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Rho-associated coiled-coil-containing protein kinase (ROCK) is a
serine-threonine kinase, whose inhibitors are useful for the
regulation of actomyosin system. Here, we developed a
photoswitchable ROCK inhibitor based on a phenylazothiazole
scaffold. The reversible trans-cis isomerization by visible light

stimuli enabled us to manipulate ROCK activities in vitro and in cells.

Rho-associated coiled-coil containing protein kinase (ROCK)
is a 160 kDa serine-threonine kinase, which can be activated
upon binding of RhoA-GTP to exhibit diverse biofunctions,
especially those related to the cytoskeletal formation,
cytokinesis, cell apoptosis, morphology, migration, and
invasion.! ROCK mainly targets the phosphorylation of the
actomyosin system, including myosin light chain Il (MLC-2) and
myosin phosphatase.?

To date, numerous small molecule inhibitors targeting ROCK
have been elaborately developed by medicinal chemists to
specifically deactivate the Rho-ROCK-based cellular signaling.3 A
few ROCK inhibitors have also been used clinically for treating
cerebral vasospasm, and glaucoma. However, since there exists
no strategy to control the activity of these inhibitors via the
external stimuli, in situ regulation of ROCK remains challenging.
As the pioneering research on the external stimulus-responsive
ROCK inhibitors, N. M. Nascone-Yoder et al. reported the
photocaged ROCK inhibitor “caged Rockout” (Figure 1a), which
is composed of the ROCK inhibitor moiety masked with the
photolabile protective group, 6-nitropiperonyloxymethyl.*
Caged Rockout exhibits no inhibition of ROCK activity in the
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absence of light illumination, whereas it releases the ROCK
inhibitor concomitantly with the ultraviolet light (365 nm)
illumination, showing ROCK inhibition with high spatiotemporal
resolution. Using this irreversible photocaging strategy, the
function of ROCK in left-right asymmetric morphogenesis in
Xenopus laevis embryos has been revealed successfully.
Certainly, this work demonstrates the significant advances in a
photoresponsive ROCK inhibitor, but there still exist some
inherent drawbacks in the use of photocaging strategy.
Ultraviolet light illumination is generally necessary for uncaging
reactions, which is intrinsically harmful to biological
components. Moreover, as the caging approach offers just a
one-way photocontrol, it is only possible to switch the protein
bioactivity from ON to OFF or vice versa, and is not a reversible
mode. The reversible photoswitching of ROCK activities can
contribute to the asymmetric regulation of actomyosin system
including cytokinesis and cell migration with high
spatiotemporal resolution, but there is no report about the
reversibly controllable ROCK inhibitors to date.

Alternatively, the reversibly photocontrollable chemical tools
including photostatins and optojasps have been intriguingly
developed in recent years.> Photochromic moieties, as
represented by azobenzenes, spiropyrans, diarylethenes, and
so on, are elaborately incorporated into the pharmacophores of
targeted biomolecules.® Recently, we also reported
photoswitchable substrates and inhibitors of motor proteins on
the basis of trans-cis photoisomerization of azobenzene
derivatives.” However, with a few exceptions,® most reversible
photoswitches need to exert ultraviolet light for at least one
way of photoconversions. Using these photochromic moieties,
several photoswitchable kinase ligands have been developed?,
but it often suffers from the small activity differences between
thermodynamically stable isomers and metastable isomers,
which can prevent the further cellular applications.

Herein, we describe the development of a reversibly
photocontrollable ROCK inhibitor containing a
phenylazothiazole scaffold as a reversible photoswitch with
visible light stimuli for both the ways of photoconversion. In



vitro kinase assay revealed that our photochemical tool can
regulate the ROCK activity with approximately 10-fold change
between trans- and cis-rich states. Furthermore, its applicability
to cells was verified through a biochemical analysis of the ROCK-
dependent phosphorylation and the fluorescence imaging of
actin stress fibers.

@ . ®
Y4 \_# F.
ey M 365nm x N Hp
"v°ﬂ> w W TR
Caged Rockout Rockout 1
© Q aosnm 7 Msptw
525nm fA

trans 2

1vs frans 2

1vscis2

(a Uncaging reaction of photocaged ROCK inhibitor4. (b) The standard ROCK
inhibitor 110, (c? Structure and photoisomerization of photoswitchable ROCK
inhibitor 2 deve olged in the present study. (d) trans 2 (yellow-coloured carbon
superimposed with non-photoresponsive ROCK inhibitor 1 (grey-coloured carbon
in ROCK1 (PDB : 4YVC), which was simulated using a DiscoveryStudio software (e
The same as (d) except with cis 2 (green-coloured carbon).

Fiiure 1. Rho-associated coiled-coil containing ﬁrotein kinase (ROCK) inhibitors.

To design the photocontrollable ROCK inhibitor, we first
analyzed the X-ray co-crystal structure (PDB ID: 4YVC) of ROCK1,
one of the isozymes of ROCK 1 and 2,2 bound with the thiazole
type of inhibitor 1, which has been identified through the high-
throughput screening?® (Figure 1b, Figure S1). In detail, the
pyridine ring of 1 formed the hydrogen bond with Met156 in
ROCK. The carbonyl group in the amide of 1 could interact with
the catalytic Lys105 residue. The benzene ring in 1 could slightly
interact with the hydrophobic surface composed of Phe87 in
ROCK. These interactions inspired us to replace the amide group
with an azo group (-N=N-) through the strategy of ‘azologization’
coined by Trauner!l. In addition, the fluorine group on the
benzene ring was removed for the simplified design and
synthesis, although the ortho-fluorine substituted azobenzene
was reported to display the interesting photochemical
properties including the significant enhancement of thermal
stability of cis isomer?2, Thus, we designed 2 as a candidate of a
photoswitchable ROCK inhibitor (Figure 1c-d).

We synthesized the phenylazothiazole derivative 2 by the
reaction of 4-(2-bromoacetyl)pyridine with the corresponding
thiosemicarbazide in the presence of triethylamine and
triphenylphosphine through the formation of the thiazole ring
and azo group (Scheme S1),22 which was characterized by 1H-
NMR, 33C-NMR and HR-MS (Figures S3 and S4).

The photophysical properties of 2 (20 uM) in an aqueous
solution were determined by UV-Vis absorption spectroscopy
(Figure 2a). The absorption spectrum of 2 (100% trans isomer)
without light illumination exhibited n-nt* (near 385 nm) and n-
* (near 475 nm) transition bands, which was red-shifted with
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about 50 nm compared with the parent azobenzene. It was
drastically altered upon light illumination at 405 nm to reach a
photostationary state (PSSsosnm), Where the cis isomer was
predominantly formed (94% of cis isomer composition) as
revealed by high performance liquid chromatography (HPLC)
analysis (Figure S5) and nuclear magnetic resonance (NMR)
analysis (Figure S6). The PSSsasnm With light illumination at 525
nm exhibited a trans-rich spectrum with 77-83% trans isomer
composition. These photo-induced alterations in the absorption
spectra were repeatedly performed without exhaustion (Figure
2b). In addition, the thermal stability of cis-2 in an aqueous
solution at 37 2C was found to be 32 min (lifetime t of the cis
isomer) (Figure S7).
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Figure 2. Photophysical properties of photoswitchable ROCK inhibitor 2. (a)
Absorption spectra of 2 (20 uM) in aqueous solution (acetonitrile : BRB80 buffer =
1: 1) with or without light illumination at 405 nm (100 mW/cm?, for 20 sec) and
525 nm (100 mW/cm?, for 30 sec) at 25 2C. Black line : before light illumination.
Red line : Photostationary state for 405 nm. Blue line : Photostationary state for
525 nm. (b) Repetition of photoisomerization of 2 for 10 cycles. Black circle :
before lightillumination. Red circle : Photostationary state for 405 nm. Blue circle :
Photostationary state for 525 nm.
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Figure 3. In vitro kinase assay results using photoswitchable ROCK inhibitor 2 with
or without light illumination at 405 nm (100 mW/cm?2, 10 sec, every 5 min) and
525 nm (100 mW/cm?, 10 sec, every 5 min) at 25 C. Black circle : 2 without light
illumination. Blue square : 2 with 525 nm light illumination. Red circle : 2 with 405
nm light illumination. Error bars show the standard errors from triplicate
experiments.

A similar photoswitch based on 4,5-disubstituted
phenylazothiazole was recently explored for a photoswitchable
inhibitor of p38a mitogen-activated protein kinase and the
highly related casein kinase 18, which exhibited a trans-cis
photoconversion of estimated more than 80% in UV-Vis spectra
using light illumination at 435 nm and 525 nm.°c However, the
4,5-disubstituted phenylazothiazole derivative was reported to
undergo the reduction of the azo group (-N=N-) in the presence
of reductants including dithiothreitol (DTT) and glutathione
(GSH) to form the corresponding hydrazine (-NH-NH-) derivative,
which can misestimate the actual potencies of each isomers. To
address this possibility, we also verified the stability towards
DTT and GSH of 2 based on the photoswitch of 4-
monosubstituted phenylazothiazole. As a result, 2 exhibited
negligible response to 0.1 mM DTT used in the following in vitro
kinase assay and 1.0 mM GSH of an intracellular antioxidant for

1 h with and without light illumination at 405 nm (Figure S8).

This journal is © The Royal Society of Chemistry 20xx



Hence, these photophysical properties controllable with visible
light stimulus highlight our photoswitch of 4-monosubstituted
phenylazothiazole developed in this study, which can accelerate
the further biological applications, when compared to the
photocaging strategy the reversible
photoswitch strategy using harmful ultraviolet light stimulus.

irreversible and
Next, we evaluated the inhibitory effects of 2 through an in
assay with purified ROCK1 wusing the
chemiluminescent ADP-Glo system (Promega, Madison, WI,
USA) (Figure 3). The trans rich states of 2 without light
illumination (100% trans isomer) and at PSSszs nm exhibited the
potent inhibitory activity (ICso = 19 £ 5.5 uM before illumination
and ICso = 34 £ 9.3 uM at PSSszs5 nm), Which was comparable to
that of non-photoresponsive ROCK inhibitor 1 (ICsp = 8.2 + 1.8
MM, Figure S9). In contrast, cis rich state of 2 at PSSsos nm
exhibited lesser potent inhibition activity (ICsp = 238 + 26 uM at
PSSi05s nm) than trans-rich states of 2. Although the affinity
towards ROCK2 was not explored in this study, 2 is a promising
photoswitchable ROCK1 inhibitor with approximately 10-fold
affinity change between trans and cis states in test tubes. These

vitro kinase

results suggest that 2 can function at a certain range of
concentration as a ROCK inhibitor before illumination or after
light illumination at 525 nm and a non-ROCK inhibitor after light
illumination at 405 nm.

The feasibility of 2 in cell-based experiments as a
photoswitchable ROCK inhibitor was studied. ROCK catalyzes
the phosphorylation of MLC-2 to mediate various cellular
processes such as muscle contraction, cell motility and
cytokinesis. Thus, the MLC-2 phosphorylation in Balb3T3 cells
was analyzed through western blot analyses using antibodies
against MLC-2 and phosphorylated MLC-2.14 Figure 4 shows that
the intensities of bands corresponding to the phosphorylated
MLC-2 with trans-rich states of 2 without light illumination (lane
2) and under 525 nm light illumination (lane 4) are comparable
to that of standard ROCK inhibitor 1 (lane 5). In contrast, the
band intensity for the cis-rich state under 405 nm light
illumination was almost the same as that noted for the dimethyl
sulfoxide (DMSO) control (lane 3 vs. 1). Therefore, our
biochemical analyses confirmed that 2 functioned as a
photoswtichable ROCK inhibitor based on the trans-cis
isomerization of the azo-group evoked by visible light
illumination at two different wavelengths in cells.

ROCK is also a key modulator of actin stress fibers, which are
the contractile bundles of actomyosin facilitating cell adhesion,
migration, etc.1® Therefore, we demonstrated the photocontrol
of ROCK-dependent organization of actin stress fibers using 2.
After induction of stress fibers by serum starvation of Balb3T3
cells overnight, cells were incubated with 2 (100 uM) for 1h. The
starved cells were subjected to the visualization of stress fibers
using the rhodamine-phalloidin. Under no or 525 nm light
illumination, cells with the trans-rich states of 2 exhibited no
fiber-like structure, which indicated an obvious disorganization
of actin stress fibers (Figure 5). This phenotype was also found
in non-photoresponsive ROCK inhibitor 1-treated cells (Figure
S8). In contrast, the cis-rich state of 2 under the exposure to 405
nm light preserved the stress fiber organization similar to that
with DMSO treatment (Figure S10). Therefore, it was suggested

This journal is © The Royal Society of Chemistry 20xx

that 2, with cell permeability, reversibly led to the
disorganization of actin stress fibers depending on the ROCK

activity in cells.
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Figure 4. Western blot analysis of target protein expression for evaluation of
intracellular ROCK activity in the presence of 2 (100 uM) with light stimuli. GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase) was used as the loading control.
Lane 1 : dimethyl sulfoxide (DMSO, vehicle), lane 2 : 2 without light illumination,
lane 3 : 2 under 405 nm Ii%ht illumination (25 mW/cm?, 10 sec, every 5 min), lane
4 : 2 under 525 nm light illumination (50 mW/cm?, 10 sec, every 5 min?, and lane
g :1 (100 uM). MLC-2, myosin light chain Il; phospho MLC-2, phosphorylated MLC-
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Figure 5. Fluorescence imaging of actin stress fibers in the presence of 2 with or
without light stimuli. Cell nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI). Actin stress fibers were stained with rhodamine-phalloidin. Scale bar : 25
um. w/, with; w/o, without.

To summarize, we developed a phenylazothiazole derivative
2 as the first photochromic ROCK inhibitor which could
reversibly control ROCK activity using visible light illumination
at two different wavelengths (405 nm and 525 nm) through the
rational design based on the reported x-ray structure. Our
results in test tubes and in cells clearly show the photoswitching
function of 2 toward ROCK activity through ATPase assays and
Western blot analysis, respectively. Our photochemical tool 2
provides the powerful manipulation technique of ROCK-
dependent organization of actin stress fibers in the serum
starved cells in a photoswitchable manner. However, one
drawback of our ROCK inhibitor 2 is a relatively high
concentration needed to regulate ROCK activity. We are
currently expanding the structure-activity relationship study of
the photoswitchable ROCK inhibitors to increase the affinity and
photoswitchability. In the future studies, these principles can
contribute to the advances in ROCK-based photopharmacology
through the improvement of therapeutic index and ROCK
controllability with high spatiotemporal resolution.

In this study, the potent characteristics of the 4-
monosubstituted phenylazothiazole photoswitch including high
photoswitchability with visible light stimuli and the tolerable
anti-reductant property were also highlighted. The thiazole-
based photoswitch can be potentially applicable to the versatile

J. Name., 2013, 00, 1-3 | 3



biomolecules,’> some of which are considered as vital
therapeutic targets for cancer therapy.’® We will elaborately
expand the biological targets for arylazothiazole photoswitches
in future.
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