlexX, FlexX-Pharm, and
FlexE. Crystal structures of GSK-35 were used to screen a
benchmark library of known inhibitors. X-ray structures
1Q3W?3 (alsterpaullone, 2.3 A), 1Q413 (indirubin-3'-monoxime,
2.1 A), 1Q4L? (inhibitor I-5, 2.77 A), 1PYX® (AMP—PNP, 2.4
A), 1UV5® (6-bromoindirubin-3'-oxime, 2.8 A), 1ROE* (release
date 12 Oct-2004, 3-indolyl-4-arylmaleimide, 2.25 A), 1Q5K*
(release date 10-Aug-2004, N-(4-methoxybenzyl)-N'-(5-nitro-
1,3-thiazol-2-yl) urea, 1.94 A), and 1Q3D? (staurosporine, 2.2
A) complexed with inhibitors were considered. Crystal struc-
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tures 1UV5, 1Q3D, and 1Q4L were used for virtual screening
as a visual selection based on the conformation of GIn185
(Figure 1la, violet—1Q3D, magenta—1UV5, yellow—1Q4L).
Recently released structures such as 1ROE and 1Q5K have
only been used for structural analysis (Figure 1b). The “A”
chains were used for virtual screening in each case. Actives
sites were defined as all the residues within 6.5 A of the bound
ligand. Two conserved water molecules in case of 1UV5 and
1Q3D and one water molecule in 1Q4L were also added to the
active sites.

For screening the corporate sublibrary, we used the 1UV5
X-ray structure as described above.

FlexX 1.13.2, FlexX-Pharm, and FlexE Docking.
Standard parameters were used as implemented in SYBYL
6.9.2 package.’® Formal charges and the particle concept
options were always checked. Thirty poses were saved in mol2
files for further analysis. All stored poses were rescored using
the CScore module of SYBYL 6.9.2 comprising the following
functions: Dock, Chem, FlexX, PMF, and Gold scoring func-
tion. The torsional energy term, beside the default value (20
kd/mol), was set to 12 kd/mol to reduce the number of
impossible torsions.

Pharmacophore constraints assigned by comparative analy-
sis of ligand-bound X-ray structures were given as essential
interaction constraints for Vall35 and optional interaction
constraints for Leul32, Asp133, Tyr134, and GIn185.

Structures 1UV5, 1Q3D, and 1Q4L were aligned by homol-
ogy for docking with FlexE. Structure 1UV5 was treated as a
reference structure for the alignment. One water molecule was
added to 1Q4L, and heteroatom files were generated for 1UV5
and 1Q3D containing two structural water molecules. Positions
were scored externally using the CScore module of the SYBYL
6.9.2 package.

High-Throughput Screen. Reagents. Human recombi-
nant glycogen synthase kinase-3 was purchased from Upstate
(14-306). The prephosphorylated polypeptide substrate was
synthesized by American Peptide Incorporation. Kinase-Glo
luminescent kinase assay was obtained from Promega (V6711).
The ATP (A-7699) and all other reagents were from SIGMA
Chemical Co. The water used for buffer preparation was
Millipore grade pure. Assay buffer contained 50 mM Hepes,
pH="7.5,1mM EDTA, 1 mM EGTA, and 15 mM magnesium
acetate.

GSK-3# Assay Protocol. Kinase-Glo assays were per-
formed in assay buffer in black 96-well-plates. In a typical
assay, 10 uL (10 uM) of test compound (dissolved in DMSO)
and 10 uL (20 ng) of enzyme were added to each well, followed
by 20 uL of assay buffer containing 25 uM subtrate and 1 uM
ATP. The final DMSO concentration in the reaction mixture
does not exceed 1%. After incubation at 30 °C for 30 min, 40
uL of Kinase-Glo reagent was added to stop the reaction. The
luminescene was recorded after 10 min using FLUOstar-
POLARstar Optima (BMG Labtech) multimode reader. For
background corrections, luminescence was measured in wells
containing the reaction mixture without enzyme. The activity
is expressed as a difference of the consumed ATP and total
ATP. The inhibitory activities are expressed in percentage of
maximal activities (in the absence of inhibitor). IC5y values
were calculated using Origin software.
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curves used for determining the optimal substrate con-
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summarizing the measured inhibition % of GSK-34 hits in
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