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Abstract
Potent ROCK inhibitors of a new class of 1-benzyl-3-(4-pyridylthiazol-2-yl)ureas have been
identified. Remarkable differences in activity were observed for ureas bearing a benzylic
stereogenic center. Derivatives with hydroxy, methoxy and amino groups at the meta position of
the phenyl ring give rise to the most potent inhibitors (low nM). Substitutions at the para position
result in substantial loss of potency. Changes at the benzylic position are tolerated resulting in
significant potency in the case of methyl and methylenehydroxy groups. X-Ray crystallography
was used to establish the binding mode of this class of inhibitors and provides an explanation for
the observed differences of the enantiomer series. Potent inhibition of ROCK in human lung
cancer cells was shown by suppression of the levels of phosphorylation of the ROCK substrate
MYPT-1.

Introduction
Rho associated protein kinases (ROCKs) are Ser/Thr protein kinases, activated by small
GTPases of the Rho family that act as molecular switches to mediate cell signaling. The
Rho/ROCK signaling pathway is known to participate in the regulation of numerous cellular
functions such as actin cytoskeleton organization, contraction, cell adhesion, motility,
morphology, proliferation, cytokinesis, gene expression, and angiogenesis. Two isoforms,
ROCK1 and ROCK2, have been identified sharing 64% and 79% overall sequence identity
and similarity respectively and 92% identity and 97% similarity in their kinase domains. The
two isoforms have been found to possess differential tissue distribution. ROCK1 is
expressed in lung, liver, stomach, spleen, kidney and testis, whereas ROCK2 is highly
expressed in brain, heart and muscle tissues.1 Despite the differential tissue distribution,
little is known about the functional differences between the two ROCK isoforms.2–10
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ROCKs have been subjected to growing attention, having been implicated in a range of
therapeutic areas including cardiovascular diseases,11–15 CNS disorders,16,17

inflammation,18 and cancer.19–37 Co-overexpression of Rho and ROCK proteins in cancer
cells has been reported in ovarian cancer, pancreatic, testicular, and bladder cancer.19,20

Metastasis requires changes in the migratory, invasive and adhesive properties of tumor
cells. These processes which depend on the proper assembly/disassembly of actin-
cytoskeleton are regulated by Rho/ROCK pathway and play an important role in the
development and progression of cancer.21 The implication of Rho/ROCK signalling
pathway in invasion,22,23 angiogenesis,24 and metastasis25 has been amply documented. In
light of these findings, the pharmacological inhibition of ROCKs has been suggested as a
promising strategy in the prevention of cell invasion, a central event in the process of
metastasis.25–28

The potential of ROCK inhibitors as anticancer agents was demonstrated by the
identification of ATP competitive inhibitors, Y27632 (1), and Wf536 (2) (Fig. 1).25,29,30,32

Specifically, 1 was reported to reduce metastasis in animal model systems,25 and 2 has
shown efficacy in preventing tumor metastasis in vivo models by inhibiting tumor-induced
angiogenesis as well as tumor motility.29,30,32 Han and coworkers have also investigated the
ability of Fasudil (3) (the only ROCK inhibitor clinically approved in Japan for the
treatment of cerebral vasospasm) to inhibit progression of human and rat tumors in animal
models.31

Due to potential therapeutic applications, significant research efforts have been directed
towards the identification of more potent and more selective ROCK inhibitors,38–43

including isoquinolinamines44,45 triazines,46 isoquinolinones,47,48 quinazolinones,49

benzothiazoles50 and diaminopyrazines51 and their use for the treatment of cardiovascular
diseases and CNS disorders. To the best of our knowledge the antitumor and antimetastatic
properties of these inhibitors has yet to be shown or published. Our group has been actively
engaged in the design and synthesis of ROCK1 inhibitors to provide powerful in vitro and in
vivo tools to probe the pharmacological inhibition of ROCK1, to further establish its
function in cancer and metastasis and further validate it as an anticancer target.

The aminothiazole derivative CID5056270 (4) (Fig. 2) has been reported42 to potently
inhibit ROCK2 enzymatic activity with an IC50 values <3 nM [Molecular Libraries
Screening Centers Network (MLSCN),52–54 assay ID 644]. It displayed high potency in our
in-house (FRET)-based Z′-Lyte biological assay55,56 (ROCK2 IC50 0.56 nM) and also
inhibited ROCK1 with an IC50 of 13 nM (Fig. 2). In view of its potency against both ROCK
isoforms and selectivity over Aurora-A (IC50 > 100 µM) (Fig. 2), 4 was chosen as a starting
point for the design of a focused library of pyridylaminothiazole-based ROCK inhibitors. As
part of our inhibitor design we were intrigued as to whether a benzylurea group would act as
a surrogate of the benzyloxyacetamide chain embedded within 4, whilst retaining the
pyridylthiazole ‘head’ group. Ureas have previously been incorporated into ROCK
inhibitors,57,58 but not ones with the 4-pyridylthiazole hinge-binding group. The
aminothiazole 5a was docked to the catalytic domain of ROCK1 (using GLIDE, and
ROCK1 structure from pdb 2ETR; see Molecular Modeling Section)59 (Fig. 3) to determine
a possible binding mode and to study the structural features responsible for binding of 5a to
ROCK1. The model suggests that the pyridine ring binds to the hinge region via a hydrogen
bond between the pyridyl nitrogen atom and the backbone amide NH of Met156 in a similar
mode to the isoquinoline ring of Fasudil evident in its co-crystal complex with ROCK1.59 In
the model the carbonyl oxygen of 5a forms a hydrogen bond with the side chain NH of
Lys-105 and the terminal phenyl ring of the benzylurea occupies a deep hydrophobic cleft
under the P-Loop (Fig. 3).
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The pyridylthiazole urea 5a (Fig. 2) inhibited ROCK1 (IC50 170 nM) and provided a new
starting point for optimization. We focused our attention on exploring, in turn, the SAR
around the phenyl ring, branching and substitution at the benzylic position, urea linkage of
5a, while retaining the hinge binding 4-(4-pyridinyl)-2-thiazolyl] group (Fig. 4).

Chemistry
We initially prepared the new hit 5a and additional analogs 5c, 5q, 5r, 5s, 5u and 5u, via
microwave heating of aminothiazoles 7 or with isocyanates 9 following the synthetic route
shown in Scheme 1. Microwave-assisted condensation of the commercially available 4-
(bromoacetyl)pyridine (6) with thiourea and N-methylthiourea afforded the desired
aminothiazoles 7 and 8, respectively. The aminothiazoles 7 and 8 were then reacted with
commercially available isocyanates 9 to afford urea library 5 in poor to moderate yields. The
initial SAR revealed the potential of the new urea analogs as a promising class of ROCK1
inhibitors. We therefore sought to develop an alternative synthetic route to improve the
yields. Additionally, a significant drawback of the initial synthetic route was the lack of
inexpensive commercially available isocyanates, which would limit the SAR around the
benzyl group of compound 5a. The carbamate 10, prepared from the aminothiazole 7 and
phenyl chloroformate provided a key intermediate and offered an alternative way to
introduce significant chemical and structural diversity at the benzyl terminus of 5a via
coupling with inexpensive and readily available benzylamines, amino acids, anilines, and
aliphatic amines (Scheme 2). This proved to be successful, allowing us to expand the library
5 under much milder conditions. As shown in Scheme 2, libraries 5 and 14 could be easily
prepared by heating the reaction mixture in a sealed tube (Scheme 2, conditions d, i). By
means of a heating block parallel station the generation of the library was performed in a
combinatorial fashion. Moreover, microwave heating provided an efficient and convenient
alternative to conventional heating for the synthesis of the desired library 5 (Scheme 2,
conditions e–f). As a general note, longer reaction times or higher temperatures were
required in the cases of less reactive amines. Diisopropylethylamine (DIPEA) or
triethylamine were employed when the amine-containing reagents were available as the
corresponding HCl salts (Scheme 2). To validate the new synthetic protocol, the original hit
5a and 5q were synthesized using the new synthetic route (Scheme 2). The different batches
displayed comparable analytical data and comparable potency in the ROCK1 (FRET)-based
Z′-Lyte kinase assay. Two compounds 12 and 13 were prepared to assess the effect of linker
chain length. Finally, the corresponding mesylate and HCl salts of selected library members
(5b, 5d and 5g) were also synthesized (see supplementary information for further details).

The structures of all the final compounds were confirmed by analysis of NMR and mass
spectroscopic data. In addition, HPLC methods (typically two methods) were used to
determine the purity (generally >96%) of the compounds. Additionally, HPLC methods
were developed for the chiral compounds to determine the enantiomeric purity (generally
>95%). All compounds were screened against ROCK1 and ROCK2. IC50 values were
systematically determined only for compounds that inhibited ROCK1 activity by at least
40% at a compound concentration of 50 µM. The results are summarized in Tables 1, 2, 3,
and 4 and discussed below.

Results and discussion
The initial hit 5a displayed good activity against ROCK1 (IC50 170 nM) as measured in the
Z-lyte assay.55,56 The aniline-derived analog 12 was poorly active (10% inhibition at 50
µM). The phenethyl urea 13 (IC50 480 nM) was less active than 5a, we therefore centered
our synthetic efforts on studying and systematically evaluating the effect of the substitution
on the phenyl ring A (Fig. 4) of the ureas of type 5. The SAR around the phenyl ring A
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(Table 1), revealed that a hydroxyl at the meta position as in 5g (IC50 8 nM) enhanced by 21
fold the potency relative to the parent compound 5a (IC50 170 nM). Furthermore, the
position of the hydroxyl group is critical as evident from the 77- and 47-fold loss of potency
of derivatives 5h (IC50 620 nM) and 5i (IC50 380 nM) with the hydroxyl group in the ortho
and para positions, respectively, relative to the meta-hydroxy containing 5g (IC50 8 nM).
Table 1 also shows that, in general, derivatives with substitutions at the meta position are
much more potent than those with substitutions in the para and to a lesser extent in the ortho
position. For example, derivatives with methoxy, methyl, chloro or fluoro at the meta
position are between 1850 fold and 2 fold more potent than their corresponding para and
ortho derivatives (Table 1). Furthermore, the nature of the substituent at the meta position
was also important with the hydroxyl derivative (5g) being the most potent followed by
methoxy (5b), amino (5e), fluoro (5q) chloro (5t) and methyl (5w) derivatives. However,
larger alkoxy groups such as ethoxy (5n), propoxy (5o), and iso-propoxy (5p) and
ethoxymethoxy (5m) were less tolerated, resulting in progressively less activity with
increased size and lipohilicity of the alkyl group. These results generally indicate that only
polar groups adding a limited steric hindrance at the meta position do not lead to a
significant loss of potency compared to the parent compound 5g. The binding affinity of 5b
could derive from the ability of the methoxy group to act as a hydrogen bond acceptor, the
greater potency of 5g might be due to both the H-bond donor and acceptor properties of
phenol. The pair of meta and para methoxy isomers 5b (IC50 27 nM) and 5d (less than 10%
inhibition at 50 µM) exquisitely highlights the intolerance of groups at the para position.

Next, we investigated the bioisosteric replacement of the 3-hydroxy group with the aim of
retaining the high binding affinity and improving the pharmacological properties and
metabolic stability of 5g and further probing the importance of the OH group. First, the OH
→ NH2 (5e) (IC50 50 nM) replacement resulted in a 6-fold decrease in potency compared to
5g (IC50 8 nM). The indole analog 5f displayed a near 5000-fold decrease in inhibitory
activity. Next we selected groups at the meta position that have both hydrogen bond donor
and acceptor properties. Examples were limited to urea 5j (IC50 1.2 µM), sulfonamide 5k
(IC50 0.56 µM), and acetamide 5l (IC50 1.3 µM) however all three analogs are less active
than 5g.

Di-substitution of the phenyl ring A (e.g. di-methoxy, di-chloro, di-fluoro) or its
replacement with several heterocycles (e.g furan, pyridyl) resulted in a dramatic loss of
potency (data not shown). In these examples, no significant improvement was observed for
any of the substituents placed at the ortho and para positions. It was only when changes were
made at the meta position that we observed improved activity.

We next focused on the effect of branching and substitution of the benzylic position of 5a
(Table 2). A set of α-substituted benzylureas 14 was prepared and tested. Within this series,
we observed a dramatic difference in ROCK potency of enantiomers when a stereogenic
center was introduced at the benzylic position. The (R)-α-methylbenzylurea (R)-14a was
found to be 4-fold more potent than the parent compound 5a, and 67-fold more potent than
its enantiomer (S)-14a. The (R)-α-ethylbenzylurea (R)-14c was 2-fold more active than 5a
and again much more active (579-fold) than its enantiomer (S)-14c. Further, the (S)-α-
methylhydroxy analog (S)-14b showed an IC50 of 30 nM for ROCK1 inhibition. The S-
enantiomer (S)-14b is clearly a more potent inhibitor than its R-enantiomer (R)-14b (IC50 =
5.2 µM). The IC50 of the racemate (±)-14b (IC50 = 60 nM) also indicates that the inhibitory
activity results from the S-enantiomer alone. The methoxymethyl substituted (S)-14e (IC50
70 nM) was also more potent than 5a, but less active than (S)-14b. This result suggests that
the hydroxy group is serving as hydrogen bonding donor. The urea (S)-14d (IC50 80 nM)
possessing a CONH2 group as an alternative H-bond donor was less active than the
methylhydroxy analog (S)-14b but nevertheless more potent than 5a.
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For the three analogs 14f, 14g and 14h bearing an α-methyl group and a substituent on the
3-position of the phenyl ring did not result in improvement in their activity compared to
their unsubstituted analogs. Within this series, the same sense of enantiomeric selectivity is
preserved with chiral selectivity ranging between 630- and 270-fold. The activity of
compound (R)-14f (ROCK1 IC50 30 nM) remains impressive.

The importance of the urea NH functionalities was addressed, limiting the examples to N-
methylation (Table 3). Replacement of the urea hydrogen atoms was generally tolerated as
shown by analogs 5z (IC50 110 nM) and 5ab (IC50 40 nM) that bear an N-2 methyl group
and have similar activities to their NH counterparts 5a (IC50 170 nM) and 5b (IC50 27 nM),
respectively. Urea 5aa bearing an N-1 methyl group showed similar activity to its isomer
5ab and parent 5a. The chiral ureas with an N-2 methyl group displayed the same difference
in activities of the enantiomers. The (R)-enantiomer (R)-14i (IC50 120 nM) was less active
than its NH parent (R)-12a (IC50 43 nM). Overall, methylation in this small series results in
relatively small differences in activity.

Finally, to impart improved water solubility to 5g, 5b and 5d, the corresponding HCl and
mesylate salt were prepared. As shown in Table SI2, all the salts possess in vitro similar
potency to the corresponding free base (see supplementary information). Interestingly, the
mesylate salt of 5d showed an increased activity when compared to the corresponding free
base and HCl salt that probably can be attributed to the increase water solubility in the
aqueous buffer used in the assay.

The most potent compound 5g-Mes was subjected to limited profiling using the Reaction
Biology33P kinase HotspotSM kinase profiling service (Table 4). The IC50 of 5g-Mes for
ROCK1 and ROCK2, using this assay format was 0.53 and 0.45 nM respectively. At 1 µM
5g-Mes was the most potent against ROCK1 (96% inhibition) and ROCK2 (98% inhibition).
No other kinase was inhibited by >85%. We included the AGC kinases PKA, AKT1, SGK
and PKN1 in the panel. Of all the other kinases tested, PKA was inhibited the most with 1
µM 5g inhibiting PKA by 84.5%.

To determine the mode of action of this inhibitor series, we cocrystallized (R)-14f with the
kinase domain of human ROCK1 (residues 6–415). The complex crystallized in space group
C2221 with two ROCK1 dimers in the asymmetric unit. The structure was refined to 2.75 Å
resolution with Rcryst and Rfree values of 21% and 25%, respectively (Table S1,
supplementary information). Fig. 5a shows that (R)-14f is a Type I inhibitor that binds to the
hinge region of the ATP site through one hydrogen bond formed between the pyridine ring
nitrogen and the main chain amide NH of Met156 (Fig. 5a). The electron density of the
inhibitor is well defined, except for the methyl group of the stereogenic centre, which does
not appear to interact with the enzyme. The inhibitor extends from the hinge region along
Asp216 of the DFG motif towards the β-turn comprising residues Arg84 – Gly88. The urea
moiety interacts with the ε-amino group of Lys105 and the carboxyl group of Asp216 with
one NHCO unit in a trans conformation and the other highly twisted in a near orthogonal
arrangement. The pyridine, thiazole and phenyl moieties form multiple van der Waals
(hydrophobic) interactions with surrounding residues (3.4 Å < d < 4 Å). The methoxyphenyl
group is sandwiched between the side chain of Lys105 and Gly85 of the P-loop (magenta)
(Fig. 5c). The ring points towards residues Leu106 and Leu107. Since the para position is ~4
Å distant from Phe87 and the two leucine residues, substitutions with groups larger than
fluorine are likely to cause substantial steric clashes with the enzyme. The close proximity
of the meta position to Glu89 forces the ring to adopt a conformation in which the methoxy
group or any other meta substituent is exposed to solvent. Modeling of the enantiomer
(S)-14f into the binding site indicates steric clashes with the main chain of Arg84-Gly85 as a
plausible cause for the low inhibitory activity of this compound (Fig. 5d).
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Benzylurea pyridylaminothiazole-based ROCK inhibitors are potent suppressors of the
phosphorylation of the ROCK substrate MYPT-1 in human lung cancer cells

We next determined the ability of the compounds to inhibit ROCK in intact human cancer
cells. To this end, we treated H1299 lung cancer cells with various doses of the compounds
and processed the cells for western immunoblotting to determine their effects on the levels
of phosphorylated MYPT-1 (P-MYPT-1) and the total levels of MYPT-1 as described under
Methods. Fig. 6 shows that (5a) treatment of H1299 cells decreased the levels of P-
MYPT-1, but not total MYPT-1, in a concentration-dependent manner. The enantiomer
[(R)-14f] was more potent at decreasing P-MYPT-1 at all concentrations. This is consistent
with the ability of these compounds to inhibit ROCK1 in vitro [IC50 values of 170 and 30
nM for 5a (Table 1) and (R)-14f (Table 2), respectively]. The enantiomer (S)-14f which was
less potent in vitro (Table 2) was also less active at decreasing the levels of P-MYPT-1 in
intact human cancer cells (Fig. 6). Furthermore, the potent meta-methoxy 5b (IC50 27 nM;
Table 1) decrease the levels of P-MYPT-1 in a concentration-dependent manner. In contrast,
the much less active para-methoxy isomer 5d (less than 10% in vitro ROCK inhibition at 50
µM, Table 1) did not decrease the levels of P-MYPT-1. These studies clearly demonstrate
that the benzylurea pyridylaminothiazole-based ROCK inhibitors are able to penetrate cells
and effectively inhibit their target in intact cells.

Conclusions
In the search for novel ROCK selective inhibitors, chemical modifications of 5a to improve
in vitro potency, and determine the structural features responsible for the activity, led us to
identify benzyl pyridylthiazole ureas as novel and potent inhibitors of ROCK displaying,
low nanomolar potency in vitro and sub-micromolar activity in intact human cancer cells.
No significant ROCK 1 and 2 isoform selectivity was observed with this series. In summary,
meta substitution of the phenyl ring appeared to be optimal for good potency. Only small
and polar groups are tolerated and hydroxy, methoxy, amino group give rise to better
activity. Changes at the benzylic position of 5a are tolerated resulting in significant potency
in the case of methyl and methylenehydroxy groups. Significant differences in the activities
of the enantiomers of this series were observed. The co-crystal structure of the first
pyridylthiazole ROCK inhibitor established clear evidence for the proposed binding mode of
this class of inhibitors and provides an explanation for the observed differences of the
enantiomers in the substituted benzyl urea series. Furthermore, potent inhibitors in vitro
were also able to potently inhibit ROCK in human lung cancer cells as demonstrated by
suppression of the levels of phosphorylation of the ROCK substrate MYPT-1. The
differences in the activities of the enantiomers in vitro were also respected in intact cancer
cells.

Experimental
Molecular modeling

Compound docking was carried out using the GLIDE60,61 (Grid Based Ligand Docking
from Energetics) program from Schrödinger, L.L.C. The Jorgensen OPLS-2005 force field
was employed for GLIDE docking simulations. The optimal binding geometry (pose) for
each modeled compound was obtained using GLIDE which employs Monte Carlo sampling
techniques coupled with energy minimization. GLIDE also uses a scoring method based on
ChemScore62 but with additional terms added to the scoring function for greater accuracy.
GLIDE 4.5 SP (Standard Precision mode) was used to dock each chemical structure of these
compounds followed by GLIDE 4.5 XP (Extra Precision mode) docking to find probable
docking poses. An X-ray crystal structure of human ROCK1 in complex with a small
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molecule inhibitor Y-27632 at 2.60 Å resolution (2ETR.pdb)59 was used for ROCK1
docking.

Kinase assay
Kinase inhibition was measured using the Invitrogen Z-Lyte® FRET kinase assay with Ser/
Thr 13 peptide substrate (Invitrogen, cat. PV3793) based on the myosin light chain sequence
KKRPQRRYSNVF. Compounds were tested on three separate days with 8 point dilutions
performed in duplicate to determine average IC50 values. The assay conditions were
optimized to 15 µl of kinase reaction volume with 5 ng of enzyme in 50 mM HEPES (pH
7.5), 10 mM MgCl2, 1 mM EGTA, and 0.01% Brij-35. The reaction was incubated for 1 h at
room temperature in the presence of 1.5 µM of peptide substrate with 12.5 µM of ATP (for
ROCK1) or 2 µM of substrate with 50 µM of ATP (for ROCK2). The reaction was then
stopped and the ratio of phosphorylated to unphosphorylated peptides was determined by
selective cleavage of only the unphosphorylated peptide as described by the manufacturer
(Invitrogen, cat. PV3793). This was followed by excitation of coumarin at 400 nm resulting
in emission at 445 nm and energy transfer to fluorescein and final emission at 520 nm. The
substrate contains both coumarin and fluorescein and only uncleaved phosphorylated
substrate will undergo FRET. The ratio of the signals at 445 nm and 520 nm was measured
using a Perkin-Elmer Wallac EnVision Plate Reader, model 2102 plate-reader. The kinases
ROCK1 (residues 1–535, N terminal GST) and ROCK2 (residues 1–552, N terminal GST)
used in the assay were purchased from Invitrogen (PV3691 and PV3759 respectively). IC50
values were determined using fitted curves with GraphPad Prism 5 software.

Biochemical and crystallographic methods
Reagents and compounds for biochemical and crystallographic experiments were purchased
from Sigma–Aldrich (St. Louis, MO) and Hampton Research (Aliso Viejo, CA) unless
otherwise indicated.

Enzyme purification
The gene encoding the kinase domain of human ROCK1 (residues 6–415) was synthesized,
cloned into the pFB-Dual-PBL bacmid to provide an N-terminal His-Puritin-tag, and
expressed in SF9 insect cells after 72 h infection (Blue Sky Biotech, Worcester, MA). All
purification steps were performed by FPLC at 4 °C. Harvested insect cells were resuspended
in 100 mM Na/K phosphate buffer (pH 7.4) containing 300 mM NaCl, 10 mM MgCl2, 10
mM imidazole, 0.5 mg mL−1 lysosyme, and 0.01% Triton X-100 at 4 °C for 1 h. After
sonication and centrifugation (1 h at 29000 × g), the supernatant was purified by
immobilized Ni2+-ion affinity chromatography (GE LifeSciences, Piscataway, NJ).
Following incubation of peak fractions with TEV protease (20 : 1) at 4 °C, the cleaved His-
Puritin-tag was separated by size exclusion chromatography using a Superdex 75 (26/60)
column, and eluted with 50 mM HEPES buffer (pH 7.4) containing 150 mM NaCl, 10 mM
MgCl2, 1 mM DTT. Purified ROCK1 (6–415) was buffer exchanged into 50 mM HEPES
buffer (pH 7.4) containing 1 mM DTT and concentrated to 20 mg mL−1 for crystallization.

Protein crystallography
Crystallization was performed at 18 °C using the sitting drop vapor diffusion method.
Crystals of the ROCK1-(R)-14f complex were grown from 0.1 M HEPES pH 7.0, 5%
tacsimate pH 7.0, and 10% PEG 5000 MME, in the presence of 0.25 mM RKI1342. Crystals
were harvested in cryo-protectant (0.1 M HEPES pH 7.0, 5% tacsimate pH 7.0, and 10%
PEG 5000 MME, 25% (v/v) ethylene glycol, 0.5 mM inhibitor) prior to data collection. X-
ray diffraction data were recorded at −180 °C using Cu-Kα radiation generated by a Rigaku
Micro-Max 007-HF rotating anode (MSC, The Woodlands, TX) using a CCD Saturn 944+
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in the Moffitt Structural Biology Core facility. Data were reduced with XDS,63 PHENIX64

was employed for phasing and refinement, and model building was performed using Coot.65

The structure was solved by molecular replacement using the MolRep program from
CCP466 using the monomeric ROCK1 kinase domain of pdb entry 2ETR as a starting
model. Figures were prepared using PYMOL.67

Determination of the effects of the inhibitors on the phosphorylation levels of the ROCK
substrate MYPT-1 in intact cancer cells

H1299 human lung cancer cells were treated for 1 h with various ROCK inhibitors. The
cells were then lysed and processed for western immunoblotting as described by us
previously.68 The levels of phosphorylation of MYPT1 and total MYPT1 were determined
by immunoblotting with the following antibodies: P-MYPT1 and total MYPT1(Cell
Signaling, Danvers, Ma).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative known Rho kinase inhibitors with anticancer properties.
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Fig. 2.
Hit generation.
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Fig. 3.
Structure of 5a docked in the catalytic domain of the ROCK1 model (green).
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Fig. 4.
SAR around the scaffold of 5.
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Fig. 5. Molecular mode of action of (R)-14f determined by X-ray crystallography at 2.75 Å
resolution
(a) Surface representation of the ROCK1 dimer in complex with (R)-14f. The inset shows
the binding interactions of the inhibitor in the ATP site. The hinge region is indicated in
orange, the DFG segment in cyan, and inhibitor in yellow. Displayed in blue is the 2Fo-Fc
electron density, contoured at 1σ around the inhibitor. The data and refinement statistics and
the Fo-Fc electron density map with the inhibitor omitted during refinement are provided in
the supplementary information. The hydrogen bonding and van der Waals (hydrophobic)
interactions are shown as black and green dotted lines, respectively. (b) Schematic
presentation of the binding interactions between (R)-14f and the enzyme. (c) Interactions of

Pireddu et al. Page 16

Medchemcomm. Author manuscript; available in PMC 2013 June 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



the methoxyphenyl ring of (R)-14f and residues Glu89-Gly85 of the P-loop residues
(magenta) and the Lys105 residue. (d) Model of the enantiomer (S)-14f (blue) bound to the
inhibitor site. Two possible rotamers are shown, both of which are likely to cause steric
clashes with the main chain of Arg84-Gly85 (red dotted lines).
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Fig. 6.
Pyridylthiazole-based ureas potently inhibit phosphorylation of a ROCK substrate MYPT1
in human lung cancer cells. H1299 lung cancer cells were treated with increasing
concentrations of (a) 5a, (R)-14f, (S)-14f and (b) 5b and 5d and then tested by Western blot
assays for phospho-MYPT1. The ROCK inhibitor Y-27632 was used as positive control (10
µM in both experiments).
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Scheme 1.
First approach to the synthesis of ureas 5.
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Scheme 2.
Second route to urea libraries 5 and 14.
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Table 1

Effect of the substitution of the aromatic ring Aa

Compound Method and Yield (%) R2 IC50 ± SD (µM) ROCK1 IC50 ± SD (µM) ROCK2

5a b, 35%; h, 69% 0.17 ± 0.01 (6) 0.05 ± 0 (6)

5b e, 63% 0.027 ± 0.005 (8) 0.011 ± 0.002 (6)

5c b, 31% 1.40 ± 0.11 (6) 0.47 ± 0.03 (6)

5d j, 74% ROCK1% inhibition @ 50 µM: 9.1 ± 1.6 ND

5e e, 35% 0.05 ± 0.009 (12) 0.02 ± 0.008 (12)

5f e, 82% 37.8 ± 7.8 (6) 31.1 ± 9.1 (6)

5g g, 59% 0.008 ± 0.001 (10) 0.006 ± 0.001 (9)

5h e, 77% 0.62 ± 0.019 (6) 0.28 ± 0.05 (6)

5i e, 74% 0.38 ± 0.046 (6) 0.14 ± 0.029 (6)

5j i, 90% 1.2 ± 0.4 (3) 0.18 ± 0.04 (3)

5k e, 44% 0.56 ± 0.10 (3) 0.10 ± 0.03 (3)

5l e, 22% 1.3 ± 0.2 (3) 0.13 ± 0.02 (3)

5m e, 50% 0.50 ± 0.05 (6) 0.24 ± 0.03 (6)

5n e, 87% 2.1 ± 0.6 (3) 0.29 ± 0.17 (3)

5o e, 80% 3.36 ± 1.00 (3) 0.68 ± 0.43 (3)
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Compound Method and Yield (%) R2 IC50 ± SD (µM) ROCK1 IC50 ± SD (µM) ROCK2

5p e, 84% 13.0 ± 1.4 (3) 3.44 ± 0.87 (3)

5q b, 5%; e, 73% 0.10 ± 0.02 (6) 0.05 ± 0.01 (6)

5r b, 64% 0.40 ± 0.03 (6) 0.12 ± 0.01 (6)

5s b, 16% 0.57 ± 0.05 (6) 0.19 ± 0.00 (6)

5t e, 54% 0.14 ± 0.02 (6) 0.06 ± 0.01 (6)

5u b, 12% 0.34 ± 0.02 (6) 0.11 ± 0.01 (6)

5v e, 86% 2.4 ± 0.5 (6) 1.1 ± 0.2 (6)

5w e, 59% 0.46 ± 0.08 (6) 0.12 ± 0.03 (6)

5x e, 48% 0.15 ± 0.03 (6) 0.12 ± 0.02 (6)

5y e, 77% 5.2 ± 0.5 (6) 2.0 ± 0.15 (6)

a
Key: number of repeats shown in parentheses.
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Table 4

Focused kinase profiling of 5g-Mes

Kinase
% Enzyme activity (relative to

DMSO controls) at 1 µMa
IC50 (nM)

Staurosporine

ACK1 96.9 14.27

AKT1 44.0 2.16

Aurora A 61.4 <1.0

CK1a1 98.1 4698.00

DMPK 98.9 34.06

GSK3b 91.1 7.77

IKKe/IKBKE 108.0 <1.0

JAK2 105.5 <1.0

LIMK1 99.3 1.74

MLCK/MYLK 94.5 15.63

MRCKa/CDC42BPA 49.6 2.87

p70S6K/RPS6KB1 38.1 <1.0

PAK1 100.0 <1.0

PKA 15.5 <1.0

PKN1/PRK1 19.5 <1.0

ROCK1 3.8 <1.0

ROCK2 2.0 <1.0

RSK1 64.3 <1.0

SGK1 79.3 5.00

TBK1 100.8 <1.0

a
Average of two values.
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