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In light of recent analyses of drug development,[1, 2] new lead
compounds with well-defined pharmacological activity pro-
files are urgently sought.[3, 4] Computer-based de novo design
has been suggested as a method of choice to meet this need, as
it generates innovative molecular scaffolds and chemotypes
by accessing virtually infinite chemical space.[5–7] Here we
present the successful application of fully automated chemis-
try-driven de novo design to discover an innovative low-
molecular-weight inhibitor that selectively blocks inactive
human Polo-like kinase 1 (hPlk1) with nanomolar potency.
This potential anticancer compound was generated by the
algorithm “from scratch” and synthesized following the exact
reaction scheme suggested by our software. It reduced cancer-
cell proliferation without affecting the vitality of nontrans-
formed cells, and exhibited no inhibitory effects against
a panel of activated kinases. The computationally designed
compound is a derivative of the antidepressant fluoxetine, for
which we observed a similar but weaker cellular response
profile. This study provides proof-of-concept for de novo
design as a leading tool for generating novel chemotypes in
the absence of a structural model of the target protein and
with minimal experimental effort.

The serine–threonine kinase hPlk1 plays a central role in
cell cycle control and is a target for the development of novel
cancer therapeutics.[8,9] While type I inhibitors bind to an

active conformation of the kinase, type II inhibitors block the
inactive kinase, in which the enzyme�s activation loop is in the
so-called “DFG-out” conformation.[10, 11] We have recently
identified compound 1 as a strong (IC50 = 0.2 nm) inhibitor of
inactive hPlk1.[12] With compound 1 as a design template, we
employed our newly developed software DOGS (Design Of
Genuine Structures) for generating alternative chemotypes
that mimic the pharmacophoric features of the template
molecule but contain structurally distinct scaffolds.[13, 14] The
software constructs molecules by applying a set of 83 chemical
reactions to a stock of over 25000 readily available molecular
building blocks.[15] Compounds are prepared in silico through
iterative application of motivated synthetic reactions.[16] In
each step along the virtual construction path, conserving the
pharmacophoric features and maintaining the structural
similarity of the growing ligand candidate to a template
structure (here compound 1) guide compound prioritiza-
tion.[17] Among the best designs, we identified compound 4 as
a chemotype extending the structural diversity of known
kinase inhibitors (Figure 1A). Surprisingly, this chemically
attractive de novo designed compound is a structural ana-
logue of fluoxetine, a well-known antidepressant.[18, 19] This
observation points to functional similarities between the two
compounds, which motivated us to investigate compound 4 in
more detail.

The DOGS software produced a total of 218 compounds
from 100 preferred starting fragments. The designs are
computed to have druglike properties and are synthetically
plausible (mean � s : molecular weight = 457� 59 Da, lip-
ophilicity (S logP) = 4.5� 1.1, aqueous solubility (logS) =

�5.9� 1.3, synthetic plausibility (rsynth) = 0.7� 0.3). Hop-
kins� quantitative estimate of druglikeness (QED)[20] for the
set of designed compounds (QED = 0.5� 0.2) is in agreement
with the average value of 0.49 obtained for approved drugs.[21]

In total, 57 different molecule scaffolds were generated, with
57% of the designs containing one of the ten most frequent
scaffolds (Figure 1B). This broad scaffold diversity reflects
the permissive pharmacophoric similarity measure that was
applied during the design process. Among the best ranking
designs we observed several branched structure motifs
although the backbone of the template 1 is linear. In
a preliminary study we had synthesized a de novo designed
compound with a linear scaffold from this series, which
exhibited pronounced inhibitory activity against inactive
hPlk1.[14] Here, we focused on the branched compound 4.

We computed a fitness landscape representing a probabil-
istic model of the structure–activity relationships of known
kinase inhibitors (Figure 1C). The landscape represents
a visualization of the distribution of 12 647 bioactive com-
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pounds affecting 980 macromolecular targets,[22] together with
our 218 de novo designed molecules. For landscape modeling
we represented all molecules by a topological pharmacophore
descriptor (CATS)[23] and projected the resulting 210-dimen-
sional real-valued fingerprints onto the plane by stochastic
neighbor embedding.[24] We employed this nonlinear projec-
tion method to preserve and focus on the local neighborhood
behavior[25] and reduce the risk of projecting artifacts from
outliers and globally non-Gaussian distribution of data.[26,27]

Apparently, the majority of the designed compounds are
located in an area of chemical space that is adjacent to known
kinase inhibitors. This finding suggests that these two sets of
compounds possess partially overlapping but not identical
pharmacophoric features and the designed molecular entities
were generated beyond the structural diversity of known
kinase inhibitors. The location of compound 4 at the border

between known and
designed molecules
further prompted us
to select it as a prefera-
ble candidate for
detailed investigation.

We also docked
compound 4 and fluox-
etine into the active
site of hPlk1 to obtain
a preliminary struc-
tural model of the
enzyme–ligand com-
plex. Automated flexi-
ble docking into the
ATP binding cavity of
active hPlk1 (Protein
Data Bank,[28] PDB
ID: 2ou7)[29] and
a model of inactive
hPlk1, which we had
generated from an
inactive DFG-out con-
formation of Aurora A
kinase (PDB ID:
2c6e),[14, 30] suggests the
preferred binding of
compound 4 to the
inactive enzyme
(GOLD software,
ASP score[31,32] = 40 vs.
47; greater positive
values indicate poten-
tially stronger bind-
ing). Fluoxetine dock-
ing yielded overall
lower scores for the
predicted ligand–pro-
tein complexes (active
hPlk1: 29; inactive
hPlk1: 37) but exhib-
ited the same trend.
These modeling results

suggested that both compound 4 and fluoxetine might
actually bind and prefer inactive over active hPlk1 confor-
mations.

The designed compound was readily amenable to chem-
ical synthesis; we followed the two-step synthetic route
suggested by the software without further optimization
(Figure 1A). The racemic product 4 was obtained after
purification, through sequential reductive amination of 3-
amino-1-phenylpropan-1-ol (2) yielding the intermediate 3,
which underwent Mitsunobu reaction to form the ether
linkage.[33] Hereby we validate the potential of the reaction-
based generation of compounds for medicinal chemistry.

We initially analyzed compounds 1, 4, and fluoxetine for
their inhibitory activity against 48 active kinases. At a con-
centration of 10 mm none of the compounds significantly
interfered with active hPlk1 or any of the other human

Figure 1. A) De novo design and synthesis of compound 4 : Reagents and conditions: 1) 2-pyridinecarboxaldehyde,
1,2-dichloroethane (DCE), NaBH(OAc)3, RT; 2) 4-trifluoromethylphenol, PPh3, diethyl azodicarboxylate (DEAD),
THF, 0 8C. The designed compound is a derivative of fluoxetine. B) Scaffold diversity: The 10 most frequently
generated scaffold structures among the computer-designed compounds (n : number of molecules). C) Artificial
fitness landscape: The plot presents the distribution of known kinase inhibitors (black dots) and the de novo
designed compounds (red dots) in the pharmaceutically relevant chemical space spanned by 12647 diverse druglike
bioactive compounds (COBRA database). Overall compound density is indicated by a color gradient from blue (few
data points) to orange (many data points). For visualization all molecules were represented by topological
pharmacophoric features (CATS descriptor) and projected onto two dimensions by stochastic neighbor embedding
(SNE).
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kinases tested (not shown). It is of special note that the de
novo designed compound 4 did not block the activity of
Aurora kinase A (STK6), which interplays with hPlk1 effects
in vivo.[34]

Subsequently, we performed kinase assays using
synchronized HeLa cells to analyze whether compound 4
inhibits hPlk1 kinase in its inactive form. Immunoprecipitated
hPlk1 was subjected to kinase assays with increasing concen-
trations of compound 4 and with casein as the substrate. We
observed significantly reduced hPlk1 activity to levels of 40–
60% for all concentrations of compound 4 (Figure 2A, 1 nm :
55%, p = 0.0031 (two-way ANOVA with Bonferroni correc-
tion) 10 nm : 60 %, p = 0.0006; 100 nm : 46 %, p = 0.007; 1 mm :
54%, p = 0.001; 33 mm : 41 %, p = 0.01). We also determined
hPlk1 activity after incubation of immunoprecipitated hPlk1
with fluoxetine, which exhibited significant inhibition albeit
only at 100-fold higher concentrations of 10 and 100 mm

(Figure 2B). At a concentration of 10 nm, fluoxetine reduced
hPlk1 kinase activity to 80 % (p = 0.08), 100 nm to 90% (p =

0.38), 1 mm to 71 % (p = 0.09), 10 mm to 61 % (p = 0.03), and
100 mm to 37% (p = 0.0003). These findings indicate that
fluoxetine is indeed a moderate inhibitor of inactive hPlk1,
and this might actually account for some of the reported
antiproliferative effects of fluoxetine on cancer cells.[35, 36]

As an additional test for target selectivity, we performed
an inhibition assay with compound 4 and inactive Aurora A
kinase. No reduction of kinase activity was observed up to
a ligand concentration of 33 mm (Figure 2C). Thus, because
the obtained novel kinase inhibitor exhibits nanomolar
affinity to the inactive state of hPlk1 and favorable estimated
ligand efficiency[37] (DG/number of heavy atoms� 0.66), it
represents a promising starting point for optimization.

To study the effect of compound 4 and fluoxetine on cell
cycle progression, we performed FACScan analysis with
HeLa cells after double-thymidine block in the presence of
either one of these compounds. When we monitored the cell
cycle over 48 h we observed strongly delayed progression
throughout all phases (Figure S1 A in the Supporting Infor-
mation). Four hours after release, one-third of the control
cells were in the G0/G1 phase, one-third in the S phase, and
one-third in the G2/M phase, while cells treated with 10 mm

compound 4 were still mainly in the S phase; when treated
with 33 mm compound 4 almost all cells were locked in the S
phase (Figure S1 A, first panel). After six hours, the control
cells reached the G2/M phase, but cells treated with 33 mm

compound 4 were still in the S phase (Figure S1 A, second
panel). After eight hours, the cells treated with 10 mm

compound 4 displayed approximately the same cell cycle
distribution as the control cells, while cells treated with 33 mm

compound 4 were still delayed in the S phase (Figure S1 A,
third panel). Ten to fourteen hours after release, the control
cells and the cells treated with 10 mm compound 4 all reached
normal cell cycle distribution (Figure S1A, fourth to sixth
panel), and cells that had been treated with 33 mm compound
4 completed S phase and arrived in G2/M phase. Within 24–
48 h after release, the control cells had completed a normal
cell cycle, but cells treated with compound 4 progressed from
G2/M arrest (after 14 h) to apoptosis (Figure S1 A, seventh to
bottom panel). Treatment with fluoxetine led to comparable

Figure 2. Inhibition of inactive hPlk1 and Aurora A kinase. Kinase
assays using immunoprecipitated hPlk1 from HeLa cells after incuba-
tion with compound 4 (A) and fluoxetine (B), or compound 4 together
with immunoprecipitated human Aurora A kinase from HeLa cells (C).
The autoradiograms show representative assays, and the bar graphs
show means of three independent experiments measuring hPlk1 or
Aurora A kinase activity after immunoprecipitation and incubation with
the two compounds, respectively, followed by subsequent kinase assay
using casein as a substrate.
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Figure 3. A–D) Cell proliferation and viability. Effect of compound 4 (A) or fluoxetine (B) on cell proliferation and wash-out grow-out assay in
HeLa cells, and effect of compound 4 and fluoxetine in wash-out grow-out assays in hTERT-RPE1 cells (C, D). Cell proliferation of HeLa cells was
analysed 24 to 72 h after treatment. Control cells were incubated with culture medium alone. Percentage of surviving cells is given as percentage
of the number of control cells 72 h after incubation with the drugs. All experiments: n= 3. Additionally, HeLa cells (A, B) and hTERT-RPE1 cells
(C, D) were analysed using wash-out grow-out assays after treatment with compound 4 (A, C) or fluoxetine (B, D). Cells were treated with
respective compound for 72 h, harvested and one fifth (HeLa cells) or one third (hTERT-RPE1 cells), respectively, was re-seeded in new six-well-
plates with fresh medium without drugs. (E–H) Induction of cellular apoptosis. Western blot analysis of Parp cleavage after treatment of HeLa
cells with compound 4 (E) or fluoxetine (F). To determine the full-length Parp protein and the cleavage product in apoptotic cells, Western blot
analyses targeting Parp were performed in HeLa cells 48 h after incubation. Caspase 3/7 activation was monitored 24 h (G) and 48 h (H) after
treatment with compound 4. Luminescence is given as relative RLU levels (n = 3, mean �s). Control cells were incubated with normal culture
medium.
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effects as compound 4 concerning cell cycle progression of
HeLa cells over the period of 48 h after release from the
double thymidine block (Figure S1 B). Cells showed delayed
progression in cell cycle and, as observed for compound 4,
they exited from G2/M phase into apoptosis at later points in
time.

To determine the impact of compound 4 and fluoxetine on
proliferation we counted cells in the period 24–72 h after
treatment. Compound 4 induced concentration- and time-
dependent reduction of HeLa cell proliferation with an EC50

value of 4� 1 mm (Figure 3 A, upper panel). After 72 h the
reduction was significant for concentrations of 100 nm and
higher (100 nm : 81%, p = 0.03; 1 mm : 60%, p = 0.02; 10 mm :
35%, p = 0.01; 33 mm : 0%, p = 0.002). To analyze whether the
cells were able to recover from the impairment induced by the
inhibitors, we determined cell proliferation a further 72 h
after reseeding the cells in new six-well-plates with fresh
culture medium without drugs (wash-out grow-out assay).
Cells were counted after the first 72 h period, then reseeded
and cell numbers were determined after another 72 h period.
Incubation with fresh medium without compound 4 led to
recovery for the cells that had been first treated with lower
concentrations (10 nm–1 mm), and the recovery was compa-
rable to that of the untreated control (Figure 3 A, lower
panel). The increase in cell numbers was approximately 400–
500 % compared to the number of the reseeded cells in the
72 h period. In contrast, higher concentrations resulted in
a reduction of recovery for the cells that had been treated
with 10 mm of compound 4 (42 %). The cells treated first with
higher concentrations (16 mm and 22 mm) did not recover;
after the additional 72 h period with fresh medium without
drug the relative cell proliferation was 0%. Those cells
treated with 28 and 33 mm compound 4, respectively, were
completely dead at the time of reseeding, thus leading to 0%
cells after the additional 72 h with fresh medium without drug.

Compared to compound 4, fluoxetine induced a weaker
reduction of HeLa cell proliferation over the period of 24 to
72 h, but it was still significant for concentrations exceeding
10 mm (Figure 3 B, upper panel). The reduction of cell
proliferation was concentration- and time-dependent with
an EC50 value of 14� 2 mm [10 mm : reduction to 64 % (p =

0.02); 33 mm : 1% (p = 0.0001); 66 mm : 0% (p< 0.0001); and
100 mm : 0% (p< 0.0001)]. Wash-out grow-out assays gave
comparable results, with recovery after fluoxetine treatment
similar to those of control cells for concentrations up to 1 mm

(430–570% compared to the reseeded cell number), but
higher concentrations led to impaired recovery (10 mm :
295 %) (Figure 3B, lower panel). After treatment with 66 or
100 mm fluoxetine, the cells were completely dead within the
first 72 h, leading to 0% recovery after an additional 72 h with
fresh medium without drug, as observed for compound 4.

We also investigated the impact of compound 4 and
fluoxetine on the recovery of hTERT-RPE1 cells (Fig-
ure 3C,D) to determine their capacity as potential anticancer
drugs. For that reason, hTERT-RPE1 cells were treated with
100 nm and 10 mm compound 4, and with 10 and 33 mm

fluoxetine, respectively. As described for HeLa cells,
hTERT-RPE1 cells were counted after the first 72 h period,
then reseeded and the cell numbers were determined after

another 72 h period. Both compounds induced slightly
impaired recovery, yet all cells were viable and able to
proliferate reseeding into fresh medium.

To analyze the induction of apoptosis, we first performed
Western blot analyses against Parp in HeLa cells. We were
able to detect an increasing amount of cleavage products of
85 kDa, accompanied by a decrease of the full-length protein
of 116 kDa, after treatment with compound 4, starting at
concentrations of 100 nm up to 33 mm, where completely
degraded full-length protein was observed (Figure 3 E). After
incubation with fluoxetine the full-length protein was com-
pletely cleaved first at a drug concentration of 33 mm, but at
lower drug concentrations we observed only a slight increase
of cleaved Parp fragment compared to control cells (Fig-
ure 3F). To confirm the induction of apoptosis after treatment
with compound 4 we performed Caspase 3/7 assays after
incubation times of 24 and 48 h (Figure 3G,H); we found
concentration- and time-dependent Caspase 3/7 activation
indicative of apoptosis.

The most relevant outcome of this study: de novo
designed compound 4 proved to be a synthetically feasible,
druglike hPlk1 inhibitor with high in vitro potency and
selectivity, antiproliferative activity against cancer cells, and
with minimal effect on immortalized nontransformed cells.
The results confirm our concept of reaction-driven, template-
based de novo design as a premier methodology for the rapid
identification of novel bioactive molecules exhibiting
a desired biological activity spectrum. This approach may
well provide an opportunity to jumpstart stalled drug-discov-
ery projects.
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