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Photopharmacology develops bioactive compounds whose pharmacological potency can be regulated by

light. The concept relies on the introduction of molecular photoswitches, such as azobenzenes, into the

structure of bioactive compounds, such as known enzyme inhibitors. Until now, the development of photo-

controlled protein kinase inhibitors proved to be challenging for photopharmacology. Here, we describe a

new class of heterocyclic azobenzenes based on the longdaysin scaffold, which were designed to photo-

modulate the activity of casein kinase Iα (CKIα) in the context of photo-regulation of circadian rhythms.

Evaluation of a set of photoswitchable longdaysin derivatives allowed for better insight into the relationship

between substituents and thermal stability of the cis-isomer. Furthermore, our studies on the chemical

stability of the azo group in this type of heterocyclic azobenzenes showed that they undergo a fast

reduction to the corresponding hydrazines in the presence of different reducing agents. Finally, we

attempted light-dependent modulation of CKIα activity together with the accompanying modulation of cel-

lular circadian rhythms in which CKIα is directly involved. Detailed structure–activity relationship (SAR) ana-

lysis revealed a new potent reduced azopurine with a circadian period lengthening effect more pronounced

than that of its parent molecule, longdaysin. Altogether, the results presented here highlight the challenges

in the development of light-controlled kinase inhibitors for the photomodulation of circadian rhythms and

reveal key stability issues for using the emerging class of heteroaryl azobenzenes in biological applications.

Introduction

Protein kinases constitute a major target class for drug devel-
opment.1 The human kinome consists of ∼500 kinases with
various key cellular functions.2 Due to this vastness of the
kinome, the general similarities in the ATP-binding domain
and a uniform catalytic mechanism, the development of
specific kinase- or kinase type-selective inhibitors remains
challenging.3 This limitation could be partially overcome by
considering, besides the biochemical target selectivity, the site

specificity – e.g. by limiting not the enzymes with which the
compound interacts, but the parts of organs of the body in
which the compound is active, thereby preventing unwanted
off-site activities in the future.

Such external control over inhibitor potency in time and
space could be enabled using light to locally and reversibly
activate the bioactive compound only at the desired site of
action. This concept forms the basis for the photopharmacolo-
gical approach: photopharmacology is an emerging field of
chemical biology that utilizes photo-responsive molecules to
enable control over the activity of a drug, using light.4–7 The
main tools of photopharmacology are molecular photo-
switches,8 which can be reversibly switched between two or
more isomeric forms using light of different wavelengths. Such
control has been established over bacterial communication
and resistance buildup,9,10 ion channels,11 G protein-coupled
receptors,12 lipid membranes,13 and nucleic acids.14,15

However, up to this point, the photocontrol of kinase activity
has proven to be highly challenging for photopharmacology,
leading often to chemically unstable compounds, undesired
photochemical side-reactions or photoswitchable kinase
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inhibitors that show little difference in potency in their photoi-
someric states. Recent examples of photoswitchable kinase
inhibitors include photomodulation of RET,16 PKC,17 MEK1,18

VEGFR219 and BRAFV600E (ref. 20) enzymes.
Here we report the evaluation of a library of green-light

switchable 6-azopurines for the photocontrolled inhibition
of casein kinase Iα (CKIα) in the context of our efforts
towards the light regulation of circadian rhythms. Circadian
rhythms are based on endogenous biochemical oscillations
with a ∼24 h cycle observed in almost every cell in the
human body.21,22 Various studies have linked the disruption
of these rhythms to a wide variety of diseases and
disorders.23–25 In mammals, at the molecular level, circadian
oscillations are driven by negative feedback loops of clock
genes. Casein kinase I (CKI, isoforms δ, ε, and α) family pro-
teins play a key role in these loops (Fig. 1A) by phosphorylat-
ing the PER protein and thus promoting its proteasomal
degradation and maintaining the circadian rhythms on the
∼24 h base. Control of circadian cycles by employing small
molecules has recently been investigated, opening fascinat-
ing opportunities in disease control.26–29 High-throughput
screening supported by rational synthetic design led to the
discovery of small-molecule modulators of the circadian

period, mostly showing period lengthening,30–36 but some
also exhibiting period shortening effect.37–39 The Kay group
identified a potent modulator of cellular circadian rhythms,
dubbed ‘longdaysin’ (Fig. 1B), which showed IC50 values of
8.8 and 5.6 µM for CKIα and CKIδ, respectively.30 However,
since the core clock mechanism resides throughout the
mammalian body,22,40 circadian period modifiers, such as
longdaysin, display a non-selective period modulation of all
peripheral clocks as well as of the master clock, suprachias-
matic nucleus (SCN). Establishing photocontrol over their
activity might enable site-selective activation and pave the
way towards chronophotopharmacology.

Towards enabling the photocontrol by switchable circadian
rhythm regulators, we have recognized the N-benzyl-arylamine
scaffold of longdaysin as the candidate for the azologization
approach,41 in which azobenzene photoswitches are intro-
duced into the structure of bioactive compounds with only a
minimal overall structural change. Azobenzenes are a highly
versatile and widely applied class of photoswitches42,43 that
undergo light-induced isomerization between the thermally-
stable trans-isomer and the unstable cis-isomer (Fig. 1B). They
have been widely exploited in photopharmacology as the most
versatile and well-understood photocontrolled tools.5,6

Fig. 1 (A) Schematic representation of the circadian feedback loop and its modulation with longdaysin. (B) Structure of longdaysin and photo-iso-
merization of its azo-analogue.
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Especially the recent interest in heterocyclic azobenzenes is
inspired by the increasing number of methods for their
synthesis5,14,44 and the common presence of heterocyclic moi-
eties in drugs.45–47 Despite the fact that SAR analysis of long-
daysin was conducted by extensive structural modifications of
its C(2) and N(9) positions,35 to the best of our knowledge,
modification of the benzene ring (o, m, p, Fig. 2) has never
been investigated. Thus, a synthetic methodology and a library
of photoswitchable compounds developed previously by our
group48 were evaluated for enabling reversible circadian clock
modulation (Fig. 1).

Results and discussion

Microwave-assisted nucleophilic aromatic substitution of
9-chloro purines (2 and 3) with substituted aryl hydrazines
(1a–q), followed by oxidation (Fig. 2), provided in good to high
yields the desired photoswitches based on the purine core (R2

= H, 4a–q; R2 = NH2, 5a–f ). The choice of substituents was pri-
marily driven by investigation of their influence on the biologi-
cal activity, but was also aimed at obtaining the optimal photo-
chemical properties, such as visible-light photo-isomerization
and longer thermal half-lives of the metastable cis-isomers.
Since the ultimate application of this work is to control the
biological activity, substituents were chosen to electronically
resemble the electron-withdrawing CF3 group present orig-
inally in longdaysin. These substituents ranged from strongly
electron-withdrawing to weakly electron-donating groups, with

the exception of compound 4c, the only one with a strong elec-
tron-donating methoxy substituent.

For the application of azobenzenes in biological systems,
their photochemical properties must be adjusted for a particu-
lar purpose. The most common parameters to be optimized
are the photostationary state distribution (PSD) of isomers
under irradiation with light of different wavelengths, thermal
half-life of the metastable isomer, wavelength used for photo-
isomerization, and (photo)chemical stability. Given that the
cellular circadian assay takes several days, thermal cis-to-trans
isomerization had to be minimized to permit a pronounced
biological effect of the cis-isomer, with the least background
activity of the trans-isomer. Thus, by modifying the benzene
ring, next to increased biological activity (vide infra), we also
aimed for longer half-lives. If this condition is not met, con-
tinuous or pulse irradiation with cell-nontoxic light
(>500 nm)49–51 would be required during the measurement to
keep the content of the cis-isomer as high as possible for a pro-
longed period. However, this is not possible in circadian
rhythm assays due to the nature of the experimental setup in
which the luminescence of the cells is being measured in a
plate reader under carefully maintained (dark) conditions, pre-
cluding continuous or pulsed irradiation.37

Photo-isomerization

The wavelength used for isomerization is one of the key fea-
tures for utilization of azobenzene in biological systems.51,52

Generally, UV-light is needed for trans-to-cis isomerization,
while back-isomerization can be achieved by either thermal

Fig. 2 Synthesis of longdaysin azologs 4a–q and 5a–f.
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relaxation or visible light irradiation.43 As UV-light is strongly
absorbed and scattered by the skin, visible-light mediated
photo-isomerization is highly desirable due to increased tissue
penetration and reduced phototoxicity.53,54 Heterocyclic azo-
benzenes, presented in this work, allow for using green light
(λmax = 530 nm) for trans-to-cis photo-isomerization (Fig. S4†).
To quantitatively determine trans-to-cis conversion with green
light, PSDs of two switches (4f and 5e) were measured by
1H-NMR (DMSO-d6, 1 mg mL−1, 25 °C, Fig. S4†). The photosta-
tionary state was achieved after 2 h of irradiation with green
light. For azopurine 4f, the PSS distribution (cis : trans) was
determined to be 61 : 39 while for 5e it was 71 : 29.

Thermal half-life of compounds cis-4a–q and cis-5a–f

After the photostationary state was reached, thermal back-iso-
merization was studied in DMSO, CKI assay buffer and the
medium used in the cellular assay (Table 1). The relationship
between the structure and thermal stability in DMSO revealed
that back-isomerization was highly dependent on the elec-
tronic nature of the substituents, as well as their position on
the aromatic ring. Increased electron density of the benzene
ring created a push–pull system with an electron-poor adenine
core, causing shorter half-lives.55 Thus, para-methoxy substi-

tuted azopurine 4c exhibited the shortest half-life of 17 s. On
the other hand, increasing the electron density of the purine
core by incorporation of the C(2)-amino group (5a–f ) had the
opposite effect. Further analysis has shown that para- and
meta-substituents on the benzene ring had a very limited influ-
ence on the thermal stability of the cis-isomer. Conversely,
incorporation of ortho-substituents had a significant impact
on the half-lives. Interestingly, the half-life of di-ortho-methyl
compound 4f was shorter than of mono-ortho-trifluoromethyl
compound 4m, indicating the importance of not only the
steric effects but also the electronic effects of the ortho-substi-
tuents. Inspired by the work of Woolley51,52 and Hecht56 and
our recent studies,57 we expected to enhance the thermal stabi-
lity of the cis-isomer by introducing ortho fluoro- or chloro-sub-
stituents. Incorporation of only one chlorine atom (4h) led to a
significantly longer half-life of >1 h. The thermal half-life for
the relaxation of di-ortho-fluoro compound 4q was 1.4 h, while
di-ortho-chloro compound 4n displayed the longest half-life
among 2-H-azopurines of almost 3 h. Remarkably, di-ortho-
fluoro compound 5f exhibited the slowest thermal relaxation,
with a half-life of almost 12 h. In summary, for longdaysin
azologs 4 and 5, a very broad range of half-lives in DMSO
(from 17 s to 12 h) were obtained. Altogether, the stability of
the cis-isomer could be fine-tuned by controlling the electronic
and steric effects of the substituents.

Before evaluating photoswitchable azo-longdaysin deriva-
tives in biological assays, the half-lives in the corresponding
aqueous media were measured (CKI assay buffer and cellular
assay medium, Table 1). In contrast to the results obtained in
DMSO, and despite the incorporation of different substituents,
a very fast thermal back-isomerization of all photoswitches
was observed. The obtained half-lives varied from a few
seconds (4c) to slightly more than half an hour (4n), and the
observed trend was the same as in DMSO (Table 1). Di-ortho-
fluoro substituents in 4q and 5f, di-ortho-chloro in 4n, and
C(2)-amino substituents (5a–f ) slowed down the thermal relax-
ation of the cis-isomer, but considering the length of the
in vitro assay (3 h) and cellular assay (5 d), the back-isomeriza-
tion was too fast for the photomodulation of the circadian
period without constant or prolonged irradiation during the
assay.

Despite the photophysical properties of azo-switches having
been thoroughly investigated in the past,58–60 their chemical
stability in biologically relevant media is still underexplored.
However, to enable photocontrol in cells, tissues or living
organisms, the chemical and metabolic stability of azoben-
zenes must be established. It is known that enzyme-61,62 or
thiol-mediated63 azobenzene reduction can occur in cells, par-
ticularly by glutathione (GSH) that is present in cells at a con-
centration of up to 10 mM.64,65 In addition, a recent seminal
work by Peifer, Herges and co-workers66 showed that photo-
switchable CKIδ inhibitors based on imidazole- and thiazole-
type heterocyclic azobenzenes undergo reduction to the corres-
ponding hydrazines when exposed to thiols such as dithio-
threitol (DTT) or GSH. Therefore, following the previous work
and led by the finding that photoswitches 4h, 4l, 4n and 5b

Table 1 Thermal cis-to-trans isomerization in three different media:
DMSO (40 µM, 25 °C), CKI assay buffer (40 µM, 30 °C) containing
∼100 µM dithiothreitol (DTT) and cellular assay medium (40 µM, 35 °C).
Half-life of the trans-azobenzene (40 µM) reduction in CKI buffer con-
taining 500 µM DTT (30 °C)

Compound

t1/2, cis-to-trans (min) t1/2, reduction (min)

DMSO
CKI
buffer

Cellular assay
medium CKI buffer

4a 3.5 0.55 0.35 120
4b 1.7 0.28 0.18 54
4c 0.28 0.12 0.033 21
4d 18 0.65 0.82 33
4e 15 0.87 0.70 19
4f 43 1.2 0.93 25
4g 18 0.82 0.70 28
4h 68 NDa NDa 5.9
4i 8.5 0.80 0.57 52
4j 10 0.70 0.58 55
4k 9.7 1.1 0.37 14
4l 36 NDa 0.73 9.1
4m 54 1.9 1.5 63
4n 180 NDa 36 6.7
4o 2.4 0.42 0.25 95
4p 4.1 0.77 0.45 79
4q 85 9.3 4.6 20

5a 78 3.1 2.0 13
5b 66b NDb NDb 92
5c 81 3.5 1.1 2.4
5d 46 1.8 1.0 83
5e 91 0.73 1.0 8.0
5f 710 18 7.3 29

a The half-life was not determined due to a constant absorption
decrease upon dissolving the azopurine in CKI buffer or cellular assay
medium. b Compound 5b showed slow decomposition in DMSO.
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showed a continuous absorption decrease when dissolved in
CKI assay buffer (Table 1), we tested all photoswitches for their
reduction by DTT present in this buffer solution (Fig. 3A).
Initially, the process was analyzed by 1H-NMR in DMSO-d6
solution of 4k, 4n and 5e (9 mM) and different quantities of
DTT (0 eq., 1 eq., 2 eq., and 4 eq., Fig. 3B). The NMR spectrum
of azopurine 4k did not change over time in the DTT-free
sample. On the other hand, all three samples with DTT
showed a second set of signals appearing after 10 min. In the
presence of four equivalents of DTT, the starting azopurine 4k
was almost completely (89%) converted to the corresponding
hydrazine after 4 h. Additional analysis by UPLC-MS confirmed
that the newly formed compound shows a mass increase of 2
units, consistent with the reduction product (Fig. S3†).
Interestingly, when compound 4n was subjected to 1 eq. of
DTT in DMSO-d6, bleaching due to azo bond reduction
occurred instantaneously. This indicates that di-ortho-chloro
substituents do not only play a stabilization role but also
increase the susceptibility to reduction of the reported azo-
benzene system. This highlights the need for a systematic
screening and better understanding of the chemical stability
of heterocyclic azobenzenes under reductive conditions
present in biological systems.66

Azopurines with a C(2)-amino group (5a–f ) feature higher
electron density on the aromatic rings. Therefore, we expected
to see a slower reduction rate than for the corresponding C(2)
unsubstituted azobenzenes. Testing the reduction of 4k and 5e
with DTT confirmed our prediction (Fig. 3C). On the other
hand, in an aqueous solution containing DTT (CKI buffer),
both compounds are reduced so quickly that the difference is
indistinguishable (Table 1).

Next, the reduction rate of all azobenzenes was measured in
CKI buffer containing DTT (∼500 µM, Table 1). No clear corre-
lation between the reduction rate and structure was observed.
At the end of the measurement, all compounds were fully
reduced, with reduction t1/2 ranging from ∼2 min (5c) to ∼2 h
(4a). In that respect, measuring the thermal half-lives of the
cis-isomers in the buffer was possible for almost all com-
pounds except for 4h, 4l, 4n and 5b which underwent fast
reduction competing with thermal back-isomerization. Since
bleaching was also observed in cellular assay medium, we pro-
ceeded to the experimental testing of the stability of azopurine
4e in the presence of other reducing agents, such as GSH,
cysteine and ascorbic acid and compared their reducing
efficiency to DTT (Fig. 3D). Interestingly, the reduction was
found to proceed with all reducing agents. The fastest

Fig. 3 Reductive stability of azopurines. (A) The reduction process. (B) Reduction of 4k by different amounts of DTT followed by 1H-NMR in DMSO-
d6 solution (25 °C, 9 mM 4k). (C) Comparison of the reduction rate of trans-4k and trans-5e by DTT (1 eq.). The reduction is followed by 1H-NMR in
DMSO-d6 solution (25 °C, 9 mM). (D) Reduction of trans-4e followed by UV-Vis spectroscopy at 340 nm in buffer solution (100 mM HEPES, pH 7.4)
without (green) or with different reducing agents (500 µM) – DTT (black), GSH (red), ascorbic acid (purple), and cysteine (blue).
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reduction occurred in the case of DTT and the slowest with
GSH, while ascorbic acid and cysteine showed similar, inter-
mediate rates. The obtained results show the importance of
testing every photoswitchable drug for the possible reduction
with intracellular GSH, or reductive components present in
in vitro buffer (such as DTT) that are used for preventing the
oxidation of peptides and proteins.

Photo-modulation of the CKI activity

Selected azopurines were tested in vitro in recombinant CKIα
inhibition assays to assess their potency and the extent to
which this potency can be photomodulated through azo-
benzene switching before reduction to the corresponding
light-nonresponsive hydrazines occurs. Nine azopurines were
selected for the screening of their activity in the dark (black
bars, Fig. 4) and upon irradiation with green (λmax = 530 nm)
light (green bars, Fig. 4). All the compounds were initially
tested at 20 µM concentration, assuming that after azologiza-
tion the potency of longdaysin (IC50 value of 5.6 µM) was
retained.30 Among the tested compounds (Fig. 4), azopurines
4b and 4c showed almost no inhibition of CKIα, similarly to
di-ortho-methyl 4f and meta-carboxylic 4p azopurines.
Irradiation with green light during the assay increased the
activity of 4d, while 5e proved to be less potent after
irradiation. The induced alteration in inhibition might be
attributed to the difference in affinity between the two
isomers. The relatively small difference in activity between the
cis- and trans-isomer of 4d or 5e can be explained by the rela-
tively fast reduction to the corresponding hydrazine by DTT
present in the assay buffer, yielding the same light-nonrespon-
sive product and preventing a significant difference in inhi-
bition to be observed during the assay.

In order to test this hypothesis, the inhibition assay was
performed starting with azobenzenes 4d and 5e, and their
corresponding hydrazines (Fig. S5†). We observed that the
inhibitory potency of azobenzenes and their reduced ana-
logues was the same, confirming that reduction of the azo

bond under the assay conditions occurs fast enough so that
the difference in inhibition cannot be efficiently regulated
with light. As a consequence, we attribute the biological effects
observed in Fig. 4 and 5 to the reduced forms of photoswitches
(4red and 5red).

Modulation of the circadian period

Despite the observed reduction, we decided to test the azopur-
ines for the modulation of the circadian period (Fig. 5). The
assay employs human U2OS cells with a Bmal1-dLuc reporter
(established at the University of California San Diego, USA) in
DTT-free cellular medium.37 The experimental readout is
based on chemiluminescence produced during the oxidative
decarboxylation of luciferin. Luciferin is present in a high con-
centration (0.2 mM) in the cellular assay medium, and it
strongly absorbs in the UV region. This prevents photoisomeri-
zation during the cellular assay with UV-light, which is gener-
ally used for the photoisomerization of azobenzene photo-
switches.5 Gratifyingly, the possibility to isomerize the azopur-
ines reported here with green light gives them an advantage
for the application even in the presence of luciferin.
Additionally, in contrast to UV-light, visible light is less cyto-
toxic, enabling longer irradiation prior to the performance of
the cellular assay. Prolonged cellular irradiation (continuous
or pulse) would maintain the presence of the cis-isomer for a
longer time despite having a short half-life; however, again, it
was not feasible in the current experimental setup (vide infra).

For the initial screening of the activity of the thermally
stable trans-isomers, azopurines were dissolved in DMSO and
applied to the cells in 3-fold dilution series. The chemilumi-
nescence signal was measured every 100 min over 5 d and the
concentrations required for 4 h circadian period lengthening
from the DMSO control were plotted (Fig. 5). Compound 4a
showed significantly reduced potency in comparison with
longdaysin (Fig. 5A) and reduced reporter intensity (Fig. S6†),
which likely arises from toxicity at higher concentrations.
Similarly, azopurines substituted in the para-position (4b and

Fig. 4 Degree of CKIα inhibition in the enzymatic assay starting with different azopurines (4 and 5, 20 µM, 30 °C) that get reduced to the corres-
ponding hydrazines (4red and 5red) under the assay conditions. Samples kept in the dark are shown in black, and samples irradiated during the assay
in green. The results of the assays are mean ± SD of at least two independent measurements.
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4c) showed a very small period change and caused reduction
of the reporter intensity, indicating that introduction of a para-
substituent is not beneficial for the biological activity and
renders these compounds toxic. The meta-substituted azopur-
ines exhibited strong period lengthening, with compound 5e
having an even stronger effect than that of longdaysin (Fig. 5A
and B). Incorporation of substituents at the ortho-position led
to a decrease of period lengthening, but in contrast to the
para-substituted azopurines, these compounds did not exhibit
reduced reporter intensity (with the exception of 4f ). Due to
the beneficial effect of the meta-substituents, particular
emphasis was put on introducing groups in this position. SAR
analysis revealed that a polar carboxylic group in the meta-posi-
tion fully suppressed the activity of 4p. The methyl group in 4o
and the fluorine substituent in 4i slightly increased the
activity, but the period change remained low. Moreover, 4o
and 4p showed reduction of the reporter intensity.

Introduction of CF3 or CN groups at the meta-position led to
an almost equal increase of activity, while the chloro-substitu-
ent yielded the best circadian period modulator based on
mono-meta-substituted azopurines. Interestingly, the cytotoxic
effect was suppressed by introduction of these meta-substitu-
ents. The addition of the second meta-substituent contributed
to a higher activity in comparison with the corresponding
mono-meta-substituted compound.

In summary, comparing the circadian period lengthening
effect of longdaysin and its direct azo-analogue 4d, it is
evident that azologization of longdaysin decreased the
potency, probably caused by the loss of an important inter-
action of the benzylic 6-NH group with CKIα.67 The hydrogen
bond is possibly restored by reduction of the azo-group to the
hydrazine 4dred. Thus, a reduced form of the 4d azo-analogue
of longdaysin, at a concentration of 7.9 µM, exhibited only
2.2 h period lengthening in comparison with 11.5 h for long-
daysin. However, the potency can be recovered by varying sub-
stituents on the benzene and purine moiety, and this strategy
provided the reduced azopurine 5ered with an activity even
higher than that of longdaysin.

Finally, we investigated the possibility of light-induced cir-
cadian period modulation using selected compounds 4q and
5f. These two azopurines have a different C(2)-substituent, but
the same benzene-ring substituents (di-ortho-fluoro). Both
compounds were applied to cells in the dark (black bars,
Fig. 5C) or irradiated with green light (λmax = 530 nm) prior to
dilution and then kept in the dark during the course of the
assay (green bars, Fig. 5C). As expected, 5f red showed a stron-
ger effect on the circadian period modulation than that of
4qred. Nevertheless, a clear light-induced effect was not
observed. This can be explained by both a short cis-isomer
half-life in the cellular assay medium and a fast reduction to
the corresponding hydrazines 4qred and 5f red that are not
responsive to light.

As a result of the assay’s length (5 d) and a possible fast
reduction by intracellular GSH, we assume that the observed
period lengthening effect mostly arises from the corres-
ponding hydrazine. Due to, inter alia, unavoidable endogenous
GSH production by the cells, it was not possible to prove if the
circadian period can be additionally modulated by light.
Nevertheless, a comprehensive library of compounds revealed
a molecule with stronger period lengthening than that of
longdaysin.

Conclusion

A library of azopurines was synthesized and photochemically
characterized and their chemical stability in the biological
environment was investigated. Furthermore, their biologically
activity as CKIα kinase inhibitors was tested in enzyme activity
and circadian period modulation assays.

The two-step one-pot synthesis provided a quick and
efficient access to the library of differently substituted azopur-
ines. Photochemical characterization revealed that green light

Fig. 5 The effect of azopurines 4 and 5, which undergo reduction of
the azo bond under the assay conditions to hydrazines 4red and 5red, on
the circadian period in human U2OS cells. Luminescence rhythms were
monitored in the presence of various concentrations of compounds (12
points of 3-fold dilution series in DMSO; final 0.7% DMSO) in the dark (A
and B) or upon irradiation with green light (λmax = 530 nm) (C). In (A) and
(B), [EC4h] (M) is the concentration required for a 4 h period change and
it is plotted to compare the potency. [EC4h] values are calculated by
fitting the 12-point dilution (n = 2) data with the exponential growth
curve, and for 4ared, 4cred, 4f red and 4pred they could not be obtained
due to significant toxicity of these compounds. In (C), the period change
relative to DMSO (at 7.1 μM) is plotted.

Paper Organic & Biomolecular Chemistry

2318 | Org. Biomol. Chem., 2021, 19, 2312–2321 This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

3.
02

.2
6 

14
:4

9:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ob00014d


can be utilized for photo-isomerization, yielding moderate PSS
distributions. The thermal stability of the cis-isomer was
measured in DMSO and aqueous media, showing that the rate
of the cis-to-trans isomerization can be efficiently manipulated
by varying substituents on the benzene ring or at the C(2)-
position. While a broad range of half-lives was obtained in
DMSO, thermal isomerization in aqueous media occurred on
shorter timescales, rendering these photoswitches unsuitable
for light modulation in long-term circadian rhythm experi-
ments. Furthermore, azopurines were tested for their sensi-
tivity to reduction with reducing agents commonly present in
cells (GSH) or used for stabilization of proteins (e.g., DTT).
Both in DMSO and aqueous media, the reduction took place,
and the rate was similar for all the compounds. The reduction
process was clean, yielding pure light-nonresponsive hydra-
zines. Despite the observed reduction, all the compounds were
tested for CKIα inhibition and circadian period modulation.
Photo-modulation of the CKIα inhibition activity was observed,
but due to the rapid DTT-mediated reduction of the azo func-
tional group, the effect was not significantly pronounced and
probably can be attributed to a different reduction rate of the
photo-isomers. Interestingly, the cellular assay screening
yielded compound 5ered with stronger period lengthening than
that of longdaysin. At a concentration of 7.9 µM, azopurine
5ered displayed a 12 h period-lengthening effect, in comparison
with 9.2 h of longdaysin. However, the reduction rate and the
nature of the circadian cellular assay prevented photo-modu-
lation of the circadian period and CKIα inhibition.

In summary, a comprehensive SAR analysis of the ability of
reduced azopurines to modulate the circadian period was per-
formed. The reduction study and screening of reducing agents
revealed DTT as the most potent reducing agent for the azo
group. These results support previous findings by Peifer,
Herges and co-workers,66 confirming that DTT is a crucial
reagent to be used in photopharmacology to test the biological
stability of heteroazoarenes towards reduction. This work
reveals challenges associated with azobenzene-type photomo-
dulators of circadian rhythms in the broader context of photo-
pharmacology. It also emphasizes the importance of achieving
a long half-life, low fatigue, high photostationary state distri-
butions (PSD) and a chemically stable photoswitch when long-
term biological light modulation is required.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank Natsuko Ono and Dr Kaori Goto for technical assist-
ance, and Carla Miró Viñals for the help with the graphical
design of Fig. 1. We gratefully acknowledge the generous
support from The Netherlands Organization for Scientific
Research (NWO-CW, Top grant to B. L. F., and VIDI Grant No.

723.014.001 for W. S.), the Royal Netherlands Academy of Arts
and Sciences (KNAW), the Ministry of Education, Culture and
Science (Gravitation program 024.001.035), the European
Research Council (Advanced Investigator Grant No. 227897 to
B. L. F.), Grant-in-Aid for Scientific Research (B) 18H02402 and
Challenging Research (Exploratory) 20K21269 from JSPS (T.
H.), Uehara Memorial Foundation (T. H.), and Takeda Science
Foundation (T. H.). We would also like to acknowledge
Konstantin Hoffer for the great technical assistance and the
Deutsche Forschungsgemeinschaft DFG for grant no.
PE1605_2_2.

References

1 D. Fabbro, Mol. Pharmacol., 2015, 87, 766–775.
2 G. Manning, D. B. Whyte, R. Martinez, T. Hunter and

S. Sudarsanam, Science, 2002, 298, 1912–1934.
3 M. I. Davis, J. P. Hunt, S. Herrgard, P. Ciceri,

L. M. Wodicka, G. Pallares, M. Hocker, D. K. Treiber and
P. P. Zarrinkar, Nat. Biotechnol., 2011, 29, 1046–1051.

4 M. W. H. Hoorens and W. Szymanski, Trends Biochem. Sci.,
2018, 43, 567–575.

5 W. A. Velema, W. Szymanski and B. L. Feringa, J. Am. Chem.
Soc., 2014, 136, 2178–2191.

6 J. Broichhagen, J. A. Frank and D. Trauner, Acc. Chem. Res.,
2015, 48, 1947–1960.

7 M. M. Lerch, M. J. Hansen, G. M. van Dam, W. Szymanski
and B. L. Feringa, Angew. Chem., Int. Ed., 2016, 55, 10978–
10999.

8 I. M. Welleman, M. W. H. Hoorens, B. L. Feringa,
H. H. Boersma and W. Szymański, Chem. Sci., 2020, 11,
11672–11691.

9 W. A. Velema, J. P. van der Berg, M. J. Hansen,
W. Szymanski, A. J. M. Driessen and B. L. Feringa, Nat.
Chem., 2013, 5, 924–928.

10 M. J. Hansen, J. I. C. Hille, W. Szymanski, A. J. M. Driessen
and B. L. Feringa, Chem, 2019, 5, 1293–1301.

11 M. Stein, S. J. Middendorp, V. Carta, E. Pejo, D. E. Raines,
S. A. Forman, E. Sigel and D. Trauner, Angew. Chem., Int.
Ed., 2012, 51, 10500–10504.

12 J. A. Frank, D. A. Yushchenko, N. H. F. Fine, M. Duca,
M. Citir, J. Broichhagen, D. J. Hodson, C. Schultz and
D. Trauner, Chem. Sci., 2017, 8, 7604–7610.

13 J. A. Frank, D. A. Yushchenko, D. J. Hodson, N. Lipstein,
J. Nagpal, G. A. Rutter, J. S. Rhee, A. Gottschalk, N. Brose,
C. Schultz and D. Trauner, Nat. Chem. Biol., 2016, 12, 755–
762.

14 K. Hüll, J. Morstein and D. Trauner, Chem. Rev., 2018, 118,
10710–10747.

15 A. S. Lubbe, W. Szymanski and B. L. Feringa, Chem. Soc.
Rev., 2017, 46, 1052–1079.

16 R. Ferreira, J. R. Nilsson, C. Solano, J. Andréasson and
M. Grøtli, Sci. Rep., 2015, 5, 9769.

17 D. Wilson, J. W. Li and N. R. Branda, ChemMedChem, 2017,
12, 284–287.

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2021 Org. Biomol. Chem., 2021, 19, 2312–2321 | 2319

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

3.
02

.2
6 

14
:4

9:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ob00014d


18 Y. H. Tsai, S. Essig, J. R. James, K. Lang and J. W. Chin,
Nat. Chem., 2015, 7, 554–561.

19 D. Schmidt, T. Rodat, L. Heintze, J. Weber, R. Horbert,
U. Girreser, T. Raeker, L. Bußmann, M. Kriegs, B. Hartke
and C. Peifer, ChemMedChem, 2018, 13, 2415–2426.

20 M. W. H. Hoorens, M. E. Ourailidou, T. Rodat, P. E. van der
Wouden, P. Kobauri, M. Kriegs, C. Peifer, B. L. Feringa,
F. J. Dekker and W. Szymanski, Eur. J. Med. Chem., 2019,
179, 133–146.

21 M. H. Hastings, A. B. Reddy and E. S. Maywood, Nat. Rev.
Neurosci., 2003, 4, 649–661.

22 C. L. Partch, C. B. Green and J. S. Takahashi, Trends Cell
Biol., 2014, 24, 90–99.

23 J. Bass and M. A. Lazar, Science, 2016, 354, 994–999.
24 R. W. Logan and C. A. McClung, Nat. Rev. Neurosci., 2019,

20, 49–65.
25 S. M. Abbott, R. G. Malkani and P. C. Zee, Eur. J. Neurosci.,

2018, 51, 567–583.
26 T. Wallach and A. Kramer, FEBS Lett., 2015, 589, 1530–1538.
27 T. Hirota and S. A. Kay, Methods Enzymol., 2015, 551, 267–

282.
28 Z. Chen, S. h. Yoo and J. S. Takahashi, Annu. Rev.

Pharmacol. Toxicol., 2018, 58, 231–252.
29 S. Miller and T. Hirota, J. Mol. Biol., 2020, 432, 3498–3514.
30 T. Hirota, J. W. Lee, W. G. Lewis, E. E. Zhang, G. Breton,

X. Liu, M. Garcia, E. C. Peters, J.-P. Etchegaray, D. Traver,
P. G. Schultz and S. A. Kay, PLoS Biol., 2010, 8, e1000559.

31 T. Oshima, Y. Niwa, K. Kuwata, A. Srivastava, T. Hyoda,
Y. Tsuchiya, M. Kumagai, M. Tsuyuguchi, T. Tamaru,
A. Sugiyama, N. Ono, N. Zolboot, Y. Aikawa, S. Oishi,
A. Nonami, F. Arai, S. Hagihara, J. Yamaguchi, F. Tama,
Y. Kunisaki, K. Yagita, M. Ikeda, T. Kinoshita, S. A. Kay,
K. Itami and T. Hirota, Sci. Adv., 2019, 5, eaau9060.

32 T. Hirota, J. W. Lee, P. C. St. John, M. Sawa, K. Iwaisako,
T. Noguchi, P. Y. Pongsawakul, T. Sonntag, D. K. Welsh,
D. A. Brenner, F. J. Doyle, P. G. Schultz and S. A. Kay,
Science, 2012, 337, 1094–1097.

33 S. Miller, Y. L. Son, Y. Aikawa, E. Makino, Y. Nagai,
A. Srivastava, T. Oshima, A. Sugiyama, A. Hara, K. Abe,
K. Hirata, S. Oishi, S. Hagihara, A. Sato, F. Tama, K. Itami,
S. A. Kay, M. Hatori and T. Hirota, Nat. Chem. Biol., 2020,
16, 676–685.

34 S. Miller, Y. Aikawa, A. Sugiyama, Y. Nagai, A. Hara,
T. Oshima, K. Amaike, S. A. Kay, K. Itami and T. Hirota,
Cell Chem. Biol., 2020, 27, 1192–1198.

35 J. W. Lee, T. Hirota, D. Ono, S. Honma, K. I. Honma,
K. Park and S. A. Kay, J. Med. Chem., 2019, 62, 1989–1998.

36 Y. Isojima, M. Nakajima, H. Ukai, H. Fujishima,
R. G. Yamada, K. Masumoto, R. Kiuchi, M. Ishida, M. Ukai-
Tadenuma, Y. Minami, R. Kito, K. Nakao, W. Kishimoto,
S. h. Yoo, K. Shimomura, T. Takao, A. Takano, T. Kojima,
K. Nagai, Y. Sakaki, J. S. Takahashi and H. R. Ueda, Proc.
Natl. Acad. Sci. U. S. A., 2009, 106, 15744–15749.

37 T. Hirota, W. G. Lewis, A. C. Liu, J. W. Lee, P. G. Schultz
and S. A. Kay, Proc. Natl. Acad. Sci. U. S. A., 2008, 105,
20746–20751.

38 T. K. Tamai, Y. Nakane, W. Ota, A. Kobayashi, M. Ishiguro,
N. Kadofusa, K. Ikegami, K. Yagita, Y. Shigeyoshi, M. Sudo,
T. Nishiwaki-Ohkawa, A. Sato and T. Yoshimura, EMBO
Mol. Med., 2018, 10, e8724.

39 Z. Chen, S. h. Yoo, Y.-S. Park, K. h. Kim, S. Wei, E. Buhr,
Z.-Y. Ye, H.-L. Pan and J. S. Takahashi, Proc. Natl. Acad.
Sci. U. S. A., 2012, 109, 101–106.

40 J. Gaucher, E. Montellier and P. Sassone-Corsi, Trends Cell
Biol., 2018, 28, 368–379.

41 J. Morstein, M. Awale, J. L. Reymond and D. Trauner, ACS
Cent. Sci., 2019, 5, 607–618.

42 A. A. Beharry, G. A. Woolley, M. M. Nass,
N. H. Wassermann, B. F. Erlanger, M. Takagi,
M. Komiyama, M. Kokkinidis, A. Rompp, B. Spengler,
A. Pingoud and W. Zinth, Chem. Soc. Rev., 2011, 40, 4422–
4437.

43 Molecular Switches, ed. B. L. Feringa and W. R. Browne,
WILEY-VCH, 2nd edn, 2011.

44 S. Crespi, N. A. Simeth and B. König, Nat. Rev. Chem., 2019,
3, 133–146.

45 A. P. Taylor, R. P. Robinson, Y. M. Fobian, D. C. Blakemore,
L. H. Jones and O. Fadeyi, Org. Biomol. Chem., 2016, 14,
6611–6637.

46 A. Gomtsyan, Chem. Heterocycl. Compd., 2012, 48, 7–10.
47 Y. J. Wu, in Progress in Heterocyclic Chemistry, Elsevier Ltd,

2012, vol. 24, pp. 1–53.
48 D. Kolarski, W. Szymanski and B. L. Feringa, Org. Lett.,

2017, 19, 5090–5093.
49 J. D. Stoien and R. J. Wang, Proc. Natl. Acad. Sci. U. S. A.,

1974, 71, 3961–3965.
50 M. Hori, K. Shibuya, M. Sato and Y. Saito, Sci. Rep., 2014, 4,

7383.
51 M. Dong, A. Babalhavaeji, S. Samanta, A. A. Beharry and

G. A. Woolley, Acc. Chem. Res., 2015, 48, 2662–2670.
52 S. Samanta, A. A. Beharry, O. Sadovski, T. M. McCormick,

A. Babalhavaeji, V. Tropepe and G. A. Woolley, J. Am. Chem.
Soc., 2013, 135, 9777–9784.

53 R. Weissleder and V. Ntziachristos, Nat. Med., 2003, 9, 123–
128.

54 J. L. Sandell and T. C. Zhu, J. Biophotonics, 2011, 4, 773–
787.

55 N. Nishimura, T. Sueyoshi, H. Yamanaka, E. Imai,
S. Yamamoto and S. Hasegawa, Bull. Chem. Soc. Jpn., 1976,
49, 1381–1387.

56 C. Knie, M. Utecht, F. Zhao, H. Kulla, S. Kovalenko,
A. M. Brouwer, P. Saalfrank, S. Hecht and D. Bléger, Chem.
– Eur. J., 2014, 20, 16492–16501.

57 L. N. Lameijer, S. Budzak, N. A. Simeth, M. J. Hansen,
B. L. Feringa, D. Jacquemin and W. Szymanski, Angew.
Chem., Int. Ed., 2020, 59, 21663–21670.

58 J. García-Amorós and D. Velasco, Beilstein J. Org. Chem.,
2012, 8, 1003–1017.

59 H. M. D. Bandara and S. C. Burdette, Chem. Soc. Rev., 2012,
41, 1809–1825.

60 H. Rau, in Photoreactive Organic Thin Films, Elsevier, 2002,
pp. 3–47.

Paper Organic & Biomolecular Chemistry

2320 | Org. Biomol. Chem., 2021, 19, 2312–2321 This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

3.
02

.2
6 

14
:4

9:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ob00014d


61 H. R. López-Mirabal and J. R. Winther, Biochim.
Biophys. Acta, Mol. Cell Res., 2008, 1783, 629–
640.

62 N. S. Kosower and E. M. Kosower, Int. Rev. Cytol., 1978, 54,
109–160.

63 C. Boulègue, M. Löweneck, C. Renner and L. Moroder,
ChemBioChem, 2007, 8, 591–594.

64 A. Meister and M. E. Anderson, Annu. Rev. Biochem., 1983,
52, 711–760.

65 H. Østergaard, C. Tachibana and J. R. Winther, J. Cell Biol.,
2004, 166, 337–345.

66 M. Schehr, C. Ianes, J. Weisner, L. Heintze, M. P. Müller,
C. Pichlo, J. Charl, E. Brunstein, J. Ewert, M. Lehr,
U. Baumann, D. Rauh, U. Knippschild, C. Peifer and
R. Herges, Photochem. Photobiol. Sci., 2019, 18, 1398–1407.

67 D. Kolarski, A. Sugiyama, G. Breton, C. Rakers, D. Ono,
A. Schulte, F. Tama, K. Itami, W. Szymanski, T. Hirota and
B. L. Feringa, J. Am. Chem. Soc., 2019, 141, 15784–15791.

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2021 Org. Biomol. Chem., 2021, 19, 2312–2321 | 2321

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

3.
02

.2
6 

14
:4

9:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ob00014d

	Button 1: 


