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Chapter 6 
Controlling the Circadian Clock with 
High Temporal Resolution through 
Photodosing 
Circadian clocks, biological timekeepers that are present in almost every cell of our body, 
are complex systems whose disruption is connected to various diseases. Controlling cellular 
clock function with high temporal resolution in an inducible manner would yield an 
innovative approach for the circadian rhythm regulation. In the present study, we present 
structure-guided incorporation of photoremovable protecting groups into a circadian clock 
modifier, longdaysin, which inhibits casein kinase I (CKI). Using photo-deprotection by UV or 
visible light (400 nm) as the external stimulus, we have achieved quantitative and light-
inducible control over the CKI activity accompanied by an accurate regulation of circadian 
period in cultured human cells and mouse tissues, as well as in living zebrafish. This research 
paves the way for the application of photodosing in achieving precise temporal control over 
the biological timing and opens the door for chronophotopharmacology to deeper 
understand the circadian clock system.  
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6.1 Introduction 
Circadian clocks are self-sustaining, feedback loop-based biochemical oscillators that 
regulate rhythmic aspects of behaviour and physiology.1 Through these oscillators, 
biological processes are synchronized with the daily environmental changes caused by the 
rotation of the Earth around its axis. Keeping all the cellular circadian clocks perfectly 
synchronized within one organism is crucial for its normal and healthy functioning. It has 
been shown that disruption of circadian clock function promotes a wide variety of illnesses, 
such as Alzheimer's, cardiovascular, gastrointestinal, psychological, and other diseases.2,3 
As suggested previously,3 there are three major strategies in treating circadian rhythm 
disorders: optimizing the circadian lifestyle (‘training the clock’), optimizing timing of 
therapies (‘clocking the drugs’), and targeting specific circadian clock components 
(‘drugging the clock’).  

The crucial role of the circadian clocks in health and disease led to the emergence of 
strategies to control their function with small molecules.4 Chemical screening, based on cell-
based circadian assays with luminescent readout, has been extensively used in discovery of 
small molecule modifiers of the circadian clock.5–10 Alongside chemical screening, synthetic 
approaches have emerged as methods for development and optimization of small 
molecules that are used as a powerful tool for better understanding of clock regulation.11–

16 Despite breakthroughs in developing such clock modifiers, achieving exact, externally 
regulated time-control poses a general challenge for both in vitro and in vivo systems. 
Enabling fine temporal control by means of clock modifiers over the circadian rhythm will 
enhance their utility in the investigation of the underlying clock regulation mechanisms, as 
well as their therapeutic application.  

The application of photoremovable protecting groups (PPG; also known as photocages or 
photocleavable groups) is an attractive approach to achieve precise regulation of bioactivity 
that is employed in photopharmacology.17,18 This emerging field of chemical biology relies 
on the use of light as an ideal external stimulus that offers high spatiotemporal resolution 
and bioorthogonality without causing any contamination in comparison to the other stimuli, 
such as pH and redox changes, metal addition, etc.19 Furthermore, having control over 
properties of light allows precise control over release or activation of a drug,20,21 which is an 
ideal solution for obtaining a fine modulation over circadian time of biological clocks, and 
has been employed in other oscillating systems.22  

The intrinsic period of the circadian rhythm is modulated by posttranslational 
modifications.23 The enzyme casein kinase I (CKI) is a clock regulatory kinase, known to play 
a crucial role in determining the speed of the circadian rhythm. CKI phosphorylates the 
period (PER) protein and promotes its degradation through a proteasomal pathway.24,25 
Genetic mutations of CKI-dependent phosphorylation site of PER2 and CKIδ, an isoform of 
CKI, lead to the ‘familial advanced sleep phase’ caused by shortening of the circadian 
period.26,27 The key role of CKI in establishing the period length has also been demonstrated 
pharmacologically, where CKI inhibitors, such as longdaysin,5 drastically lengthen the 
period.6,7,28–30 
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Controlling the Circadian Clock with High Temporal Resolution through Photodosing 

Here, we present quantitative and inducible control of the cellular circadian time by a 
photopharmacological approach using photocaged longdaysin, a purine-based inhibitor of 
CKI  and CKI  that shows a strong period lengthening effect. We have designed 
photocleavable derivatives DK325 and DK359 for a light-dependent control of CKI activity, 
which enabled the regulation of the circadian period in human U2OS cells, mouse tissue 
explants, and zebrafish, by choosing the wavelength and duration of light irradiation. 

6.2 Results 

6.2.1 Design of the Caged Longdaysin 
Our photopharmacological approach utilizes photoremovable protecting groups (PPGs), 
which upon incorporation into the structure of bioactive compounds are able to either fully 
deactivate or significantly suppress their potency, and enable the release of the active 
molecule by light illumination (Figure 1A).21,31,32  

In order to reversibly suppress the activity of longdaysin by rationally designed 
incorporation of a PPG, it was necessary to recognize the most important binding 
interaction of longdaysin with CKI. Since a co-crystal structure of CKI-longdaysin complex 
was not reported, we performed molecular docking simulations. The study revealed crucial 
interactions of longdaysin with the hinge region of CKI  and CKI , forming two hydrogen 
bonds (Figure 1B). This interaction with the hinge region has also been observed in ADP 
binding (e.g. PDB entry 5X17)33 indicating a competitive inhibition mechanism of longdaysin. 
Based on this observation, we targeted the secondary amine at the C6 carbon of the purine 
scaffold, which formed a hydrogen bond with Leu93 backbone (Figure 1B), for incorporation 
of a PPG to efficiently disrupt the interaction between longdaysin and CKI / . Thus, two 
molecules (DK325 and DK359) were designed by incorporating 2-nitrobenzyl and NVOC (6-
nitroveratryloxycarbonyl) PPGs, respectively, at this position (Figure 2A). 

To predict the differences in potential CKI-interactions among longdaysin, DK325 and 
DK359, molecular docking simulations were performed (Figures 1B and S1). In terms of 
protein-ligand interaction energies, longdaysin docking conformations ranked significantly 
lower than DK325 and DK359 in CKI  and CKI  (Figures 1B and S1). Moreover, while 
longdaysin conformations were predominantly found at the hinge region forming multiple 
hydrogen bonds with the Leu93 backbone, DK325 and DK359 were placed more diffusely in 
the adjacent cavity formed by the P-loop in CKI  and CKI . No hinge region interactions 
were observed for DK325 and DK359 in CKI . The scarcity of prominent interactions and 
steric fit of DK325 and DK359 with the proteins and the less favorable protein-ligand 
interaction energies (indicated by higher docking scores) suggested severely reduced 
binding of DK325 and DK359 with CKI.  
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Figure 46. General Scheme of the Photocleavable Approach and Putative Binding Mode of 
CK1 -Longdaysin Complex. (A) Schematic representation of the photo-cleavage approach, 
where light is used to remove photoremovable protecting group (PPG) for the release of an 
active compound. (B) The ligand-binding site of CKI  is characterized by a hinge region 
(green) and an adjacent cavity formed by the P-loop (yellow area; grey represents P-loop). 
Docking simulations indicated interaction of the purine scaffold of longdaysin with the hinge 
region (two hydrogen bonds with Leu93 backbone, indicated by yellow line) (Glide XP 
docking score: -7.39 kcal/mol). The table provides mean estimated ligand binding free 
energies from molecular docking simulations of longdaysin, DK325, and DK359 with CKI  
and CKI . SD = standard deviation. 

With the molecular-docking-inspired design of the PPG-longdaysin in hand, we used our 
previously published strategy34 to develop an efficient two-step synthetic route to produce 
differently protected longdaysin analogues (Supporting Dataset). For DK325, we employed 
2-nitrobenzyl group (Figure 2A), which belongs to a class of widely applied photocleavable 
groups introduced by Barltrop et al. in 1966.35 Generally, this class of PPGs can be removed 
under irradiation with UV-light. For DK359, the two methoxy groups in the 6-
nitroveratryloxycarbonyl (NVOC) derivative were introduced to induce a bathochromic shift 
of the absorption spectrum that improves the photochemical properties, such as the 
wavelength required for photocleavage, as well as photo-deprotection efficiency.31,36-37 
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Controlling the Circadian Clock with High Temporal Resolution through Photodosing 

These two PPGs are structurally small and do not significantly interfere with the water 
solubility provided by the purine core (50–60 M). 

6.2.2 Photochemical Properties of the Caged Longdaysin 
Photochemical properties of the protected longdaysin derivatives were assessed by means 
of UV-Vis absorption spectroscopy (Figure 2B) and ultra-performance liquid 
chromatography mass spectrometry (UPLC-MS; Figures 2C and 2D).  
 

 
Figure 47. Photo-Deprotection Studies of DK325 and DK359. (A) Photo-deprotection of 
DK325 and DK359 using UV (λ = 365 nm) and violet light (λ = 400 nm). (B) UV-Vis 
spectroscopy analysis of photo-deprotection of DK325 and DK359 (40 M in DMSO, 30 °C) 
showing clear isosbestic points upon irradiation of DK325 with UV light and DK359 with 400 
nm light. (C) UPLC traces for monitoring the deprotection of DK325 (left) and DK359 (right) 
(40 μM in CKI assay buffer) with UV light. Retention time (min) is shown on the x-axis. Shown 
are the peaks of longdaysin (11.95 min, black box), DK325 (14.49 min, purple box) and 
DK359 (14.11 min, blue box). (D) UPLC traces for monitoring the deprotection of DK325 
(left) and DK359 (right) (40 μM in cellular assay medium) with 400 nm light. Retention time 
(min) is shown on the x-axis. Shown are the peaks of longdaysin (11.95 min, black box), 
DK325 (14.49 min, purple box) and DK359 (14.11 min, blue box). 
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The photocleavage process in DMSO and kinase assay buffer was monitored by UV-Vis 
spectrometry, which showed clear isosbestic points for both DK325 and DK359, indicating 
single product formation (Figure 2B and S2). UV light was used for photocleavage of DK325, 
while 400 nm light was applied for DK359 due to an extended absorption in visible region 
as the result of additional methoxy groups (Figure S3A). Furthermore, the photocleavage in 
kinase assay buffer and cellular assay medium was examined to make an unambiguous 
comparison between photocleavage and biological activity. The deprotection rate of DK359 
was faster than that of DK325 in kinase assay buffer under the same 365 nm light irradiation 
conditions, i.e. lamp distance and photon flux (Figures 2C and S3). Using chemical 
actinometry, the quantum yields (Φ365nm) of the photocleavable reaction were determined 
to be 0.22 for both compounds (Figure S4). Despite the same quantum yield, faster 
deprotection rate of DK359 can be explained by much higher extinction coefficient at 365 
nm (Figure S5). The photo-deprotection was also performed in the cellular assay medium 
that contains luciferin, a compound that absorbs light significantly at λ = 365 nm (Figures 
2D, S3A, and S6). Since luciferin largely reduced photo-deprotection efficiency of UV light, 
we applied 400 nm light, which surprisingly cleaved both compounds despite very low 
extinction coefficients of DK325 at this wavelength (Figure S3A). Whereas longdaysin 
release from DK325 was slower (Figure 2D, left panel; Figure S3B right panel), DK359 
showed nearly full deprotection after 30-60 min of irradiation (Figure 2D, right panel; Figure 
S3C right panel). 

6.2.3 The Photodosing of CKI Inhibition 
Futhermore, we attempted the light-dependent control of CKI activity in vitro. The 
photocleavage of DK325 and DK359 was induced by UV and violet light irradiation during 
the assay with different irradiation time (Figure 3A) in order to analyze the correlation 
between light dosimetry and CKIα inhibition level. The starting concentration of DK325 and 
DK359 was 40 μM, which was 7 times higher than the IC50 value of longdaysin (5.6 μM).5 
DK325 and DK359 did not show kinase inhibition under the dark condition (Figures 3B and 
3C, 0 min irradiation). This result validates our rational molecular design that aimed at 
preventing the interactions with CKI by the incorporation of PPGs on the secondary amine 
(Figure 1B). Upon increase of irradiation time (UV light in Figure 3B; 400 nm light in Figure 
3C), the activity of CKIα was reduced in a dose-dependent manner, reaching the maximum 
level of inhibition after approximately 30 min for DK325 and 10 min for DK359. As a control 
irradiation with UV or 400 nm light during the 60 min period in absence of compounds did 
not affect the kinase activity (Figure 3D). These results are in perfect correlation with the 
UPLC analysis, which showed more efficient uncaging of DK359 than DK325 under the same 
conditions – light and distance (Figures 2C and S3). The minimal activity of CKI  reached is 
around 40%. DK359 also repressed the activity of CKI , and the minimal activity reached 
was 29% upon irradiation with 400 nm (Figure S7). This indicates a gradual release of 
longdaysin over the irradiation time allowing CKI  and CKI  to consume ATP before the 
whole amount of DK325 or DK359 was photo-deprotected. These results demonstrate 
tuning of CKIα and CKI  activity by light. 
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Figure 48. Inhibition of CK1  in a Light-Dependent Manner. (A) Compounds DK325 and 
DK359 (40 M final concentration) were applied to CKI -reaction mixture. The release of 
longdaysin was controlled by different irradiation duration (0 – 60 min) after the reaction 
was initiated by the addition of ATP and peptide substrate. (B and C) In situ irradiation 
results. Degree of CK1  inhibition was plotted against irradiation time of UV light, λ = 365 
nm (B) and with visible light, λ = 400 nm (C). The ATP consumption in DMSO control samples, 
containing the enzyme and peptide substrate without inhibitor, was set at 100% enzyme 
activity. (D) Effects of 1-h light irradiation on CKIα activity. Showing a non-irradiated (black), 
UV-light-irradiated (red; λ = 365 nm) and visible light-irradiated (blue, λ = 400 nm) samples. 
Results are mean ± SD (n = 2) (B, C and D). 

6.2.4 Inducible Period Control of the Circadian Clock by Photodosing in Human 
U2OS Cells 

Next, we tried to control cellular circadian rhythms by targeting CKI proteins inside the cells 
(cytosol and nucleus) with photodosing. The experiments were designed to release 
longdaysin in highly controlled manner by tuning wavelength as well as the irradiation 
duration of light applied to the cells. This allowed us to analyse whether cellular time 
changes are dependent on properties of the applied light. The experiments were conducted 
using the bioluminescent circadian assay in human U2OS cells with a Bmal1-dLuc reporter 
that consists of Bmal1 gene promoter followed by coding sequence of destabilized 
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luciferase.28 We treated the cells with various concentrations of DK325 and DK359 (6 points 
of the 3-fold dilution series), as well as different irradiation durations (0 – 30 min), and then 
measured luminescence rhythms. The period parameter represents time required for the 
circadian clock to run one cycle, and was determined from luminescence rhythms by curve 
fitting. Longdaysin lengthened period as reported previously,5 and the effect was 
independent of UV light irradiation (Figure 4A, purple lines). In agreement with the kinase 
assay, both DK325 and DK359 exhibited almost no effect on circadian period in the dark, 
indicating that potent period effect of longdaysin was successfully suppressed by 
incorporation of 2-nitrobenzyl and NVOC groups also in cell culture condition. DK325-
treated cells exhibited 3-4 h period lengthening by 30 min UV light irradiation, while DK359-
treated cells showed this period lengthening in less than 10 min irradiation (Figure 4A). 
Moreover, the longest irradiation (30 min) in case of DK359 was able to slow down the 
cellular clock period by 10 h.  

Using visible light instead of UV light has multiple advantages in photopharmacology, 
including deeper tissue penetration and lower cytotoxicity.38 For both compounds, a shorter 
irradiation time was required for period lengthening by 400 nm light compared with UV 
light, and the potency was enhanced (Figure 4B). This effect is presumably due to a high 
concentration of luciferin (0.2 mM) in the cell culture medium. Luciferin has a significant 
absorption at 365 nm and thus can interfere upon photo-deprotection with UV light, while 
its absorption at 400 nm is negligible and enables better efficiency of visible light (Figure 
S3A and S6). Also, to confirm that the photo-deprotection side products have no effect on 
the circadian period modulation, we designed photocaged acetate with 2-nitrobenzyl 
(DK491) and NVOC (DK492) groups (Figure S8A). Photo-deprotection of these compounds 
releases acetate and the same side products as DK325 and DK359. Cells treated with DK491 
and DK492 did not show period change upon irradiation with both wavelengths (Figures S8B 
and S8C), confirming that effect from DK325 and DK359 originates only from the release of 
longdaysin. With these irradiation experiments, we showed that it is possible to adjust 
cellular circadian period with high temporal precision using light as a privileged external 
stimulus. 

We further tried to control pre-existing rhythms three days after the addition of the 
compounds (Figure 4C), in order to examine the cellular stability of photo-caged molecules 
and confirm light-initiated modulation of circadian period. The cells were treated with 
compounds, and then luminescence rhythms were measured without light irradiation. 
Before irradiation, DK325 and DK359 showed almost no effect on the period (“pre”, Figure 
4C, right top panels). On the third day, the cells were exposed to visible light (λ = 400 nm) 
for 0 to 30 min, and the luminescence rhythms were monitored for three more days (“post”, 
Figure 4C, right bottom panels). Interestingly, the period lengthening effects were much 
stronger than those observed with irradiation from the beginning (Figure 4B), possibly due 
to increased cellular concentration of the compounds during three-day incubation. These 
results confirm high stability of DK325 and DK359 in the cellular medium with cells present 
and light-induced uncaging during the assay. 
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Figure 49. Irradiation-Dependent Effects of DK325 and DK359 on Circadian Rhythms in 
Human U2OS Cells. (A) Effect of UV light. Bmal1-dLuc reporter cells were treated with 
various concentrations of compound (6 points of 3-fold dilution series in DMSO) and 
irradiated with 365 nm light for 0 to 30 min. Luminescence rhythms were then monitored 
(the left panel, mean of n = 4). Rhythms of DMSO and longdaysin controls are also shown. 
Period changes compared to a DMSO control are plotted in the right panels (n = 4); p values 
are summarized in Table S1. (B) and (C) Effect of visible light (λ = 400 nm). Bmal1-dLuc 
reporter cells were treated with compounds and irradiated with 400 nm light for 0 to 30 
min at the beginning (B) or in the middle (C, indicated by arrows) of luminescence 
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monitoring. In (C), period changes pre- and post-irradiation are plotted in the top right and 
bottom right panels, respectively. 

6.2.5 Ex Vivo Manipulation of the Circadian Period by Light in Mouse Tissues 
Following experiments in cells, we tested the principle of light-dependent period control at 
the tissue level using spleen explant of Per2::Luc knock-in reporter mice (Figure 5). The mice 
express PER2-luciferase fusion protein under control of the endogenous Per2 promoter.39 
According to rhythmic activation of the Per2 promoter, the tissue explants show circadian 
changes of luminescence intensity (Figure 5A, grey line). The explants were treated with 
compounds, irradiated with 400 nm light, and then luminescence rhythms were measured. 
Consistently with the cellular assay results, DK325 and DK359 showed period lengthening 
in a concentration- and irradiation-duration-dependent manner with a stronger effect of 
DK359 in comparison to DK325, while 400 nm light showed no influence on the effect of 
longdaysin (Figures 5A-5D). In addition to the peripheral clock in spleen, we investigated 
the effect of DK359 on the central clock in the hypothalamic suprachiasmatic nucleus (SCN) 
that controls behavioral rhythms. The compound showed no effect in the dark and induced 
period lengthening upon 400 nm light irradiation (Figures 5E and 5F). Together, DK359 
enabled light-dependent quantitative and inducible control of the circadian period at both 
cellular and tissue levels. 
 

 
Figure 50. Irradiation-Dependent Effects of DK325 and DK359 on Circadian Rhythms in 
Mouse Tissue Explant. Spleen tissue (A-D) and the SCN (E-G) of the Per2::Luc knock-in 
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reporter mice were treated with various concentrations of compound and irradiated with  
= 400 nm light for 0 to 30 min. Luminescence rhythms were then monitored and shown in 
(A) and (B) (mean of n = 3-4) and in (E) and (F) (representative result). Period changes 
compared to a DMSO control are plotted in (C) for concentration-dependent period 
lengthening, in (D) for irradiation-duration-dependent period lengthening (n = 2-4), and in 
(G) for the SCN (n = 2). ****p < 0.0001, **p < 0.01, *p < 0.05 against the dark control. 

6.2.6 In Vivo manipulation of the circadian period by light 
In addition to mouse tissue explant, we tested living zebrafish larva containing the Per3:Luc 
reporter for circadian activity monitoring. Previous results showed that the larva circadian 
rhythms exhibit a sensitivity to longdaysin for period lengthening similar to human cell 
lines.5 The larvae were exposed to four cycles of light/dark cycles and transferred to 
constant darkness for a circadian monitoring. The DK359 treatment were performed 6 
hours following the start of the circadian time (CT6) and immediately followed by 400 nm 
light treatment (0 to 10 min). In the absence of DK359 (DMSO control), a short 400 nm light 
treatment at CT6 did not affect the phase and period of the luminescence rhythms despite 
every cell being light sensitive in this organism (Figure 6A). In the presence of DK359, the 
period was substantially lengthened in an irradiation-duration-dependent manner (Figure 
6B). Shorter irradiation time needed for zebrafish in vivo in comparison to cell and tissue 
culture experiments can be explaned by lack of vitamins, FBS, and other light absorbing 
components in solution for zebrafish maintenance. 
 

 
Figure 51. Irradiation-Dependent Effects of DK359 on Circadian Rhythms in zebrafish larva. 
(A) Per3::Luc zebrafish larvae were treated with compound DK359 (4 M) or DMSO at CT6 
and irradiated with  = 400 nm light for 0 and 10 min. Luminescence rhythms were then 
monitored for 3 d (mean of n = 3). Data are baseline subtracted for detrending. (B) Period 
changes compared to a DMSO control for 0, 3, 5, and 10 min light exposure are plotted (n = 
13-15). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 against the dark control. 

6.3 Discussion 
Kinases play an important role in a wide variety of diseases,40–42 thus being one of the most 
interesting pharmaceutical targets.43 In the circadian clock function, kinases are also 
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essential regulators in every cell throughout the body.23 To enable inducible regulation of 
clock function via kinase activity control, the effect of longdaysin, a circadian modulator 
inhibiting casein kinase I (CKI  and CKIδ), was silenced with PPGs. This has enabled the re-
activation of silenced longdaysin by light irradiation with high temporal control, allowing for 
conditional modulation of the circadian rhythm with light, from the enzymatic level to a 
living organism. 

Based on the rational molecular design, facilitated by molecular docking, photocleavable 
groups (2-nitrobenzyl and NVOC) were incorporated at 6-NH position of longdaysin, which 
is crucial for the interaction with the hinge region of CKI  and CKIδ. As a result, CKI inhibitory 
activity of protected longdaysin was entirely suppressed. This approach features several 
advantages. Firstly, a straightforward two-step synthesis of the modulators was established 
that emphasizes the generality of this approach, which may potentially allow for 
incorporation of red-shifted PPGs31,44–46 that would facilitate low-energy and deeper-tissue-
penetrating light. Furthermore, water solubility of longdaysin was not compromised by 
introducing small and rather polar PPGs. Finally, photochemical properties showed 
quantitative photo-deprotection of both modulators. DK359 exhibited much faster 
deprotection under the same irradiation conditions that makes it more suitable for a quick 
period adjustment. The circadian period was successfully modified by using both UV and 
visible light (400 nm) by exploring variable concentration and photodose. A fine and 
conditional tuning of the period length in cellulo, ex vivo, and in zebrafish was achieved 
within (sub)minute range of light irradiation, which presents an ideal system for further 
mechanistic and in vivo studies.  

So far, the common mechanism of the circadian clock in each cell of the body prevented 
using clock modifiers in precise spatiotemporal control. As a result of the suppressed activity 
of protected longdaysin towards CKI and period lengthening, we believe that our approach 
will be applicable also to control tissue-specific clocks with spatial resolution limited only by 
the ability of light delivery. Therefore, future research should focus on formulation and 
development of the photocaged derivatives that enable spatially controlled activation. 
Together with our work on temporally controlled regulation, this will enable to study the 
circadian organization in mammals, to identify the relationship between clock disruption 
and disease development, as well as potential use of this chronophotopharmacology 
approach in chronotherapy in the future. 

6.4 Contribution 
B.L.F., T.H., and W.S. guided the research. B.L.F., T.H., G.B., K.I., W.S., D.K. and A.Sc. designed 
the experiments. D.K. designed and synthesized protected longdaysin. D.K. and A.Sc. 
performed photo-deprotection analysis and in vitro assay; F.T. and C.R. designed and ran 
docking simulations; T.H., and A.Su. performed cellular and together with D.O. ex vivo 
experiments; G.B. conducted experiments in zebrafish. D.K. wrote the manuscript with 
support from all authors. 

  



 

 

175 

 

 

 

 

 

Controlling the Circadian Clock with High Temporal Resolution through Photodosing 

6.5 Experimental section 

6.5.1 Key reagents, resources table 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 

Bovine Serum Albumin Sigma Cat# A2153-50G 

DL-Dithiothreitol TCI Cat# D3647 
TRIS HCl Acros Cat# 228030010 

ATP Fisher Scientific Cat# R0441 

CSNK1A1 Invitrogen Cat# PV3850 

RRKDLHDDEEDEAMSITA AnaSpec Cat# 60547-1 

CSNK1D1 Merck Milipore Cat# 14-520 
RKKKAEpSVASLTSQCSYSS AnaSpec Custom made 

X1PSG GIBCO Cat# 10378-016 

Penicillin, streptomycin, L-glutamine Nacalai Tesque Cat# 06168-34 

Luciferin PROMEGA Cat# E1603 

DMEM Gibco Cat# 12800-017 
Fetal bovine serum Equitech-Bio Cat# SFBM30 

DMEM Sigma Cat# D2902-10X1L 

B-27 Supplement Gibco Cat# 17504001 

HEPES Nacalai Tesque Cat# 17557-94 

Sodium bicarbonate Wako Pure Chemical Cat# 195-16411 

D-Luciferin 
DMEM 
Fetal bovine serum 
D-Luciferin Potassium Salt 

Gold Biotechnology 
Gibco 
Sigma 
Wako Pure Chemical 

Cat# LUCK 
Cat# 12100-046 
Cat#:172012 
Cat# 12605116 

Experimental Models: Organisms/Strains 

Human: Bmal1-dLuc U2OS cells Hirota et al., 2008 N/A 

Mouse: Per2::Luc knockin Yoo et al., 2004 N/A 

Software and Algorithms 

MultiCycle 
ClockLab 
Kronos 

Actimetrics 
Actimetrics 
Atto 

N/A 
N/A 
N/A 

Prism GraphPad Software N/A 

Clustal Omega 2.1 EMBL-EBI https://www.ebi.ac.uk/Tools
/msa/clustalo/ 

Schrödinger’s LigPrep, Glide Small-Molecule Drug Discovery 
Suite 2017-4, Schrödinger, LLC, 
New York, NY 

https://www.schrodinger.co
m/ 

Statsmodel python library Seabold, 2010 https://www.statsmodels.or
g/stable/index.html# 

Python Python Software Foundation http://www.python.org 
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6.5.2 Experimental model and subject details 
Cell Line 

Bmal1-dLuc U2OS cells were maintained as described previously.47 

Tissue explant 

All mouse studies were approved by the Animal Experiment Committee of Nagoya 
University and performed in accordance with guidelines. Per2::Luc knockin mice48 were 
obtained from Dr. Joseph S. Takahashi. 

Zebrafish 

Zebrafish Danio rerio strains were maintained under accordance with approved institutional 
protocols at the McGovern Medical School at the University of Texas Health Science Center 
Houston. All experiments using zebrafish were approved by IACUC protocol AWC-13-124. 
Transgenic per3:luc line (g1Tg/+(AB)) (RRID:ZIRC_ZL1167)49 was acquired from Zirc. 

6.5.3 Methods details 
For general remarks, see chapter 2. 

Room temperature UV-Vis absorption spectra were recorded on an Agilent 8453 UV-Visible 
Spectrophotometer using Uvasol grade solvents. UPLC-MS measurements were done using 
ThermoFischer Scientific Vanquish UPLC System on C18 column. 

Irradiation experiments were performed with UV lamp (Spectroline, ENB-280C/FE, 1x8 Watt 
or SLUV-6, AS ONE), LED system (3 x 1000 mW, λ max = 400 nm, FWHM 11.9 nm, Sahlmann 
Photochemical Solutions), and custom-built (Prizmatix/Mountain Photonics) multi-
wavelength fiber coupled LED-system (FC6-LED-WL) using 365A LED. 

6.5.4 Chemical synthesis 
N-(2-nitrobenzyl)-1-(3-(trifluoromethyl)phenyl)methanamine 
A solution of 3-(trifluoromethyl)benzylamine (0.81 g, 4.6 mmol, 2.0 equiv) and 4,5-
dimethoxy-2-nitrobenzyl bromide (0.50 g, 2.3 mmol, 1.0 equiv) in THF (5.0 ml) was stirred 
at room temperature overnight. A precipitate was removed by filtration and the solvent 
was removed under reduced pressure. The product was purified by flash column 
chromatography (SiO2, PhMe/EtOAc 6:1) to give N-(4,5-dimethoxy-2-nitrobenzyl)-1-(3-
(trifluoromethyl)phenyl)methanamine (0.46 g, 1.5 mmol, 64%) as a yellow oil. 
1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 7.8 Hz, 1H), 7.64 – 7.53 (m, 4H), 7.52 (d, J = 8.0 Hz, 
1H), 7.47 – 7.41 (m, 2H), 4.08 (s, 2H), 3.90 (s, 2H), 2.20 (s, 3H) ppm; 13C NMR (101 MHz, 
CDCl3) δ 149.20, 140.13, 134.45, 133.23, 131.60 (d, J = 1.4 Hz), 131.56, 130.78 (d, J = 31.9 
Hz), 128.65 (d, J = 56.8 Hz), 125.46, 125.10 – 124.83 (m), 124.88, 124.15 (q, J = 3.7 Hz), 
122.75, 52.75, 50.09 ppm; 19F NMR (376 MHz, CDCl3) δ -62.60 ppm; FTIR   3350, 3069, 
2846, 1610, 1524, 1447, 1325, 1160, 1117, 1071, 857, 788, 701, 661, 506 cm-1; HRMS (ESI+) 
calc. for C15H13N2F3O2H [M+H]+: 311.1002, found: 311.0998. 
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Scheme S1. Synthetic scheme for DK325 and DK359. 

 

N-(4,5-dimethoxy-2-nitrobenzyl)-1-(3-(trifluoromethyl)phenyl)methanamine 

A solution of 3-(trifluoromethyl)benzylamine (3.1 g, 18 mmol, 2.2 equiv) and 4,5-dimethoxy-
2-nitrobenzyl bromide (2.2 g, 8.0 mmol, 1.0 equiv) in THF (30 ml) was stirred at room 
temperature overnight. A precipitate was removed by filtration and the solvent was 
removed under reduced pressure. The product was purified by flash column 
chromatography (SiO2, PhMe/EtOAc 6:1) to give N-(4,5-dimethoxy-2-nitrobenzyl)-1-(3-
(trifluoromethyl)phenyl)methanamine (1.9 g, 5.0 mmol, 63%) as a yellow oil. 
1H NMR (400 MHz, CDCl3) δ 7.65 (s, 1H), 7.62 (s, 1H), 7.54 (d, J = 7.7 Hz, 1H), 7.50 (d, J = 8.1 
Hz, 1H), 7.43 (t, J = 7.7 Hz, 1H), 7.04 (s, 1H), 4.05 (s, 2H), 3.94 (s, 3H), 3.92 (s, 3H), 3.89 (s, 
2H) ppm; 19F NMR (376 MHz, CDCl3) δ -62.58 ppm; 13C NMR (101 MHz, CDCl3) δ 153.24, 
147.75, 141.03 (d, J = 7.7 Hz), 131.41 (d, J = 1.4 Hz), 130.72, 130.70 (d, J = 32.1 Hz), 128.85, 
125.52, 124.69 (q, J = 3.8 Hz), 123.90 (q, J = 3.8 Hz), 122.82, 112.55, 108.23, 56.3, 56.27, 
52.77, 50.63 ppm; FTIR  3352, 2938, 2848, 1614, 1579, 1515, 1453, 1268, 1160, 1060, 987, 
870, 794, 702, 659 cm-1; HRMS (ESI+) calc. for C17H17N2F3O4H [M+H]+: 371.1213, found: 
371.1207. 

9-isopropyl-N-(2-nitrobenzyl)-N-(3-(trifluoromethyl)benzyl)-9H-purin-6-amine (DK325) 

The reaction was carried out using a microwave vessel (10 ml) equipped with a magnetic 
stirring bar, in the presence of air. 6-Chloro-9-isopropyl-9H-purine (0.12 g, 0.62 mmol, 1.0 
equiv), N-(2-nitrobenzyl)-1-(3-(trifluoromethyl)phenyl)methanamine (0.25 g, 0.81 mmol, 
1.3 equiv), DIPEA (0.54 ml, 3.1 mmol, 5.0 equiv) and n-BuOH (6.0 mL) were added in 
sequence. The resulting mixture was reacted under microwave irradiation (200 W) at 150 
°C for 45 min. After the reaction was finished (followed by TLC), the solvent was removed 
under reduced pressure and the product was purified by flash column chromatography 
(SiO2, PhMe/EtOAc 95:5 → 9:1) to give DK325 (0.19 mg, 0.42 mmol, 67%) as a yellow oil that 
solidifies upon cooling. 
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1H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 8.06 (dd, J = 8.1, 1.3 Hz, 1H), 7.78 (s, 1H), 7.56 – 
7.43 (m, 5H), 7.43 – 7.34 (m, 3H), 7.27 – 7.22 (m, 1H), 7.18 – 7.14 (m, 0H), 4.87 (hept, J = 6.8 
Hz, 1H), 1.60 (d, J = 6.8 Hz, 7H) ppm; 13C NMR (101 MHz, CDCl3) δ 154.72, 152.14, 150.87, 
148.59, 138.55, 136.87, 133.54, 131.41, 131.19 – 130.71 (m), 130.44 (d), 129.13, 128.27, 
127.82, 125.33, 125.23, 124.60 (q, J = 3.7 Hz), 124.34 (q, J = 3.7 Hz), 122.62, 51.48, 49.03, 
46.87, 22.61 ppm; 19F NMR (376 MHz, CDCl3) δ -62.52 ppm; FTIR  2979, 1773, 1580, 1524, 
1473, 1447, 1327, 1195, 1120, 1072, 980, 792, 649 cm-1; HRMS (ESI+) calc. for C23H21N6F3O2H 
[M+H]+: 471.1750, found: 471.1750. 

N-(4,5-dimethoxy-2-nitrobenzyl)-9-isopropyl-N-(3-(trifluoromethyl)benzyl)-9H-purin-6-
amine (DK359) 

The reaction was carried out using a microwave vessel (30 ml) equipped with a magnetic 
stirring bar, in the presence of air. 6-Chloro-9-isopropyl-9H-purine (50 mg, 0.26 mmol, 1.0 
equiv), N-(4,5-dimethoxy-2-nitrobenzyl)-1-(3-(trifluoromethyl)phenyl)methanamine (0.13 
g, 0.36 mmol, 1.4 equiv), DIPEA (0.23 mL,1.3 mmol, 5.0 equiv) and n-BuOH (2.5 ml) were 
added in sequence. The resulting mixture was reacted under microwave irradiation (200 W) 
at 150 °C for 45 min. After the reaction was finished (followed by TLC), the solvent was 
removed under reduced pressure and the product was purified by flash column 
chromatography (SiO2, PhMe/EtOAc 95:5 → 9:1) to give DK359 (56 mg, 0.12 mmol, 47%) as 
the yellow oil that solidifies upon cooling. 
1H NMR (400 MHz, CDCl3) δ 8.43 (s, 1H), 7.80 (s, 1H), 7.68 (s, 1H), 7.54 (s, 1H), 7.51 (d, J = 
7.5 Hz, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.40 (t, J = 7.7 Hz, 1H), 6.75 (s, 1H), 5.64 (s, 2H), 5.40 (s, 
2H), 4.90 (hept, J = 6.8 Hz, 1H), 3.92 (s, 3H), 3.67 (s, 3H), 1.61 (d, J = 6.8 Hz, 6H) ppm; FTIR  
2971, 1584, 1516, 1326, 1272, 1218, 1163, 1058, 980, 929, 869, 794, 652 cm-1; HRMS (ESI+) 
calc. for C25H25N6F3O4H [M+H]+: 531.1962, found: 531.1957. 

6.5.5 Docking simulation 
Multiple sequence alignments for casein kinase isoforms (Uniprot IDs: Q9HCP0, Q9Y6M4, 
P78368, P48729, P48730, P49674) were performed using the EMBL-EBI webservice Clustal 
2.1.50–52 Three-dimensional structures of molecules longdaysin, DK325, and DK359 were 
generated from SMILES via the standardized ligand preparation protocol (LigPrep) 
implemented in the Schrödinger suite (Small-Molecule Drug Discovery Suite 2017-4, 
Schrödinger, LLC, New York, NY, 2017). X-ray crystal structures of proteins CK1α [PDB entry 
5FQD]53 and CK1δ [PDB entries 4KBK,54 4TN6 (chain A (ligand-bound) and chain B (apo)), 
4TWC]55 were subjected to protein preparation procedures including the addition of 
hydrogens, reconstruction of missing residues, adjustment of protonation states to pH 7, 
and minimization of the protein structures with convergence of heavy atoms to an RMSD 
of 0.3 Å using force field OPLS3.56 Molecular docking simulations were executed using Glide 
in XP precision mode.57–59 Statistical significance of differences in estimated ligand binding 
energies was evaluated using one-way ANOVA and Tukey’s post hoc analysis via python 
(Python Software Foundation. Python Language Reference, version 2.7. Available at 
http://www.python.org) and the statsmodel package.60 
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6.5.6 Photo-deprotection studies 
The process of photo-deprotection of DK325 and DK359 was followed by UPLC-MS 
(ThermoFischer Scientific Vanquish UPLC System; C18 column: Acquity UPLC HSS T3 1.8 μm, 
2.1 × 150 mm; eluent: 0.1% aqueous formic acid [A] and acetonitrile with 0.1% formic acid 
[B] using a linear gradient of 5% B to 95% B over 17 min in combination with an LCQ Fleet 
mass spectrometer). Solutions of DK325 and DK359 (40 M) in kinase assay buffer or cell 
medium were irradiated with UV lamp (Spectroline, ENB-280C/FE, 1x8 Watt) or violet light 
(3 x 1000 mW, max = 400 nm, FWHM 11.9 nm, Sahlmann Photochemical Solutions) from 10 
cm distance, and aliquots (final concentration of 20 M) were taken for UPLC-MS analysis.  

6.5.7 Chemical actinometry 
A modification of a standard protocol was applied for the determination of the photon 
flux.61 An aqueous H2SO4 solution (0.05 M) containing K3[Fe(C2O4)3] (41 mM, 2 mL, 1 cm 
quartz cuvette) was irradiated at 20 °C for a given period of time in the dark with a 365 nm 
LED. The solution was then diluted with 1.0 mL of an aqueous H2SO4 solution (0.5 M) 
containing phenanthroline (1 g/L) and NaOAc (122.5 g/L). The absorption at λ= 510 nm was 
measured and compared to an identically prepared non-irradiated sample. The 
concentration of [Fe(phenanthroline)3]2+ complex was calculated using its molar 
absorptivity (ε = 11100 M–1 cm–1) and taking into account the dilution. The quantity of Fe2+ 
ions expressed in mol was plotted versus time (expressed in seconds) and the slope, 
obtained by linear fitting the data points to the equation y = ax + b using Origin software, 
equals the rate of formation of the Fe2+ ion at the given wavelength under standardized 
conditions. This rate can be converted into the photon flux (I) by dividing it by the quantum 
yield of [Fe(phenanthroline)3]2+ complex ( 365nm = 1.29) at 365 nm and by the probability of 
photon absorption at 365 nm of the Fe3+ complex (approximated to 1, because the 
absorbance of K3[Fe(C2O4)3] at 365 nm is greater than 2). The obtained photon flux is: I = 
4.059x10-5 einstein s-1. 

6.5.8 Quantum yield measurement 
The quantum yields of the compounds were determined following the photo-deprotection 
process by UPLC-MS (ThermoFischer Scientific Vanquish UPLC System; C18 column: Acquity 
UPLC HSS T3 1.8 μm, 2.1 × 150 mm; eluent: 0.1% aqueous formic acid [A] and acetonitrile 
with 0.1% formic acid [B] using a linear gradient of 5% B to 95% B over 17 min in combination 
with an LCQ Fleet mass spectrometer). Solutions of DK325 (10 mM) and DK359 (400 M) in 
DMSO (3 ml) in quartz cuvettes were vigorously stirred with a stirring egg in order to keep 
a homogenous solution. Temperature was kept constant at 25 °C. Mentioned 
concentrations enabled us to work in high-absorption regime (absorbance at 365 nm ≥ 2), 
and make an assumption that all incident photons are absorbed. Irradiation with a multi-
wavelength fiber coupled LED-system (FC6-LED-WL) using 365A LED was conducted in 
precisely measured time intervals. Aliquots of 4 μl (DK325) or 20 μl (DK359) of the irradiated 
solutions were transferred to a vial with a 996 μL or 180 μL acetonitrile in order to obtain 
40 M solution. The amount of the photo-deprotected substrate was quantified measuring 
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the peak area in UPLC traces and using the calibration curve. The resulting quantum yields 
were determined using the following equation and data from Figure S4: 

 

6.5.9 In vitro kinase assay 
The in vitro kinase activity assay was conducted as described previously62 with modifications 
for the irradiation experiments. The assays were performed on a white, solid-bottom 384-
well plates (10 l volume). The reaction mixture was as follows: 1 ng/ l CKI  (Invitrogen, 
PV3850), 50 M RRKDLHDDEEDEAMSITA peptide substrate (Anaspec, 60547-1), and CKI 
buffer (40 mM Tris-HCl, 10 mM MgCl2, 0.5 mM DTT, and 0.1 mg/ml BSA). For the reaction 
with CKI  was used: 0.6 ng/ l CKI  (Merck Millipore 14-520), 50 M 
RKKKAEpSVASLTSQCSYSS peptide substrate (Anaspec, custom made), and CKI buffer. 
Solution containing the small molecule in DMSO was pipetted into the wells (0.5 μl, final 5% 
DMSO). Afterwards, 1 μl of a 50 μM ATP solution was pipetted into the upper corner of each 
well, and 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. A calibration curve was set up employing 9 μL of the CKI buffer, 
0.5 μL DMSO and 1 μl of a dilution series of ATP (50, 40, 30, 20 and 10 μM, respectively). 
Incubation for 3 h at 30 °C allowed for the enzymatic phosphorylation of the substrate 
peptide. As the reaction started, the wells were irradiated with a UV lamp (Spectroline, ENB-
280C/FE, 1x8 Watt) or violet lamp (3 x 1000 mW, max = 400 nm, FWHM 11.9 nm, Sahlmann 
Photochemical Solutions) for different duration followed by sealing off the wells with an 
aluminum sticker to shield from irradiation. Dark (0 min irradiation) wells were covered with 
an aluminium sticker from the beginning. After the incubation period (3 h), 10 μL Kinase Glo 
(Promega) was pipetted into 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). A calibration curve was set up correlating 
luminescence intensity with ATP concentration. The ATP consumption in DMSO control 
samples, containing the enzyme and peptide substrate without inhibitor, was set at 100% 
enzyme activity.  

6.5.10 Cellular circadian assay 
Effects of compounds on cellular circadian rhythms were analyzed as described previously1 
with modifications. Stable U2OS reporter cells harboring Bmal1-dLuc reporter were 
suspended in phenol red-free culture medium [DMEM (D2902, Sigma) supplemented with 
10% fetal bovine serum, 3.5 mg/ml D-glucose, 3.7 mg/ml sodium bicarbonate, 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 phenol red-
free explant medium [DMEM (D2902, Sigma) supplemented with 2% B27 (Gibco), 10 mM 
HEPES, 3.5 mg/ml D-glucose, 0.38 mg/ml sodium bicarbonate, 0.29 mg/ml L-glutamine, 100 
units/ml penicillin, 100 μg/ml streptomycin, and 0.2 mM luciferin; pH 7.2] was dispensed 
into each well, followed by the application of 500 nl of compounds (dissolved in DMSO; final 



 

 

181 

 

 

 

 

 

Controlling the Circadian Clock with High Temporal Resolution through Photodosing 

0.7% DMSO). The plate was covered with an optically clear film, and subjected to irradiation 
with 365 nm UV lamp (SLUV-6, AS ONE) from 10 cm distance or 400 nm LED lamp (3 x 1000 
mW, max = 400 nm, FWHM 11.9 nm, Sahlmann Photochemical Solutions) from 12 cm 
distance. Luminescence was recorded every 100 min in a microplate reader, Infinite 
M200Pro (Tecan). 

6.5.11 Ex vivo circadian studies 
Spleen tissue was dissected from Per2::Luc knockin mice48 and analyzed as described 
previously63 with modifications. Tissue pieces were cultured in phenol red-free explant 
medium without luciferin and containing compounds (final 0.24% DMSO) in a black, clear-
bottom 24-well plate. The plate was covered with an optically clear film, and subjected to 
irradiation with 400 nm LED lamp from 12 cm distance. Luciferin (final 1 mM) was 
supplemented to the medium, and luminescence was recorded every 30 min for 5 days in a 
LumiCEC luminometer (Churitsu). Circadian period was determined from luminescence 
rhythms by a curve fitting program MultiCycle (Actimetrics). Data from the first day was 
excluded from analysis, because of transient changes in luminescence upon medium 
change. 

To harvest the suprachiasmatic nucleus (SCN), Per2::Luc heterozygote neonatal mice at 
postnatal day four or five were euthanized. Coronal SCN slices of 300 μm thick were made 
with a tissue chopper (Mcllwain). The SCN tissue was dissected at the mid-rostrocaudal 
region and a paired SCN was cultured on a Millicell-CM culture insert (Millipore 
Corporation). The culture conditions were the same as those described previously.64 Briefly, 
the slice was cultured in air at 36.5 ºC with 1 ml DMEM (Invitrogen) containing 0.1 mM D-
luciferin (Wako Pure Chemical) and 5 % fetal bovine serum for three or four days, and then 
measurement of Per2::Luc bioluminescence was started by using luminometor (Kronos, 
Atto). DK359 (final 24 μM) or vehicle (DMSO) was applied into the culture medium from the 
beginning of the measurement. Four to five days after starting measurement, the tissue was 
subjected to irradiation with 400 nm LED lamp from 11 cm distance. Circadian period was 
calculated by a Chi-square periodogram (ClockLab). The analysis was applied for a record 
data of four or five consecutive days with a significance level of P = 0.01. 

6.5.12 Zebrafish experiment 
Larval fish were entrained under 12 h light/12 h dark cycles for 4 d under a constant 
temperature of 28 °C (Percival light incubator I-41LL). On day 4, they were placed in an 
individual well of a 96-well white solid-bottom plate with 325 μL of E3 solution (aq. 5 mM 
NaCl, 0.17 mM KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4, pH 7.0). The plate was covered 
with optically clear film. On day 5, the lighting condition was changed to constant darkness 
until the end of the experiment on day 7 (6 dpf). At CT6 on day 5, the compounds diluted in 
E3 and pre-arrayed in a 96 well plate were transferred to the larva plate using a BenchTop 
96-well Pipettor (Sorenson Bioscience) in darkness. Light treatment for compound 
activation using 400 nm LED (3 x 1000 mW, max = 400 nm, FWHM 11.9 nm, Sahlmann 
Photochemical Solutions) was performed inside the incubator for 5 and 10 min using 10 cm 
distance. A section of the plate was covered with aluminum foil for the dark treatment. 
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Following illumination, luciferin (final 0.2 mM) was added from a pre-arrayed plate using 
the 96-well pipettor. The plate was then sealed and placed in the Molecular Device LMAX 
II384 for bioluminescence reading. The plate was read every 30 min. After completing a 
read, the reader plate holder was maintained opened for temperature uniformity with the 
chamber using a python script controlling the Softmax Pro software. The data files were 
converted using a python script for processing with BioDare2 (biodare2.ed.ac.uk) for period 
estimation and visualization.65 The data from CT10 to CT75 was selected and processed 
using detrending for baseline and amplitude. 

6.5.13 Quantification and statistical analysis 
Statistical significance was evaluated using one-way or two-way ANOVA, followed by a 
Tukey’s multiple comparisons test using Prism software (GraphPad Software). 
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6.5.14 Supplemental figures 
 

 
Figure S1. Docking Conformations of Longdaysin, DK325, and DK359 to CKI  and CKI . (A) 
The top 5 scored docking conformations of longdaysin (upper panel) and DK325 and DK359 
(lower panel) to CKI . Hydrogen bonds, steric clashes, and ionic interactions are indicated 
as yellow, orange, and magenta dashed lines, respectively. The CKI  binding site is 
characterized by a kinase-specific hinge region (green) and an adjacent cavity formed by the 
p-loop (yellow). Hypothesis testing was performed using ANOVA and Tukey’s test post-hoc 
analysis (bottom right panel). LD = longdaysin. (B) All 3 docked conformations of longdaysin 
(upper panel) and top 5 scored docking conformations of DK325 and DK359 (lower panel) 
to CKI . Hydrogen bonds, steric clashes, and ionic interactions are indicated as yellow, 



Chronophotopharmacology 

 

184 

 

 

 

 

 

 

orange, and magenta dashed lines, respectively. The CKI  binding site is characterized by a 
kinase-specific hinge region (green) and an adjacent cavity formed by the p-loop (yellow). 
Hypothesis testing was performed using ANOVA and Tukey’s test post hoc analysis (top right 
panel). LD = longdaysin; NS = not significant. 

  
 

 
Figure S2. UV-Vis spectroscopy analysis of photo-deprotection of DK325 and DK359 (40 M 
in kinase buffer, 30 °C) showing clear isosbestic points. 
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Figure S3. In vitro Photo-deprotection Studies of DK325 and DK359. (A) UV spectrum of 
luciferin (0.1 mM in kinase buffer, max = 330 nm), longdaysin (40 M in DMSO, max = 273 
nm), DK325 (40 M in DMSO, max = 320 nm), and DK359 (40 M in DMSO, max = 345 nm). 
(B) UPLC chromatograms of DK325 upon irradiation in kinase assay buffer (40 μM; UV-light, 
λmax = 365 nm; 0 min, 1 min, 2 min, 4 min, 8 min, 16 min, 32 min and 130 min) and cellular 
medium (40 μM; visible light, λmax = 400 nm; 0 min, 10 min, and 60 min). Retention time 
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(min) is shown on the x-axis. Shown are the peaks of luciferin (9.73-9.74 min), longdaysin 
(11.95 min) and DK325 (14.36-14.49 min). (C) UPLC chromatograms of DK359 upon 
irradiation in kinase assay buffer (40 μM; UV-light, λmax = 365 nm; 0 min, 1 min, 2 min, 4 
min, 8 min, 16 min, 32 min and 64 min) and cellular medium (40 μM; visible light, λmax = 400 
nm; 0 min, 10 min, 60 min, and 100 min). Retention time (min) is shown on the x-axis. Shown 
are the peaks of luciferin (9.73-9.74 min), longdaysin (11.94-11.95 min), and DK359 (14.11 
min). 

Figure S4. Plot of the concentration of DK325 and DK359 as a function of time during max 
= 365 nm irradiation obtained by monitoring the peak area in UPLC traces (at  = 254 nm). 
The slope of the plot corresponds to the rate of DK325 and DK359 photo-deprotection rate: 
3.05  10-6 M s-1 ± 9.75  10-8 M s-1 and 3.04  10-6 M s-1 ± 2.95  10-7 M s-1. Correlation of 
this rate to the photon flux (I = 4.06  10-5 mol s-1 ml-1) gives quantum yields of 22.51% for 
DK325 and 22.47% for DK359.  

 

 

Figure S5. Determination of the molar extinction coefficient for DK325 and DK359. 
ε365(DK325) = 424 M-1 cm-1 and ε365(DK359) = 5875 M-1 cm-1.  
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Figure S6. Absorption spectrum of luciferin at pH 7.4 (0.1 mM in water) and of cellular 
medium containing luciferin (0.1 mM).  

 

 
Figure S7. Inhibition of CK1  in a Light-Dependent Manner. (A) DK359 (40 M final 
concentration) was applied to CKI -reaction mixture. The release of longdaysin was 
controlled by different irradiation duration (0 – 60 min) after the reaction was initiated by 
the addition of ATP and peptide substrate. (B) In situ irradiation results. Degree of CK1  
inhibition was plotted against irradiation time of violet light, λ = 400 nm. The ATP 
consumption in DMSO control samples, containing the enzyme and peptide substrate 
without inhibitor, was set at 100% enzyme activity.  
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Figure S8. Period Change of DK491- and DK492-Treated Cells. (A) Chemical structures of the 
control compounds DK491 and DK492. (B and C) Effect of photo-deprotection side products 
on cellular period change. Bmal1-dLuc reporter cells were treated with various 
concentrations of compound (6 points of 3-fold dilution series in DMSO) and irradiated with 
365 nm light (B) or 400 nm light (C) for 0 to 30 min. Luminescence rhythms were then 
monitored and period change was calculated (n = 4).  
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Table S1. Statistical Analysis. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 against 
the DMSO control. 
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