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Chapter 4
Reversible tuning of the circadian
clock: long-term biological control
with photopharmacology
Disruption of the circadian regulation has been connected to a wide variety of diseases and
disorders, however the uniformity of the mechanism throughout the entire body prevents
further development of chronotherapeutics. Casein kinase I (CKI) is the key component of
the regulatory circadian core clock loop and its inhibition induces the circadian period
lengthening. Here, we demonstrate the possibility to create light-responsive inhibitors of CKI
and, for the first time, we introduce reversible control over the circadian period. As a result
of long-term circadian assays, light-responsive inhibitors based on a switchable azobenzene
system were developed to minimize thermal back-isomerization in biological media. In
addition to aqueous stability and solubility, the difference in biological activity between the
two photoisomers is enhanced through judicious molecular design. Moreover, the synthesis
of tetra-ortho-fluoro azobenzene analogs enabled utilization of visible light for reversible
photomodulation, which brings chronophotopharmacology another step closer to in vivo
applications by achieving spatiotemporal control over the circadian period.
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Wiktor Szymanski,* Tsuyoshi Hirota,* and Ben L. Feringa.*
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4.1

Introduction

Circadian rhythms are endogenous biological cycles with a period of approximately 24 h.1
Almost every living organism obeys the circadian rhythmicity in order to adapt to daily
changes caused by the Earth`s rotation around its axis. Maintaining those 24 h periods is of
crucial importance for health as they control various physiological behaviors, such as sleepwake cycles, metabolism, seasonal reproduction, and hormone secretion. 2
Desynchronization of day-night cycles, caused by modern lifestyle, leads to disturbance of
circadian rhythmicity, which has recently been linked to various metabolic diseases and
disorders, for instance cardiovascular, gastrointestinal, Alzheimer`s, psychological diseases,
diabetes, and cancer.1,3–6 The recent discovery of Rijo-Ferreira et al. showed that sleeping
sickness, caused by a unicellular parasite Trypanosoma brucei, is also a circadian disorder.7
In sleeping sickness as well as in other circadian illnesses, as a result of the disruption of
peripheral clock, the homeostasis of the whole mammalian body is disturbed leading to
severe or in some cases lethal outcomes.1,6,7
In order to address the disruption of the circadian rhythms, substantial progress in
understanding of the underlying molecular regulation has been made by applying genetic
tools. However, those methods are not suitable for therapeutic purpose since they involve
irreversible changes of the DNA sequence.8 As a consequence, there is an increasing need
for the application of small molecule modulators due to their reversible, time- and dosedependent interaction with circadian regulatory proteins.9 High-throughput screenings and
novel synthetic approaches yielded numerous modulators of the circadian period as
potential chronotherapeutics.8,10–13 Yet, to the best of our knowledge, none of these
molecules have reached clinical trials so far. Slow process of shifting from the bench to in
vivo or clinical studies can be attributed to insufficient understanding of the complex
circadian regulation, duration and shortage of suitable in vivo assays, scarcity of clearly
defined circadian diseases or syndromes for clinical investigation, and the most importantly
lack of spatiotemporal selectivity due to uniform mechanism of circadian regulation
throughout the whole body.14–16
In mammals, on the molecular level, circadian oscillations are driven by negative feedback
loops. The core clock loop is shown in Figure 30.2,17 The CLOCK-BMAL1 transcription factors
bind to the E-box domain on the gene promoters, activating the transcription of the Period
(Per) and Cryptochrome (Cry) genes. PER and CRY proteins form a large complex after
accumulation in cytoplasm, followed by translocation into the nucleus inhibiting CLOCKBMAL1 transcription factors, suppressing their own gene expression. Simultaneously, posttranslational modification and degradation of PER and CRY occurs and it is crucial for
reactivation of the CLOCK-BMAL1 transcription factor.18 PER protein is phosphorylated by a
family of casein kinases I (CKI, isoforms α, δ and ε) promoting proteasomal degradation and
keeping the circadian rhythms on the 24-h base.19 It is shown that deceleration of this
process by CKI inhibition leads to the circadian period lengthening. 10,12,20
High-throughput screening of ~120000 small molecules revealed CKI inhibitor – longdaysin
- as the circadian period modulator with one of the strongest known period lengthening
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effects.10 However, longdaysin influences the period in non-selective manner in variety of
cells and tissues, what can be attributed to the uniform regulation of the circadian period.
The challenge is to get a reversible spatiotemporal control over the circadian period
modulation by an external stimulus. This would allow to avoid systemic alteration of the
circadian rhythm, and enable better understanding of the underlying regulation.

Figure 30. Schematic representation of the circadian clock transcription-translation
autoregulatory feedback loop, and its photo-modulation by photoswitchable analogue of
longdaysin – the inhibitor of CKI. Both isomers show inhibition of CKI but the affinity can be
modulated with light, IC50 (trans) < IC50 (cis).
In photopharmacology, light has been recognized as an outstanding stimulus for the
external control of biological systems, as well as for achieving high spatiotemporal
resolution over drugs` activity.21–24 In the context of casein kinase and circadian period
manipulation with light, we have recently shown that high temporal resolution is possible
by employing photoremovable protecting groups (PPG). 25 However, this method is limited
by its irreversibility, as the drug, once uncaged, cannot be inactivated. To address this issue,
photopharmacology offers an attractive approach where a photoswitchable moiety is
incorporated within the structure of the drug and, consequently, enables a reversible
control of its activity by light.24,26,27 Azobenzenes, as an exceptional and well-studied
chromophores are the most common photoswitch of choice in photopharmacology. Upon
irradiation, azobenzenes undergo configurational change between the two isomers – trans
(stable) and cis (less stable), while cis-to-trans process is also thermally driven, making this
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system dynamic. Over the past decade, reversible light-induced regulation of biological
activity has been applied to control bacterial communication and resistance buildup, 28,29 ion
channels,30 G protein-coupled receptors,31 kinases,32 lipid membranes,33 and nucleic
acids.34,35 Despite many successfully targeted proteins, only few protein kinase inhibitors
were effectively rendered photoswitchable.32,36 All of those applications have in common
that the response of the biological assay in which the photoswitching effect is observed
occurs after (milli)seconds to a several hours.28,37,38 The duration of circadian assays (5 or
more days),10,39 together with the property of the cis-isomers to thermally isomerize back
to the trans-isomer, makes the use of purely light-induced manipulation of the circadian
period particularly challenging. The circadian assay requires photochemical and chemical
properties to be optimized in order to achieve a noticeable effect and suppress the
background activity of each isomer. While in other applications certain photochemical
properties can be neglected (photostationary state, thermal half-life, etc.),38,40,41 here
numerous parameters had to be taken into account. General drugs` features that had to be
retained as well as photochemical parameters that had to be optimized for reversible
modulation of the circadian period are following:
1.

Retaining potency and solubility upon azologization, since incorporation of the
azobenzene photoswitchable moiety most commonly results in a decrease in
solubility. This can impose a difficulty in reaching the effective pharmacological
concentration, especially if potency of the drug also decreases;

2.

Maximizing the difference in target binding affinity between the two isomers. In order
to obtain a distinct downstream biological difference between the two photo-isomers,
the difference in casein kinase inhibitory activity has to be as large as possible;

3.

Achieving the highest possible photostationary state (PSS), which is a parameter that
indicates the equilibrium chemical composition upon irradiation at certain
wavelength, and is usually presented as a ratio or percentage of one isomer in respect
to the other. Since commonly both isomers are biologically active but with different
level of potency (Figure 30), the PSS has to be as high as possible in order to minimize
a background activity of the undesired isomer. Having high PSS distributions becomes
a crucial parameter especially when the trans-form is more active isomer and a
biological effect is suppressed by irradiation (vide infra);

4.

Chemical stability in long-term biological assays, avoiding oxidation or reduction of the
azo functional group is of crucial importance; 42

5.

Increasing the thermal half-life of the cis-isomer, which is usually the less stable isomer
that undergoes spontaneous thermal back-isomerization to the trans-isomer. Even
with the highest amount of the cis-isomer in the PSS, fast thermal back-isomerization
will prevent a distinguished effect of both isomers to be observed;

6.

Enabling a visible light photoisomerization in both directions. This is crucial since
circadian assays usually rely on luciferin as a substrate for luciferase, which is a
reporter of the clock gene expression.10,43 However, luciferin strongly absorbs UV light
(Figure S9) preventing photoisomerization during the assay. Additionally, UV light is
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cytotoxic, has a negligible tissue penetration and is poorly biocompatible, while visible
light is bioorthogonal and has larger tissue penetration.44
Here, we present reversible and light-inducible activation/inactivation of the circadian
period by photoswitchable modulators based on longdaysin. By carefully designing
photoresponsive molecules, studying their photochemical properties in details, and
analyzing structure-activity relationship (SAR), for the first time long-term light-modulation
of the circadian rhythm (clock function) was achieved.

4.2

Results

Design and photochemical properties. Dynamic and reversible control over the activity of
longdaysin was envisioned by introducing an azobenzene as a photoswitch, due to its
synthetic approachability45 and distinct photochemical properties.46 Longdaysin (Figure 30)
is a purine-based kinase inhibitor, and recently a structure-activity relationship study of a
focused library of purine-modified circadian period modulators was conducted.20 However,
in order to minimize structural and electronic changes, we envisioned introducing the
phenyldiazenyl group instead of the CF3 and thus retaining hydrophobic interactions with
CKI without compromising potency.
Firstly, we set off to determine the best substitution point for the introduction of the
phenyldiazo group. Given that SAR of the benzylamine moiety of longdaysin was not
previously studied, all three possible azobenzene regioisomers (5-7, Figure 31A) were
synthesized and the effect of substitution on photochemical and biological outcome was
investigated. Nucleophilic aromatic substitution of 6-chloro-9-isopropyl-9H-purine (1) with
amino benzylamines, yielded the corresponding anilines (2-4, Figure 31A). A subsequent
Mills reaction allowed the final photoswitchable modulators (5-7) to be synthesized in good
to high yields. All three modulators showed a maximum absorption for the π–π* transition
band in ultraviolet region (~330 nm) and the n–π* transition around 430-440 nm (Figure
31B), characteristic for the trans-isomer. Upon irradiation at the proper wavelength, the
ratio between the thermally stable trans-isomer and the cis-isomer can be altered.46
Employing the π–π* absorption band, irradiation with UV light (365 nm) switches the transisomer to the cis-isomer. The unstable cis-isomer thermally converts back to the transisomer over time or by utilizing n–π* absorption band upon irradiation with visible blue or
white light (Figure 31B-E). The PSS distribution was determined by 1H-NMR (Figure 31D, SI).
Before irradiation, all solutions were thermally adapted and contained only pure transisomer (>98%), while after irradiation with 365 nm light the cis-to-trans ratio (Figure 31D)
was found to be the highest for 5 (93:7), somewhat lower for 6 (87:13) and unexpectedly
low for 7 (69:31).
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Figure 31. Chemical and photochemical properties of modulators 5, 6 and 7. (A) Synthesis
of modulators 5–7. (B) Absorption maxima of the trans-isomers and half-lives of the cisisomers in different media (DMSO, buffer used in vitro and cellular medium). (C) Reversible
photochromism (in DMSO) using UV light (λmax = 365 nm) for trans-to-cis isomerization, and
blue light (λmax = 450 nm) or white light for back-isomerization. (D) Photostationary states
reached upon irradiation of DMSO solution (2 mg/mL) with UV light. (E) UV-Vis spectra
showing the photoswitching and corresponding isosbestic points (20 μM solution in DMSO,
25 °C). (F) Fatigue studies show high stability of photoswitches over 6 cycles of reversible
photoisomerization with UV and white light (20 μM solution in DMSO, 25 °C). (G) Cis-totrans thermal isomerization followed in the dark. After 12–14 h blue light (blue rectangle)
was applied for 8 min in order to confirm presence of the cis-isomer and roughly estimate

96

Reversible tuning of the circadian clock: long-term biological control with photopharmacology

cis-to-trans ratio. The absorbance increase is directly proportional to the amount of lightrecovered trans-isomer. The higher the increase the lower amount of the trans-isomer is
present in the medium before irradiation, indicating slower thermal back-isomerization.
Upon irradiation at 365 nm, the intensity of the π–π* transition band of all modulators
decreased and a new n–π* transition band of the cis-isomer appeared around 450 nm. This
allowed using visible light (450 nm or white light) for back-switching, reaching a new transenriched PSS distribution (Figure 31E). Furthermore, no significant fatigue was observed
after 6 cycles of repeated UV and blue light exposure (Figure 31F). Thermal half-lives of the
corresponding cis-isomers were determined in different media – DMSO, buffer used in vitro
and cellular medium (Figure 31B and G). Half-lives in DMSO were longer than 24 h. In buffer,
all half-lives were longer than 3 h, making them sufficiently long living for the purpose of
the enzymatic assay (vide infra). Interestingly, thermal relaxations of cis-5 and cis-7 in
cellular medium increased in comparison to DMSO and buffer (44 h and 50 h, respectively)
while for modulator 6 it became shorter (11 h).
In summary, photochemical properties of the synthesized azobenzene regioisomers are
highly dependent on the position of the azo group. All modulators undergo reversible
photoisomerization with UV and blue light showing an increased PSS distribution of the cisisomer when moving the azo group further from the adenine core. Thermal half-lives are
within the suitable time range for biological experiments except for modulator 6, which
shows relatively short back-isomerization in comparison to the length of the cellular assay
(5 days).
Photomodulation of the kinase activity and the cellular circadian rhythm
Prior to the biological experiments, solubility and chemical stability of photoswitches were
assessed. The solubility for the trans isomer was lower than for the cis isomer and this has
been taken into account during IC50 calculation. Moreover, all modulators showed better
solubility in cell medium than in buffer (Table S1). Based on UPLC-MS traces, no reduction
or light-induced oxidation of the azo group was observed in the dark or under the light
mimicking conditions of the biological assays (Supporting information). Next, the effect of
both isomers (pure trans and cis enriched PSS mixture) on CKIα inhibition and the circadian
period modulation was evaluated (Figure 32).
For the purpose of the assay, half of the stock solution in DMSO was kept in the dark (“dark”,
Figure 32), while the half was irradiated with UV light (365 nm, “light”, Figure 32) prior to
addition in the enzymatic reaction mixture or cells. To prevent back-isomerization, and
therefore to maximize the inhibition effect, reaction mixtures containing the cis-isomer
were kept under UV light during the course of the enzymatic assay. Next, the dose-response
experiment was conducted applying concentrations in the range between micromolar and
nanomolar. The control experiment with longdaysin showed no effect of UV irradiation on
IC50 values (IC50, dark = 5.6 μM, IC50, light = 4.3 μM; IC50, lit = 5.6 μM10, Figure S4). Modulator 5
showed no light-dependent modulation of CKIα inhibition (IC50, dark = 3.6 μM and IC50, light =
4.5 μM, Figure 32A) while photoswitch 6 exhibited a significant light-induced deactivation
(IC50, dark = 1.9 μM and IC50, light = 8.6 μM, Figure 32B). UV irradiation led to 4.5-fold loss in the
activity in case of 6. In an additional experiment, when photoisomerization of modulator 6
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was conducted only prior to the assay, a comparable difference a potency was observed (4fold, Figure S5). Similar results with and without irradiation during the enzymatic reaction,
indicated that thermal relaxation of the cis-isomer is long enough for the purpose of 3 hlong assay. Interestingly, with modulator 7 the opposite biological effect was observed in
the kinase assay. Even though a full CKIα inhibition could not be achieved due to insolubility
at very high concentrations, the cis-enriched PSS mixture showed 1.8-fold stronger
inhibition than the trans-isomer (IC50, dark = 96 μM and IC50, light = 54 μM, Figure 32C).

Figure 32. Scheme of trans-to-cis photoisomerization (UV light, λmax = 365 nm) and thermal
back-isomerization, photo-modulation of the kinase inhibition, and light-induced circadian
period lengthening for 5 (A), 6 (B), and 7 (C), with longdaysin used as control. Results of the
irradiation conditions are presented with a purple line, and the dark conditions with a black
line. The results of the assays are mean ± SD (n = 2 for the enzymatic assay, and n = 4 for
the cellular assay).
As a next step, it was checked if the observed light-dependent CKIα inhibition translates into
photomodulation of the circadian period using human U2OS cells (Figure 32).47 This cell line
contains Bmal1 gene promotor followed by coding sequence of destabilized luciferase. The
cellular medium contains a high concentration of luciferin (1 mM), which serves as a
substrate for luciferase. Luciferin undergoes oxidative decarboxylation, producing a
bioluminescent signal as the output. This process is rhythmical with the period of 24 h in
healthy U2OS cells, whereas the inhibition of CKI causes period lengthening. The period
change is directly correlated with inhibitor`s potency and concentration.10 Thus, we treated
the cells with photoswitchable modulators using a broad range of concentrations. Photoisomerization with UV light during the cellular assay was not possible due to presence of
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luciferin which strongly absorbs at 365 nm (Figure S9). Therefore, similarly to the kinase
assay, modulators were kept in the dark or photo-isomerized in DMSO prior to the addition.
All three modulators lengthened the period under both conditions of dark and light. Relative
period lengthening intensity corresponds to their potencies obtained in the CKIα enzymatic
assay: 5 showed strong period lengthening but no light-modulation, 6 exhibited a week
light-induced deactivation, while 7 showed a weak activation (Figure 32). Despite a 4.5 fold
difference in potency between trans-6 and cis-6 in the enzymatic assay and a good PSS, the
small period lengthening deactivation effect observed in cellular assay can be attributed to
a shortly living cis-isomer (Figure 31G). On the other hand, while 7 showed only 1.8 fold
better CKIα inhibition upon irradiation and had low potency and PSS distribution of only
69%, the cellular effect was still noticeable at the high concentration of 7.9 μM (Figure 32C).
The observed cellular effect illustrates the importance of a long half-life for obtaining the
effective long-term biological photomodulation. However, in order to increase
differentiation of the biological effect between the two isomers, high PSS distribution and
significant differences in potency have to be achieved.
Summary of the obtained results for the three azobenzene regioisomers of longdaysin is
presented in Figure 33. With regard to further structural, photochemical and biological
optimization, we excluded para-azologization of longdaysin (modulator 5) due to absence
of biological photo-modulation. Modification of the ortho position (modulator 7) was also
not taken into account, as a result of significantly reduced potency. Lastly, good PSS
distribution, retained potency, and promising light-modulation of CKIα inhibition revealed
regioisomer 6 as a potential structure for further optimization.

Figure 33. Summary of photochemical and biological properties of the modulators 5, 6, and
7.
The enhancement of the difference in the light-induced kinase inhibition and circadian
period modulation. It is anticipated that the introduction of different substituents in the
most electronically and sterically sensitive positions of the phenyldiazo group (ortho and
para to the azo group) will enhance light-induced isomer activity differentiation in the
kinase and cellular assay. A series of longdaysin azologs 8-11 bearing various substituents
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(methyl, methoxycarbonyl, methoxy, di-fluoro), or containing an arylazopyrazole (AAP)
photoswitch (12), were synthesized (Figure 34A). Methyl and carboxymethyl substituents
were introduced in order to study different non-polar interactions within the binding pocket
of CKIα, while the p-methoxy substituent is known to allow for almost quantitative PSS
distributions.48 Substituting two ortho positions yields photoswitches with extended halflives in organic solvents,49 thus a similar effect was anticipated in the biological medium.
Furthermore, the effect of a twisted cis-form of the ortho-dimethyl substituted AAPs was
envisioned to increase the difference in binding affinity between two isomers and their high
PSS distributions to increase an overall biological effect. 50
Similarly to previous photoswitches, modulators 8-12 demonstrated chemical stability in
aqueous media, no fatigue upon repetitive photoisomerization cycles, and long enough
half-lives (> 3 h) in the enzyme assay buffer. Introduction of the p-methyl- (8) and pcarboxymethyl-group (9) yielded photoswitches with poor aqueous solubility and reduced
photochemical properties, such as modest PSS distributions and short half-lives in the
cellular medium (77% and 69%; 8 h and 18 h respectively, Figure 34A-B). On the other hand,
p-methoxy substituent (10) increased the solubility and allowed the cis-isomer to be
obtained almost quantitatively upon UV light irradiation (97%, Figure 34A). However, a
short half-life of 18 h in the cellular medium still imposes a downside of this modulator
(Figure 34B). In order to stabilize the cis-isomer by the σ-electron-withdrawing effect, two
fluorine atoms were introduced in the ortho-position (11).49 Despite the fact that the
electron-poor azo bond is susceptible to reduction by nucleophilic thiols,42 11 exhibited
both chemical and photochemical stability. The solubility was similar to the parent
modulator 6, even though two highly lipophilic atoms were introduced (Table S1). The halflife was determined to be >50 h, which should be sufficiently long for the cellular assay. The
only drawback was its low PSS distribution, which contained only 62% of the cis-isomer
under irradiation with UV light (Figure 34A-B). Finally, an AAP-type photoswitch 12,
introduced by Fuchter et al, was synthesized.50 Beside low fatigue and no observable
reduction or oxidation, this photoswitch offered high PSS distribution (97%) and moderately
long half-life (26 h).
Next, photoswitches 8-12 were evaluated in the enzymatic and cellular assay (Figure 34C).
UV light was utilized to induce the trans-to-cis isomerization via π–π* excitation and this
process was again conducted before performing the kinase and cellular assay. In the
enzymatic assay, the irradiation was additionally continued during the time course of the
assay. All modulators exhibited a light-induced deactivation effect and retained potency,
similarly to modulator 6. For modulators 8 and 9, a residual kinase activity was found (~35%
and ~45-50%, respectively) which can be contributed to the poor solubility (Table S1).
Despite a low solubility, both modulators showed a deactivation upon irradiation – 6.4-fold
for 8 and 1.9-fold for 9. As expected, an increased PSS distribution in the case of 10 and 12
yielded photoswitchable kinase inhibitors with one of the most pronounced photomodulation effects: 7- and 8-fold differences, respectively.42 This result emphasizes the
importance of high PSS distribution in order to make a significant biological effect.
Additionally, the dihedral angle due to twist of the bis-ortho-substituted cis-12 might
contribute to an increased differentiation in binding between isomers. On the other hand,
despite a moderate PSS distribution, cis-enriched 11 was 4.9 times less potent than the
trans-isomer. The obtained results indicate that the substituent effects on reaching high PSS
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distribution are of crucial importance for achieving light-induced control over kinase
inhibition.

Figure 34. Chemical, photochemical and biological evaluation of modulators 8-12. (A)
Chemical structures of compounds 8-12 and corresponding PSS distributions. (B) Thermal
stability measurements of modifiers 10 (blue), 11 (green) and 12 (red) in cellular medium
(35 °C, 40 μM). Upon reaching PSS distribution with UV light, thermal back-isomerization
was followed in dark for 12-14 h. After this period, blue light was applied for 8 min in order
to confirm presence of the cis-isomer and roughly estimate cis-to-trans ratio. (C)
Isomerization, kinase and cellular assay data for modulators 10-12. Scheme of a
photochemical trans-to-cis isomerization (UV light, λmax = 365 nm) and thermal- or whitelight-induced back-isomerization. Dose-response curves of the kinase inhibition or the
circadian period lengthening under the dark condition are shown in black, upon irradiation
with UV light in purple, and back-switching with white light is indicated with yellow lines.
Effects of dark, UV light, and UV light followed by white light conditions on circadian
rhythms are also shown (7.9 μM concentration of the inhibitor). The results of the assays
are mean ± SD (n = 2 for the enzymatic assay, and n = 4 for the cellular).
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As a consequence of the circadian cellular assay length and presence of luciferin, which
restricts application of in situ UV irradiation during the assay, thermal stability of the cisisomer is, next to high PSS distribution, essential for obtaining reversible light-control over
the circadian period modulation (Figure 34B). Due to the poor solubility, modulators 8 and
9 did not reach a concentration where deactivation of the circadian period lengthening is
noticeable (Figure S6-7). However, modulators 10, 11 and 12 showed for the first time
significant reversible modulation of the circadian period. All three photoswitches under
dark conditions resulted in a strong period lengthening, which was suppressed by UV light
irradiation (black and purple curves in Figure 34C). Furthermore, reactivation was achieved
upon back-isomerization with white light (yellow curves in Figure 34C). Interestingly,
modulator 11 showed the most pronounced period lengthening deactivation, even though
a light-induced activity difference in the kinase assay was lower than for modulators 11 and
12. Comparing the thermal stability of the cis isomers of these three modulators (Figure
34B), the result clearly shows that the longer the half-life is, the more pronounced the
photo-modulation of the circadian period becomes. In order to enlarge light-induced on-off
circadian period modulation, next to a long half-life, the major challenge for the
photoswitch remains a possibility for nearly quantitative photoisomerization in both
directions. This would allow for minimizing a background activity of a non-desired transisomer upon irradiation and almost fully suppress the circadian period lengthening under
”light” conditions.
Visible light modulation. In the past years, strategy of enhanced n-π* absorption bands
separation of the cis and trans isomers has been utilized to achieve almost quantitative
photoswitching in both directions with visible light. 51–53 Hecht et al. showed that
introduction of four ortho-fluoro atoms as σ-electron-withdrawing groups induces
stabilization of the n orbital of the cis-isomer, as well as π* orbitals of both isomers. This
leads to a blue-shift of the n-π* band for the cis-isomer and red-shift of the n-π* transition
for the trans-isomer. As a result of the n orbital stabilization and good band separation, the
cis-form of these switches is thermally very stable and visible light can be employed to
conduct almost quantitative photoisomerization in both directions.
With this in mind, we have synthesized tetra-ortho-fluoroazobenzene 13 (Figure 35). As
anticipated, next to chemical (Figure S2) and photochemical stability (Figure 35C), 13 also
displayed long half-lives of the cis-isomer in DMSO, buffer used in vitro, and the most
importantly in the cellular medium (>50 h). Moreover, we were able to achieve a reversible
photoswitching with visible light: green light (λmax = 530 nm), instead of previously used UV
light, successfully isomerized this modulator by excitation of the n-π* absorption band of
the trans-isomer. Cis-to-trans isomerization was achieved with violet light (λmax = 400 nm).
For the first time, visible light allowed for reversible photoisomerization to occur in the
cellular medium containing luciferin (Figure 35B). Repeated cycles of photoisomerization in
cellular medium showed very low fatigue (Figure 35C). PSS distributions in DMSO for both
trans-to-cis and cis-to-trans processes were 86% (Figure 35D). Isomerization in aqueous
media was not quantified but assumed to be similarly efficient.
For the kinase assay, isomers of modulator 13 were prepared by thermal adaptation (>99%
trans) or photoisomerization with 530 nm (86% cis) prior to the assay and then applied to
the kinase reaction mixture. Due to very long half-life, irradiation during the course of the
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assay was not required. The obtained IC50 again indicated 1.5 times better inhibition in the
trans-form (Figure 35E). Additionally, the potency of both modulators slightly decreased in
comparison to the previous photoswitchable analogs of longdaysin.

Figure 35. Photochemical, chemical and biological evaluation of modulator 13. (A)
Photoisomerization scheme using green light (λmax = 530 nm) for trans-to-cis and violet light
(λmax = 400 nm) for back-isomerization. (B) UV-vis spectra showing the photoswitching with
isosbestic points at 376 nm and 443 nm (cellular medium, 40 μM, 35 °C). The highest PSS
distribution for the trans-isomer was achieved using violet light (purple line). (C) Reversible
photochromism in cellular medium followed at 312 nm (white line), 412 nm (red line), and
482 nm (orange line). Almost no fatigue was observed after 9 repetitions (cellular medium,
40 μM, 35 °C). (D) Content of both isomers after thermal adaptation (< 1% of cis), irradiation
with green light (14% of trans), and back-isomerization with purple light (14% of cis) in
DMSO-d6 (7.4 mM). (E) Light-modulation of the CKIα and CKIδ inhibition. The trans-isomer
(black) shows higher potency than the cis-enriched mixture (green). (F) The circadian period
modulation with light. The thermally adapted sample is shown in black (dark), after
irradiated with 530 nm in green, with 400 nm in blue, and with 530 nm followed by 400 nm
in purple.
Since light-induced deactivation of the CKIα inhibition was lower, we proceeded with testing
the photomodulation of CKIδ activity (Figure 35E), with the aim to explain the pronounced
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circadian period lengthening deactivation in the cellular assay (vide infra, Figure 35F).
Interestingly, it was found that the cis-isomer is a 3.7-times less potent inhibitor of the CKIδ
isoform than the trans-isomer. For the first time, this outcome provided the opportunity to
differently modulate inhibition of the two kinase isoforms with the same small molecule,
allowing for better function elucidation of the key proteins involved in circadian rhythm
regulation.
The effect of a reversible activity photomodulation could also be observed in cells (Figure
35F). The trans-isomer had a pronounced circadian period lengthening of 4 h at the
concentration of 7.9 μM (black line, Figure 35F). Upon photoisomerization with green light,
period lengthening was almost fully suppressed, giving a 1 h period change at the same
concentration (green line, Figure 35F). The existing circadian period lengthening of the cisisomer can be ascribed to the background activity of the remaining trans-isomer. This is a
result of non-quantitative photoisomerization and very slow but present thermal relaxation
of the cis-isomer during the course of the assay. Remarkably, in situ backphotoisomerization with violet light fully recovered obtained period lengthening of the
trans-isomer (violet line, Figure 35F). Treatment of the dark samples with only purple light
had no effect on the circadian period change (blue line, Figure 35F).
With an optimized, visible light-responsive modulator 13 in hand, we tested its long-term
metabolic stability in cells, and a possibility to modulate the circadian period three days
after its application to the cells (Figure 36). A thermally adapted sample (99% trans-13) was
applied to cells and the circadian period change was monitored for three days in dark. A
strong period lengthening was observed (Figure 36A, black and green line). After the third
day, half of the well plate containing cells was irradiated with green light and the circadian
period was monitored for three additional days. After this time, a substantial suppression
of the period lengthening was achieved with the cells on the half of the well plate that was
irradiated (Figure 36, green line) while the effect in the other half remained unchanged
(Figure 36A, black line).
In order to show that modulator 13 has the ability to switch the activity in both directions,
the cis-enriched mixture (86% cis-13) was initially applied to the cells. Monitored rhythms
of the pre-irradiated samples exhibited a suppressed period change (Figure 36B, green line)
in comparison to the sample kept in dark (Figure 36B, black line). In situ irradiation with
violet or white light after the third day of monitoring almost fully recovered the original
circadian period of the thermally adapted sample (Figure 36B, blue and grey lines). The
control experiment using longdaysin as the circadian modulator did not show the influence
of green, violet or white on the period change (Figure 36C).
The possibility to use visible light for photoisomerization in both directions and absence of
a metabolic stability fatigue opens the door to further utilize our photopharmacological
approach in controlling the circadian period ex vivo.
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Figure 36. The circadian period modulation (A) starting with the thermally adapted sample
(99% trans-13) followed by irradiation with green light (λmax = 530 nm) after three days of
the measurement or (B) starting with the cis-isomer enriched sample (86% cis-13) followed
by irradiation with violet (λmax = 400 nm) or white light after the third day. (C) The control
experiment on the effect of green, violet and white light irradiation when longdaysin was
used as the circadian period modulator. A black line represents the period change of the
cells in the wells that were kept in dark and a green line shows wells with cis-13 during the
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whole course of the experiment (six days). In blue and grey are shown the period changes
upon violet or white light irradiation after the third day of the experiment.
Molecular docking analysis of the photoinduced differences in binding. To explain and
rationalize the obtained experimental results and interactions of our photoswitchable
kinase inhibitors, molecular docking of all photoswitchable modulators with CK1D was
performed. Longdaysin and its derivatives are known to bind to the ATP-binding site of CK1D
and CK1G (e.g. PDB ID: 5FQD).10,20 Most of these inhibitors utilize the canonical hydrogen
bond between ligand and the backbone of the hinge region residue (L93 and L85 in CK1D
and CK1G respectively). All the modulators studied here (except cis-6) dock in the ATP
binding site with at least one binding mode utilizing the hydrogen bond interaction with
amide proton and/or amide oxygen of L93 (Figure 37). Considering the large volume of the
binding pocket, it is not surprising that all the modulators show binding both in trans and
cis form. We further calculated binding energies of the docked complexes using the MMGBSA method.54,55

Figure 37. Binding mode of trans-8 (A) and cis-8 (B) to a hinge region of CKID after Glide XP
docking and further used for MD simulations. The hydrogen bonds between ligand and main
chain of L93 is highlight in black circle.
Optimization of the docked complexes by short MD simulations has been known to provide
better estimation of the binding energies.54,56 Therefore, in order to understand the
difference between the docked complexes of trans and cis form of different modulators we
performed short MD simulations and calculated binding energies using frames of these MD
simulation trajectories (see experimental part). The trans form of 5, 8, 10, 11, 12 and 13
show lower average binding energies as compared to their corresponding cis forms (Figure
38). On the other hand, the cis form of 7 shows lower binding energy as compared to trans
form.
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Figure 38. Average MM-GBSA binding energies (in kcal/mol) for different modulators in
trans and cis forms. Cis-6 and cis-9 did not give a binding mode with hinge region interaction
with any of the CK1D structures.

4.3

Discussion

Photopharmacology has established a plethora of solutions to reversibly control biological
processes from sub-second to hour time scales.34 However, reversible control over longterm biological processes (days), such as circadian rhythm, imposes an unmet challenge in
this field. Incorporation of photoswitches into drugs renders them dynamic and introduces
additional parameters relevant for their reversible biological activity. To obtain an on-off
biological photoswitch for long-term modulation, all photochemical and chemical
parameters must be fine-tuned. While pharmacological activity is the most important
parameter for non-photoswitchable small molecules, photoswitchable drugs have to
achieve chemical stability and a significant difference in activity between the two isomers,
as well as high photostationary distributions, thermal stability of the cis-isomer, and retain
a good solubility upon azologization. Moreover, for ex vivo and in vivo applications,
photoisomerization with visible-light has to be enabled.
Kinases have been recognized as one of the most promising drug targets for the treatment
of various types of human diseases.57–59 However, considering wide variety of druggable
kinase targets and the high structural similarity shared among the ATP binding pockets,
creating target-selective and localizing the drug effect is particularly challenging.57 All these
reasons pave the way for a photopharmacological approach, since light can be delivered
with high spatiotemporal resolution and reversibly mediate the activity of photoswitchable
drugs.24,27 CKI is serine/threonine selective kinase which regulates the pace of the circadian
oscillator. Genetic mutations of CKI-dependent phosphorylation site of the period protein
(PER) lead to the circadian period shortening and consequently to the ‘familial advanced
sleep phase’ disorder.60,61 Sleeping sickness is also circadian disorder connected to shorten

107

Chronophotopharmacology

circadian oscillations.7 Hence, there is a need to develop chronotherapeutics that can
lengthen the circadian period which is shortened below the 24 h base. Uniform cellular
regulatory mechanism throughout the entire mammalian body makes chronotherapeutics
non-selective and having almost the same effect in all types of the cells.10 Here, we
developed and optimized the first chronotherapeutic with reversible mode of action.
The photoresponsive circadian period modulator was obtained by incorporation of the
azobenzene photoswitch in the structure of longdaysin.10 First, the effect of substitution
point was explored yielding three regioisomeric azo-modulators, 5-7. Surprisingly, in vitro
and cellular assays revealed strong SAR dependence where the para-azolog (5) had no lightinduced modulation, the meta-regioisomer (6) exhibited convincing kinase and a week
cellular deactivation upon irradiation, while modulator 7 showed a minor light-induced
inhibition enhancement. However, significantly lower potency of modulator 7 upon
introduction of the azobenzene moiety in the ortho position and consequently the solubility
issue appearing, made us proceed with the photoswitchable kinase inhibitor 6.
To further fine-tune photochemical properties, a series of modifications were introduced in
modulator 6. The main emphasis of the optimization was to increase half-life, PSS
distribution and obtain visible-light control. All compounds were able to photo-modulate
the kinase activity. In contrast, only 10, 11 and 12 exhibited reversible photo-modulation
over the circadian period in cell assays. However, none of these modulators displayed all of
the desirable photochemical properties, since they also required UV light for trans-to-cis
photoisomerization. Modulators 10 and 12 had an impressive PSS distribution of 97% yet
suffered from short half-lives in cellular medium. On the contrary, introducing orthodifluoro substituents (11) led to a very stable cis-form but poor PSS distribution of 62%.
After identifying the importance of having a long half-life and high percentage of the cisisomer, in order to create a significant long-term biological effect, we have created
photoswitchable kinase inhibitor 13. Employing recent advances in tuning the
photochemical properties of photoswitches (higher PSS distributions,50 better band
separation,49 visible light induced photoisomerization,62 etc.), together with a thorough and
comprehensive study of the relation between photochemical properties and biological
effects, we have created a superior molecule 13 as a reversible and visible-light circadian
period modulator. Introducing fluorine atoms in all positions ortho to the azo group led to
the thermal stability and high percentage of the cis-isomer (86%) upon irradiation, and
enabled photoisomerization by visible light in both directions. With this photoswitchable
kinase inhibitor in hand, we were able to achieve the first long-term biological effect by
modulating the circadian period in Bmal1-U2OS reporter cells. Under the dark conditions,
modulator 13 exhibited the period lengthening which was almost fully suppressed upon
irradiation with green light (λmax = 530 nm). Back-isomerization with violet light (λmax = 400
nm) fully recovered previously exhibited circadian period lengthening of the sample kept in
dark. Remarkably, due to its thermal and metabolic stability, it was possible to employ
compound 13 as ‘’on’’ but also ‘’off’’ modulator, depending on which isomer is initially
applied to the cells. Together with the utilization of visible light for photoisomerization, this
result pave the way for the future ex vivo and in vivo studies where the circadian period can
be modulated reversibly and with high spatiotemporal resolution.
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4.5

Experimental section

4.5.1 Materials and methods
For general remarks, see chapter 2.
4.5.2 Chemical synthesis
6-chloro-9-isopropyl-9H-purine (1)63
6-Chloro-9H-purine (12.0 g, 77.6 mmol, 5.00 equiv) was added together
with 2-iodopropane (1.6 ml, 16 mmol, 1.0 equiv) to DMSO (0.2 L) and fine
K2CO3 powder (21.0 g, 15.6 mmol, 1.00 equiv) was added. The reaction
mixture was left for three days at room temperature. Subsequently, half of
the solvent was evaporated and the precipitate was filtered out and washed
with ethyl acetate. The filtrate was evaporated and the product was crashed out by adding
cold water to the DMSO solution. The product was obtained as a light-yellow solid (74%,
11.3 g, 57.4 mmol).
1

H NMR (400 MHz, CDCl3) δ 8.74 (s, 1H), 8.18 (s, 1H), 4.94 (hept, J = 6.8 Hz, 1H), 1.67 (d, J =
6.8 Hz, 6H).
N-(2-aminobenzyl)-9-isopropyl-9H-purin-6-amine (2)64
To a round-bottomed flask 1 (1.3 g, 6.7 mmol, 1.0 equiv), 2(aminomethyl)aniline (1.6 g, 13 mmol, 2.0 equiv), and DIPEA (5.8 ml,
34 mmol, 5.0 equiv) were stirred under reflux in n-BuOH (130 ml). The
solvent was evaporated and the crude was submitted to column
chromatography (SiO2; DCM:MeOH 95:5). The final product was
obtained as a light-yellow solid in 50% yield (0.95 g, 3.4 mmol).
1

H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H), 7.68 (s, 1H), 7.19 – 7.04 (m,
2H), 6.76 – 6.62 (m, 2H), 6.37 (d, J = 6.3 Hz, 1H), 4.87 – 4.80 (m, 1H),
4.46 (s, 2H), 1.58 (d, J = 6.8 Hz, 6H).
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N-(3-aminobenzyl)-9-isopropyl-9H-purin-6-amine (3)64
To a round-bottomed flask, 1 (1.3 g, 6.8 mmol, 1.0 equiv) was added
together with 3-(aminomethyl)aniline (1.0 g, 8.2 mmol, 1.2 equiv) and
N,N-diisopropylethylamine (DIPEA) (5.9 ml, 34 mmol, 5.0 equiv) in nBuOH (70 mL). The mixture was stirred under reflux for 2 h. n-BuOH
was evaporated and the crude was submitted to a column
chromatography (SiO2; DCM:MeOH 95:5). The final product was
obtained as a light-yellow solid in 82% yield (1.6 g, 5.6 mmol).
m.p. = 124-127 °C; 1H-NMR (400 MHz, CDCl3) δ 8.42 (s, 1H), 7.79 (s,
1H), 7.12 (t, J = 7.8 Hz, 1H), 6.77 (d, J = 7.6 Hz, 1H), 6.71 (s, 1H), 6.62 – 6.58 (m, 1H), 6.03 (s,
1H), 4.83 (td, J = 13.2, 6.3 Hz, 3H), 3.65 (s, 2H), 1.61 (d, J = 6.8 Hz, 6H) ppm; 13C-NMR (101
MHz, CDCl3) δ 154.7, 152.9, 146.7, 139.7, 137.3, 129.6, 120.1, 117.8, 114.2, 46.9, 41.0, 22.7
ppm (two carbon signals are missing); FTIR 3455, 3341, 2909, 1612, 646 cm-1; HRMS (ESI+)
calc. for C15H18N6 [M+H]+: 283.1665, found 283.1664.
N-(4-aminobenzyl)-9-isopropyl-9H-purin-6-amine (4)64
To a round-bottomed flask, 1 (1.3 g, 6.8 mmol, 1.0 equiv) was added
together with 4-(aminomethyl)aniline (1.0 g, 8.2 mmol, 1.2 equiv) and N,Ndiisopropylethylamine (DIPEA) (5.9 mL, 34 mmol, 5.0 equiv) in n-BuOH (70
mL). The mixture was stirred under reflux for 2 h. n-BuOH was evaporated
and the crude was submitted to column chromatography (SiO 2;
DCM:MeOH 95:5). The final product was obtained as a light-yellow solid in
61% yield (1.1 g, 4.0 mmol).
1

H NMR (400 MHz, CDCl3) δ 8.37 (s, 1H), 7.68 (s, 1H), 7.13 (d, J = 8.3 Hz,
1H), 6.60 (d, J = 8.4 Hz, 1H), 4.80 (hept, J = 6.8 Hz, 1H), 4.73 (s, 2H), 3.66 (s,
3H), 1.55 (d, J = 6.8 Hz, 6H) ppm; 13C NMR (101 MHz, CDCl3) δ 145.8, 137.4, 129.1, 128.8,
128.2, 119.2, 115.3, 115.2, 113.0, 48.0, 47.0, 22.7 ppm; FTIR 3322, 3216, 2974, 2930, 1609,
1516, 1325, 1226, 1064, 795, 645 cm-1; HRMS (ESI+) calc. for C15H18N6 [M+H]+: 283.1665,
found 283.1664.
(E)-9-isopropyl-N-(4-(phenyldiazenyl)benzyl)-9H-purin-6-amine (5)
Compound 2 (0.78 g, 2.8 mmol, 1.0 equiv) was dissolved
in acetic acid (15 ml), and nitrosobenzene (0.42 g, 3.9
mmol, 1.5 equiv) was added. The reaction mixture was
stirred at 50 °C for 24 h. Acetic acid was evaporated under
reduced pressure, the crude was dissolved in EtOAc and
the organic layer was washed with saturated NaHCO 3 aq.
solution, water and brine. The organic layer was dried over MgSO4, the solvent evaporated
and the product was purified by column chromatography (SiO 2; DCM/MeOH 95:5 → 9:1) to
yield 5 as an orange solid (75%, 0.8 g, 2.1 mmol).
m.p. = 131-132 °C; 1H-NMR (400 MHz, CDCl3) δ 8.43 (s, 1H), 7.94 – 7.87 (m, 4H), 7.78 (s, 1H),
7.57 – 7.42 (m, 5H), 6.30 (s, 1H), 4.99 (s, 2H), 4.85 (hept, J = 6.8 Hz, 1H), 1.61 (d, J = 6.8 Hz,
6H) ppm; 13C NMR (101 MHz, CDCl3) δ 152.8, 152.8, 152.6, 152.0, 141.8, 137.5, 131.0, 129.1,
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128.3, 123.2, 122.8, 47.0, 44.0, 22.7 ppm (two carbon signals are missing); FTIR 3266,
3217, 3291, 3146, 2911, 1622, 688 cm-1; HRMS (ESI+) calc. for C21H21N7 [M+H]+: 372.1931,
found 372.1929.
(E)-9-isopropyl-N-(3-(phenyldiazenyl)benzyl)-9H-purin-6-amine (6)
Compound 3 (0.6 g, 2.1 mmol, 1.0 equiv) was dissolved in
acetic acid (12 ml), and nitrosobenzene (0.3 g, 3.2 mmol, 1.5
equiv) was added. The reaction mixture was stirred at 50 °C for
24 h. Acetic acid was evaporated under reduced pressure, the
crude was dissolved in EtOAc and the organic layer was
washed with saturated NaHCO3 aqueous solution, water and
brine. The organic layer was dried over MgSO4, the solvent
evaporated and the product was purified by column
chromatography (SiO2; DCM/MeOH 95:5 → 9:1) to yield 6 as
an orange solid (62%, 0.5 g, 1.3 mmol).
m.p. = 112-114 °C; 1H-NMR: (400 MHz, DMSO-d6) δ 8.44 (s, 1H), 7.95 – 7.86 (m, 3H), 7.83 –
7.74 (m, 2H), 7.51 – 7.42 (m, 2H), 7.05 – 6.96 (m, 2H), 6.24 (s, 1H), 4.99 (s, 2H), 4.91 – 4.77
(m, 1H), 3.89 (s, 3H), 1.60 (d, J = 6.8 Hz, 6H) ppm; 13C-NMR (101 MHz, CDCl3) δ 154.6, 152.
9, 152.6, 140.0, 137.5, 131.0, 130.2, 129.4, 129.1, 122.8, 122.0, 47.0, 22.7 ppm (two carbon
signals are missing); FTIR 3260, 3135, 3052, 2976, 1614, 690 cm-1; HRMS (ESI+) calc. for
C21H21N7 [M+H]+: 372.1931, found 372.1933.
(E)-9-isopropyl-N-(2-(phenyldiazenyl)benzyl)-9H-purin-6-amine (7)
Compound 4 (0.3 g, 1.1 mmol, 1.0 equiv) was dissolved in
acetic acid (7 ml), and nitrosobenzene (0.2 g, 1.7 mmol, 1.5
equiv) was added. The reaction mixture was stirred at 50 °C for
24 h. Acetic acid was evaporated under reduced pressure, the
crude was dissolved in EtOAc and the organic layer was
washed with saturated aq. NaHCO3 solution, water and brine.
The organic layer was dried over MgSO4, the solvent
evaporated and the product was purified by column
chromatography (SiO2; DCM/MeOH 95:5 → 9:1) to yield 7 as
an orange solid (83%, 0.4 g, 0.9 mmol).
m.p. = 114-117 °C; 1H NMR (400 MHz, CDCl3) δ 8.43 (s, 1H), 7.95 – 7.87 (m, 2H), 7.76 – 7.67
(m, 2H), 7.63 (dd, J = 7.6, 1.6 Hz, 1H), 7.54 – 7.44 (m, 3H), 7.44 – 7.32 (m, 2H), 6.59 (s, 1H),
5.43 (s, 2H), 4.80 (hept, J = 6.8 Hz, 1H), 1.56 (d, J = 6.8 Hz, 6H) ppm; 13C-NMR (101 MHz,
CDCl3) δ 154.7, 152.8, 152.8, 150.2, 137.6, 137.2, 131.3, 131.2, 129.8, 129.1, 128.3, 123.1,
116.0, 46.9, 40.6, 22.7 ppm (two carbon signals are missing); FTIR 3219, 3130, 3051, 2978,
1618, 770, 684 cm-1; HRMS (ESI+) calc. for C21H21N7 [M+H]+: 372.1931, found 372.1925.
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Methyl (E)-3-((4-hydroxyphenyl)diazenyl)benzoate (15)
Methyl 3-aminobenzoate (2.57 g, 17.5 mmol, 1.20 equiv) was dissolved in
1 M aq. HCl solution and the solution cooled down in an ice bath.
Subsequently, NaNO2 (1.60 g, 22.0 mmol, 1.50 equiv) was added and the
reaction mixture was stirred for 10 min at 0 °C. Methanol (25 ml) was
added followed by the drop-wise addition of a solution of phenol (1.93 g,
14.6 mmol, 1.00 equiv) and KOH (2.14 g, 38.0 mmol, 2.60 equiv) in
methanol (20 ml). The mixture was left stirring for 1 h at room
temperature. Work-up was performed by adding 1 M aq. solution of HCl
(50 ml) and EtOAc (50 ml). The aqueous layer was extracted with EtOAc (3
x 50 ml), the organic layers were dried and concentrated under vacuum. The crude was
triturated by addition of diethyl ether and the precipitate was washed with pentane. The
product was obtained as an off-orange solid (66%, 2.47 g, 9.60 mmol).
m.p. = 155-157 °C; 1H-NMR (400 MHz, CDCl3) δ 8.52 (t, J = 1.9 Hz, 1H), 8.11 (dt, J = 7.7, 1.4
Hz, 1H), 8.08 – 8.04 (m, 1H), 7.93 – 7.88 (m, 2H), 7.58 (t, J = 7.8 Hz, 1H), 7.00 – 6.95 (m, 2H),
3.97 (d, J = 0.7 Hz, 3H) ppm; 13C-NMR (101 MHz, DMSO-d6) δ 166.2, 161.9, 152.6, 145.6,
131.3, 131.1, 130.5, 127.8, 125.7, 122.0, 116.5, 52.9 ppm; FTIR 3310 (br), 3297, 3060,
2965, 1701, 1594 cm-1; HRMS (ESI+) calc. for C14H12N2O3 [M+H]+: 257.0921, found 257.0919.

112

Reversible tuning of the circadian clock: long-term biological control with photopharmacology

Methyl (E)-3-((4-methoxyphenyl)diazenyl)benzoate (16)
In a round-bottomed flask, 15 (3.0 g, 12 mmol, 1.0 equiv) was dissolved in
acetone (90 ml) and subsequently methyl iodide (2.5 ml, 41 mmol, 3.5
equiv) and potassium carbonate (16 g, 0.12 mol, 10 equiv) were added.
The reaction mixture was stirred 16 h at 40 °C. After completion of the
reaction, diethyl ether and water were added. The organic layer was
separated, washed with brine, dried over MgSO4 and the solvent was
removed. The product was obtained as a pure orange solid after removal
of the solvent (97%, 3.1 g, 12 mmol).
m.p. = 87-90 °C; 1H-NMR (400 MHz, CDCl3) δ 8.56 – 8.49 (m, 1H), 8.11
(ddd, J = 7.7, 1.7, 1.2 Hz, 1H), 8.06 (ddd, J = 8.0, 2.0, 1.2 Hz, 1H), 7.99 – 7.92 (m, 2H), 7.61 –
7.55 (m, 1H), 7.06 – 6.99 (m, 2H), 3.97 (s, 3H), 3.91 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3)
δ 166.7, 162.4, 152.8, 146.9, 131.2, 131.0, 129.1, 126.7, 125.0, 123.7, 114.3, 55.6, 52.3 ppm;
FTIR 3076, 2941, 2841, 1717, 1252 cm-1; HRMS (ESI+) calc. for C15H14N2O3 [M+H]+:
271.1021, found 271.1077.
(E)-(3-((4-methoxyphenyl)diazenyl)phenyl)methanol (17)
Compound 16 (2.0 g, 7.4 mmol, 1.0 equiv) was dissolved in dry THF under
nitrogen in a flame-dried flask. The reaction mixture was cooled down
with an ice bath, followed by addition of LiAlH4 solution in THF (1 M, 7.4
ml, 7.4 mmol, 1.0 equiv), upon which the solution immediately turned
green. The reaction mixture was left to slowly warm up to room
temperature and left stirred for 16 h. The reaction was quenched by
adding methanol (20 ml), EtOAc (200 ml) and sodium tartrate (20 g in 400
ml of water) and letting it stir for 1 h. Subsequently, the aqueous layer
was extracted with ethyl acetate (3 x 80 ml), the organic layers were
washed with water, dried with brine and MgSO4 and concentrated under vacuum. The crude
product was purified with column chromatography (SiO 2; Pentane/EtOAc 2:1) and
precipitated with pentane. An orange solid was obtained in 66% yield (1.40 g, 5.77 mmol).
m.p. = 55-56 °C; 1H-NMR (400 MHz, CDCl3) δ 7.96 – 7.90 (m, 2H), 7.87 (tq, J = 1.4, 0.6 Hz,
1H), 7.83 – 7.79 (m, 1H), 7.53 – 7.47 (m, 1H), 7.45 (m, 1H), 7.07 – 6.97 (m, 2H), 4.80 (s, 2H),
3.89 (s, 3H), 1.86 (s, 1H) ppm; 13C-NMR (101 MHz, CDCl3) δ 162.1, 153.0, 147.0, 142.0, 129.3,
128.7, 124.8, 122.4, 120.3, 114.2, 65.0, 55.6 ppm; FTIR 3204 (br), 3088, 1595, 1255 cm-1;
HRMS (ESI+) calc. for C14H14N2O2 [M+H]+: 243.1128, found 243.1126.
(E)-1-(3-(bromomethyl)phenyl)-2-(4-methoxyphenyl)diazene (18)
Compound 17 (1.0 g, 4.1 mmol, 1.0 equiv) was dissolved in DCM (50 ml) and the solution
was cooled down with an ice-bath. NBS (1.1 g, 6.2 mmol, 1.5 equiv) and PPh3 (1.5 g, 5.7
mmol, 1.4 equiv) were added at 0 °C and the reaction mixture was allowed to warm to room
temperature. The mixture was stirred for 16 h followed by removal of solvent under
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reduced pressure. The crude was purified by column chromatography
(SiO2; Pentane/EtOAc 2:1), yielding compound 18 as a dark-red solid (96%,
1.2 g, 4.0 mmol).
m.p. = 60-62 °C; 1H-NMR (400 MHz, CDCl3) δ 7.96 – 7.91 (m, 2H), 7.90
(ddd, J = 2.4, 1.6, 0.9 Hz, 1H), 7.82 (ddd, J = 6.0, 3.2, 2.0 Hz, 1H), 7.50 –
7.46 (m, 2H), 7.05 – 6.99 (m, 2H), 4.58 (d, J = 0.4 Hz, 2H), 3.90 (s, 3H) ppm;
13
C-NMR (101 MHz, CDCl3) δ 162.1, 153.0, 147.0, 142.0, 129.3, 128.7,
124.8, 122.4, 120.3, 114.2, 65.0, 55.6 ppm; FTIR 3091, 2929, 2836, 1500,
687 cm-1; HRMS (ESI+) calc. for C14H13BrN2O [M+H]+: 305.0284, found 305.0288.
(E)-(3-((4-methoxyphenyl)diazenyl)phenyl)methanamine (19)
Compound 19 was obtained by reacting compound 18 (0.2 g, 0.7 mmol,
1.0 equiv) in ethanol (12 ml) with an excess of ammonia (25% in water,
4.0 ml) at room temperature for 16 h. The reaction mixture was quenched
with water (10 ml) and extracted with ethyl acetate two times (2x20 ml).
Then the organic layer was washed with brine, dried with MgSO 4 and
concentrated under vacuum. Column chromatography (SiO 2;
DCM/MeOH 98:2) was performed to obtain the pure product as an
orange solid (70%, 0.11 g, 0.46 mmol).
m.p. = 112-115 °C; 1H-NMR (400 MHz, DMSO-d6) δ 7.94 – 7.85 (m, 2H), 7.84 – 7.80 (m, 1H),
7.68 (dt, J = 6.9, 2.2 Hz, 1H), 7.51 – 7.45 (m, 2H), 7.15 – 7.09 (m, 2H), 3.85 (s, 3H), 3.83 (s,
2H) ppm; 13C-NMR (101 MHz, DMSO-d6) δ 162.4, 152.5, 146.7, 138.2, 130.1, 129.5, 124.9,
121.2, 121.0, 115.1, 56.1, 45.6 ppm; FTIR 3366 (br), 3302, 2923, 2838, 1599, 1249 cm-1;
HRMS (ESI+) calc. for C14H15N3O [M+H]+: 242.1288, found 242.1287.
(E)-9-isopropyl-N-(3-((4-methoxyphenyl)diazenyl)benzyl)-9H-purin-6-amine (10)
In a microwave vessel, 1 (75 mg, 0.38 mmol, 1.0 equiv)
was added together with the benzylamine 19 (0.11 g, 0.46
mmol, 1.2 equiv) and DIPEA (0.33 ml, 1.9 mmol, 5.0 equiv)
in n-BuOH (4 ml). The mixture was stirred under
microwave irradiation at 150 °C for 45 mins. After the
reaction was completed (followed by TLC), n-BuOH was
evaporated and the crude was directly submitted to a
column chromatography (SiO2; DCM/MeOH 95:5). A
mixture of 10 and 1 was obtained. The product was
further purified by recrystallization from DCM:Pentane (20 °C), obtaining an orange solid (57%, 45 mg, 0.11 mmol).
m.p. = 152-153 °C; 1H-NMR (400 MHz, CDCl3) δ 8.44 (s, 1H), 7.95 – 7.86 (m, 3H), 7.83 – 7.74
(m, 2H), 7.51 – 7.42 (m, 2H), 7.05 – 6.96 (m, 2H), 6.24 (s, 1H), 4.99 (s, 2H), 4.91 – 4.77 (m,
1H), 3.89 (s, 3H), 1.60 (d, J = 6.8 Hz, 6H) ppm; 13C-NMR (101 MHz, CDCl3) δ 162.1, 154.7,
153.1, 152.8, 147.0, 139.8, 137.4, 129.6, 129.3, 124.8, 121.7, 121.7, 120.2, 114.2, 77.3, 77.0,
76.7, 55.6, 46.9, 22.7 ppm (two carbon signals are missing); FTIR 3260, 3056, 2972, 1621,
1140 cm-1; HRMS (ESI+) calc. for C22H23N7O [M+H]+: 402.2037, found 402.2038.
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1-Methyl-4-nitrosobenzene (20)65
In a round-bottomed flask p-toluidine (1.4 g, 13 mmol, 1.0 equiv) and Oxone (8.0 g, 26
mmol, 2.0 equiv), were reacted for 15 min in a mixture of DCM (30 ml) and water (70 ml).
The organic layer was separated, the aqueous layer extracted with DCM and
organic layers were combined. Subsequent washings with aq. 1 M HCl, saturated
NaHCO3 aq. solution and brine were performed and the organic phase was dried
over MgSO4 and concentrated under vacuum. A final mixture 2:1 of nitroso:nitro
(0.62 g of mixture, 410 mg of nitroso present, 26% yield) was used directly for the
next step without any further purification.
1

H-NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.1 Hz, 2H), 7.41 – 7.36 (m, 2H), 2.44 (s, 3H) ppm.

(E)-9-isopropyl-N-(3-(p-tolyldiazenyl)benzyl)-9H-purin-6-amine (8)
Compound 3 (260 mg, 0.91 mmol, 1.0 equiv) was dissolved in acetic acid (15 ml) and 20 (170
mg, 1.4 mmol, 1.5 equiv) was added. The reaction mixture was gently heated at 50 °C during
16 h. Acetic acid was evaporated under reduced pressure,
the crude was dissolved in EtOAc and the organic layer was
washed with saturated aq. NaHCO3 solution, water and
brine. The organic layer was dried over MgSO4 and the
product was purified by column chromatography (SiO 2;
DCM/MeOH 95:5), followed by recrystallization
(DCM:Pentane). Compound 8 was obtained in 50% yield as
an orange solid (350 mg, 0.91 mmol).
m.p. = 154-155 °C; 1H-NMR (400 MHz, CDCl3) δ 8.44 (s, 1H),
7.93 (d, J = 2.0 Hz, 1H), 7.84 – 7.76 (m, 4H), 7.54 – 7.43 (m, 2H), 7.30 (d, J = 8.1 Hz, 2H), 6.18
(s, 1H), 5.00 (s, 2H), 4.85 (hept, J = 6.8 Hz, 1H), 2.43 (s, 3H), 1.61 (d, J = 6.8 Hz, 6H) ppm; 13CNMR (101 MHz, CDCl3) δ 154.8, 153.0, 152.9, 150.7, 141.6, 140.0, 137.4, 129.9, 129.7, 129.3,
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122.9, 121.8, 121.8, 46.9, 44.2, 22.7, 21.5 (two carbon signals are missing); FTIR 3263,
2978, 1620, 637 cm-1; HRMS (ESI+) calc. for C22H23N7 [M+H]+: 386.2088, found 386.2086.
Methyl (E)-4-((3-(((9-isopropyl-9H-purin-6-yl)amino)methyl)phenyl)diazenyl)benzoate (9)
Compound 3 (200 mg, 0.77 mmol, 1.0 equiv) was
dissolved in acetic acid (10 ml) and methyl 4nitrosobenzoate (130 mg, 0.85 mmol, 1.1 mmol) was
added. The reaction mixture was gently heated at 50
°C during 16 h. Acetic acid was evaporated under
reduced pressure, the crude was dissolved in EtOAc
and the organic layer was washed with saturated aq.
NaHCO3 solution, water and brine. The organic layer
was dried over MgSO4 and the product was purified by
column chromatography (SiO2; DCM/MeOH 95:5),
followed
by
recrystallization
(DCM:Pentane).
Compound 9 was obtained in 55% yield as an orange solid (180 mg, 0.42 mmol).
m.p. = 124-129 °C; 1H-NMR (400 MHz, CDCl3) δ 8.44 (s, 1H), 7.93 (d, J = 2.0 Hz, 1H), 7.84 –
7.76 (m, 4H), 7.54 – 7.43 (m, 2H), 7.30 (d, J = 8.1 Hz, 2H), 6.18 (s, 1H), 5.00 (s, 2H), 4.85 (hept,
J = 6.8 Hz, 1H), 2.43 (s, 3H), 1.61 (d, J = 6.8 Hz, 6H) ppm; 13C-NMR (101 MHz, CDCl3) δ 166.5,
155.0, 154.7, 152.9, 152.8, 140.3, 137. 5, 131.8, 130.8, 130.6, 129.4, 122.6, 122.2, 120.1,
52.3, 46.9, 44.2, 22.7 (two carbon signals are missing); FTIR 3265, 3066, 2980, 2888, 1717,
1617 cm-1; HRMS (ESI+) calc. for C23H23N7O2 [M+H]+: 430.1985, found 430.1986.
(E)-N-(3-((2,6-difluorophenyl)diazenyl)benzyl)-9-isopropyl-9H-purin-6-amine (11)
Compound 3 (50 mg, 0.17 mmol, 1.0 equiv) was dissolved in
acetic acid (3 ml) and 1,3-difluoro-2-nitrosobenzene (38 mg,
0.26 mmol, 1.5 equiv) was added. The reaction mixture was
gently heated at 50 °C during 16 h. Acetic acid was evaporated
under reduced pressure, the crude was dissolved in ethyl
acetate and the organic layer was washed with saturated aq.
NaHCO3 solution, water and brine. The organic layer was dried
over MgSO4 and the product was purified by column
chromatography (SiO2; DCM/MeOH 95:5), followed by
recrystallization (DCM:Pentane). Compound 11 was obtained
in 20% yield as an orange solid (25 mg, 0.06 mmol).
m.p. = 155-157 °C; 1H-NMR (400 MHz, CDCl3) δ 8.41 (s, 1H), 7.94 (d, J = 2.0 Hz, 1H), 7.82 (dt,
J = 7.9, 1.5 Hz, 1H), 7.69 (s, 1H), 7.59 – 7.53 (m, 1H), 7.46 (t, J = 7.7 Hz, 1H), 7.30 (tt, J = 8.6,
5.9 Hz, 1H), 7.09 – 6.97 (m, 2H), 6.72 (t, J = 6.1 Hz, 1H), 5.01 (s, 2H), 4.81 (hept, J = 6.7 Hz,
1H), 1.56 (d, J = 6.8 Hz, 6H) ppm; 13C-NMR (101 MHz, CDCl3) δ 155.7 (dd, J = 259.1, 4.4 Hz),
154.7, 153.4, 152.8, 140.3, 137.4, 131.1, 130.3 (t, J = 10.3 Hz), 129.4, 122.2, 121.8, 120.1,
113.1 – 111. 8 (m), 46.9, 44.2, 22.7 ppm (two carbon signals are missing); 19F-NMR (376
MHz, CDCl3) δ -121.52 – -121.65 (m) ppm; FTIR 3263, 2978, 1614, 727 cm-1; HRMS (ESI+)
calc. for C21H19N7F2 [M+H]+: 408.1743, found 408.1739.
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3-(2-(3-(((9-isopropyl-9H-purin-6-yl)amino)methyl)phenyl)hydrazineyl)pentane-2,4-dione
(23)50
NaNO2 (89 mg, 1.3 mmol, 1.2 eq.) dissolved in a minimum amount
of water was added dropwise to a solution of 3 (300 mg, 1.1 mmol,
1.0 eq.) in AcOH (1.5 mL) and aq. HCl (12 M, 260 μL) at 0 °C. After
stirring for 45 mins the resulting diazonium salt was transferred to a
suspension of pentane-2,4-dione (140 μL, 1.4 mmol, 1.3 eq.) and
NaOAc (260 mg, 3.2 mmol, 3.0 eq.) in EtOH (1.1 mL) and water (0.7
mL). The mixture was stirred for 1 h and the resulting yellow
precipitate was collected via vacuum filtration. After washing with
water, water/EtOH (1:1) and hexane the yielded solid was dried
under vacuum affording the desired compound as a yellow solid
(57%, 240 mg, 0.6 mmol). The crude mixture was used in the next step without further
purification.
1

H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 7.85 (s, 1H), 7.46 (d, J = 1.9 Hz, 1H), 7.40 – 7.32 (m,
3H), 7.32 – 7.27 (m, 1H), 7.24 (d, J = 7.4 Hz, 1H), 4.98 – 4.81 (m, 3H), 2.58 (s, 3H), 2.40 (s,
3H), 1.61 (d, J = 6.8 Hz, 6H) ppm; 13C NMR (101 MHz, CDCl3) δ 197.4, 197.3, 154.4, 152.6,
140.0, 137.7, 134.3, 129.9, 129.1, 126.4, 125.8, 120.3, 116.7, 47.0, 40.9, 31.6, 26.7, 22.7
ppm.
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(E)-9-isopropyl-N-(3-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)benzyl)-9H-purin-6-amine
(12)
Methylhydrazine (42 μL, 0.78 mmol, 1.0 eq.) was added to a solution of 23 (280 mg, 0.71
mmol, 1.0 eq.) in EtOH (10 mL) and the mixture was heated at reflux
for 3 h. Concentration under reduced pressure followed by flash
column chromatography (SiO2; DCM/MeOH 98:2) yielded 12 as a dark
yellow solid (76%, 219 mg, 0.54 mmol).
1

H NMR (400 MHz, CDCl3) δ 8.42 (s, 1H), 7.79 (d, J = 1.9 Hz, 1H), 7.76 –
7.63 (m, 2H), 7.44 – 7.36 (m, 2H), 6.68 – 6.60 (m, 1H), 4.96 (s, 2H), 4.81
(hept, J = 6.7 Hz, 1H), 3.76 (s, 3H), 2.54 (s, 3H), 2.47 (s, 3H), 1.57 (d, J =
6.8 Hz, 7H) ppm; 13C NMR (101 MHz, CDCl3) δ 154.7, 153.9, 152.8,
142.5, 139.6, 138.8, 137.3, 135.1, 129.2, 128.5, 126.1, 121.1, 120.9,
120.0, 119.9, 46.9, 44.5, 36.0, 22.7, 13.8, 10.0 ppm.
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2,6-difluorobenzenediazonium (24)66
2,6-Difluoroaniline (2.0 g, 16 mmol, 1.0 equiv) and 50% weight HBF 4 (5.2
ml, 42 mmol, 2.7 equiv) were dissolved in water (6 ml) and cooled down in
an ice bath. Subsequently, NaNO2 (1.1 g, 16 mmol, 1.0 equiv) in water (3
ml) was added dropwise to the reaction mixture and it was stirred for 45
mins at 0 °C. Next, the reaction mixture was filtrated over a glass filter and the crystals were
washed with cold diethyl ether and dried under vacuum (63%, 2.2 g, 9.7 mmol). The product
was used immediately after, but if needed it was stored at room temperature in the dark
under N2 atmosphere to prevent degradation.
1

H-NMR (400 MHz, DMSO-d6): δ 8.58 – 8.45 (m, 1H), 7.99 – 7.86 (m, 2H) ppm.

(E)-1-(2,6-difluoro-3-methylphenyl)-2-(2,6-difluorophenyl)diazene (25)66
2,4-difluoro-1-methylbenzene (1.0 ml, 8.8 mmol, 1.0 equiv) was dissolved in dry THF (15
ml). The mixture was cooled down to -78 °C and slow addition of n-BuLi (1.6 M in hexane,
5.5 ml, 8.8 mmol, 1.0 equiv) was performed. The reaction mixture was
stirred for 1 h at the same temperature and, subsequently, 24 (2.0 g,
8.8 mmol, 1.0 equiv) was added at once to the reaction mixture. Then,
the solution was allowed to warm up to room temperature over 1.5 h
until it was quenched by the addition of aq. NaHCO 3 solution. The
aqueous phase was extracted with EtOAc, and the organic layers were washed with brine,
dried over MgSO4 anhydrous and concentrated under reduced pressure. Purification was
performed using column chromatography (SiO2, Pentane/EtOAc 98:2) obtaining 25 as a
dark red solid (77%, 1.8 g, 6.7 mmol).
1

H-NMR (400 MHz, DMSO-d6) δ 7.66 – 7.57 (m, 1H), 7.51 (q, J = 7.8 Hz, 1H), 7.39 – 7.31 (m,
2H), 7.29 – 7.22 (m, 1H), 2.28 (s, 3H) ppm; 13C-NMR (101 MHz, DMSO-d6) δ 156.3 (d, J = 4.1
Hz), 154.48 – 154.26 (m), 153.8 (d, J = 4.1 Hz), 151.8 (d, J = 3.7 Hz), 134.4 (dd, J = 10.0, 7.1
Hz), 133.5 (t, J = 10.6 Hz), 113.8 – 113.7 (m), 113.6 (d, J = 3.0 Hz), 112.9 (d, J = 4.0 Hz), 112.7
(d, J = 4.1 Hz), 14.1 (d, J = 3.8 Hz) ppm; HRMS (ESI+) for C13H8F4N2: calculated 269.0696,
measured 269.0697.
(E)-1-(3-(bromomethyl)-2,6-difluorophenyl)-2-(2,6-difluorophenyl)diazene (26)
In a Schlenk flask under inert atmosphere, 25 (0.5 g, 1.9 mmol, 1.0 equiv) was dissolved in
tetrachloromethane (15 ml). N-bromosuccinimide (0.4 g, 2.1 mmol,
1.1 equiv) was subsequently added together with the radical initiator
benzoyl peroxide (BPO, 10 mol%, 55 mg, 0.2 mmol). The reaction
mixture was heated up to 85 °C and it was left to react for 16 h until
competition was observed. The solvent was removed under reduced
pressure and the crude mixture was dissolved in EtOAc. The organic
phase was washed with aq. NaHCO3 and brine, dried over MgSO4, filtrated and evaporated
under vacuum. The crude was purified by flash column chromatography (SiO 2, Pentane/EA
100:0 → 95:5) yielding 26 as a dark red solid (64%, 0.4 g, 1.2 mmol).
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1

H-NMR (400 MHz, CDCl3) δ 7.60 – 7.32 (m, 2H), 7.07 (td, J = 10.2, 9.6, 3.8 Hz, 3H), 4.55 (s,
2H) ppm; 13C-NMR (101 MHz, CDCl3) δ 157.0 (d, J = 4.1 Hz), 156.6, 154.7, 132.5 (dd, J = 10.3,
5.1 Hz), 131.8 (t, J = 10.5 Hz), 112.9 (d, J = 4.4 Hz), 112.8, 112.8 – 112.7 (m), 112.7, 112.6 –
112.5 (m), 24.4 (d, J = 5.2 Hz) ppm.
(E)-(3-((2,6-difluorophenyl)diazenyl)-2,4-difluorophenyl)methanamine (27)
26 (440 mg, 1.26 mmol, 1.00 equiv) was added in an ammonia
solution in methanol (7N, 6 ml) and extra methanol was added (3
ml). The turbid solution was stirred at room temperature over 16 h.
After this time, the solution became clear. The solvent was removed
under reduced pressure and the crude was used in the next step
without further purification (quant, 0.35 g, 1.2 mmol).
1

H-NMR (400 MHz, DMSO-d6) δ 8.22 (s, 2H), 7.75 (td, J = 8.3, 5.8 Hz, 1H), 7.65 (tt, J = 8.5, 6.1
Hz, 1H), 7.48 (ddd, J = 10.4, 8.8, 1.5 Hz, 1H), 7.42 – 7.32 (m, 2H), 4.15 (s, 2H) ppm.

(E)-N-(3-((2,6-difluorophenyl)diazenyl)-2,4-difluorobenzyl)-9-isopropyl-9H-purin-6-amine
(13)
Compound 27 (500 mg, 1.77 mmol, 1.20 equiv), compound 1
(287 mg, 1.46 mmol, 1.00 equiv) and DIPEA (1.00 ml, 6.10
mmol, 5.00 equiv) were added together in n-BuOH (15 ml) in
a microwave vessel. The mixture was stirred under microwave
irradiation at 150 °C for 45 mins. After the reaction was
complete (followed by TLC), n-BuOH was evaporated and the
crude was directly submitted to a column chromatography
(SiO2; DCM/MeOH 95:5). Recrystallization (EtOAc:Pentane)
yielded 13 as a red solid (22%, 139 mg, 0.31 mmol).
m.p. = 60-63 °C; 1H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 7.80 (s, 1H), 7.54 (td, J = 8.3, 5.8
Hz, 1H), 7.36 (tt, J = 8.2, 5.8 Hz, 1H), 7.11 – 7.00 (m, 2H), 6.98 (ddd, J = 10.3, 8.8, 1.7 Hz, 1H),
6.52 (s, 1H), 4.99 (s, 2H), 4.83 (hept, J = 6.8 Hz, 1H), 1.59 (d, J = 6.8 Hz, 7H) ppm; 13C NMR
(101 MHz, CDCl3) δ 156.89 (d, J = 4.1 Hz), 155.98 (d, J = 4.0 Hz), 154.78 (d, J = 4.2 Hz), 154.48,
154.29 (d, J = 4.1 Hz), 153.38 (d, J = 4.0 Hz), 152.57, 152.18 (d, J = 4.2 Hz), 137.62, 131.78 –
131.56 (m), 131.44 (d, J = 10.3 Hz), 123.25 (dd, J = 14.0, 4.0 Hz), 120.16, 112.84 – 112.40
(m), 112.20 (dd, J = 20.2, 4.1 Hz), 47.03, 37.84, 22.66 ppm; 19F NMR (376 MHz, CDCl3) δ 121.16 (dd, J = 9.1, 5.8 Hz), -122.21 (dd, J = 10.3, 5.9 Hz), -126.13 (d, J = 8.0 Hz) ppm; FTIR
3272, 2979, 1612, 1473, 1224, 1020, 786, 648 cm-1; HRMS (ESI+) calc. for C21H17N7F4 [M+H]+:
444.1554, found 444.1556.
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4.5.3 LCMS traces of stability studies
Compound 13

Figure S2. Chemical stability of compound 13 under dark and irradiation conditions followed
by LCMS. All the samples were prepared as 40 μM solution in in vitro buffer or cellular
medium. ‘Buffer’ and ‘medium’ samples were injected immediately upon dissolving
compound 13, ‘buffer_3h_dark’ was injected after 3 h of keeping the solution in dark,
‘buffer_3h_365nm’ after irradiation of the sample for 3 h with UV light in in vitro buffer,
and ‘medium_30min_400nm’ after 30 min of irradiation with 400 nm in cellular medium.
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The trans-isomer was followed at the retention time of 10.41-10.42 min and the cis-isomer
at the retention time of 10.00-10.02 min. Masses of both isomers in different media are also
shown. Products of reduction or oxidation were not observed.
4.5.4 Half-life measurements
Compound 13

Figure S3. Determination of half-life for compound 13 in (A) DMSO (25 °C, ~40 μM), (B) in
vitro buffer (30 °C, ~40 μM), and (C) cellular medium (35 °C, ~60 μM). (D) Thermal half-live
in cellular medium (35 °C, 60 μM). Upon reaching PSS distribution with UV light, thermal
back-isomerization was followed in the dark for 14 h. After this period blue light (λmax = 400
nm, blue rectangle) was applied for 8 min in order to confirm presence of the cis-isomer
and estimate cis-to-trans ratio. After additional 1 h in dark, trans-to-cis isomerization was
again performed by irradiation with green light (λmax = 530 nm, green rectangle).
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4.5.5

Solubility test

Solubility studies were performed in in vitro buffer and cellular medium. Half of the
solutions of the compounds in DMSO was thermally adapted (‘Dark’) and the other half was
irradiated for 1 h with UV light (λmax = 365 nm, ‘Light’). Solubility is indicated in the Table S1.
Concentrations that showed precipitation were excluded from the dose-response curves.
Table S1. Solubility of the photoswitchable compounds in the highest concentrations that
were used in the biological assays.

4.5.6

In vitro assay

The in vitro kinase activity assay was conducted as described previously with modifications
for the irradiation experiments.10,43,67
Reagents
x

CKIα buffer:

Table S2. Components and concentrations needed to prepare the CKIα buffer and the final
concentration present in the assay mixture.
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x

ATP solution:

From a commercial 100 mM solution, with the necessary dilutions 50 μM ATP solution in
buffer is obtained.
x

CKIα and peptide solution:

The following solutions were prepared, sufficient for 50 enzymatic reactions.
Table S3. Preparation of the enzyme and peptide solution for 50 kinase reactions.

To the solution containing the custom synthesized peptide was added 200 μL of x2.5 buffer.
The solution was mixed gently, after which the whole volume was transferred to an
Eppendorf cup containing the CKIα enzyme solution. MilliQ water (243 μL) was added, and
the solution was mixed.
x

DMSO solutions of photoswitches:

A stock solution of 7.4 mM in DMSO was made and thermally adapted. Two series of eight
samples were prepared with consecutive three-time dilutions from the stock solution. One
of the series (‘dark’ samples) was prepared in dark Eppendorf cups, the other series (‘light’
samples) was pre-irradiated with UV light or green light (365 nm, UV lamp Spectroline, ENB280C/FE, 1x8 Watt; 530 nm, 3x Nichia NCSG219B-V1, 3x550 mW) for 45 min. All the
solutions were applied to the well plate under dark conditions in order to prevent ambientlight-induced photo-isomerization.
Assay procedure
The assays were performed on a white, solid-bottom 384-well Corning plates. The total
volume for the reaction is 10 μl reaction volume. Firstly, a solution of CKIα and peptide was
added to the bottom of the well (9 μL, 1 ng/μl CKIα, 50 μM peptide substrate). Next, a
corresponding solution of the compound (0.5 μL, final 5% DMSO) followed by 50 μM ATP
solution (1 μL) were pipetted into the upper corners of each well. The enzymatic reaction
was started by spinning down the plate (3000 rpm, 2 min).
By employing this method, all reactions were started at the same time, minimizing variance
between different samples. Incubation for 3 h at 30 °C allowed for the enzymatic
phosphorylation of the substrate peptide. As the reaction started, the wells with ‘light’
samples were irradiated with UV light or kept in dark in case of experiments with 6 and 13.
‘Dark’ (0 min pre-irradiation) wells were covered with an aluminum sticker from the
beginning. After the incubation period (3 h), 10 μL Kinase Glo® (Promega) was pipetted into
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the wells. To stabilize the luminescent signal, the plate was incubated for 10 min at room
temperature, after which the luminescent signal was recorded by a plate reader (BioTek
Synergy H1).
Data analysis
The data obtained from the in vitro kinase assay was analyzed using GraphPad software, in
which the luminescence outcome is normalized. Normalization is done using a luminescent
output of the control that contained high concentration of longdaysin (370 μM) as 100%
inhibition and for 0% inhibition a luminescence in case where the inhibitor was not present.
The obtained values present the percentage of inhibition. In order to obtain CKIα activity,
those values were subtracted from 100%. Fiinally, a dose-response fit was used to obtain
the IC50 value.
1.1.1.10 Longdaysin

Figure S4. Dose-response curves for longdaysin. In black is shown inhibition under dark
condition and in purple upon irradiation of DMSO stock solution (7.4 mM) for 1 h followed
by UV light irradiation during the course of the assay. The results of the assays are mean ±
SD (n = 2).
1.1.1.11 Compound 6

Figure S5. Dose-response curves for compound 6. In black is shown inhibition under dark
condition and in purple upon irradiation of DMSO stock solution (7.4 mM) for 1 h, which
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was added to the in vitro assay mixture followed by dark during the course of the assay. The
results of the assays are mean ± SD (n = 2).
1.1.1.12 Compound 8
At higher concentration precipitation of compound 8 occurs, giving residual kinase activity.

Figure S6. Dose-response curves for compound 8. In black is shown inhibition under dark
condition and in purple upon pre-irradiation of DMSO stock solution (7.4 mM) for 1 h
followed by UV light irradiation during the course of the assay. The results of the assays are
mean ± SD (n = 2).
1.1.1.13 Compound 9
At higher concentration precipitation of compound 9 occurs, giving residual kinase activity.

Figure S7. Dose-response curves for compound 9. In black is shown inhibition under dark
condition and in purple upon pre-irradiation of DMSO stock solution (7.4 mM) for 1 h
followed by UV light irradiation during the course of the assay. The results of the assays are
mean ± SD (n = 2).
4.5.7 Evaluation of the circadian period photo-modulation
Stable U2OS reporter cells harboring Bmal1-dLuc reporter were suspended in culture
medium [DMEM (11995-073, Gibco) supplemented with 10% fetal bovine serum, 0.29
mg/mL L-glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin] and plated onto
a white, solid-bottom 384-well plates at 30 μL (3,000 cells) per well. After 2 days, 40 μL of
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explant medium [DMEM (12800-017, Gibco) supplemented with 2% B27 (Gibco), 10 mM
HEPES, 0.38 mg/mL sodium bicarbonate, 0.29 mg/mL L-glutamine, 100 units/mL penicillin,
100 μg/mL streptomycin, and 0.2 or 1 mM luciferin; pH 7.2] was dispensed into each well,
followed by the application of 500 nL of compounds (dissolved in DMSO; final 0.7% DMSO).
The plate was covered with an optically clear film, and luminescence was recorded every
100 min for 5 days in a microplate reader, Infinite M200Pro (Tecan) or Synergy2
(BioTafterek). Pre-irradiation with UV light was performed at a distance of 10 cm, preirradiation with white light at a distance of 20 cm, and pre-irradiation with green light at a
distance of 2 cm to cells. Cellar white light irradiation at a distance of 10 cm, cellar green
light irradiation at a distance of 13.5 cm, and cellar violet light irradiation at a distance of 12
cm were conducted after application of compound to cells. Circadian period was
determined from luminescence rhythms by a curve fitting program MultiCycle (Actimetrics).
The luminescence intensity was calculated by averaging the intensity during the entire
experiment. Data from the first day was excluded from analysis, because of transient
changes in luminescence upon medium change. LogEC2h was obtained by sigmoidal doseresponse fitting of dilution series data (3-fold, 12 points) with Prism software (GraphPad
Software).

Figure S8. The circadian period modulation using modulators 8 and 9. In red is shown period
change of longdaysin while in black and purple are shown effects of the pure trans-isomer
and cis-enriched mixture upon UV-light irradiation. The results of the assays are mean ± SD
(n = 2).
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Figure S9. Absorption spectrum of luciferin at pH 7.4 (0.1 mM in water) and of cellular
medium containing luciferin (0.1 mM).
4.5.8

Molecular docking

Two crystal structures of CK1D are available in the Protein Data Bank, one is in apo form
(PDB ID: 5FQD) and the other in complex with a ligand at the ATP binding site (PDB ID:6GZD).
Both of these structures were used for the docking studies of compounds. There were two
molecules of CK1D in the asymmetric unit of 5FQD (Chain ids C and F). The conformation of
the two chains was identical with RMSD of 0.29 Å. Hence, only one chain (Chain C) was used
for docking into the apo form. The asymmetric unit of ligand bound form (PDB ID: 6GZD)
contained single molecule, which was used for docking studies.
Prior to docking of the compounds, both the protein structures were prepared using Protein
Preparation Wizard of Schrodinger software suite (Schrödinger Release 2018-4: Protein
Preparation Wizard; Epik, Schrödinger, LLC, New York, NY, 2016; Impact, Schrödinger, LLC,
New York, NY, 2016; Prime, Schrödinger, LLC, New York, NY, 2018). This involved addition
of missing side chain atoms, addition of hydrogens, optimization of hydrogen bonds and
restrained minimization of the protein molecules with convergence to maximum RMSD of
0.3 Å.
The trans and cis forms of each molecule were subjected to ligand preparation protocol of
Schrodinger using LigPrep (Schrödinger Release 2018-4: LigPrep, Schrödinger, LLC, New
York, NY, 2018). The prepared ligands were then docked to the ATP binding site using Glide
XP (Schrödinger Release 2018-4: Glide, Schrödinger, LLC, New York, NY, 2018).68 After each
docking run, the protein-ligand complexes with at least one hydrogen bond to the hinge
region, more specifically to the backbone of L93 residue of CK1D and high glide score were
selected for further analysis.
Molecular dynamics simulation was performed in explicit solvent for each of the selected
complexes for 1.2 ns using Desmond69 (Schrödinger Release 2018-4: Desmond Molecular
Dynamics System, D. E. Shaw Research, New York, NY, 2018. Maestro-Desmond
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Interoperability Tools, Schrödinger, New York, NY, 2018) and OPLS3e force field.70 The
protein-ligand complex was solvated in an octahedral box with TIP3P water molecules. LBFGS energy minimization was performed for the whole system with convergence threshold
of 1 kcal/mol/Å. The energy minimized system was then equilibrated in an NVT ensemble
at 10K for 100 ps using Brownian Dynamics and restraints on solute heavy atoms. This was
followed by NVT equilibration at 10K for 12 ps with restraints on solute heavy atoms. A 12
ps NPT equilibration was then performed at 10K with restraints on solute heavy atoms.
Further equilibration at 310 K in NPT ensemble was performed for 12 ps and 24 ps with and
without restraints on solute heavy atoms respectively. The equilibrated system was used to
perform molecular dynamics simulation in NPT conditions at 310K for 1.2 ns without any
restraints. The MD trajectories were analyzed with the “simulation quality analysis” in
Desmond and the last 1 ns trajectory was used for further analysis.
Twenty equally spaced frames were extracted from the last 1ns trajectory of each proteinligand complex and MM-GBSA calculations were performed for each frame using Prime
module of Schrodinger (Schrödinger Release 2018-4: Prime, Schrödinger, LLC, New York,
NY, 2018).

Figure S10. Binding mode of trans-5 (A) and cis-5 (B) obtained after Glide XP docking and
further used for MD simulations.
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Figure S11. Binding mode of trans-6 (A) obtained after Glide XP docking and further used
for MD simulations.

Figure S12. Binding mode of trans-7 and cis-7 obtained after Glide XP docking and further
used for MD simulations.

Figure S13. Binding mode of trans-9 obtained after Glide XP docking and further used for
MD simulations.
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Figure S14. Binding mode of trans-10 and cis-10 obtained after Glide XP docking and further
used for MD simulations.

Figure S15. Binding mode of trans-11 and cis-11 obtained after Glide XP docking and further
used for MD simulations.

Figure S16. Binding mode of trans-12 and cis-12 obtained after Glide XP docking and further
used for MD simulations.
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Figure S17. Binding mode of trans-13 and cis-13 obtained after Glide XP docking and further
used for MD simulations.

4.6

References

(1) Crnko, S.; Du Pré, B. C.; Sluijter, J. P. G.; Van Laake, L. W. Nat. Rev. Cardiol. 2019, 16, 437–447.
(2) Schultz, T. F.; Kay, S. A. Science 2003, 301 (5631), 326–328.
(3) Bass, J.; Lazar, M. A. Science 2016, 354 (6315), 994–999.
(4) Sulli, G.; Manoogian, E. N. C.; Taub, P. R.; Panda, S. Trends Pharmacol. Sci. 2018, 39 (9), 812–827.
(5) Sahar, S.; Sassone-Corsi, P. Nat. Rev. Cancer 2009, 9, 886–896.
(6) Takahashi, J. S.; Hong, H. K.; Ko, C. H.; McDearmon, E. L. Nat. Rev. Genet. 2008, 9, 764–775.
(7) Rijo-Ferreira, F.; Carvalho, T.; Afonso, C.; Sanches-Vaz, M.; Costa, R. M.; Figueiredo, L. M.; Takahashi, J. S. Nat.
Commun. 2018, 9 (1), 62.
(8) Wallach, T.; Kramer, A. FEBS Letters. 2015, 589 (14), 1530-1538.
(9) Chen, Z.; Yoo, S.-H.; Takahashi, J. S. Cell. Mol. Life Sci. 2013, 70 (16), 2985–2998.
(10) Hirota, T.; Lee, J. W.; Lewis, W. G.; Zhang, E. E.; Breton, G.; Liu, X.; Garcia, M.; Peters, E. C.; Etchegaray, J.-P.;
Traver, D.; et al. PLoS Biol. 2010, 8 (12), e1000559.
(11) Lee, J. W.; Hirota, T.; Peters, E. C.; Garcia, M.; Gonzalez, R.; Cho, C. Y.; Wu, X.; Schultz, P. G.; Kay, S. A. Angew.
Chem. Int. Ed. 2011, 50 (45), 10608–10611.
(12) Oshima, T.; Yamanaka, I.; Kumar, A.; Yamaguchi, J.; Nishiwaki-Ohkawa, T.; Muto, K.; Kawamura, R.; Hirota, T.;
Yagita, K.; Irle, S.; et al. Angew. Chem. Int. Ed. 2015, 54 (24), 7193–7197.
(13) Oshima, T.; Niwa, Y.; Kuwata, K.; Srivastava, A.; Hyoda, T.; Tsuchiya, Y.; Kumagai, M.; Tsuyuguchi, M.; Tamaru,
T.; Sugiyama, A.; et al. Sci. Adv. 2019, 5 (1), eaau9060.
(14) Hastings, M. H.; Reddy, A. B.; Maywood, E. S. Nat. Rev. Neurosci. 2003, 4 (8), 649–661.
(15) Meng, Q.-J.; Maywood, E. S.; Bechtold, D. A.; Lu, W.-Q.; Li, J.; Gibbs, J. E.; Dupré, S. M.; Chesham, J. E.;
Rajamohan, F.; Knafels, J.; et al. Proc. Natl. Acad. Sci. U. S. A. 2010, 107 (34), 15240–15245.
(16) Takahashi, J. S. Nat. Rev. Genet. 2017, 18 (3), 164–179.
(17) Ko, C. H.; Takahashi, J. S. Hum. Mol. Genet. 2006, 15 (2), R271–R277.
(18) Eide, E. J.; Woolf, M. F.; Kang, H.; Woolf, P.; Hurst, W.; Camacho, F.; Vielhaber, E. L.; Giovanni, A.; Virshup, D.
M. Mol. Cell. Biol. 2005, 25 (7), 2795–2807.
(19) Siepka, S. M.; Yoo, S. H.; Park, J.; Song, W.; Kumar, V.; Hu, Y.; Lee, C.; Takahashi, J. S. Cell 2007, 129 (5), 1011–
1023.
(20) Lee, J. W.; Hirota, T.; Ono, D.; Honma, S.; Honma, K. I.; Park, K.; Kay, S. A. J. Med. Chem. 2019, 62 (4), 1989–
1998.
(21) Szymański, W.; Beierle, J. M.; Kistemaker, H. A. V.; Velema, W. A.; Feringa, B. L. Chem. Rev. 2013, 113 (8),
6114–6178.

132

Reversible tuning of the circadian clock: long-term biological control with photopharmacology

(22) Gorostiza, P.; Isacoff, E. Y. Science 2008, 322 (5900), 395–399.
(23) Mayer, G.; Hechel, A. Angew. Chem. Int. Ed. 2006, 45 (30), 4900–4921.
(24) Lerch, M. M.; Hansen, M. J.; van Dam, G. M.; Szymanski, W.; Feringa, B. L. Angew. Chem. Int. Ed. 2016, 55 (37),
10978–10999.
(25) Kolarski, D.; Sugiyama, A.; Breton, G.; Rakers, C.; Ono, D.; Schulte, A.; Tama, F.; Itami, K.; Szymanski, W.; Hirota,
T.; et al. J. Am. Chem. Soc. 2019, 141 (40), 15784-15791.
(26) Velema, W. A.; Szymanski, W.; Feringa, B. L. J. Am. Chem. Soc. 2014, 136 (6), 2178–2191.
(27) Broichhagen, J.; Frank, J. A.; Trauner, D. A Acc. Chem. Res. 2015, 48 (7), 1947–1960.
(28) Velema, W. A.; van der Berg, J. P.; Hansen, M. J.; Szymanski, W.; Driessen, A. J. M.; Feringa, B. L. Nat. Chem.
2013, 5 (11), 924–928.
(29) Hansen, M. J.; Hille, J. I. C.; Szymanski, W.; Driessen, A. J. M.; Feringa, B. L. Chem 2019, 5 (5), 1293–1301.
(30) Stein, M.; Middendorp, S. J.; Carta, V.; Pejo, E.; Raines, D. E.; Forman, S. A.; Sigel, E.; Trauner, D. Angew. Chem.
Int. Ed. 2012, 51 (42), 10500–10504.
(31) Frank, J. A.; Yushchenko, D. A.; Fine, N. H. F.; Duca, M.; Citir, M.; Broichhagen, J.; Hodson, D. J.; Schultz, C.;
Trauner, D. Chem. Sci. 2017, 8 (11), 7604–7610.
(32) Ferreira, R.; Nilsson, J. R.; Solano, C.; Andréasson, J.; Grøtli, M. Design, Sci. Rep. 2015, 5 (1), 9769.
(33) Frank, J. A.; Yushchenko, D. A.; Hodson, D. J.; Lipstein, N.; Nagpal, J.; Rutter, G. A.; Rhee, J. S.; Gottschalk, A.;
Brose, N.; Schultz, C.; et al. Nat. Chem. Biol. 2016, 12 (9), 755–762.
(34) Hüll, K.; Morstein, J.; Trauner, D. In Vivo Photopharmacology. Chem. Rev. 2018, 118 (21), 10710–10747.
(35) Kim, Y.; Phillips, J. A.; Liu, H.; Kang, H.; Tan, W. Proc. Natl. Acad. Sci. U. S. A. 2009, 106 (16), 6489–6494.
(36) Kuil, J.; van Wandelen, L. T. M.; de Mol, N. J.; Liskamp, R. M. J. Bioorganic Med. Chem. 2008, 16 (3), 1393–
1399.
(37) Broichhagen, J.; Jurastow, I.; Iwan, K.; Kummer, W.; Trauner, D. Angew. Chem. Ed. 2014, 53 (29), 7657-7660.
(38) Hoorens, M. W. H.; Szymanski, W. Trends Biochem. Sci. 2018, 43 (8), 567-575.
(39) Chen, Z.; Yoo, S.-H.; Park, Y.-S.; Kim, K.-H.; Wei, S.; Buhr, E.; Ye, Z.-Y.; Pan, H.-L.; Takahashi, J. S. Proc. Natl.
Acad. Sci. U. S. A. 2012, 109 (1), 101–106.
(40) Tochitsky, I.; Polosukhina, A.; Degtyar, V. E.; Gallerani, N.; Smith, C. M.; Friedman, A.; Van Gelder, R. N.;
Trauner, D.; Kaufer, D.; Kramer, R. H. Neuron 2014, 81 (4), 800-813.
(41) Borowiak, M.; Nahaboo, W.; Reynders, M.; Nekolla, K.; Jalinot, P.; Hasserodt, J.; Rehberg, M.; Delattre, M.;
Zahler, S.; Vollmar, A.; et al. Cell 2015, 162 (2), 403–411.
(42) Schehr, M.; Ianes, C.; Weisner, J.; Heintze, L.; Müller, M. P.; Pichlo, C.; Charl, J.; Brunstein, E.; Ewert, J.; Lehr,
M.; et al. Photochem. Photobiol. Sci. 2019, 18 (6), 1398–1407.
(43) Hirota, T.; Lewis, W. G.; Liu, A. C.; Lee, J. W.; Schultz, P. G.; Kay, S. A. Proc. Natl. Acad. Sci. U. S. A. 2008, 105
(52), 20746–20751.
(44) Sandell, J. L.; Zhu, T. C. J. Biophotonics 2011, 4 (11–12), 773–787.
(45) Merino, E. Chem. Soc. Rev. 2011, 40, 3835–3853.
(46) Beharry, A. A.; Woolley, G. A.; Nass, M. M.; Wassermann, N. H.; Erlanger, B. F.; Takagi, M.; Komiyama, M.;
Kokkinidis, M.; Rompp, A.; Spengler, B.; et al. Chem. Soc. Rev. 2011, 40 (8), 4422-4437.
(47) Hirota, T.; Lewis, W. G.; Liu, A. C.; Lee, J. W.; Schultz, P. G.; Kay, S. A. Proc. Natl. Acad. Sci. U. S. A. 2008, 105
(52), 20746-20751.
(48) Hoorens, M. W. H.; Fu, H.; Duurkens, R. H.; Trinco, G.; Arkhipova, V.; Feringa, B. L.; Poelarends, G. J.; Slotboom,
D. J.; Szymanski, W. Adv. Ther. 2018, 1 (2), 1800028.
(49) Knie, C.; Utecht, M.; Zhao, F.; Kulla, H.; Kovalenko, S.; Brouwer, A. M.; Saalfrank, P.; Hecht, S.; Bléger, D. Chem.
Eur. J. 2014, 20 (50), 16492–1650.
(50) Weston, C. E.; Richardson, R. D.; Haycock, P. R.; White, A. J. P.; Fuchter, M. J. J. Am. Chem. Soc. 2014, 136 (34),
11878-11881.
(51) Dong, M.; Babalhavaeji, A.; Samanta, S.; Beharry, A. A.; Woolley, G. A. Acc. Chem. Res. 2015, 48 (10), 2662–
2670.
(52) Samanta, S.; Beharry, A. A.; Sadovski, O.; McCormick, T. M.; Babalhavaeji, A.; Tropepe, V.; Woolley, G. A. J.
Am. Chem. Soc. 2013, 135 (26), 9777-9784.
(53) Hammerich, M.; Schütt, C.; Stähler, C.; Lentes, P.; Röhricht, F.; Höppner, R.; Herges, R. J. Am. Chem. Soc. 2016,
138 (40), 13111-13114.
(54) Hou, T.; Wang, J.; Li, Y.; Wang, W. J. Chem. Inf. Model. 2011, 51 (1), 69–82.

133

Chronophotopharmacology
(55) Genheden, S.; Ryde, U. Expert Opinion on Drug Discovery 2015, 10 (5), 449–461.
(56) Alonso, H.; Bliznyuk, A. A.; Gready, J. E. Med. Res. Rev. 2006, 26 (5), 531–568.
(57) Wu, P.; Nielsen, T. E.; Clausen, M. H. Drug Discovery Today 2016, 21 (1), 5–10.
(58) Zhang, J.; Yang, P. L.; Gray, N. S. Nat. Rev. Cancer 2009, 9, 28–39.
(59) Wu, P.; Nielsen, T. E.; Clausen, M. H. Trends Pharmacol. Sci. 2015, 36 (7), 422–439.
(60) Toh, K. L. Science 2001, 291 (5506), 1040–1043.
(61) Xu, Y.; Padiath, Q. S.; Shapiro, R. E.; Jones, C. R.; Wu, S. C.; Saigoh, N.; Saigoh, K.; Ptáček, L. J.; Fu, Y.-H. Nature
2005, 434 (7033), 640–644.
(62) Bléger, D.; Schwarz, J.; Brouwer, A. M.; Hecht, S. J. Am. Chem. Soc. 2012, 134 (51), 20597–20600.
(63) Kolarski, D.; Szymanski, W.; Feringa, B. L. Two-Step, One-Pot Synthesis of Visible-Light-Responsive 6Azopurines. Org. Lett. 2017, 19 (19), 5090-5093.
(64) Kim, B. Y.; Ahn, J. B.; Lee, H. W.; Kang, S. K.; Lee, J. H.; Shin, J. S.; Ahn, S. K.; Hong, C. Il; Yoon, S. S. Eur. J. Med.
Chem. 2004, 39 (5), 433–447.
(65) Minzel, W.; Venkatachalam, A.; Fink, A.; Hung, E.; Brachya, G.; Burstain, I.; Shaham, M.; Rivlin, A.; Omer, I.;
Zinger, A.; et al. Cell 2018, 175 (1), 171-185.
(66) Hansen, M. J.; Lerch, M. M.; Szymanski, W.; Feringa, B. L. Angew. Chem. Int. Ed. 2016, 55 (43), 13514–13518.
(67) Hirota, T.; Kay, S. A. Chem. Biol. 2009, 16 (9), 921-927.
(68) Friesner, R. A.; Murphy, R. B.; Repasky, M. P.; Frye, L. L.; Greenwood, J. R.; Halgren, T. A.; Paul C. Sanschagrin,
A.; Mainz, D. T. J. Med. Chem. 2006, 49 (21), 6177-6196.
(69) Bowers, K. J.; Chow, E.; Xu, H.; Dror, R. O.; Eastwood, M. P.; Gregersen, B. A.; Klepeis, J. L.; Kolossvary, I.;
Moraes, M. A.; Sacerdoti, F. D.; et al. Proceedings of the 2006 ACM/IEEE conference on Supercomputing - SC ’06;
ACM Press: New York, New York, USA, 2006, 84.
(70) Roos, K.; Wu, C.; Damm, W.; Reboul, M.; M. Stevenson, J.; Lu, C.; K. Dahlgren, M.; Mondal, S.; Chen, W.; Wang,
L.; et al. J. Chem. Theory Comput. 2019, 15 (3), 1863–1874.

134

Reversible tuning of the circadian clock: long-term biological control with photopharmacology

135

