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Winding down: Selectively drugging a promiscuous pocket in
cryptochrome lengthens circadian rhythms
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Department of Chemistry and Chemical Biology, Cornell University, Ithaca NY 14850

Summary:

Mammalian cryptochromes regulate sleep and metabolism as components of the circadian clock.
In this issue of Cell Chemical Biology, Miller et al. (2020) use phenotypic chemical screens to
identify selective modulators of two cryptochrome isoforms. Binding specificity depends on
conformational patterning of the ligand-binding pocket and a disordered C-terminal domain.

New drugs to better sleep, improve moods, and perhaps even reduce obesity — these are the
long-term goals of a recent study aimed at perturbing circadian rhythms and modulating
metabolism with small molecules. The targets? The human cryptochrome isoforms: Cry1l
and Cry2. Cryptochromes (Crys) are fascinating proteins that assume many different
functions throughout biology. Originally discovered for their light-sensing ability in plants,
they are now known to mediate responses to varied stimuli in many different organisms
(Chaves et al., 2011). Crys are evolutionarily related to the photolyase DNA-repair enzymes,
and like photolyases, their activities often rely on the photochemistry of their bound flavin
cofactors (Chaves et al., 2011). Although the mammalian Crys maintain the flavin-binding
pocket, their functions are largely flavin independent. Cryl and Cry2 form complexes with
the Period proteins to act as repressors in the transcriptional-translational feedback loop
(TTFL) that underpins the circadian clock (Takahashi, 2017). They bind to and directly
oppose the transcriptional activator of clock-controlled genes: the heterodimer composed of
Clock and BMALL (Fig. 1). Despite considerable sequence similarity, the two Cry isoforms
are not redundant; they are expressed differently and their pattern of transcriptional
repression throughout the circadian day is not the same (Takahashi, 2017). Although detailed
molecular work is beginning to provide a structural and biochemical basis for these
fascinating differences in mechanism and function (Fribourgh et al., 2020; Rosensweig et
al., 2018), there are many unanswered questions regarding the physiological roles of Cryl
and Cry2. Yet, the stakes to advance our understanding may be high. For example, naturally
occurring Cry variants impact sleep behavior in humans, largely by interfering with their
affinity for the Clock-BMAL1 complex (Patke et al., 2017). Hence, small-molecule
modulators of Cry function, particularly those that are isoform-specific, are highly sought.

About ten years ago, Hirota, Kay, and coworkers, implemented high-throughput cell-based
assays to screen hundreds of thousands of compounds for their ability to perturb circadian
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oscillations of gene expression (Hirota et al., 2012). The screens were based on the rhythmic
activation of a luciferase reporter gene under the control of a Bmall or Per2 promoter in
human cell lines. Several different classes of compounds were found to affect the circadian
period. The molecules were subsequently shown to target proteins that compose or regulate
the core TTFL. One such carbazole derivative known as KL001 lengthens the circadian
cycle by interacting directly with both Cry1 and Cry2 (Hirota et al., 2012). Remarkably,
KLO0O1 elicits its activity by binding into the cavity that normally harbors the flavin cofactor
in light-sensing cryptochromes (Nangle et al., 2013). This pocket is also recognized by the
E3 ubiquitin ligase subunit FBXL3 to direct the Cry proteins toward degradation (Xing et
al., 2013). Thus, KLO0O01 interferes with Cry ubiquitination and thereby enhances cellular
stability (Fig. 1). However, KL001 has similar affinity and activity against both Cry
isoforms.

This brings us to the current work of Miller, Kay, and Hirota, et al. (Miller et al., 2020a).
The authors took a candidate testing approach to follow up on a hit from their extensive
screens (Hirota et al., 2012). The compound KL201 was found to lengthen the circadian
period but did not affect the activities of kinases known to regulate the clock. Rather, KL201
increased Cry protein stability in a cell-based degradation assay. The selectivity of KL201
for Cry1 over Cry2 was shown in Cry-knockout cell lines. KL201 only appreciably altered
period2-driven reporter genes when Cry1 was present. KL201 also repressed mRNA levels
of Clock-BMALL1 target genes in a Cryl-dependent manner. In vitro analysis confirms that
KL201 preferentially binds Cry1.

Chemically, KL201 is based on a thienopyrimidine scaffold coupled to a third cyclohexyl
ring, which distinguishes it from previously discovered circadian modulators. Cell assays
combined with crystallographic analysis of the compound bound to the Cry1 photolyase
homology region (PHR) define the interaction mode and rationalize the compound efficacy.
KL201 contains a cyclohexylthienopyrimidine coupled to a bromophenyl moiety through an
amide linkage. The bromophenyl moiety along with the size of the cyclohexyl ring are
especially critical for activity.

As expected, KL201 binds deeply into the primary pocket of Cry1, mimicking the
interaction with FAD seen in other cryptochromes (Fig. 2). The compound makes
hydrophobic interactions between its two ring systems and the aromatic residues in the
binding cleft, whereas hydrogen-bonding moieties are largely satisfied by ordered water
molecules. The specificity of KL201 for Cry1 is remarkable because most pocket residues
are conserved by Cryl and Cry2, hence the lack of selectivity shown by KL001. However,
comparing the crystal structures of KL201 bound to Cryl and KL0O1 bound to Cry2
provides insight into the specificity of KL201. Conserved residues assume substantially
different conformations in Cryl bound to KL201 compared to Cry2 bound to KL0O01 (Fig.
2). It follows that second shell residues that differ between the isoforms may dictate the
conformational response of the conserved pocket. Along these lines, a variable “lid” loop
that interacts with the Per proteins juxtaposes the binding pocket and may influence residues
that interact with the modulators (e.g., W399, Fig. 2). Thus, the structures provide an avenue
to explore the underlying structural principles for selectively targeting the human Cry
proteins.
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Like KLO001, KL201 blocks the site where the C-terminus of the E3-ligase component
FBXL3 binds to Cry (Xing et al., 2013). Knockdown of FBXL3 substantially lengthens the
circadian period on its own, but nonetheless, removes most effects of KL201. Hence, period
lengthening by KL201 depends at least in part on its ability to compete for the primary
recognition pocket also utilized by FBXL3 (Fig. 1).

KL201 is not the only isoform-specific Cry inhibitor recently found by this group. In a
parallel report, they also describe the discovery of two other compounds: KL101, which, like
KL201, is specific for Cry1, and TH301, which is specific for Cry2 (Miller et al., 2020b). In
characterizing the actions of KL101 and TH301, the researchers revealed an intriguing twist
to the recognition of the compounds — isoform selectivity depends on the “intrinsically
disordered” Cry C-terminal domain (CCT) that varies in sequence and length across the
protein family (Chaves et al., 2011). Nonetheless, the CCT is known to play key roles in
function for many types of cryptochromes. For example, the regions coded by exonl1l in
Cry1 mediate affinity for Clock:Bmall and mutations that cause miss-splicing and removal
of exonl1 alter human sleep behavior (Patke et al., 2017). In type | insect Cry, the short CCT
binds into the flavin pocket and is released upon light stimulation. In this case, regions
coded for by Cryl exonl0 confer specificity for KL101, whereas regions coded for by Cry2
exon10 confer specificity for TH301. Thus, interactions among the compounds, the CCT,
and the PHR pocket may collectively generate selective binding (Fig. 1). Alternatively,
because exonl0 is attached to the PHR C-terminus, the extension may act to alter the
conformational properties of the binding pocket without contacting it directly. A fascinating
issue pervading the two papers centers on this question of what drives selectivity when the
residues comprising the binding pockets of the respective proteins are virtually identical.
Clearly, the origins of selectivity must lie in regions of the proteins where they are different,
but exactly how these differences impact recognition and manifest in terms of
conformational templating, overall dynamics, and even entropic effects of the disordered
extensions is an exciting direction for further investigation.

Importantly, the isoform-specific regulators have implications for Cry-dependent physiology.
The researchers studied potential effects of Cry1/2 on energy metabolism and found that
both proteins enhance differentiation of brown adipose tissue (BAT) under certain
conditions. Remarkably, expression of specific genes associated with BAT enhancement
were differentially affected by Cryl and Cry2 and also by the isoform-selective compounds.
How the Cry proteins drive BAT differentiation is not yet known in detail but could involve
repression of bmall expression or interactions with completely different targets (Miller et
al., 2020b). Cry1 and Cry2 influence transcription throughout the genome and have partners
beyond CLOCK:BMAL1 (Takahashi, 2017). The Isoform-specific small-molecules
described in these two studies promise to be invaluable tools for delineating a potentially
wide range of non-redundant functions for these regulators, which could have high relevance
for human health. For example, unlike white adipose tissue that stores calories, BAT
consumes energy for thermogenesis. Thus, encouraging BAT differentiation with Cry-
selective compounds may have substantial value for treating obesity and diabetes.

In all, this comprehensive work emphasizes the power of an non-biased phenotypic
screening approach, especially when it is supported by well-defined cell-based assays,
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crystallographic analysis, and, importantly, a sufficient knowledge base that facilitates
rational pursuit of candidate targets. In perhaps a pleasing parallel, it turns out that the
discovered compounds, which share features of the flavin isoalloxazine ring, activate the
mammalian cryptochromes by recognizing the analogous binding pocket where flavin
conveys signals to their photosensory homologs.
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per1,2 cry1,2 ccgs

Fig. 1.

Cgmpeting for a binding pocket: Cry1,2 directly repress the heterodimeric transcription
factor composed of Clock (C) and BMAL1 (B), which activates expression of clock-
controlled genes (ccgs), including period 1 and 2 (per1,2). Small molecule compounds
compete for the same primary pocket (yellow) as the E3 ubiquitin component FBXL3, and
thereby enhance Cry repressor activity. An unstructured Cry C-terminal domain (CCT)
confers compound specificity by possibly interacting with the occupied recognition pocket
(red arrows).
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Fig. 2.
Conformational differences in conserved residues may contribute to compound specificity.

The crystallographic structures of Cry1 bound to KL101, KL201, and Cry2 bound to KL001
and TH301. Pocket residues and loop regions whose confirmations differ in the Cry1 and
Cry2 structures highlighted by dotted circles (GIn289 (green), His355 (purple), Trp399
(blue), Leu400 (black), lid-loop (red); Cryl numbering).
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