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A photoswitchable CENP-E inhibitor with single blue-green light to
control chromosome positioning in mitotic cells
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The reversibly photoswitchable chemical tools have aided in the development of novel approaches in the biomedical field.

DOI: 10.1039/x0xx00000x

The visible region of light should be ideal for the biological application of this approach because of its low phototoxicity and

deep penetration depth compared to ultraviolet light. Herein, we report a photoswitchable centromere-associated protein

E (CENP-E) inhibitor, which is controllable with low-energy blue-green light (around 500 nm) illumination. This

photoswitchable tool enabled us to control CENP-E-driven chromosome movements and positioning at subcellular

resolutions with low phototoxic effects. This study can contribute to the development of a unique technique for

chromosomes engineering.

Introduction

In photopharmacology, light is used as a non-invasive external
stimulus for the remote activation or inactivation of biological
functions with high spatiotemporal resolution.!
Photopharmacological strategies have been increasingly
focused on reversibly controllable chemical tools containing
azobenzene derivatives as the photoresponsive chromophores.
Azobenzene displays the reversible cis-trans
photoisomerization upon illumination by the corresponding
wavelength of light, which is generally ultraviolet light and
visible light. However, the use of ultraviolet light (especially at
300-400 nm) for photoisomerization of the trans to the cis
isomer of typical azobenzene derivatives can be harmful for the
biological system.2 To overcome the drawbacks of using
ultraviolet light, several approaches have been reported.3 For
instance, tetra-ortho-substituted azobenzenes with well-
separated absorption spectra have been developed, enabling
the control of biofunctions using visible light sources.* Other
strategies have also been extensively developed based on the
heteroaromatics®, push-pull azo derivatives®, two-photon
excitation’, sensitized switching? etc.

Previously, we reported two different types of
photopharmacological tools 1° and 219 (Fig. 1a) targeting
centromere-associated protein E (CENP-E)11. CENP-E can guide
the mitotic chromosomes from mitotic poles to the cell
equatorial plane (metaphase plate) along the spindle
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Fig. 1. Design of the photoswitchable CENP-E inhibitor controlled usm
single visible light. (a) Photoswitchable CENP-E inhibitors 1, 2, and 3. (b
Photoisomerization and thermal relaxation of 3 with 488 nm Ilght

microtubules. To regulate the CENP-E activity in a reversible
manner, we developed the original photoswitchable CENP-E
inhibitor 1 based on bistable cis and trans photoisomerization
in a typical arylazopyrazole photoswitch?2, Indeed, 1 is powerful
for elucidating the essential functions of CENP-E in mitotic
progression, but the application of the
intrinsically harmful ultraviolet light at 365 nm and the visible
light at 510 nm have set the intricate optical system. To simplify
the optical system for the light illumination and enable the
precise engineering of CENP-E-driven chromosome positioning,
a photoswitchable CENP-E inhibitor 2 using a single wavelength
(405 nm) of visible light was recently developed through the
incorporation of the amino group (-NH,) of the pyrazole unit in
1. Generally, azobenzene derivatives with strong electron-
donating groups, such as amino (-NH,) have demonstrated the
significantly increased rates of cis to trans thermal back
reactions. 13 Thus, once 2 was isomerized from trans isomer by
illumination of violet light at 405 nm, the resulting cis isomer of
2 instantly underwent the thermal relaxation reaction to the

simultaneous

trans isomer and had a lifetime of 0.66 msec. However, the
prolonged illumination time of violet light at 405 nm still can
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Scheme 1. Synthetic scheme of the photoswitchable CENP-E inhibitor 3.
Conditions: (af) 4-Nitrosonitrobenzene, acetic acid, (b) Sodium sulfide, THF,
EtOH, (c) Paraformaldehyde, NaOMe, NaBH,;, MeOH.

induce the phototoxic effects in cells1%14, although it is much
less than ultraviolet light. Thus, we developed a
photoswitchable CEN-P inhibitor using blue-green visible light,
which has a longer wavelength than violet light.

In this report, we describe the development of
photoswitchable CENP-E inhibitor 3 (absorption maximum 407
nm), which uses a single wavelength (around 500 nm) of visible
light and provides a 34 nm-redshift compared with 2
(absorption maximum 373 nm). We clearly demonstrate that
the photoswtichable CENP-E inhibitor 3 can regulate CENP-E
activity with continuous illumination of less phototoxic blue-
green light and thus, 3 can be used for precisely regulating
CENP-E-guided chromosome movement and its positioning in
live mitotic cells in a photocontrolled manner.

Results and discussion

To develop the photoswitchable CENP-E inhibitor with a longer
wavelength of visible light, the aminopyrazole unit in 2 was
altered into an aniline unit having higher aromaticity. A mono-
methyl group was also introduced on the nitrogen atom of the
aniline unit, providing a photochromic moiety with longer
wavelength absorption. > To chemically synthesize 3 (Scheme
1), the azo group (-N=N-) in 5 was formed by the reaction of
amino group-substituted phenylalanine derivative 4° with 4-
nitrosonitrobenzenel® in the presence of acetic acid. After the
reduction of the nitro group in 5 with sodium sulfide,
aminoazobenzene derivative 6 was obtained. The reductive
amination of 6 with paraformaldehyde afforded the mono
methylated product 3. All compounds were carefully
characterized by H-nuclear magnetic resonance (NMR), 13C-
NMR and high resolution mass spectroscopy (Fig. S1-S6).

The photophysical properties of 3 in aqueous solution were
compared with 2 (Fig. 2a). As expected, the absorption
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Fig. 2. The photophysical properties of 3. (a) Absorption spectra of 2 (20 uM, black)
and 3 (20 uM, blue) in an aqueous solution (acetonitrile to BRB80 buffer ratio (v/v)
of 1/1) without light illumination. The molar extinction coefficients of 3 were 25,800
M-cm at 407 nm, 10,500 M-icm™ at 470 nm, 4,600 M-lcm™ at 488 nm and 250 M-
1cm ! at 532 nm. (b) Transient absorbance changes of 3 (20 uM) were detected at
407 nm upon excitation using 532 nm laser light with half bandwidth of 0.17 nm.
BRBS80 buffer containing 80 mM PIPES (Piperazine-1,4-bis(2-ethanesulfonic acid)), 1
mM MgCl,, and 1 mM EGTA (ethylene glycol tetraacetic acid) (pH 6.9).

spectrum of 3 (absorption maximum 407 nm) in absence of light
illumination exhibited absorption above 450 nm and a molar
extinction coefficient greater than that of 2 (absorption
maximum 373 nm). Due to the fast thermal relaxation of the cis
isomer of 3, it was not possible to detect slight changes (if any)
in the absorption spectrum upon light illumination at 470 nm,
using a standard UV-Vis spectrometer. Laser flash photolysis
with 532 nm excitation was carried out to estimate the lifetime
of the cis isomer of 3 in aqueous solution, which was found to
be 14 msec (Fig. 2b). This lifetime of 3 was approximately 2.4 x
107-fold shorter than that of (92.5 h)? and 25-fold longer than
that of 2 (0.57 msec)0. These unique photophysical properties
suggested that 3 functioned as the photoswitchable CENP-E

CENP-E activity / %

log [3] /M

Fig. 3. In vitro ATPase assay with purified CENP-E in BRB80 buffer using 3
with dimethyl sulfoxide (DMSO, < 0.5%) as a co-solvent. A light stimulus at
470 nm was used to induce the cis isomer. Black circle: 3 in absence of
light illumination. The fitting was done with the first eight data points and
the other three are off because of the aggregation of 3 above 10 uM
concentration. Red square: 3 with light illumination at 470 nm. Error bars
represent the standard errors from triplicate experiments.
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inhibitor with single wavelength (> 450 nm) of light, as the cis-3
could rapidly undergo the thermal relaxation reaction to form
the trans isomer.

To validate the inhibitory activity of 3 to the purified CENP-E,
ATPase assay was performed using the similar method of our
previous reportl®. In the absence of light illumination, 3 showed
the moderate CENP-E inhibition (half maximal inhibitory
concentration; ICsp = 0.28 uM), which has lower potency than
the photoswitchable CENP-E inhibitor 2 (ICso = 24 nM) (Fig. 3).
This low potency is probably because the photoswitchable
CENP-E inhibitor with a bulky photoswitch was unfavored for
CENP-E inhibition®. The samples with the continuous light
illumination at 470 nm exhibited the less inhibition property
(ICso = 1.2 pM) than the samples in the absence of light
illumination. This 4.3-fold change in CENP-E inhibition of 3 made
it evident that it was controllable using a blue-green light.
Intriguingly, the inhibition properties of more than 10 uM of 3
in the absence of light illumination were observed to be
attenuated to approximately 50% CENP-E activity. Therefore,
we hypothesized that this attenuation of the inhibitory activity
was due to the self-assembly of 3 in BRB80 buffer. The self-
assembling property is one of the key factors in the inhibitor
development as demonstrated in the several reports'’. The
absorption spectra were measured at different concentrations
of 3 in the BRB80 buffer, which indicated that the critical self-

assembly concentration of 3 was estimated to be 7 uM (Fig. S7a).

In sharp contrast, no self-assembling tendency was detected
with 3 in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and can be

used for cell experiments even at a concentration of 100 uM (Fig.

S7b). This encouraged us to explore the in-cell availability of 3.

The feasibility of the photoswitchable CENP-E inhibitor 3 in
Hela cells was explored by the immunofluorescence method
using blue-green light stimulus. Cells were incubated with 3 in
the presence of a proteasome inhibitor (MG-132) for the
prevention of the anaphase onset,'8 which can facilitate the
chromosome analysis during metaphase (Fig. 4a). In the
absence of light illumination, 6.0 uM of 3 induced massive
amounts of mitotic and CENP-E were
accumulated at the surroundings of mitotic spindle poles. This
cellular phenotype significantly agreed with the CENP-E
malfunction.’> By contrast, under the condition with the

chromosomes

continuous light illumination at 470 nm, the positions of
chromosomes and CENP-E were restored at the metaphase
plate even in the presence of 3. More importantly, the intensity
(10 mW/cm?) and duration (60 min) of light illumination at 470
nm in this experiment did not affect the functioning of CENP-E,
while the same experiment with 405 nm light induced CENP-E
malfunction and cell shrinkage from severe phototoxicity (Fig.
4b). This is because the reactive oxygen species (ROS) produced
by the light illumination at 405 nm, which was measured with a
ROS-reactive fluorescent probe (Fig. S8), can afford the
oxidative damages to CENP-E. The phototoxic effect can be
overcome by undertaking our strategy of using a longer
wavelength of light for the external stimulus. We also quantified
the mitotic cells containing aligned/misaligned chromosomes in
3-treated cells in the presence and absence of light illumination

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. Immunofluorescence imaging of Hela Kyoto cells using 4',6-diamidino-2-
phenylindole (DAPI), and antibodies against CENP-E and microtubules. (a) 3 (6.0
UM) with DMSO (0.1%) as a cosolvent-treated cell with or without light illumination
at 470 nm (10 mW/cm?) for 1 h. (b) DMSO (0.1%)-treated cell with light illumination
at 470 nm (10 mW/cm?, upper) or 405 nm (10 mW/cm?, lower) for 1 h. The
representative images are shown from triplicate experiments (> 10 cells for each
condition). w/o: without. w/: with. White arrows indicated the misaligned
chromosomes in the column of chromosomes and the CENP-E accumulation around
mitotic poles in the column of CENP-E.

at 470 nm (Fig. 5). Without light illumination, over 80% of the
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Fig. 5. Cell population percentage of misaligned chromosomes due to the
CENP-E inhibition by 3 with DMSO (< 0.5%) as a cosolvent. Error bars
represent the standard errors from triplicate experiments (> 50 cells for
each experiment).

chromosomes were misaligned due to CENP-E inhibition at a
concentration higher than 6.0 uM of 3, where half maximal
effective concentration (ECso) of exhibiting the cells with
misaligned chromosomes was calculated to be 2.9 puM. In

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



(a)

Fig. 6. Live cell experiments for the photocontrol of mitotic chromosomes by 3 (6.0 uM) with DMSO (0.1%) as a co-solvent in the setup of confocal laser scanning
microscopK. (a) Time lapse images of the photocontrol of the mitotic chromosomes in one cell out of the two lined up mitotic cells. White square at 0 min
e

indicates t

region of laser illumination at 488 nm. Scale bar: 10 um. (b) Time lapse images showing the precise photocontrol of chromosome positioning and

their asymmetric distribution at the subcellular level. White dotted square at O min indicates the region illuminated with 488 nm laser. Scale bar: 5 um. All

images are representative of triplicate experiments.

contrast, with the continuous light illumination at 470 nm, the
population of cells with misaligned cells was comparatively
lower, with an ECsg value of 13 puM. Interestingly, this 4.5-fold
changes in ECso values were in complete accordance with the
changes in ICso values in ATPase assay in vitro. Therefore, 3
worked as the photoswitchable CENP-E inhibitor that is
controllable using a visible light at 470 nm both in test tubes and
in cells.

We further verified the applicability and spatiotemporal
controllability of 3 through the live cell experiments.
Chromosomes in mitotic cells were stained using the far-red
fluorescent probe for nuclei, SiR-DNA?® which can be excited by
laser illumination at 632 nm  without inducing
photoisomerization of 3. After incubation with 3 (6.0 uM) for an
hour, cells were subjected to the live imaging using the standard
setup of confocal laser scanning microscopy (CLSM) with the
continuous laser illumination at 488 nm for the induction of
trans to cis photoisomerization of the azo unit. In the
experiment where one out of two different mitotic cells was
targeted and illuminated with 488 nm laser, throughout the
duration of the laser illumination, the misaligned chromosomes
in the targeted cell moved from the mitotic poles towards the
metaphase plate and eventually, fused to the plate within 15
min (Fig. 6a). By contrast, the misalighed chromosomes in
another cell without laser illumination were never restored to
the metaphase plate. For a more local photocontrol of
chromosome movements and positioning in a single mitotic cell,
the 488 nm
misaligned chromosomes locating around the right-half poles

laser was continuously illuminated to the
(white dotted square, Fig. 6b). The polar chromosomes in the
designated area for laser illumination moved and reached to the
metaphase plate, while misalighed chromosomes around
another mitotic pole remained misaligned. Eventually, the
asymmetric distribution of mitotic chromosomes in single cell
were induced by the pin-point laser illumination.

Conclusions

4| J. Name., 2012, 00, 1-3

In this research, we developed a photoswitchable CENP-E
inhibitor 3, which afforded the 4.3-fold affinity changes with
and without light illumination. This drastic change in CENP-E
inhibition was controllable with blue-green light, which has
lesser phototoxic effects than violet (405 nm) light. Using this
less toxic light stimulus, the precise and remote manipulation of
mitotic chromosomes was demonstrated at subcellular
resolutions. The techniques developed in the current study will
enable the construction of novel photochemical system for the
alteration of cell fates through the engineering of mitotic
chromosomes.

Author contributions

K.M. and N.T. conceptualized the project, and wrote the
manuscript. K.M. synthesized and analysed the compounds and
carried out biochemical and cell experiments. K.M. and T.K.
carried out the flash photolysis experiments. T.W., A.K. and N.T.
supported and supervised the project.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors would like to thank Prof. Ryota Uehara (Hokkaido
University) for helpful discussions. This study was supported by
the Cooperative Research Program of the Network Joint
Research Center for Materials and Devices (MEXT).” This work
was supported by JSPS KAKENHI Grant Numbers JP20H05432,
JP22H04750, JP22H05566, JP24H01315, JP24K08634 and
JP19KK0181; MEXT Leading Initiative for Excellent Young
Researchers Grant Number JPMXS0320210215; Takeda Science
Foundation; Takahashi and Economic Research
Foundation; Research Foundation for Opto-Science and
Technology; The Uehara Memorial Foundation; TEJIN PHARMA

Industrial

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name ARTICLE
Award in Synthetic Organic Chemistry; Kyoto Technoscience Chem. Soc. Rev. 2017, 46, 6638; c) C. Chen, Y. Wu, S.-T. Wang,
Center; and the Alumni Association of Kyoto Institute of N. Berisha, M. T. Manzari, K. Vogt, O. Gang, D. A. Heller, Nat.

Commun. 2023, 14, 8340.

N. Gudimchuk, B. Vitre, Y. Kim, A. Kiyatkin, D. W. Cleveland, F.
I. Ataullakhanov and E. L. Grishchuk, Nat. Cell Biol. 2013, 15,
1079.

Notes and references 19 G. Lukinavitius, C. Blaukopf, E. Pershagen, A. Schena, L.

. .. Reymond, E. Derivery, M. Gonzalez-Gaitan, E. D’Este, S. W.

1 a) M. J. Fuchter, J. Med. Chem. 2020, 63, 11436; b) K. Hll, J. X
Morstein and D. Trauner, Chem. Rev. 2018, 118, 10710; c) W. 223’7 D. W. Gerlich and K. Johnsson Nat. Commun. 2015, 6,
A. Velema, W. Szymanski and B. L. Feringa, J. Am. Chem. Soc. ’
2014, 136, 2178.

2 C. A Jones, E. Huberman, M. L. Cunningham and M. J. Peak,
Radiat. Res. 1987, 110, 244.

3 M. Dong, A. Babalhavaeji, S. Samanta, A. A. Beharry and G. A.
Woolley, Acc. Chem. Res. 2015, 48, 2662.

4 a)S.Samanta, A. A. Beharry, O. Sadovski, T. M. McCormick, A.
abalhavaeji, V. Tropepe and G. A. Woolley, J. Am. Chem. Soc.
2013, 135, 9777; b) S. Samanta, T. M. McCormick, S. K.
Schmidt, D. S. Seferos and G. A. Woolley, Chem. Commun.
2013, 49, 10314; c) D. Bléger, J. Schwarz, A. M. Brouwer and
S. Hecht, J. Am. Chem. Soc. 2012, 134, 20597; d) A. Rullo, A.
Reiner, A. Reiter, D. Trauner, E. Y. Isacoff and G. A. Woolley,
Chem. Commun. 2014, 50, 14613.

5 a) T. Dang, Z.-Y. Zhang, T. Li, . Am. Chem. Soc. 2024, 146,
19609; b) M. Fink, J. Stauble, M. Weisgerber, E. M. Carreira, J.
Am. Chem. Soc. 2024, 146, 9519; c) S. A. M. Steinmdtiller, J.
Fender, M. H. Deventer, A. Tutov, K. Lorenz, C. P. Stove, J. N.
Hislop, M. Decker, Angew. Chem. Int. Ed. 2023, 62,
e202306176; d) R. Lin, P. K. Hashim, S. Sahu, A. S. Amrutha, N.
M. Cheruthu, S. Thazhathethil, K. Takahashi, T. Nakamura, T.
Kikukawa, N. Tamaoki, J. Am. Chem. Soc. 2023, 145, 9072.

6 a) K. A.Bello, J. Griffiths, J. Chem. Soc., Chem. Commun., 1986,
1639; b) Y. Li, B. O. Patrick, D. Dolphin, J. Org. Chem. 2009, 74,
5237; ¢) M. A. Salvador, P. Almeida, L. V. Reis, P. F. Santos,
Dyes Pigm. 2009, 82, 118; d) A. S. Amrutha, K. R. S. Kumar, T.
Kikukawa, N. Tamaoki, ACS Nano, 2017, 11, 12292.

7 a) M. Izquierdo-Serra, M. Gascén-Moya, J. J. Hirtz, S. Pittolo,
K. E. Poskanzer, E. Ferrer, R. Alibés, F. Busqué, R. Yuste, J.
Hernando, P. Gorostiza, J. Am. Chem. Soc. 2014, 136, 8693; b)
E. C. Carroll, S. Berlin, J. Levitz, M. A. Kienzler, Z. Yuan, D.
Madsen, D. S. Larsen DS, E. Y. Isacoff, Proc. Natl. Acad. Sci. USA,
2015, 112, E776.

8 a) M. Gascén-Moya, A. Pejoan, M. lzquierdo-Serra, S. Pittolo,
G. Cabré, J. Hernando, R. Alibés, P. Gorostiza, F. Busqué, J. Org.
Chem. 2015, 80, 9915; b) J. Isokuortti, T. Griebenow, J.-S. von
Glasenapp, T. Raeker, M. A. Filatov, T. Laaksonen, R. Herges,
N. A. Durandin, Chem. Sci. 2023, 14, 9161.

9 N. N. Mafy, K. Matsuo, S. Hiruma, R. Uehara and N. Tamaoki,
J. Am. Chem. Soc. 2020, 142, 1763.

10 K. Matsuo, R. Uehara, T. Kikukawa, T. Waku, A. Kobori and N.
Tamaoki, Chem. Commun. 2024, 60, 6611.

11 K. W. Wood, R. Sakowicz, L. S. B. Goldstein and D. W.
Cleveland, Cell, 1997, 91, 357.

12 C. E. Weston, R. D. Richardson, P. R. Haycock, A. J. P. White
and M. J. Fuchter, J. Am. Chem. Soc. 2014, 136, 11878.

13 a) H. M. D. Bandara and S. C. Burdette, Chem. Soc. Rev. 2012,
41, 1809; b) J. D. Harris, M. J. Moran and I. Aprahamian, Proc.
Natl. Acad. Sci. U. S. A. 2018, 115, 9414; c) W. Szymanski, J. M.
Beierle, H. A. V. Kistemaker, W. A. Velema and B. L. Feringa,
Chem. Rev. 2013, 113, 6114.

14 P.Ramakrishnan, M. Maclean, S.J. MacGregor, J. G. Anderson
and M. H. Grant, Toxicol. In Vitro, 2016, 33, 54.

15 J. C. K. Kung, A. Forman and R. A. Jockusch, Phys. Chem. Chem.
Phys. 2019, 21, 10261.

16 N. L. Mutter, J. Volari¢, W. Szymanski, B. L. Feringa and G.
Maglia, J. Am. Chem. Soc. 2019, 141, 14356.

17 a) G. Verma, P. A. Hassan Phys. Chem. Chem. Phys. 2013, 15,
17016; b) A. G. Cheetham, R. W. Chakroun, W. Ma, H. Cui,

Technology to K. M. 18

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




