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Cryptochromes

Simon Miller and Tsuyoshi Hirota*

Institute of Transformative Bio-Molecules, Nagoya University, Nagoya, Japan

Cryptochromes (CRYs) are core components of the circadian feedback loop in mammals,
which regulates circadian rhythmicity in a variety of physiological processes including
sleep—wake cycles and metabolism. Dysfunction of CRY1 and CRY2 isoforms has been
associated with a host of diseases, such as sleep phase disorder and metabolic diseases.
Accumulating evidence for distinct roles of CRY1 and CRY2 has highlighted the need for
CRY isoform-selective regulation; however, highly conserved sequences in CRY ligand-
binding sites have hindered the design of isoform-selective compounds. Chemical biology
approaches have been identifying small-molecule modulators of CRY proteins, which act
in isoform-non-selective and also isoform-selective manners. In this review, we describe
advances in our understanding of CRY isoform selectivity by comparing X-ray crystal
structures of mammalian CRY isoforms in apo form and in complexes with compounds.
We discuss how intrinsic conformational differences in identical residues of CRY1 and
CRY2 contribute to unique interactions with different compound moieties for
isoform selectivity.

Keywords: cryptochromes, circadian clock, X-ray crystallography, small-molecule modulators, isoform selectivity

INTRODUCTION

The circadian clock is a biological timekeeper that regulates daily physiological rhythms in
almost all organisms. In humans, sleep-wake behavior, hormone secretion, body temperature,
and metabolism exhibit ~24-h circadian rhythms (Bass and Lazar, 2016). The suprachiasmatic
nucleus (SCN) in the hypothalamus forms the central clock that orchestrates physiological
rhythms in tissues and cells throughout the body via neuronal, hormonal, and behavioral
signaling (Ralph et al., 1990; Reppert and Weaver, 2002). External stimuli, such as light-
mediated activation of retinal ganglion cells, prompt the SCN to synchronize with environmental
day-night cycles (Hatori and Panda, 2010). In contrast, feeding is the major timing cue for
the peripheral clocks that locally regulate circadian rhythms in different tissues (Schibler
et al., 2003).

At the core of the circadian clock, CLOCK and BMALI transcription factors form a
heterodimer that binds to E-box elements and activates the transcription of thousands of genes
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regulating metabolism and other outputs (Rey et al, 2011;
Koike et al., 2012). CLOCK-BMALI also activates Period (Perl
and Per2) and Cryptochrome (Cryl and Cry2) genes, whose
protein products repress CLOCK-BMALl to form a
transcription—translation negative feedback loop (Takahashi,
2017). Alleviation of CLOCK-BMALLI repression is regulated
by proteasomal degradation of PER and CRY proteins, which
is enhanced by post-translational modifications. Casein kinase
I (CKI) phosphorylates PERs for degradation (Narasimamurthy
and Virshup, 2021), and CKI inhibitors cause period lengthening
of behavioral rhythms (Meng et al, 2010; Lee et al, 2019).
In contrast, AMP-activated protein kinase (AMPK)- and glycogen
synthase kinase-3p (GSK-3p)-dependent phosphorylation of
CRYs regulate their degradation (Lamia et al., 2009; Kurabayashi
et al,, 2010). Proteasomal degradation of CRYs is mediated
by ubiquitination via the E3 ligase FBXL3 (Busino et al., 2007;
Godinho et al., 2007; Siepka et al., 2007), whereas FBXL21
induces CRY stabilization (Hirano et al., 2013; Yoo et al., 2013).
The balance of CRY degradation and stabilization is also
important for the regulation of circadian period length, such
that degradation facilitates a new cycle to begin, and stabilization
prolongs the current cycle. Both CRY1 and CRY2 isoforms
can repress CLOCK-BMALL as part of a large complex with
PER proteins, but only CRY1 is able to form a late repressive
complex with CLOCK-BMALL in the absence of PERs (Koike

BOX 1 | Macromolecular structure determination.

X-ray crystallography is a technique that enables the
determination of tertiary protein structures at an atomic
level. To determine CRY structures, purified CRY proteins
are mixed with precipitant solutions and positioned (either
sitting or hanging drops) over a reservoir containing a buffer,
salt, and precipitant. Vapor diffusion removes water from
the protein-containing drop increasing protein concentration
and reducing solubility and thus driving it into a supersaturated
state where crystal nucleation can occur. Protein crystals
are cryoprotected in solutions containing high concentrations
of a precipitant, such as glycerol or polyethylene glycols
(PEGs), mounted in cryo-loops, and flash-cooled in liquid
nitrogen to produce a vitreous, frozen state that is free of
crystalline ice. The cryo-loops containing protein crystals
are mounted on a goniometer at a synchrotron facility and
rotated in 0.1-1° increments in a monochromatic beam of
hard X-rays at a specific wavelength (typically ~0.9-1.0A).
Coherently scattered X-rays produce diffraction patterns that
are recorded on a detector. The intensities of reflections
are computationally processed and Fourier transforms are
used to calculate structure factors that contain information
regarding the amplitudes and phases of reflections (NB.
Phase information is missing in the diffraction data and
needs to be calculated from a protein model, isomorphous
replacement with a heavy atom, or anomalous scattering
from selenium incorporation or native sulfur-containing
residues). Data processing produces a 3-D electron density
map into which the protein and bound ligands are modeled.

et al., 2012; Michael et al, 2017; Rosensweig et al., 2018;
Fribourgh et al, 2020). Furthermore, CRY2, but not CRY],
promotes c-MYC degradation via the recruitment of FBXL3
(Huber et al, 2016). This and other accumulating evidence
have shown distinct regulatory roles of CRY1 and CRY2 isoforms.

CRY dysfunction has been implicated in diseases, such
as circadian sleep disorders (Hirano et al., 2016; Patke et al.,
2017) and diabetes (Zhang et al., 2010; Lamia et al., 2011).
Furthermore, CRY1 and CRY?2 isoforms have been differentially
associated with cancer and may function as pro- or anti-
tumorigenic factors depending on the type of cancer (Chan
and Lamia, 2020; Chan et al., 2021; Shafi et al.,, 2021).
CRYs therefore represent attractive drug targets for the
treatment of CRY-mediated and circadian clock-related
diseases. Because dysfunctional CRY1 and CRY2 appear to
have overlapping and distinct associations with diseases,
isoform-selective CRY-targeting compounds, in addition to
isoform-non-selective compounds, would facilitate the
understanding of molecular mechanisms underlying CRY
functions to form the basis of therapeutics. In this review,
we will introduce the development of small-molecule
modulators of CRY proteins by chemical biology approaches,
and how structural biology (Box 1) has enhanced our
understanding of isoform-selective mechanisms that regulate
compound interactions and activity.

IDENTIFICATION OF CRY-TARGETING
COMPOUNDS

The clock gene reporters Brmall-dLuc and Per2-dLuc enable cellular
circadian rhythms to be measured (Hirota and Kay, 2015). By
evaluating the effects of compound libraries on the period, phase,
and amplitude of circadian rhythms via phenotypic screening,
modulators of clock function have been identified (Miller and
Hirota, 2020). Among synthetic compounds with diverse structures,
a carbazole derivative, KL0O1 (Figure 1), was found as a period-
lengthening compound. Development of an affinity probe based
on KL001, followed by affinity purification of interacting proteins
and mass spectrometry analysis, revealed that KL0O01 was the
first-in-class CRY modulator (Hirota et al., 2012). KLOO1 binds
to the FAD pocket of CRY (Nangle et al, 2013; Miller et al,
2021) and competes with the C-terminal tail of FBXL3 (Xing
et al.,, 2013), resulting in stabilization and activation of CRY for
period lengthening (Hirota et al, 2012; Box 2). Development
of KLOO1 derivatives resulted in the identification of KL044 as
a more potent compound (Lee et al, 2015), and GO044 and
GO200 as period-shortening compounds (Figure 1; Oshima et al,
2015). In addition to clock regulation, CRYs have been shown
to inhibit glucagon and glucocorticoid-dependent induction of
gluconeogenesis in the liver (Zhang et al,, 2010; Lamia et al,
2011). Consistent with these findings, KL001 treatment of primary
hepatocytes  inhibits  glucagon-dependent  induction  of
gluconeogenesis (Hirota et al, 2012), and the orally available
KLOO01 derivatives, compound 41 and compound 50 (Figure 1),
have been shown to improve glucose tolerance and fasting blood
glucose levels in diet-induced obese and diabetic mice (Humphries
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FIGURE 1 | Small-molecule compounds that target CRY proteins.
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et al, 2016, 2018). CRY-targeting compounds therefore have
therapeutic potential in the prevention of hyperglycemia. KL0O01
and its derivative are also efficacious in the treatment of
glioblastoma, a malignant brain cancer, by reducing proliferation
of patient-derived glioblastoma stem cells (Dong et al., 2019).
Despite KL001 being an effective tool for CRY activation, it
binds to CRY1 and CRY2 without preference, in other words,
isoform non-selective, making it difficult to obtain insights into
distinct functions of CRY isoforms. Very high sequence identity
in the FAD pockets (see section “Structure of Mammalian CRYSs”
in CRY1 and CRY2 has hindered the design and development
of isoform-selective compounds. Analyses of period-lengthening
compounds identified from phenotypic screens led to a breakthrough
with the first discovery of CRY isoform-selective activators KL101
and TH301 (phenylpyrazole derivatives; Figure 1), which stabilize
CRY1 and CRY2, respectively (Miller et al., 2020b; Box 2). Used
as tools to activate CRY1 and CRY2, KL101 and TH301 helped

BOX 2 | Period regulation by CRY-targeting compounds.
Deletion of Cryl and Cry2 genes results in period shortening
and lengthening, respectively (van der Horst et al, 1999;
Liu et al, 2007), suggesting opposite roles of these genes
in period regulation. In contrast, CRY-activating compounds
KLO001, KL044, KL101, TH301, KL201, TH303, and TH129
cause period lengthening irrespective of their isoform
selectivity (Hirota et al., 2012; Lee et al., 2015; Miller et al,,
2020a,b; Kolarski et al, 2021a). Compound treatment in
combination with mathematical modeling provided insights
into the roles of CRY1 and CRY2 in period regulation
(Hirota et al., 2012). FBXL3 is localized in the nucleus and
degrades nuclear CRY1 and CRY2. Therefore, inhibition of
FBXL3-dependent degradation by compounds results in
nuclear accumulation of CRYs. Mathematical modeling
predicted that stabilization of both nuclear CRY1 and CRY2
causes period lengthening. Consistent with this prediction,
KLO001 causes period lengthening in both Cryl and Cry2
knockout cells (i.e., in the presence of only CRY2 or CRY1),
and CRY1 or CRY2 isoform-selective compounds lengthen
the period. Then, why do Cryl and Cry2 knockouts result
in opposite period change? Mathematical modeling suggested
that the stronger repressor CRY1 and the weaker repressor
CRY2 compete for a rate-limiting PER interaction in the
cytosol to form a complex for nuclear localization. This
competition determines the balance of CRY1 and CRY2
nuclear translocation, resulting in apparently opposite
phenotypes of CryI and Cry2 knockouts: the weaker repressor
CRY2 causes shorter period, and the stronger repressor
CRY1 causes longer period. Compound treatment bypasses
this rate-limiting step and directly stabilizes nuclear CRY1
and CRY2, resulting in period lengthening. Therefore, CRY1
and CRY?2 have qualitatively similar roles in period regulation,
while their potency is different. The molecular mechanisms
of period shortening by GO200 (Oshima et al., 2015) and
amplitude reduction by KS15 (Chun et al., 2014) are not
clear and need further investigation.

to identify CRY-mediated activation of brown adipocyte
differentiation (Miller et al., 2020b). Furthermore, a similar approach
identified other CRY1 isoform-selective activators, the
thienopyrimidine derivative KL201 (Miller et al, 2020a), and
benzophenone derivatives TH303 and TH129 (Kolarski et al.,
2021a), which together provide molecular tools to investigate
CRY1 functions (Figure 1).

In addition to the activators, a CRY inhibitor was identified.
The 2-ethoxypropanoic acid derivative KS15 (Figure 1) has been
reported to target both CRY1 and CRY2 and block CRY-dependent
inhibition of CLOCK-BMAL1 (Chun et al, 2014; Jang et al,
2018). KS15 has anti-proliferative effects on breast cancer MCF-7
cells by increasing p53 and Bax gene expression (Chun et al,
2015). Considering that CRY1 and CRY2 have been associated
with p53 suppression or degradation in other cancers (Chan et al.,
2021; Jia et al, 2021) and that Cryl and Cry2 knockout in p53
mutant mice reduces cancer risk (Ozturk et al., 2009), KS15, or
its derivatives (Jeong et al, 2021) may be efficacious in the
treatment of several cancers, in addition to MCEF-7 breast cancer.
Together, these results identified CRYs as promising targets of
small-molecule compounds.

STRUCTURE OF MAMMALIAN CRYs

Cryptochromes belong to a photolyase/cryptochrome family of
FAD-binding proteins, and the photolyase homology region (PHR)
in mammalian CRYs (Figure 2A) is structurally related to
photolyases. The PHR comprises several subdomains: An N-terminal
o/f domain and a C-terminal o-helical domain, connected by
an extended linker region (Figure 2B; Czarna et al., 2013; Xing
etal, 2013; Miller et al., 2020b). Important structural and regulatory
features in the PHR include: (1) The FAD pocket in mouse CRYs
shares very high sequence identity between CRY isoforms. It has
an open form that is accessible to molecules, rather than the
closed form in photolyases that traps FAD in the pocket, and
therefore can bind FAD, ligands, or the C-terminal tail of FBXL3
even after protein folding (Czarna et al,, 2013; Xing et al,, 2013;
Miller et al,, 2021); (2) the lid loop is juxtaposed to the FAD
pocket and frequently interacts with residues in the FAD pocket
in CRY crystal structures (Miller et al., 2021). Complex formation
of CRY with PER proteins results in the restructuring of the
loop and pocket residues (Nangle et al, 2014; Schmalen et al.,
2014); (3) the P-loop can regulate circadian rhythms via
phosphorylation (Ode et al, 2017), although the structural
mechanisms are unknown due to flexibility and disorder of this
loop; and (4) the secondary pocket binds to the PAS-B domain
of CLOCK (Michael et al., 2017; Rosensweig et al., 2018). Several
variant residues between CRY1 and CRY2 are located in the
vicinity of the secondary pocket loop, resulting in a non-structured
loop in CRY1, which facilitates the tighter binding of CRY1 to
CLOCK PAS-B (Fribourgh et al., 2020). This enables the formation
of a late repressive complex with CLOCK in the absence of PER
(Koike et al., 2012).

In addition to the PHR domain, CRYs also contain a CRY
C-terminal tail (CCT), which displays considerable sequence
divergence between CRY1 and CRY2. A study utilizing cell-based
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FIGURE 2 | Overall structure of mouse CRY. (A) Domain organization of mouse CRY1 and CRY2. The PHRs are highly ordered with ~80% sequence identity
between CRY1 and CRY2, whereas the CCTs have divergent sequences, variable lengths and are predicted to be structurally disordered. (B) The crystal structure of
the PHR domain of CRY2-apo (PDB ID: 7DON). The N-terminal a/p domain (white) and C-terminal a-helical domain (gray) are connected by an extended linker
(orange). Important structural and regulatory features include: The FAD pocket (blue), lid loop (green), P-loop (yellow), and secondary pocket loop (magenta).
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CRY genetic rescue assays showed that the CCT is dispensable
for rhythm generation, but regulates period length and rhythm
amplitude (Khan et al, 2012). CCTs are mostly unstructured in
secondary structure predictions, making their structural
characterization challenging (Figure 2A; Parico and Partch, 2020).
In contrast, the CCT in Drosophila CRY (dCRY) is much shorter
than in mammalian CRYs, and its crystal structure has been
determined (Czarna et al, 2013; Levy et al, 2013). dCRY CCT
interacts with the lid loop and also directly with two key FAD
pocket residues: H378 (equivalent to mouse CRY1 H355 and CRY2
H373) and W422 (equivalent to CRY1 W399 and CRY2 W417).
H378 forms a bridge between the CCT and the FAD molecule,
and both the protonation state and conformation of this His residue
regulate CCT docking and undocking (Ganguly et al, 2016;
Chandrasekaran et al.,, 2021). However, no mammalian apo form
structures containing the CCT are available, so structural mechanisms
of interactions among the FAD pocket, lid loop, and CCT are
currently unknown. The region encoded by exon 11 of CRY1 in
the CCT interacts with the PHR and regulates its affinity for
CLOCK-BMALL (Parico et al., 2020). The CCT appears to be highly
dynamic in nature and may regulate CRY activity by binding to
different regions of the PHR to control circadian timing.

MOLECULAR INTERACTIONS OF CRYs
WITH COMPOUNDS

The design of isoform-selective compounds has been hindered
by almost identical sequences in the FAD pockets of CRY1
and CRY2 and their highly similar overall PHR structures.
Recent crystal structures of mouse CRY1-PG4 [PDB: 7DOM;
apo-like structure with a weakly bound cryoprotectant

tetraethylene glycol (PG4) in the FAD pocket] and CRY2-apo
(PDB: 7DON), however, have provided insights into intrinsic
structural differences in their FAD pockets and lid loops (Miller
et al., 2021). The FAD pocket is composed of three subregions:
(1) Hydrophobic region 1 consisting of mouse CRY1 residues
W292, F296, W399, and L400 (W310, F314, W417, and 1418 in
CRY2); (2) Affinity region: CRY1 residues Q289, H355, H359,
and S396 (Q307, H373, H377, and S414 in CRY2); and (3)
Hydrophobic region 2: CRY1 residues R358, A362, F381, L385,
A388, 1392, and W397 (R376, A380, F399, L403, A406, V410,
and W415 in CRY2; Figures 3, 4). These 15 residues represent
residues that most often interact with compounds, and CRY1
$396/CRY2 S414 in the affinity region form a canonical hydrogen
bond in all compound structures. Superposition of CRY1-apo
(PDB: 6KX4), CRY1-PG4, and CRY2-apo shows how fully
conserved residues adopt different conformations (Miller et al.,
2021; Figure 4). Most notable are CRY1 W399 “out” and
corresponding CRY2 W417 “in” conformations (these Trp
residues are referred to as the gatekeeper due to interactions
or steric clashes with compound functional groups depending
on their “out” or “in” orientations; see below); CRY1 H355
corresponding to CRY2 H373; and lid loop residues CRY1
F406-Q407 and CRY2 F424-Q425.

X-ray crystal structures represent the gold standard for
elucidating molecular conformations and interactions, but their
structures are predominantly static and can have conformational
restraints imposed by crystal packing (interactions between
protein molecules that form the crystal lattice). It is therefore
important to evaluate the integrity of protein structures with
supporting methods and analyses. Molecular dynamics (MD)
simulations computationally analyze energetically favorable
conformations in dynamic structures. Comparisons of X-ray
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FIGURE 3 | FAD pocket surfaces in CRY1 and CRY2. The FAD pocket can be divided into three subregions: Hydrophobic region 1 (blue), the affinity region
(magenta), and hydrophobic region 2 (green). Pockets are shown for CRY1-PG4 [the PG4 molecule (not shown) was present in the crystallization buffer and bound

CRY1-apo (6KX4)
CRY1-PG4 (7DOM)
CRY2-apo (7DON)

W399  F405
“out’

Lid loops

Q289
(Q307)

FIGURE 4 | Conserved residues in the FAD pockets and lid loops of CRY1
and CRY2 intrinsically adopt distinct conformations. Superposition of CRY1-
apo (PDB ID: 6KX4; white), CRY1-PG4 (7DOM; brown; PG4 molecule not
shown) and CRY2-apo (7DON, gray) shows heterogeneity in the
conformations of the FAD pocket residues CRY1 H355 and W399 (yellow
shading), and the lid loop residues F406 and Q407 (CRY2 H373, W417,
F424, and Q425, respectively). The opposite conformations of the CRY1
W399 and CRY2 W417 gatekeepers form differential interactions with
reversed lid loop conformations (indicated by dotted arrows). CRY1 W292
displays some flexibility in CRY1 structures and occupied a “down”
conformation in CRY1-apo (6KX4), but is repositioned to accommodate
compounds (Figures 5-7).

crystal structures and MD simulations have shown agreement
in the differential conformations of the gatekeepers and lid

loops in CRYl and CRY2, supporting that intrinsic
conformational differences occur despite the high sequence
similarity (Miller et al.,, 2021). In contrast, CRY1 H355/CRY2
H373 is more dynamic in CRY apo structures and did not
show isoform-dependent differences. In the intrinsic “out”
conformation in CRY1, the gatekeeper W399 interacts with
Q407 in the lid loop, which helps to rigidify the N-terminal
portion of the lid loop in combination with the canonical
insertion of F405 into the auxiliary pocket located just behind
hydrophobic region 1. In CRY2, F423 inserts into the auxiliary
pocket in an equivalent manner to CRY1 F405, but the gatekeeper
W417 adopts an “in” conformation and interacts with F424 in
the lid loop. This stabilizes the N-terminal region of the loop
in a different conformation to CRY1 and results in the lid
loop residues CRY1 F406-Q407 and CRY2 F424-Q425 rotating
~180° relative to each other (Miller et al,, 2021; Figure 4).
The intrinsic difference of the gatekeeper orientation explains
well the isoform selectivity of KL101 and TH301. The
phenylpyrazole groups of KL101 and TH301 occupied
hydrophobic region 2 of the FAD pocket, although their binding
positions were slightly offset due to substituent functional groups:
a dimethylphenyl and a methoxyphenyl in KL101 and TH301,
respectively, which formed distinct interactions with residue
W397 in CRY1 and corresponding W415 in CRY2 (Figures 5A,B;
Miller et al.,, 2020b). KL101 contains an upper dimethylphenyl
that inserted into hydrophobic region 1 of CRY1 (PDB: 6KX6),
and the steric bulk of the dimethylphenyl induced a slight
outward push of the gatekeeper W399. Importantly, W399
retained the intrinsic “out” conformation observed in CRY1-PG4
and CRYl1-apo structures (Figures 4, 5A). H355 also adopted
a similar conformation to CRY1-apo and CRY1-PG4. In contrast,
a notable conformational change occurred upon the binding
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A B
CRY1-KL101 (6KX6) CRY2-TH301 (6KX8)

W292 \ w319 Wa17

Q289

C D
CRY1-TH301 (6KX7) CRY1-KL201 (6LUE)
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FIGURE 5 | Binding modes of isoform-selective compounds in CRY1 and CRY2. (A) Crystal structure of CRY1-KL101 (PDB ID: 6KX6). Key interacting residues (white) and
the KL101 compound (magenta) are shown. The upper dimethylphenyl located in hydrophobic region 1 and fitted to an intrinsically “out” gatekeeper W399 conformation.
The lower dimethylphenyl located in hydrophobic region 2 and formed hydrophobic interactions with W397. H355 was not restrained by KL101 binding and transiently
adopted the same conformation observed in CRY1-PG4 (Figure 4) and CRY1-KL201 (D). (B) Crystal structure of CRY2-TH301 (6KX8). The cyclopentyl group of TH301
(cyan) binds in hydrophobic region 1 and forms a stacking interaction with the intrinsically “in” conformation of gatekeeper W417 (white). The methoxyphenyl group (in
hydrophobic region 2) forms a hydrogen bond with W415. H373 adopted the same conformation as in CRY2-apo (Figure 4). (C) The binding of TH301 (blue) to CRY1
(white) induces a conformational change in CRY1-TH301 (6KX7). The small steric bulk of the cyclopentyl of TH301 induced a stacking interaction with the gatekeeper
W399, which rotated from an intrinsic “out” conformation to an “in” conformation. The conformational freedom of H355 is restricted by the methoxyphenyl group, preventing
H355 adopting a conformation observed in CRY1-KL101 (A) and CRY1-PG4 (Figure 4). (D) A unique binding mode of KL201 (orange) to CRY1 (white) in CRY1-KL201
(6LUE). The fused tricyclic thienopyrimidine and cyclohexyl moiety of KL201 binds to hydrophobic region 1 of the FAD pocket. In this configuration, the compound fits to an
intrinsically “out” gatekeeper W399 conformation. H355 adopted a stable conformation similar to CRY1-PG4 (Figure 4) and CRY1-KL101 (A), but distinct from CRY1-
TH301 (C). The bromopheny! group (essential for compound effect) located in hydrophobic region 2.

of TH301 to CRY1 (PDB: 6KX7; Miller et al, 2020b). The interaction with the cyclopentyl group (Figure 5C). The binding
gatekeeper rotated to an “in” position to form a stacking mode of TH301 in CRY2 (PDB: 6KX8) was almost identical
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to that in the CRY1-TH301 complex, but critically the CRY2
gatekeeper W417 required no conformational change, compared
to CRY2-apo, to form a favorable stacking interaction with
the cyclopentyl (Figure 5B). Furthermore, H355 in CRY1-TH301
adopted a different conformation to CRY1-PG4 and CRY1-
KL101, whereas corresponding H373 in CRY2-TH301 retained
the same conformation as in CRY2-apo (Figures 4, 5A,B).
Overall, the results showed that KL101 and TH301 can bind
to the intrinsic conformations of the FAD pockets in CRY1
and CRY2, respectively, accounting for their isoform-selective
properties. In contrast, TH301 (selective to CRY2) induced
large conformational changes in the FAD pocket of CRYI,
indicative of less favorable interactions. Structure-guided point
mutations in the lid loop residues CRY1 Q407 and CRY2 F424,
which differentially interact with the CRY1 W399 and CRY2
W417 gatekeepers, resulted in inversed responses to KL101
and TH301 (Miller et al,, 2021), supporting that differential
intrinsic gatekeeper-lid loop conformations in CRY isoforms
contribute to compound selectivity.

Structure activity relationships (SARs) of KL101 and TH301
derivatives provided insights into the functional groups required
for optimal compound effects (Miller et al., 2020b). The meta-
methyl group (interacted with the gatekeeper in hydrophobic
region 1) and the para-methyl group of KL101 (interacted
with hydrophobic residues in hydrophobic region 2) were
important for compound effect, and their removal or substitution
resulted in severely reduced activity. In TH301, the removal
and substitution of the methoxy group (interacted with W397 in
hydrophobic region 2) caused inactivity and reduced activity,
respectively, and both the cyclopentyl and chlorophenyl groups
were essential for activity.

The structure of CRY1 in complex with KL201 (PDB: 6LUE)
revealed a unique interaction with a thienopyrimidine scaffold
(Miller et al.,, 2020a). Compared to KL001 and KLO044 (see
below), KL201 appears to bind upside down in the FAD pocket
with the fused tricyclic thienopyrimidine and cyclohexyl moiety
occupying hydrophobic region 1, instead of hydrophobic region
2 (Figure 5D). In this orientation, KL201 fits to a gatekeeper
“out” conformation. The exact mechanisms of CRY1 selectivity
are not clear, but the thienopyrimidine scaffold has greater
steric bulk than the functional groups of KL101 and TH301
that occupy hydrophobic region 1, and might cause a steric
clash with the CRY2 gatekeeper “in” conformation or W310
(equivalent to CRY1 W292), which is closer to the center of
the FAD pocket in CRY2. Another mechanism potentially
regulating selectivity is the conformation of H355 in CRY1-
KL201, which is very similar to CRY1-PG4 and CRY1-KL101,
but different to CRY2-apo (Figures 4, 5D). SAR analyses of
KL201 derivatives identified an essential role of the bromophenyl
group (interacted with residues in hydrophobic region 2) in
compound activity and a size-dependent effect of the cyclohexyl
(interacted with W292 and W399; Miller et al., 2020a). Together,
the crystal structures of CRY-compound complexes identified
a mechanism whereby compounds compatible with intrinsic
FAD pocket conformations of CRY1 and CRY2 show preferential
binding. However, it is important to note that these compounds
are only marginally selective in the context of PHR-only CRY

constructs and require the CCT for full selectivity (Miller et al.,
2020b, 2021; see below).

In contrast, TH303 and TH129 are selective to CRY1
PHR constructs missing the CCT (Kolarski et al., 2021a).
TH303 and TH129 contained the same phenylpyrazole scaffold
as KL101, but attached to a benzophenone substituent that
inserted into hydrophobic region 1 in CRY1-TH303 (PDB:
7D1C) and CRY1-TH129 (PDB: 7D19) structures. In order
to avoid a clash with the large steric bulk of the benzophenone
moiety, the gatekeeper W399 underwent a considerable and
unique conformational change where it inserted into the
auxiliary pocket causing the ejection of F405 (Figures 6A,B).
The removal of F405 from this pocket induced rearrangement
of the lid loop and facilitated an interaction of F409 with
the benzophenone. The benzoyl group in the benzophenone
moiety of TH129 was critical for activity, and its substitution
resulted in dramatically reduced period-lengthening activity.
Furthermore, TH303 and TH129, but not KL101, showed
reduced effects on a CRY1 F409A lid loop mutant (Kolarski
et al,, 2021a), supporting an interaction of the lid loop with
the benzophenone. Superposition of TH303 and TH129 with
CRY2-apo shows how a more severe steric clash would occur
between the benzophenone and the gatekeeper W417
(Figure 6C). Moreover, the intrinsic “in” conformation of
the gatekeeper in CRY2 would require a much larger
conformational change to insert into the auxiliary pocket,
which is likely to be energetically unfavorable. Taken together,
TH303 and TH129 may impart isoform selectivity via large
conformational changes to the gatekeeper and lid loop
in CRYI.

Crystal structures of the non-isoform-selective compound
KL001 in complexes with CRY1 (PDB: 7DLIL Miller et al., 2021)
and CRY2 (PDB: 4MLP; Nangle et al., 2013) revealed how this
compound can bind to the FAD pocket of both CRY1 and CRY2
with minimal changes to intrinsic FAD pocket residues. The
carbazole moiety and hydroxypropyl linker interacted with
hydrophobic region 2 and the affinity region, respectively, and
formed very similar binding modes in CRY1 and CRY2. In
contrast, the more flexible methanesulfonamide and furan groups
showed different binding modes in hydrophobic region 1
(Figures 7A,B). Importantly, the distinct “out” and “in” gatekeeper
conformations of CRY1 and CRY2, respectively, can accommodate
KLO001, suggesting a mechanism for its isoform non-selective
properties. A more potent derivative KL044 (Lee et al, 2015)
formed strong interactions with FAD pocket residues in complex
with CRY1 (Miller et al,, 2020b; Figure 7C). Similar to KLO001,
the carbazole group in KL044 stably interacted with hydrophobic
region 2. A chlorobenzonitrile moiety inserted into a hydrophobic
annulus in hydrophobic region 1 interacting with W292, F296,
and the gatekeeper W399 and also formed a CH-Cl interaction
with L400. An amide linker connecting the bottom carbazole
and top chlorobenzonitrile moieties formed a hydrogen bond
with H359, in addition to a canonical interaction with $396.
These interactions resulted in an optimized binding orientation
of KL044 in the FAD pocket, accounting for its higher potency.
The binding mode of KL044 in CRY2 has not been determined,
but the small steric bulk of the chlorobenzonitrile may be able
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CRY1-TH303 (7D1C)
CRY1-apo (6KX4)

Auxiliary pocket

)
Lid loop

H359

CRY1-TH129 (7D19)

Auxiliary pocket

Lid loop

CRY1- (7D1C)
CRY1-TH129 (7D19)
CRY1-apo (6KX4)
CRY2-apo (7DON)

H359 Lid loops
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TH129 &y
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FIGURE 6 | The binding of benzophenone derivatives to CRY1 induced gatekeeper and lid loop reordering. (A,B) The benzophenone moieties of TH303 (A, yellow, 7D1C)
and TH129 (B, green, 7D19) form a severe steric clash with the intrinsic gatekeeper W399 “out” conformation of CRY1-apo (6KX4; magenta). Repositioning of W399 (beige
and light green) into the auxiliary pocket (small arrow) induced steric overlap with F405 (intrinsically inserts into the auxiliary pocket), which relocated to a distal position (large
arrow) causing rearrangement of the lid loop. The lid loop residue F409 (cyan) was repositioned to form a stacking interaction with the benzophenone. The surface is shown
for the auxiliary pocket residues F295, F296, A299, F306, 1314, M398, and S404. (C) Conformational isomerism of CRY1 and CRY2 gatekeepers may regulate TH303 and
TH129 selectivity. Superposition of CRY2-apo (7DON) gatekeeper W417 onto CRY1 crystal structures. The intrinsic CRY2 gatekeeper W417 “in” conformation would likely
require two conformational changes to enter the auxiliary pocket (dotted arrows, left panel). A rotated view (45° around the X-axis) shows the large conformational change
required for the gatekeeper to enter the auxiliary pocket (right panel), making it less energetically favorable in CRY2.

@ »

to avoid a steric clash with the intrinsic “in” conformation of
the gatekeeper W417.

Overall, crystal structures of CRYs in complexes with small-
molecule activators have provided structural insights into their
mechanisms of action. In contrast, there is currently no structural
information available for the mechanisms by which CRY
inhibitors, for example, KS15, exhibit their effects. Such structures
could facilitate the development of new inhibitor derivatives,
providing new tools for CRY regulation.

ROLE OF CCTs IN ISOFORM
SELECTIVITY

Although structural information of the CCT is not available
because of its disordered nature, functional assays have provided
insights into the role of the CCT, in combination with the
lid loop and gatekeeper, in compound selectivity. Chimeric
CRY1 and CRY2 proteins containing their respective PHRs
but with segment-swapped CCTs from their opposite isoforms
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CRY1-KL001 (7DLlI)

CRY2-KL001 (4MLP)

w310

Q307

CRY1-KL044 (6KX5)

w292 W399

hydrophobic region 2. Together, KL044 had an optimized binding mode.

FIGURE 7 | The binding modes of isoform non-selective CRY compounds. (A) Crystal structure of CRY1-KLOO1 (7DLI). The carbazole and hydroxypropy! linker of
KLOO1 (purple) stably interacted with hydrophobic region 2 and the affinity region of CRY1 (white), respectively. In contrast, the methanesulfonamide and furan
groups have greater flexibility and located in hydrophobic region 1 with an intrinsic gatekeeper W399 “out” conformation. (B) Crystal structure of CRY2-KLOO1
(4MLP). KLOO1 (pink) can bind to intrinsic FAD pocket conformations, including gatekeeper W417 “in” of CRY2 (white). (C) The potent CRY activator KL044 formed
stable hydrogen bonds with the FAD pocket. The amide linker in KLO44 (lime green) formed a hydrogen bond with H359 in addition to a canonical hydrogen bond
with S396. The chlorobenzonitrile group formed hydrophobic interactions with W292, F296, and W399, and a CH-ClI interaction with L400 in hydrophobic region 1.
Furthermore, the intrinsic gatekeeper W399 “out” conformation could accommodate the chlorobenzonitrile. The carbazole interacted with multiple residues in

are non-responsive to KL101 and TH301 (Miller et al., 2020b),
demonstrating that CCT interactions with their respective PHRs
differ between CRY isoforms. In contrast, CCT-swapping in
combination with lid loop mutations (CRY1 Q407A and CRY2
F424A) can influence compound selectivity (Miller et al., 2021),
suggesting their interplay. Segment swapping and truncations
of CRY CCTs have determined that the region encoded by
exon 10 is required for the effects of KL101 and TH301 (Miller
et al., 2020b). Interestingly, unlike in mammalian cells, KL101
and TH301 did not change the circadian period in zebrafish,
possibly due to markedly different sequences in the exon 10

region of zebrafish CRY1 and CRY2, compared to mammalian
CRYs (lida et al., 2021). This observation indicates a species-
dependent difference in the effects of KL101 and TH301 and
supports an important role of the exon 10 region in their
effects. Furthermore, a hydrophobic patch (Phe-Met-Gly-Tyr)
in human CRY1 exon 10 is reported to interact with the PHR
by nuclear magnetic resonance spectroscopy (Parico et al,
2020). Together, these findings suggest a mechanism where
the CCT might impart compound selectivity by interacting
with residues in the FAD pocket and lid loop, and/or directly
with compounds. It is possible that divergent CCTs in CRY1
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and CRY2 bind to and stabilize intrinsically different FAD
pocket and lid loop conformations observed in CRY PHR
structures or that CCT binding induces conformational
rearrangement of key pocket residues and the lid loop. However,
specific mechanisms remain elusive, and crystal structures of
full-length CRY proteins with and without bound compounds
will be pivotal in the future elucidation of these mechanisms.

CONCLUDING REMARKS

Intrinsic differences in CRY1 and CRY2 structures have shed
light on the isoform-selective binding of compounds. The
differential conformations of FAD pocket residues are analogous
to a lock, and compounds that show compatible binding to
these conformations are analogous to a key. Further interactions
among the FAD pocket, lid loop, and CCT appear to stabilize
distinct conformations and impart isoform selectivity.
Compounds with opposite selectivity that require conformational
changes to intrinsic pocket residues, most likely incur steric
hindrance to pocket entry or less energetically favorable
interactions. Despite these advances in our understanding of
CRY regulation by small-molecule compounds, there are many
mechanisms yet to be structurally determined. In particular,
molecular interactions between the PHR and CCT governing
isoform selectivity, and intrinsic differences in highly conserved
PHR residues that regulate the binding of PHR isoform-selective
compounds, such as TH303 and TH129, still require elucidation.
Furthermore, the regulatory mechanisms of period-shortening
compounds, such as GO200, are poorly understood. Future
research should determine these critical regulatory mechanisms.
The understanding of compound-binding modes will facilitate

REFERENCES

Bass, J., and Lazar, M. A. (2016). Circadian time signatures of fitness and
disease. Science 354, 994-999. doi: 10.1126/science.aah4965

Busino, L., Bassermann, F, Maiolica, A., Lee, C., Nolan, P. M., Godinho, S. 1.
H., et al. (2007). SCFFbxI3 controls the oscillation of the circadian clock
by directing the degradation of cryptochrome proteins. Science 316, 900-904.
doi: 10.1126/science.1141194

Chan, A. B, and Lamia, K. A. (2020). Cancer, hear my battle CRY. J. Pineal
Res. 69:¢12658. doi: 10.1111/jpi.12658

Chan, A. B, Parico, G. C. G,, Fribourgh, J. L., Ibrahim, L. H., Bollong, M. J.,
Partch, C. L., et al. (2021). CRY2 missense mutations suppress P53 and
enhance cell growth. Proc. Natl. Acad. Sci. U. S. A. 118:e2101416118. doi:
10.1073/pnas.2101416118

Chandrasekaran, S., Schneps, C. M., Dunleavy, R., Lin, C., DeOliveira, C. C,,
Ganguly, A., et al. (2021). Tuning flavin environment to detect and control
light-induced conformational switching in Drosophila cryptochrome. Commun.
Biol. 4, 249-212. doi: 10.1038/s42003-021-01766-2

Chun, S. K., Chung, S., Kim, H.-D., Lee, J. H., Jang, ], Kim, J., et al.
(2015). A synthetic cryptochrome inhibitor induces anti-proliferative
effects and increases chemosensitivity in human breast cancer cells.
Biochem. Biophys. Res. Commun. 467, 441-446. doi: 10.1016/j.
bbrc.2015.09.103

Chun, S. K., Jang, J., Chung, S., Yun, H., Kim, N.-J,, Jung, J.-W,, et al.
(2014). Identification and validation of cryptochrome inhibitors that
modulate the molecular circadian clock. ACS Chem. Biol. 9, 703-710.
doi: 10.1021/cb400752k

the derivatization and development of new compounds with
optimal binding properties. The development of improved
isoform-specific CRY modulators could provide new insights
into distinct CRY1 and CRY2 functions, as well as more
efficacious treatment of clock-related diseases due to the activation
or inhibition of only one CRY isoform. In addition, derivatization
of CRYl1-selective TH129 by substituting the benzophenone
with an azobenzene moiety has enabled reversible regulation
of CRY1 function with light (Kolarski et al., 2021a). This shows
promise in the field of circadian photopharmacology, where
visible light may be used to regulate circadian rhythms by
targeting only specific tissues and cells (Kolarski et al., 2019,
2021b). In summary, chemical and structural biology have
furthered our understanding of how evolutionarily conserved
CRY isoforms can be selectively targeted by small-molecule
compounds and provided a rationale for new compound
development to optimize interactions with the conformational
isomerism present in CRY1 and CRY2 structures.

AUTHOR CONTRIBUTIONS

SM and TH wrote this review. All authors contributed to the
article and approved the submitted version.

FUNDING

TH received support from JSPS Grants 20K21269 and 21H04766;
Takeda Science Foundation; Uehara Memorial Foundation;
Tokyo Biochemical Research Foundation; and Hitachi
Global Foundation.

Czarna, A., Berndt, A, Singh, H. R, Grudziecki, A., Ladurner, A. G., Timinszky, G.,
etal. (2013). Structures of drosophila cryptochrome and mouse cryptochromel
provide insight into circadian function. Cell 153, 1394-1405. doi: 10.1016/j.
cell.2013.05.011

Dong, Z., Zhang, G., Qu, M., Gimple, R. C., Wu, Q., Qiu, Z., et al. (2019).
Targeting glioblastoma stem cells through disruption of the circadian clock.
Cancer Discov. 9, 1556-1573. doi: 10.1158/2159-8290.CD-19-0215

Fribourgh, J. L., Srivastava, A., Sandate, C. R., Michael, A. K, Hsu, P. L,
Rakers, C., et al. (2020). Dynamics at the serine loop underlie differential
affinity of cryptochromes for CLOCK:BMALI to control circadian timing.
eLife 9:e55275. doi: 10.7554/eLife.55275

Ganguly, A., Manahan, C. C,, Top, D., Yee, E. E, Lin, C., Young, M. W, et al.
(2016). Changes in active site histidine hydrogen bonding trigger cryptochrome
activation. Proc. Natl. Acad. Sci. U. S. A. 113, 10073-10078. doi: 10.1073/
pnas.1606610113

Godinho, S. I. H., Maywood, E. S., Shaw, L., Tucci, V., Barnard, A. R., Busino, L.,
et al. (2007). The after-hours mutant reveals a role for Fbxl3 in determining
mammalian circadian period. Science 316, 897-900. doi: 10.1126/
science.1141138

Hatori, M., and Panda, S. (2010). The emerging roles of melanopsin in behavioral
adaptation to light. Trends Mol. Med. 16, 435-446. doi: 10.1016/j.
molmed.2010.07.005

Hirano, A., Shi, G., Jones, C. R., Lipzen, A., Pennacchio, L. A, Xu, Y., et al.
(2016). A cryptochrome 2 mutation yields advanced sleep phase in humans.
eLife 5:¢16695. doi: 10.7554/eLife.16695

Hirano, A., Yumimoto, K., Tsunematsu, R., Matsumoto, M., Oyama, M.,
Kozuka-Hata, H., et al. (2013). FBXL21 regulates oscillation of the circadian

Frontiers in Physiology | www.frontiersin.org

11

January 2022 | Volume 13 | Article 837280


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1126/science.aah4965
https://doi.org/10.1126/science.1141194
https://doi.org/10.1111/jpi.12658
https://doi.org/10.1073/pnas.2101416118
https://doi.org/10.1038/s42003-021-01766-2
https://doi.org/10.1016/j.bbrc.2015.09.103
https://doi.org/10.1016/j.bbrc.2015.09.103
https://doi.org/10.1021/cb400752k
https://doi.org/10.1016/j.cell.2013.05.011
https://doi.org/10.1016/j.cell.2013.05.011
https://doi.org/10.1158/2159-8290.CD-19-0215
https://doi.org/10.7554/eLife.55275
https://doi.org/10.1073/pnas.1606610113
https://doi.org/10.1073/pnas.1606610113
https://doi.org/10.1126/science.1141138
https://doi.org/10.1126/science.1141138
https://doi.org/10.1016/j.molmed.2010.07.005
https://doi.org/10.1016/j.molmed.2010.07.005
https://doi.org/10.7554/eLife.16695

Miller and Hirota

Isoform-Selective Modulators of Mammalian CRYs

clock through ubiquitination and stabilization of cryptochromes. Cell 152,
1106-1118. doi: 10.1016/j.cell.2013.01.054

Hirota, T., and Kay, S. A. (2015). “Chapter thirteen - identification of small-
molecule modulators of the circadian clock,” in Methods in Enzymology
Circadian Rhythms and Biological Clocks, Part A. ed. A. Sehgal (London:
Academic Press), 267-282.

Hirota, T., Lee, J. W,, St. John, P. C., Sawa, M., Iwaisako, K., Noguchi, T,
et al. (2012). Identification of small molecule activators of cryptochrome.
Science 337, 1094-1097. doi: 10.1126/science.1223710

Huber, A.-L., Papp, S. J., Chan, A. B., Henriksson, E., Jordan, S. D., Kriebs, A.,
et al. (2016). CRY2 and FBXL3 cooperatively degrade c-MYC. Mol. Cell
64, 774-789. doi: 10.1016/j.molcel.2016.10.012

Humpbhries, P. S., Bersot, R., Kincaid, J., Mabery, E., McCluskie, K., Park, T.,
et al. (2016). Carbazole-containing sulfonamides and sulfamides: discovery
of cryptochrome modulators as antidiabetic agents. Bioorg. Med. Chem. Lett.
26, 757-760. doi: 10.1016/j.bmcl.2015.12.102

Humpbhries, P. S., Bersot, R., Kincaid, J., Mabery, E., McCluskie, K., Park, T.,
et al. (2018). Carbazole-containing amides and ureas: discovery of cryptochrome
modulators as antihyperglycemic agents. Bioorg. Med. Chem. Lett. 28, 293-297.
doi: 10.1016/j.bmcl.2017.12.051

Tida, M., Nakane, Y., Yoshimura, T., and Hirota, T. (2021). Effects of cryptochrome-
modulating compounds on circadian behavioral rhythms in zebrafish.
J. Biochem. [Epub ahead of print]. doi: 10.1093/jb/mvab096

Jang, J., Chung, S., Choi, Y., Lim, H. Y., Son, Y., Chun, S. K,, et al. (2018).
The cryptochrome inhibitor KS15 enhances E-box-mediated transcription
by disrupting the feedback action of a circadian transcription-repressor
complex. Life Sci. 200, 49-55. doi: 10.1016/j.1fs.2018.03.022

Jeong, Y. U, Jin, H.-E., Lim, H. Y., Choi, G., Joo, H., Kang, B., et al. (2021).
Development of non-ethoxypropanoic acid type cryptochrome inhibitors
with circadian molecular clock-enhancing activity by bioisosteric replacement.
Pharmaceuticals 14:496. doi: 10.3390/ph14060496

Jia, M., Su, B., Mo, L., Qiu, W, Ying, J., Lin, P, et al. (2021). Circadian clock
protein CRY1 prevents paclitaxel-induced senescence of bladder cancer cells
by promoting p53 degradation. Oncol. Rep. 45, 1033-1043. doi: 10.3892/
0r.2020.7914

Khan, S. K., Xu, H., Ukai-Tadenuma, M., Burton, B., Wang, Y., Ueda, H. R,,
et al. (2012). Identification of a novel cryptochrome differentiating domain
required for feedback repression in circadian clock function. J. Biol. Chem.
287, 25917-25926. doi: 10.1074/jbc.M112.368001

Koike, N., Yoo, S.-H., Huang, H.-C., Kumar, V., Lee, C., Kim, T.-K,, et al.
(2012). Transcriptional architecture and chromatin landscape of the core
circadian clock in mammals. Science 338, 349-354. doi: 10.1126/science.1226339

Kolarski, D., Miller, S., Oshima, T., Nagai, Y., Aoki, Y., Kobauri, P, et al.
(2021a). Photopharmacological manipulation of mammalian CRY1 for
regulation of the circadian clock. J. Am. Chem. Soc. 143, 2078-2087. doi:
10.1021/jacs.0c12280

Kolarski, D., Miré-Vinyals, C., Sugiyama, A., Srivastava, A., Ono, D., Nagai, Y.,
et al. (2021b). Reversible modulation of circadian time with
chronophotopharmacology. Nat. Commun. 12:3164. doi: 10.1038/s41467-021-
23301-x

Kolarski, D., Sugiyama, A., Breton, G., Rakers, C., Ono, D., Schulte, A,, et al.
(2019). Controlling the circadian clock with high temporal resolution through
photodosing. J. Am. Chem. Soc. 141, 15784-15791. doi: 10.1021/jacs.9b05445

Kurabayashi, N., Hirota, T., Sakai, M., Sanada, K., and Fukada, Y. (2010).
DYRKI1A and glycogen synthase kinase 3p, a dual-kinase mechanism directing
proteasomal degradation of CRY2 for circadian timekeeping. Mol. Cell. Biol.
30, 1757-1768. doi: 10.1128/MCB.01047-09

Lamia, K. A., Papp, S. ], Yu, R. T, Barish, G. D., Uhlenhaut, N. H., Jonker, J. W,,
etal. (2011). Cryptochromes mediate rhythmic repression of the glucocorticoid
receptor. Nature 480, 552-556. doi: 10.1038/nature10700

Lamia, K. A., Sachdeva, U. M., DiTacchio, L., Williams, E. C., Alvarez, J. G.,
Egan, D. E, et al. (2009). AMPK regulates the circadian clock by cryptochrome
phosphorylation and degradation. Science 326, 437-440. doi: 10.1126/
science.1172156

Lee, J. W,, Hirota, T., Kumar, A., Kim, N.-J,, Irle, S., and Kay, S. A. (2015).
Development of small-molecule cryptochrome stabilizer derivatives as
modulators of the circadian clock. ChemMedChem 10, 1489-1497. doi:
10.1002/cmdc.201500260

Lee, J. W, Hirota, T., Ono, D., Honma, S., Honma, K., Park, K., et al. (2019).
Chemical control of mammalian circadian behavior through dual inhibition
of casein kinase I and 8. . Med. Chem. 62, 1989-1998. doi: 10.1021/acs.
jmedchem.8b01541

Levy, C., Zoltowski, B. D., Jones, A. R., Vaidya, A. T.,, Top, D., Widom, J,
et al. (2013). Updated structure of drosophila cryptochrome. Nature 495,
E3-E4. doi: 10.1038/nature11995

Liu, A. C., Welsh, D. K,, Ko, C. H,, Tran, H. G., Zhang, E. E., Priest, A. A,,
et al. (2007). Intercellular coupling confers robustness against mutations in
the SCN circadian clock network. Cell 129, 605-616. doi: 10.1016/j.
cell.2007.02.047

Meng, Q.-]., Maywood, E. S., Bechtold, D. A., Lu, W.-Q., Li, J., Gibbs, J. E.,
et al. (2010). Entrainment of disrupted circadian behavior through inhibition
of casein kinase 1 (CK1) enzymes. Proc. Natl. Acad. Sci. U. S. A. 107,
15240-15245. doi: 10.1073/pnas.1005101107

Michael, A. K., Fribourgh, J. L., Chelliah, Y., Sandate, C. R., Hura, G. L,
Schneidman-Duhovny, D., et al. (2017). Formation of a repressive complex
in the mammalian circadian clock is mediated by the secondary pocket of
CRY1. Proc. Natl. Acad. Sci. U. S. A. 114, 1560-1565. doi: 10.1073/
pnas.1615310114

Miller, S., Aikawa, Y., Sugiyama, A., Nagai, Y., Hara, A., Oshima, T, et al.
(2020a). An isoform-selective modulator of cryptochrome 1 regulates circadian
rhythms in mammals. Cell Chem. Biol. 27, 1192.e5-1198.¢5. doi: 10.1016/j.
chembiol.2020.05.008

Miller, S., and Hirota, T. (2020). Pharmacological interventions to circadian
clocks and their molecular bases. . Mol. Biol. 432, 3498-3514. doi: 10.1016/j.
jmb.2020.01.003

Miller, S., Son, Y. L., Aikawa, Y., Makino, E., Nagai, Y., Srivastava, A., et al.
(2020b). Isoform-selective regulation of mammalian cryptochromes. Nat.
Chem. Biol. 16, 676-685. doi: 10.1038/s41589-020-0505-1

Miller, S., Srivastava, A., Nagai, Y., Aikawa, Y., Tama, F, and Hirota, T. (2021).
Structural differences in the FAD-binding pockets and lid loops of mammalian
CRY1 and CRY2 for isoform-selective regulation. Proc. Natl. Acad. Sci. U.
S. A. 118:€2026191118. doi: 10.1073/pnas.2026191118

Nangle, S. N., Rosensweig, C., Koike, N., Tei, H., Takahashi, J. S., Green, C. B.,
et al. (2014). Molecular assembly of the period-cryptochrome circadian
transcriptional repressor complex. eLife 3:e03674. doi: 10.7554/eLife.03674

Nangle, S., Xing, W,, and Zheng, N. (2013). Crystal structure of mammalian
cryptochrome in complex with a small molecule competitor of its ubiquitin
ligase. Cell Res. 23, 1417-1419. doi: 10.1038/cr.2013.136

Narasimamurthy, R., and Virshup, D. M. (2021). The phosphorylation switch
that regulates ticking of the circadian clock. Mol. Cell 81, 1133-1146. doi:
10.1016/j.molcel.2021.01.006

Ode, K. L., Ukai, H., Susaki, E. A., Narumi, R., Matsumoto, K., Hara, J., et al.
(2017). Knockout-rescue embryonic stem cell-derived mouse reveals circadian-
period control by quality and quantity of CRY1. Mol Cell 65, 176-190.
doi: 10.1016/j.molcel.2016.11.022

Oshima, T., Yamanaka, I, Kumar, A., Yamaguchi, J., Nishiwaki-Ohkawa, T.,
Muto, K., et al. (2015). C-H activation generates period-shortening molecules
that target cryptochrome in the mammalian circadian clock. Angew. Chem.
Int. Ed. Engl. 54, 7193-7197. doi: 10.1002/anie.201502942

Ozturk, N., Lee, J. H., Gaddameedhi, S., and Sancar, A. (2009). Loss of
cryptochrome reduces cancer risk in p53 mutant mice. Proc. Natl. Acad.
Sci. U. S. A. 106, 2841-2846. doi: 10.1073/pnas.0813028106

Parico, G. C. G., and Partch, C. L. (2020). The tail of cryptochromes: an
intrinsically disordered cog within the mammalian circadian clock. Cell
Commun. Signal. 18:182. doi: 10.1186/512964-020-00665-z

Parico, G. C. G., Perez, I, Fribourgh, J. L., Hernandez, B. N., Lee, H.-W,, and
Partch, C. L. (2020). The human CRY]1 tail controls circadian timing by
regulating its association with CLOCK:BMALIL. Proc. Natl. Acad. Sci. U. S.
A. 117, 27971-27979. doi: 10.1073/pnas.1920653117

Patke, A., Murphy, P. J., Onat, O. E., Krieger, A. C., Ozgelik, T., Campbell, S. S.,
et al. (2017). Mutation of the human circadian clock gene CRY1 in familial
delayed sleep phase disorder. Cell 169, 203.e13-215.e13. doi: 10.1016/j.
cell.2017.03.027

Ralph, M. R,, Foster, R. G., Davis, E. C., and Menaker, M. (1990). Transplanted
suprachiasmatic nucleus determines circadian period. Science 247, 975-978.
doi: 10.1126/science.2305266

Frontiers in Physiology | www.frontiersin.org

January 2022 | Volume 13 | Article 837280


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/j.cell.2013.01.054
https://doi.org/10.1126/science.1223710
https://doi.org/10.1016/j.molcel.2016.10.012
https://doi.org/10.1016/j.bmcl.2015.12.102
https://doi.org/10.1016/j.bmcl.2017.12.051
https://doi.org/10.1093/jb/mvab096
https://doi.org/10.1016/j.lfs.2018.03.022
https://doi.org/10.3390/ph14060496
https://doi.org/10.3892/or.2020.7914
https://doi.org/10.3892/or.2020.7914
https://doi.org/10.1074/jbc.M112.368001
https://doi.org/10.1126/science.1226339
https://doi.org/10.1021/jacs.0c12280
https://doi.org/10.1038/s41467-021-23301-x
https://doi.org/10.1038/s41467-021-23301-x
https://doi.org/10.1021/jacs.9b05445
https://doi.org/10.1128/MCB.01047-09
https://doi.org/10.1038/nature10700
https://doi.org/10.1126/science.1172156
https://doi.org/10.1126/science.1172156
https://doi.org/10.1002/cmdc.201500260
https://doi.org/10.1021/acs.jmedchem.8b01541
https://doi.org/10.1021/acs.jmedchem.8b01541
https://doi.org/10.1038/nature11995
https://doi.org/10.1016/j.cell.2007.02.047
https://doi.org/10.1016/j.cell.2007.02.047
https://doi.org/10.1073/pnas.1005101107
https://doi.org/10.1073/pnas.1615310114
https://doi.org/10.1073/pnas.1615310114
https://doi.org/10.1016/j.chembiol.2020.05.008
https://doi.org/10.1016/j.chembiol.2020.05.008
https://doi.org/10.1016/j.jmb.2020.01.003
https://doi.org/10.1016/j.jmb.2020.01.003
https://doi.org/10.1038/s41589-020-0505-1
https://doi.org/10.1073/pnas.2026191118
https://doi.org/10.7554/eLife.03674
https://doi.org/10.1038/cr.2013.136
https://doi.org/10.1016/j.molcel.2021.01.006
https://doi.org/10.1016/j.molcel.2016.11.022
https://doi.org/10.1002/anie.201502942
https://doi.org/10.1073/pnas.0813028106
https://doi.org/10.1186/s12964-020-00665-z
https://doi.org/10.1073/pnas.1920653117
https://doi.org/10.1016/j.cell.2017.03.027
https://doi.org/10.1016/j.cell.2017.03.027
https://doi.org/10.1126/science.2305266

Miller and Hirota

Isoform-Selective Modulators of Mammalian CRYs

Reppert, S. M., and Weaver, D. R. (2002). Coordination of circadian timing
in mammals. Nature 418, 935-941. doi: 10.1038/nature00965

Rey, G., Cesbron, E, Rougemont, J., Reinke, H., Brunner, M., and Naef, E
(2011). Genome-wide and phase-specific DNA-binding rhythms of BMAL1
control circadian output functions in mouse liver. PLoS Biol. 9:1000595.
doi: 10.1371/journal.pbio.1000595

Rosensweig, C., Reynolds, K. A., Gao, P, Laothamatas, I, Shan, Y,
Ranganathan, R., et al. (2018). An evolutionary hotspot defines functional
differences between CRYPTOCHROMES. Nat. Commun. 9:1138. doi:
10.1038/541467-018-03503-6

Schibler, U., Ripperger, J., and Brown, S. A. (2003). Peripheral circadian oscillators
in mammals: time and food. J. Biol Rhythm. 18, 250-260. doi:
10.1177/0748730403018003007

Schmalen, I., Reischl, S., Wallach, T., Klemz, R., Grudziecki, A., Prabu, J. R,,
et al. (2014). Interaction of circadian clock proteins CRY1 and PER2 is
modulated by zinc binding and disulfide bond formation. Cell 157, 1203-1215.
doi: 10.1016/j.cell.2014.03.057

Shafi, A. A., McNair, C. M., McCann, J. J., Alshalalfa, M., Shostak, A.,
Severson, T. M., et al. (2021). The circadian cryptochrome, CRY1, is a
pro-tumorigenic factor that rhythmically modulates DNA repair. Nat. Commun.
12:401. doi: 10.1038/s41467-020-20513-5

Siepka, S. M., Yoo, S.-H., Park, J., Song, W,, Kumar, V,, Hu, Y., et al. (2007).
Circadian mutant overtime reveals F-box protein FBXL3 regulation of
cryptochrome and period gene expression. Cell 129, 1011-1023. doi: 10.1016/j.
cell.2007.04.030

Takahashi, J. S. (2017). Transcriptional architecture of the mammalian circadian
clock. Nat. Rev. Genet. 18, 164-179. doi: 10.1038/nrg.2016.150

van der Horst, G. T. J., Muijtjens, M., Kobayashi, K., Takano, R., Kanno, S.,
Takao, M., et al. (1999). Mammalian Cryl and Cry2 are essential for

maintenance of circadian rhythms. Nature 398, 627-630. doi: 10.
1038/19323

Xing, W., Busino, L., Hinds, T. R., Marionni, S. T., Saifee, N. H., Bush, M. E,
et al. (2013). SCFFbxI3 ubiquitin ligase targets cryptochromes at their cofactor
pocket. Nature 496, 64-68. doi: 10.1038/naturel1964

Yoo, S.-H., Mohawk, J. A., Siepka, S. M., Shan, Y., Huh, S. K., Hong, H.-K,,
et al. (2013). Competing E3 ubiquitin ligases govern circadian periodicity
by degradation of CRY in nucleus and cytoplasm. Cell 152, 1091-1105.
doi: 10.1016/j.cell.2013.01.055

Zhang, E. E., Liu, Y, Dentin, R., Pongsawakul, P. Y, Liu, A. C., Hirota, T,
et al. (2010). Cryptochrome mediates circadian regulation of cAMP signaling
and hepatic gluconeogenesis. Nat. Med. 16, 1152-1156. doi: 10.1038/nm.2214

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Miller and Hirota. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

13

January 2022 | Volume 13 | Article 837280


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1038/nature00965
https://doi.org/10.1371/journal.pbio.1000595
https://doi.org/10.1038/s41467-018-03503-6
https://doi.org/10.1177/0748730403018003007
https://doi.org/10.1016/j.cell.2014.03.057
https://doi.org/10.1038/s41467-020-20513-5
https://doi.org/10.1016/j.cell.2007.04.030
https://doi.org/10.1016/j.cell.2007.04.030
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1038/19323
https://doi.org/10.1038/19323
https://doi.org/10.1038/nature11964
https://doi.org/10.1016/j.cell.2013.01.055
https://doi.org/10.1038/nm.2214
http://creativecommons.org/licenses/by/4.0/

	Structural and Chemical Biology Approaches Reveal Isoform-Selective Mechanisms of Ligand Interactions in Mammalian Cryptochromes
	Introduction
	Identification of CRY-Targeting Compounds
	Structure of Mammalian CRYs
	Molecular Interactions of CRYs With Compounds
	Role of CCTs in Isoform Selectivity
	Concluding Remarks
	Author Contributions

	References

