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Abstract The mammalian circadian clock is driven by a transcriptional—translational feedback
loop, which produces robust 24-hr rhythms. Proper oscillation of the clock depends on the complex
formation and periodic turnover of the Period and Cryptochrome proteins, which together inhibit
their own transcriptional activator complex, CLOCK-BMAL1. We determined the crystal structure of
the CRY-binding domain (CBD) of PER2 in complex with CRY2 at 2.8 A resolution. PER2-CBD adopts
a highly extended conformation, embracing CRY2 with a sinuous binding mode. Its N-terminal end
tucks into CRY adjacent to a large pocket critical for CLOCK-BMAL?1 binding, while its C-terminal
half flanks the CRY2 C-terminal helix and sterically hinders the recognition of CRY2 by the FBXL3
ubiquitin ligase. Unexpectedly, a strictly conserved intermolecular zinc finger, whose integrity is
important for clock rhythmicity, further stabilizes the complex. Our structure-guided analyses show
that these interspersed CRY-interacting regions represent multiple functional modules of PERs at
the CRY-binding interface.

DOI: 10.7554/eLife.03674.001

Introduction
Life on Earth evolved a self-sustaining molecular timing system that synchronizes cellular activities with
the solar day. This endogenous clockwork prepares an organism for periodic environmental fluctua-
tions and coordinates numerous physiological and behavioral processes (Reppert and Weaver, 2002).
At the molecular level, the mammalian circadian clock operates through an auto-regulatory transcription—
translation feedback loop composed of four core components—the transcriptional activator proteins,
CLOCK and BMAL1, and the transcriptional repressors, Periods (PERs) and Cryptochromes (CRYs). The
heterodimeric CLOCK and BMAL1 complex acts as the positive arm of the loop by recognizing E-box
elements and promoting the expression of clock-controlled genes, including Per1, Per2, Cry1, and
Cry2. The PER and CRY proteins function as the negative arm of the loop by blocking the activity of
CLOCK-BMALT1 and inhibiting the transcription of their own and all other clock-controlled genes. The
cyclic accumulation, localization, and degradation of the PER and CRY proteins are necessary to
manifest a 24-hr rhythm (Lowrey and Takahashi, 2011).

Earlier studies suggested that CRYs are the predominant inhibitors of CLOCK-BMAL1 (Griffin et al.,
1999; Kume et al., 1999). Independent of PERs, overexpressed CRY1 and CRY2 can each potently inhibit
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elLife digest Since the very simplest organisms emerged on earth, the rhythms of life have been
synchronized with the rising and setting of the sun. Even the most basic life forms have internal
clocks that help them to maintain daily routines and adapt to shifting seasons. In animals, these
internal clocks regulate processes such as the release of hormones that wake an animal up and the
expression of genes necessary to carry out the activities of daily life. Later on, the clocks then
trigger the release of hormones that cause drowsiness and the expression of the genes that are
active during rest.

In mammals, these internal circadian rhythms are maintained by a feedback loop governed by
four key proteins. Two of these proteins—CLOCK and BMAL1—work together to begin a process
called transcription, whereby sections of DNA are used as a template to copy the information
needed to make a protein. The two activating proteins CLOCK and BMAL1 recognize the sections
of DNA where the genes that are controlled by the circadian clock are located and selectively turn
on the expression of those genes.

Expression of the two other key circadian proteins—Period and Cryptochrome—is switched on
by CLOCK and BMALI1. As Period and Cryptochrome proteins accumulate, they begin to inhibit the
activity of CLOCK and BMAL1, helping to reduce the rate at which the circadian genes are
transcribed as the day progresses.

Nangle et al. provide new insights into how the Period and Cryptochrome proteins interact with
each other, using X-ray crystallography to reveal the molecular level details of the bond between
the two proteins. Period stretches out as it ‘embraces’ Cryptochrome. One end of the Period
protein then tucks into part of the Cryptochrome structure that is next to a large pocket. This
pocket is where the Cryptochrome protein binds to CLOCK and BMAL1, suggesting that Period can
influence whether this binding occurs.

The other end of the Period protein covers one end of the Cryptochrome protein. By doing so,
enzymes cannot bind there, and so cannot break down Cryptochrome. Nangle et al. also discovered
that a finger-like projection that includes a zinc ion acts as a clasp, strengthening the bond between
Period and Cryptochrome.

These findings help to demonstrate how Period proteins act as a timekeeper that regulates how
long Cryptochrome can turn down the activity of CLOCK and BMAL1. A deeper understanding of
the molecular choreography among the four clock proteins holds promise for developing
medications to treat the sleep disorders and circadian clock disruptions associated with a modern
lifestyle.

DOI: 10.7554/eLife.03674.002

the CLOCK-BMALT1-induced transcription of a luciferase reporter gene in cultured cells (Griffin et al.,
1999, Kume et al., 1999). This transcriptional repression activity of CRYs likely occurs through their
direct interactions with BMAL1 (Griffin et al., 1999; Shearman et al., 2000; Partch et al., 2014) and
CLOCK (Huang et al., 2012). Despite the important repressor function of CRYs, the PER proteins have
been suggested as the rate-limiting factor of the rhythmic negative feedback loop (Lee et al., 2001).
With its protein abundance tightly regulated during the circadian cycle, PERs mediate the formation
of the PER-CRY complexes and their nuclear localization. Once in the nucleus, PERs might physically
bridge CRYs and CLOCK-BMAL1 and promote their interactions (Chen et al., 2009). The critical role
of PERs in driving the molecular clock is underscored by the complete loss of circadian rhythmicity
upon constitutive overexpression of PERs, but not CRY1, in vitro and in vivo (Chen et al., 2009; McCarthy
et al., 2009; Ye et al., 2011).

Periodic degradation of PERs and CRYs represents another crucial step in the negative feedback
loop. The F-box proteins, B-TrCP and FBXL3, have been discovered as the key ubiquitin ligases,
responsible for promoting the polyubiquitination of PERs and CRYs, respectively (Shirogane et al., 2005;
Busino et al., 2007; Godinho et al., 2007, Reischl et al., 2007, Siepka et al., 2007). Phosphorylation
of a degron sequence serves as the signal for PER ubiquitination by B-TrCP (Shirogane et al., 2005),
whereas recognition of CRYs by FBXL3 is made through a large protein-interaction interface without
the involvement of a canonical degron motif or any post-translational modification (Xing et al., 2013).
This CRY-FBXL3 interface is susceptible to disruption by both the CRY cofactor flavin adenine dinucleotide
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(FAD) and the PER proteins, which have been suggested to control the stability of CRYs by directly
competing with FBXL3 (Xing et al., 2013).

Although genetic studies have firmly established a central role of PERs in clock regulation, the
molecular mechanisms by which PERs orchestrate the dynamic clock protein network remain elusive.
Binding of PERs to CRYs, CLOCK, and BMAL1 have been detected both in vivo and in vitro (Kiyohara
et al., 2006; Ye et al., 2011; Partch et al., 2014). However, the role of PER2 in coordinating the
repression complex assembly is controversial. In addition, how PER-CRY interaction might interfere
with FBXL3 for CRY binding also remains unclear. Here, we report the crystal structure of a PER2-CRY2
complex, which provides the missing structural framework for understanding the multiple functions of
PERs in driving the molecular clock.

Results
Characterizing PER-CRY interactions

Mammalian PER1 and PER2 share ~50% sequence identity and a common domain architecture
comprised of tandem N-terminal PER-ARNT-SIM (PAS) domains, a central CK18/¢-binding region, and
a ~100 amino acid long C-terminal CRY-binding domain (CBD), which is necessary and sufficient for
CRY binding (Yagita et al., 2002). The isolated PER2 CBD can stabilize CRY1/2 in vivo and compete
with FBXL3 for CRY1/2 binding in vitro (Chen et al., 2009; Xing et al., 2013). In mouse embryonic
fibroblasts (MEFs), overexpression of PER2-CBD alone was able to completely disrupt the circadian
bioluminescence rhythm of the luciferase activity of a Pert* reporter gene (Chen et al., 2009). To first
characterize the PER-CRY interaction, we performed an alanine-scanning mutagenic analysis of PER2-
CBD. We initially targeted stretches of residues strictly conserved among vertebrate PER1/2 orthologs
(Figure 1A, Figure 1—figure supplement 1). Surprisingly, none of the 10 single mutants, which were
distributed along the length of the CBD, showed any detectable defect in CRY1 binding (Figure 1—
source data 1). The PER2-CRY1 interaction was only abolished when alanine mutations were simulta-
neously introduced to two adjacent stretches of residues in the C-terminal, but not N-terminal half of
PER2-CBD (Figure 1B). These results suggested an unusual binding mode of PER2-CBD onto CRYs
and the importance of the C-terminal half of the CBD in complex formation.

Overall structure

Mammalian CRY1 and CRY2 paralogs contain a highly similar photolyase-homology region (PHR) and
a more diverse Cryptochrome C-terminal Extension (CCE) sequence (Figure 1—figure supplement 1).
Their PER-binding activity has previously been mapped to the PHR, which is made of an a/f photolyase
domain and an a-helical domain (Figure 1C). Consistent with their high sequence homology (86%), the
crystal structures of CRY1-PHR and CRY2-PHR can be superimposed with a root-mean-square deviation
(RMSD) of 0.43 A out of 377 aligned Ca atoms. To gain structural insights into the general interaction
between PERs and CRYs, we purified a representative PER2-CBD-CRY2-PHR complex and determined
its crystal structure at a resolution of 2.8 A (Table 1).

PER2-CBD adopts a highly extended structure, devoid of a hydrophobic core. It folds into five
a-helices of variable length, which are dispersed along an otherwise linear polypeptide (Figure 1C). In
the crystal, PER2-CBD meanders along one side of CRY2-PHR and sinuously wraps around the region.
With nearly half of the PER2 residues involved in binding, the two proteins bury a total 2800 A2 of
solvent accessible surface area at the interface, which stretches over a distance of more than 215 A.
This unusually extensive interface provides a plausible explanation for the high-affinity binding
between the two clock proteins and their insensitivity to mutational disruption.

In comparison to its FBXL3-, KLOO1-, and FAD-complexed forms, CRY2 adopts the same global fold
when bound to PER2-CBD (Figure 4—figure supplement 2). The largest structural variations take
place in two local regions, the interface loop next to the FAD-binding pocket and a serine-rich loop
neighboring a secondary pocket (see below). The majority of PER2-contacting residues on CRY2 (85%)
are strictly conserved between mammalian CRY1 and CRY2, suggesting that the two cryptochrome
proteins share a common PER2 binding mode.

Interaction at the CRY2 C-terminal helix

The two stretches of residues, whose alanine mutations abrogated CRY1 binding, are mapped to a
loop flanked by two a-helical regions in the C-terminal half of PER2 (Figure 1D). The PER2-CBD a3
helix preceding this loop packs against the long CRY2 C-terminal helix at an approximately 30° angle,
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Figure 1. Overall structure of the murine CRY2-PER2 complex at 2.8 A. (A) PER2 CBD sequence alignment. 49% of PER2 CBD residues interact with CRY2
(blue dots). The zinc-coordinating residues are conserved throughout vertebrates (highlighted in yellow). Blue and green boxes correspond to the mutA and
mutB constructs, respectively, and indicate regions of PER2-CBD that were mutated to alanines. Dashed lines indicate crystallographically disordered
regions. Black squares indicate residues mutated under structure guidance. (B) Co-immunoprecipitation of mutant PER2-CBD-FLAG constructs, only mutB
was able to abolish CRY1-MYC binding. Western blot of an immunoprecipitaion of COS7 cells transfected with PER2-NLS-FLAG and CRY1-MYC. Proteins
were precipitated with a-FLAG and then analyzed by Western blots using a-MYC and a-FLAG. (C) CRY2 PHR (gray) adopts an overall fold identical to its apo
and complexed forms (e.g., FAD, FBXL3, and KLOO1). PER2 CRY-binding domain (CBD) (orange) shows a highly extended binding mode around CRY2. PER2
flanks the CRY2 C-terminal helix and coordinates a zinc ion with CRY2 within a CCCH-type intermolecular zinc finger motif. (D) Crystallographic data identify
the location of alanine scanning mutants. Importantly, the mutB construct is centered around the CRY2 C-terminal helix.

DOI: 10.7554/eLife.03674.003

The following source data and figure supplement is available for figure 1:

Source data 1. Alanine scanning mutants of PER2 CBD.

DOI: 10.7554/elife.03674.004

Figure supplement 1. Sequence alignment and structural elements of vertebrate CRY.

DOI: 10.7554/eLife.03674.005

while the region C-terminal to the loop locks onto the same CRY2 helix from the other side (Figure 1C-D).
Together, these PER2-CBD structural elements encircle the CRY2 C-terminal helix like an U-shaped
clamp. Arg501 and Lys503 in the CRY2 C-terminal helix have previously been documented to be
important for PER2 binding (Ozber et al., 2010). In the crystal, these two positively charged residues
of CRY2 project in opposite directions and latch onto the surrounding PER2 regions by forming salt
bridges with Asp1167 and Asp1206, respectively (Figure 2A). To confirm the critical role of the CRY2
C-terminal helix in binding PERs, we mutated two hydrophobic residues, 1le505 and Tyr506, at the end
of this CRY2 helix, which are involved in fixing the a-helix to the rest of the CRY2 a-helical domain
(Figure 2B). As expected, mutating both residues to aspartate completely abolished the PER2-binding
activity of CRY2 (Figure 2C). The same effect was also achieved when negative charges were intro-
duced to the side chains of a stretch of four nearby residues (amino acids 1171-1174) in the a3 helix
of PER2-CBD (Figure 2B, Figure 2—figure supplement 1A). Based on these results, we conclude
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that the CRY2 C-terminal helix represents a key
anchoring site for PER2 binding.

The close interaction between the C-terminal
half of PER2-CBD and CRY2 C-terminal helix is
immediately reminiscent of the docking mode
between FBXL3 and CRY2. In the crystal structure

Data collection

Space group P41

Cell dimensions

a b, c(4) 97.67,97.67,163.21  of the FBXL3-CRY2 complex, the leucine-rich
@By 90, 90, 90 repeat (LRR) domain of FBXL3 engages CRY2 at
Resolution (A) 29(28) the same site as PER2-CBD does in the PER2-CRY2
complex. The interface between FBXL3-LRR and
R 0.06(0.8) CRY2 is also centered around the long C-terminal
Vol 18.8 (2.1) helix of the Cryptochrome protein. In fact, the
Completeness (%) 99.6(98.2) CRY2 surface regions involved in contacting
Redundancy 4.2 (4.2) FBXL3-LRR and PER2-CBD share extensive over-
Refinermnent lapping regions (Figure 2D). Superposition analysis
Resolution (A) 42728 reveals that FBXL3 .and PER2 'cannot be S.ImLf|ta-
neously engaged with CRY2 without clashing into
No. reflections 37541 (3671) each other (Figure 2—figure supplement 1B).
Ruor/Riee 20.5/27.7 PERs, therefore, have the capability of protecting
No. atoms 9342 CRYs from FBXL3-mediated ubiquitination and
Protein 9292 degradation by directly competing with the
Ligand/ion 2 ubiquitin ligase for binding CRYs.
Water “® Intermolecular zinc finger
B-factors 7.3 Amino acid sequence alignment of vertebrate
Protein 975 PER1/2 orthologs reveals that their sequence con-
Ligand/ion 1141 servation ends at a CXXC motif near the C-terminus
Water 66.3 (Figure 1A). In the complex structure, these two
Rms. deviations cysteine (C1210 and C1213) residues face a pair of
Bond lengths (A) 0.009 cysteine and histidine residues in CRY2 (C432 and
H491), which are also invariant among vertebrate
Bond angles (°) 1.3

CRY1/2 proteins (Figure 1—figure supplement 1).
Together, these four residues sequester a strong
density at the center, hinting at the coordination of
a Zn? ion at the end of the PER2-CRY2 interface
(Figure 3A, Figure 3—figure supplement 1A). Indeed, we were able to validate the identity of the Zn?
ion by both anomalous dispersion measurements and inductively coupled plasma mass spectrometry
(Figure 3—figure supplement 1A,B). Although a Zn?* ion has been previously reported to mediate
protein—protein interactions (Somers et al., 1994), to our knowledge, this is the first CCCH-type inter-
molecular zinc finger that has been identified in a protein complex. Interestingly, the electron density of
the PER2 sequence preceding the CXXC motif is not as strong as other regions of PER2-CBD, suggesting
that the intermolecular zinc finger might have evolved to stabilize a flexible region of the PER-CRY inter-
action by acting as a ‘molecular clasp’.

To assess the role of the intermolecular zinc finger in mediating PER-CRY association, we first tested
the CRY2-binding activity of a recombinant mutant PER2-CBD, which lacks the CXXC motif. In compar-
ison to the wild-type polypeptide, the ability of the PER2-CBD mutant to bind CRY2 was substantially
compromised (Figure 3B). Similarly weakened interaction was also observed in a co-immunoprecipita-
tion assay, in which the CXXC motif of the full-length PER2 protein or the two zinc-coordinating residues
of CRY2 were mutated to alanines (Figure 2—figure supplement 1A, Figure 3C). Together, these results
highlight the importance of the intermolecular zinc finger in strengthening the PER-CRY interface.

DOI: 10.7554/eLife.03674.006

Secondary pocket

Cryptochromes and DNA photolyases belong to the same superfamily of flavoproteins, whose common
PHR fold is characterized by two large surface pockets, one for binding flavin adenine dinucleotide
(FAD) and the other for binding a photoantenna cofactor, which is used by light-sensitive photolyases
to catalyze FAD-dependent DNA repair (Glas et al., 2009; Figure 4A). Previously, we have identified
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A
PER2-CBD
CRY2

PER2-V5

CRY2-MYC

PER2-CBD binding
FBXL3 binding
=m+m

Figure 2. CRY2 C-terminal helix is the central locus of both PER2 and FBXL3 interactions. (A) PER2 (orange) forms
three salt-bridges along CRY2 C-terminus helix (gray) R501 and K503 have been previously reported as critical
binding residues. (B) A close-up view of the PER2-CRY2 interface at the end of CRY2 C-terminal helix. While the
upper portion of the CRY2 C-terminal helix maintains ionic interactions with PER2, the lower is predominantly
mediated by hydrophobic interactions. CRY2 and PER2 residues chose for subsequent mutational analysis are
shown in sticks. (C) Concurrent mutations of hydrophobic residues on the CRY C-terminal helix (1I505D and Y506D)
prevent PER-CRY complex formation. Co-immunoprecipitations were performed with transfected full-length
PER2-V5 and MYC-CRY2 in HEK293 cells with a-MYC beads and analyzed by Western blotting using a-V5 and
a-MYC. See Figure 2—figure supplement 1A for corresponding PER2 mutants. (D) Surface mapping of FBXL3-
and PER2-binding sites on CRY2. Residues that share contacts with PER2 and FBXL3 are colored in yellow and are
clustered along the C-terminal helix. Other residues involved in binding PER2 and FBXL3 are colored in orange and
green, respectively.

DOI: 10.7554/eLife.03674.007

The following figure supplement is available for figure 2:

Figure supplement 1. Mutational and structural analysis of the PER2-CRY2 interface.

DOI: 10.7554/eLife.03674.008

the FAD-binding pocket as a regulatory ‘hot spot’, which is targeted by FAD, the extreme carboxyl
tail of FBXL3, and the clock-modulating small molecule, KLOO1 (Nangle et al., 2013; Xing et al., 2013;
Figure 4—figure supplement 1A). However, the functional significance of the secondary pocket
remained unexplored.

In the PER2-CRY2 crystal, the N-terminal half of PER2-CBD diverges from the FBXL3-binding site
of CRY2 and reaches the rim of the secondary pocket after traversing around the a-helical domain
(Figure 4A). With a highly conserved sequence, the N-terminal end of PER2-CBD is embedded in a
V-shaped cleft formed between the two globular domains of CRY2-PHR, burying a PER2 tryptophan
residue (Trp1139) at the junction (Figure 4B, Figure 2—figure supplement 1A). One side of the cleft
is constructed by a serine-rich loop in CRY2, which we name as ‘serine loop'. Distinct from its surrounding
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Figure 3. The intermolecular zinc finger is important for PER2-CRY2 complex formation. (A) Four conserved,
contributing residues from PER2 (C1210 and C1213) and CRY2 (C432 and H491) form a CCCH-type zinc finger.
(B) GST-pull-down assay with recombinant GST-tagged PER2ACXXC CBD and untagged CRY2-PHR protein show
compromised CRY binding in the zinc finger mutant compared to WT PER2-CBD. (C) Similarly diminished interaction
was replicated in a co-immunoprecipitation assay. Alanine mutations were introduced to CRY2 zinc-coordinating
residues, C432 and H491, individually or in combination. Co-immunoprecipitations were performed with transfected
full-length PER2 and CRY2 in HEK293 cells with a-MYC beads.

DOI: 10.7554/eLife.03674.009

The following figure supplement is available for figure 3:

Figure supplement 1. Analysis of the intermolecular zinc finger.
DOI: 10.7554/eLife.03674.010

regions, this loop adopts different conformations in several available crystal structures of CRY (Figure 4—
figure supplement 2). Remarkably, PER2 binding induces yet another distinct structural configuration of
the loop, thereby, defining a unique structural state of the local area next to the secondary pocket.

Although CRYs are known to not engage a second cofactor (Zoltowski et al., 2011; Xing et al., 2013),
our previous cell-based random mutagenesis screen has identified three residues within this secondary
pocket (Gly106 and Arg109 in CRY1, Glu121 in CRY2) (Figure 4C), whose missense mutations effectively
abolished the repressor activity of CRYs (McCarthy et al., 2009). Among these three residues, Arg109 is
exposed to the solvent and decorates one side of the pocket. Co-immunoprecipitation analysis of the
R109Q mutant showed that alteration of this single amino acid is sufficient to abrogate CLOCK-BMAL1,
but not PER1 or PER2 binding (Figure 4D-F). Thus, the secondary pocket of CRYs represents an important
docking site for the heterodimeric transcriptional activators. Anchoring of PER2 at the edge of this CRY
pocket not only reinforces its function as a previously unrecognized locus for protein—protein interactions,
but also suggests a possible role of PERs in modulating the repressor functions of CRYs.

Functional analysis of CRY mutants

To functionally characterize the multiple interfaces on CRYs mapped by the crystal structures, we
systematically assessed several representative CRY mutants for their abilities to rescue rhythmicity in
Cry-deficient MEF cells. Consistent with previous studies, wild-type CRY1 was able to repress the
expression of the P(Per2)-dLuc reporter gene and produce robust bioluminescence rhythms. By con-
trast, the 'Y’ mutant of CRY1, which confers severe structural disruption in the C-terminal helix, failed
to restore any level of circadian rhythm, although it has the ability to repress CLOCK-BMALT1 as seen
by the constitutively low luciferase signal (Figure 5A). Because the C-terminal helix of CRYs is a critical
region for binding both FBXL3 and PERs, this result underscores the importance of CRY ubiquitination
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Figure 4. The secondary pocket is involved in CRY-CLOCK-BMAL1 complex assembly and repression. (A) Relative
positions of the two large pockets on CRY2. (B) Surface representation of CRY2 with side chains of the serine loop
shown in sticks. PER2 a1 helix inserts into a hydrophobic cleft. Compared to other CRY2 complexed forms, the
serine loop flips up and engages PER2. (C) The serine loop lies opposite to the CRY a4 helix, which together frame
the secondary pocket, the a4 helix contains three residues (CRY1 G106R and R109Q, CRY2 E121K), whose
mutations result in a weak repression phenotype. (D-F) Co-immunoprecipitation assays show that the CRY1 R109Q
mutant is unable to bind CLOCK-BMALT1, but retains PER1 and PER2 binding.

DOI: 10.7554/eLife.03674.011

The following figure supplements are available for figure 4:

Figure supplement 1. Locations of structurally plastic loops on CRY2.

DOI: 10.7554/eLife.03674.012

Figure supplement 2. CRY-PHR superposition: including CRY1 apo (red), CRY2 apo (light blue), KLOO1-bound
(green), FAD-bound (orange), FBXL3-bound (cyan), and PER2-CBD-bound (gray) CRY.

DOI: 10.7554/¢lLife.03674.013

Figure supplement 3. Major differences between CRY1-PER2-CBD and CRY2-PER2-CBD complex structures.
DOI: 10.7554/eLife.03674.014
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Figure 5. Real-time circadian rescue assays. Cry1~~/Cry2”~ MEFs were transfected 24 hr after plating with dLuc
reporter plasmid and mCry1 expression or mutant vector. 72 hr after transfection, the cells were synchronized with
dexamethasone. Bioluminescence (raw counts/s) monitoring was performed continuously for 70 s every 10 min
using a photomultiplier tube at 37°C. Traces are shown as mean + SEM and are representative of triplicate samples.
Mutants are shown in blue and WT control in black. Only CRY1, not CRY2 is able to reconstitute robust circadian
rhythmicity. (A) CRY1 1487D Y488D (CRY2 1505 Y506) 'IY" mutant abolishes rhythmicity but maintains repression
compared to WT, suggesting that PER is not required for transcriptional repression. (B and C) Zinc-coordinating
residues on CRY1 C414 and H473 (CRY2 C432 and H491) show blunted rhythm amplitude. (D) A nearby cysteine
residue, C412 (CRY2 430), when mutated to alanine, does not show a significantly different phenotype from the WT
control. (E) A critical residue on the secondary pocket, CRY1 R109 (CRY2 R127) shows a severely weakened
repression phenotype when mutated to a glutamine. Traces are shown as mean + SEM and are representative of
duplicate samples. (F) Mutations of two serine residues in the serine loop, CRY1 S44D S45D (CRY2 S62 S63), show
near WT rhythmicity and repression but with a 1-hr shorter period. For all mutants, corresponding CRY2 residues
are in parenthesis.

DOI: 10.7554/eLife.03674.015
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and degradation in establishing clock rhythmicity and suggests the ability of CRY1 to inhibit CLOCK-
BMAL1 in a PER-independent manner. In agreement, two CRY1 mutants unable to coordinate zinc,
C414A and H473A, were also capable of transcriptional repression, even though their PER-binding
activities are largely compromised (Figure 5B,C).

We noticed that the two zinc finger CRY1 mutants still sustained circadian rhythms. However, they
showed defects in their bioluminescence oscillations (Figure 5B,C). Such a phenotype was not
observed for a mutant with a nearby residue, Cys412, mutated to alanine, which did not perturb PER
or FBXL3 binding as previously documented (Figure 5D; Xing et al., 2013). The contrast between the
two zinc finger-defective mutants and the wild-type-like C412A mutant confirms the functional role of
the zinc-coordinating residues in the negative arm of the feedback loop.

Consistent with its impaired CLOCK-BMAL1 binding activity, the CRY1 R109Q mutant showed
significant derepression in the rescue assay (Figure 5E; McCarthy et al., 2009). This single amino
acid mutation highlights the key role of the secondary pocket of CRYs for repression. Intriguingly,
double serine to aspartate mutations (S44D S45D) in the nearby serine loop at the opposite side
of the CRY secondary pocket completely rescued the circadian rhythm, although the period of the
bioluminescence rhythms rescued by the mutant was reliably shorter than the wild-type CRY1 by
about 1 hr (Figure 5F). In our co-immunoprecipitation experiments, this double serine mutation weak-
ened PER2 binding to a lesser degree than the zinc finger mutations, which did not elicit a similar
period-shortening effect (Figure 2C). Therefore, the period-shortening effect induced by the dou-
ble serine mutation is likely specific to the defects of the local PER-CRY interface instead of their
overall binding. It is conceivable that PERs might engage with CRYs near the CLOCK-BMAL1 docking
site to control a periodicity-related step of negative feedback different from what they do at the pre-
dominant PER-CRY interface.

Discussion

Previous studies have established a critical role of PERs in driving the rhythmic negative feedback loop
(Reppert and Weaver, 2002). To fulfill this role, PERs have been suggested to act through multiple
mechanisms, including mediating CRY nuclear entry, coupling CRYs to CLOCK-BMAL1, and competing
with FBXL3 to stabilize CRYs. Our structural and mutagenic analyses of the PER2-CBD-CRY2 complex
reveal a surprisingly robust binary assembly, which is resilient to mutational disruption. This stable com-
plex is enabled by an extended binding mode of PER2-CBD, which spreads several distinct functional
modules over a mostly linear interface. The hallmark of the PER-CRY interactions is its steric incompati-
bility with the FBXL3—CRY complex, which provides the structural basis for the competition of PERs and
the FBXL3 ubiquitin ligase for controlling CRY stability. Interestingly, distant from the FBXL3-CRY inter-
face, PERs also anchor themselves next to the putative CLOCK-BMAL1-binding pocket of CRYs, possibly
regulating a specific step of transcriptional repression. Despite intensive genetic and cell-based studies,
the precise spatial and temporal steps undertaken by PERs to coordinate transcriptional repression in the
molecular clockwork remain unclear. On the one hand, PERs have been reported to be essential for CRYs
to interact with CLOCK-BMAL1 (Chen et al., 2009). On the other hand, emerging evidence suggests
that PERs binding might interfere with complex formation between CRYs and CLOCK-BMALT1 at certain
steps during repression (Ye et al., 2011; Akashi et al., 2014). Conceivably, by interacting with the CRY
C-terminal helix, PERs could compete with the C-terminus of the BMAL1 transactivation domain for CRY
binding (Czarna et al., 2011). While detailed biochemical studies are necessary to resolve this contro-
versy, our results offer the structural framework for in-depth mechanistic investigations.

Apart from the PER2-CBD-CRY2 complex, the crystal structures of CRY2 have been determined for
four additional functional states, apo, FAD-, FBXL3-, and KLOO1-bound (Nangle et al., 2013; Xing et al.,
2013). Together, these structures outline a rich landscape for the functional surfaces of mammalian
CRYs, which distinguishes them from other members of the cryptochrome/photolyase superfamily. In
their C-terminal a-helical domain, CRYs feature the conserved FAD-binding pocket, which is also
targeted by the FBXL3 C-terminal tail and the clock-modulating drug, KLOO1. In their N-terminal o/
photolyase domain, CRYs have evolved the secondary pocket into a critical site for CLOCK-BMAL1
binding. Importantly, both CRY surface pockets are demarcated by structural elements with noticeable
structural plasticity (Figure 4—figure supplements 1 and 2). The FAD-binding pocket is framed by
the phosphate-binding loop and the interface loop on opposite edges, whereas the secondary pocket
is guarded by the serine loop on one side. With the exception of the phosphate-binding loop,
both the interface and serine loop have been shown to directly mediate protein—protein interactions.
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Lastly, the extreme C-terminal a-helix of the mammalian CRYs presents yet another important surface
area, which is responsible for the mutually exclusive binding of FBXL3 and PERs. Remarkably, all
these molecular interacting sites likely represent an incomplete functional map of CRYs. Numerous
mutants identified in our random mutagenesis screen of functionally deficient CRY1 and CRY2 bear
mutations of amino acids located outside these sites (McCarthy et al., 2009). Future structural studies
are needed to paint a complete picture of CRY functional surfaces.

Our crystal structure of the PER2-CBD-CRY2 complex unveils a structurally important intermolec-
ular zinc finger, which might function as a stabilizing ‘molecular clasp’. Although the evolutionary
significance of the zinc-coordinating residues is apparent, as evidenced by their strict conservation
across vertebrates, the functional significance of this unusual binding interface requires further inves-
tigation. On the one hand, the intermolecular zinc finger might be an intermediate product of the still
evolving PER-CRY interface. On the other hand, it is plausible that this special protein interaction
interface confers sensitivity to the fluctuating abundance of intracellular zinc (Wang et al., 2012),
which might serve as a tissue-specific clock-modulating ion.

During the preparation of this manuscript, the complex structure of mammalian CRY1-PHR and
PER2-CBD was reported (Schmalen et al., 2014). With high sequence conservation between CRY1
and CRY2, PER2-CBD adopts a similar CRY-binding mode with a tetrahedral coordination of a zinc ion
by an intermolecular CCCH zinc-binding motif. The major structural difference lies at the interface of
the N-terminal region of PER2-CBD and the CRY secondary pocket. The CRY1-bound PER2-CBD frag-
ment contains a residual fusion-protein sequence, which forms an artifactual B-hairpin with the first five
amino acids of the PER2-CBD (Figure 4—figure supplement 3). In contrast to the PER2-bound CRY2
serine loop, but reminiscent of the Drosophila CRY antenna loop (Zoltowski et al., 2011), the other-
wise disordered (Czarna et al., 2013) CRY1 serine loop adopts an inward conformation and occludes
the secondary pocket. This conformational difference reveals a substantial degree of structural plas-
ticity, which might be necessary for differential binding and regulation at this site. Interestingly,
Schmalen et al. (2014) identified a potential redox sensor involving a disulfide bond near the zinc
finger between Cys412 and Cys363, which modulates CRY1-PER2 binding. However, in our circadian
reporter assay, we did not detect any difference between the CRY1 wild type and C412A mutant
(Figure 5D). More in-depth analyses can now exploit the specific structural differences between the
two complexes to explain the non-redundant roles of the two Cryptochrome proteins.

True to their name, Period proteins act as the master timekeepers in the circadian clock pathway,
and likely use their multiple functional modules to simultaneously mediate the negative and positive
phases of the clock through CRY stability and CRY-CLOCK-BMAL1 repression complex assembly.

Materials and methods

Recombinant protein purification

The mouse CRY2 (amino acids 1-512) was expressed as a glutathione S-transferase (GST) fusion protein
in High Five (Invitrogen, Carlsbad, CA) suspension insect cells and isolated by glutathione affinity chro-
matography using buffer containing 20 mM Tris-HCI pH 8, 200 mM NaCl, 10% glycerol, 5 mM DTT
(dithiothreitol). The protein was cleaved on-column by tobacco etch virus (TEV) protease then puri-
fied further by cation-exchange chromatography. Proteolytically stable murine PER2 (amino acids
1095-1215) was expressed as a GST-fusion protein in Escherichia coli expression system and isolated
through glutathione affinity chromatography using buffer containing 20 mM Tris—HCI pH 8, 300 mM
NaCl, 5 mM DTT. The protein was cleaved on-column by TEV protease then purified further by anion-
exchange and size-exclusion chromatography. Both proteins were combined, concentrated, and fur-
ther purified by size-exclusion chromatography using buffer containing 20 mM Tris=HCI pH 8, 300 mM
NaCl, 5 mM DTT, 10% glycerol to establish stoichiometric binding.

Crystallization, data collection, and structure determination

The crystals of the CRY2-PER2 complex were grown at 4°C by the hanging-drop vapor diffusion
method, using 2 pl protein complex sample mixed 2:1 with reservoir solution containing 100 mM HEPES
pH 7.5, 200 mM NaCl, 15% PEG 3350. Diffraction-quality crystals were subjected to a cryo-protectant
procedure by gradually increasing the concentration of ethylene glycol to 25% (vol/vol) and then
frozen in liquid nitrogen. The native and zinc anomalous data sets were collected at the BL8.2.1 beamline
at the Advanced Light Source of the Lawrence Berkeley National Laboratory. Reflection data were
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indexed, integrated, and scaled with the HKL2000 (Otwinowski and Minor, 1997). The CRY2-PER2
complex was determined by molecular replacement using CRY2 from the murine CRY2-KLOO1 com-
plex structure (PDB:4MLP) as the search model. The structural models were manually built, refined,
and rebuilt with the programs COOT (Emsley et al., 2010), PHENIX (Adams et al., 2010), and CCP4
(Winn et al., 2011). PER2 was built in following density modification. All figures were made using
PyMOL (Schrédinger, LLC). Buried surface area was calculated using CNS (Brunger et al., 1998).

In vitro GST pull down

GST-tagged mCRY2 (amino acids 1-512) was over-expressed in High Five insect cells suspension cul-
ture. GST-tagged mPER2 WT (amino acids 1095-1215) and GST-tagged mPER2ACXXC (amino acids
1095-1209) were over-expressed in E. coli and purified as previously described. Equal volumes CRY2-
PHR was incubated with immobilized PER2 at 4°C for 1 hr. Glutathione beads were rigorously washed,
and GST-PER2-CRY2 was released from the beads with SDS sample buffer, analyzed by SDS-PAGE and
detected by Coomasssie stain.

Co-immunoprecipitation

N-terminal Myc-tagged Cry2 (0.25 pg) and a C-terminal V5-tagged Per2 (0.5 pg) were transfected
(Fugene 6, Madison, WI) into HEK293 cells. After 48 hr, cells were harvested and lysed by centrifugation.
a-MYC-conjugated beads were used to immobilize MYC-CRY2. Beads were washed with buffer contain-
ing 50 mM Tris—=HCI pH 7.5, 100 mM NaCl, 5% glycerol, 0.5 mM DTT, 0.5% Triton X-100, protease inhib-
itor (1:50). Protein was released from beads with SDS sample buffer and analyzed by Western blot using
a-MYC and a-V5 for CRY2 and PER2, respectively.

Real-time circadian rescue assays

Real-time circadian rescue assays performed as described in Ukai-Tadenuma et al. (2011). Cry1”~/Cry2~~
MEFs were plated in 35-mm dishes at a density of 5 x 10° cells per dish. 24 hr later, cells were transfected
with FuGeneé with 4 pg of pGL3-P(Per2)-dLuc reporter plasmid and 150 ng of the pMU2-mCry1 expres-
sion vector (Ukai-Tadenuma et al., 2011) or mutant forms of this vector. 72 hr after transfection, the cells
were synchronized by a 2-hr incubation in medium (DMEM/10% FBS/antibiotics) with dexamethasone
(1 M). The medium was then replaced with medium prepared from powdered DMEM without phenol red
(Corning 90-013-PB) containing 4.5 g/l glucose and supplemented with 10 mM HEPES pH 7.2, 100 uM
luciferin, 1 mM sodium pyruvate, 0.035% sodium bicarbonate, 10% FBS, antibiotics, and 2 mM L-glutamine.
Bioluminescence monitoring was performed using a LumiCycle (Actimetrics, Inc. Wilmette, IL) to record
from each dish continuously for ~70 s every 10 min using a photomultiplier tube at 37°C.

Acknowledgements

We thank the beamline staff of the Advanced Light Source at the University of California at Berkeley
for help with data collection. We also thank members of the Zheng laboratory and Wenqing Xu laboratory
for discussion and help, and J Sean Yeung for ICP-MS analysis. We thank Drs Andrew Liu and Hiroki
Ueda for their generous gift of the Cry1~-/Cry2-- mouse embryonic fibroblasts and the Cry1 rescue
vector. This work is supported by the Howard Hughes Medical Institute (NZ and JST) and the National
Institutes of Health (R01-CA107134 to NZ, GM090247 to CBG, and T32-GM007750 to SNN).

Additional information

Funding

Funder Grant reference number  Author

Howard Hughes Medical Institute Joseph S Takahashi,
Ning Zheng

National Institutes of Health T32-GM007750 Shannon N Nangle

National Institutes of Health GM090247 Carla B Green

National Institutes of Health RO1-CA107134 Ning Zheng

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Nangle et al. eLife 2014;3:e03674. DOI: 10.7554/eLife.03674 12 of 14


http://dx.doi.org/10.7554/eLife.03674

e LI FE Research article

Biophysics and structural biology

Author contributions

SNN, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; CR, NK, HT, Conception and design, Acquisition of data, Analysis and interpretation
of data; JST, CBG, NZ, Conception and design, Analysis and interpretation of data, Drafting or revising
the article

Author ORCIDs
Joseph S Takahashi, 2 http://orcid.org/0000-0003-0384-8878

References

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, Headd JJ, Hung LW, Kapral GJ,
Grosse-Kunstleve RW, McCoy AJ, Moriarty NW, Oeffner R, Read RJ, Richardson DC, Richardson JS, Terwilliger TC,
Zwart PH. 2010. PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta
Crystallographica Section D, Biological Crystallography 66:213-221. doi: 10.1107/50907444909052925.

Akashi M, Okamoto A, Tsuchiya Y, Todo T, Nishida E, Node K. 2014. A positive role for period in mammalian
circadian gene expression. Cell Reports 7:1056-1064. doi: 10.1016/j.celrep.2014.03.072.

Brunger AT, Adams PD, Clore GM, DelLano WL, Gros P, Grosse-Kunstleve RW, Jiang JS, Kuszewski J, Nilges M,
Pannu NS, Read RJ, Rice LM, Simonson T, Warren GL. 1998. Crystallography & NMR system: a new software
suite for macromolecular structure determination. Acta Crystallographica Section D, Biological Crystallography
54:905-921. doi: 10.1107/S0907444998003254.

Busino L, Bassermann F, Maiolica A, Lee C, Nolan PM, Godinho SI, Draetta GF, Pagano M. 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.

Chen R, Schirmer A, Lee Y, Lee H, Kumar V, Yoo SH, Takahashi JS, Lee C. 2009. Rhythmic PER abundance defines
a critical nodal point for negative feedback within the circadian clock mechanism. Molecular Cell 36:417-430.
doi: 10.1016/j.molcel.2009.10.012.

Czarna A, Berndt A, Singh HR, Grudziecki A, Ladurner AG, Timinszky G, Kramer A, Wolf E. 2013. Structures of
Drosophila cryptochrome and mouse cryptochrome provide insight into circadian function. Cell 153:1394-1405.
doi: 10.1016/j.cell.2013.05.011.

Czarna A, Breitkreuz H, Mahrenholz CC, Arens J, Strauss HM, Wolf E. 2011. Quantitative analyses of cryptochrome-
mBMAL1 interactions: mechanistic insights into the transcriptional regulation of the mammalian circadian clock.
The Journal of Biological Chemistry 286:22414-22425. doi: 10.1074/jbc.M111.244749.

Emsley P, Lohkamp B, Scott WG, Cowtan K. 2010. Features and development of Coot. Acta Crystallographica
Section D, Biological Crystallography 66:486-501. doi: 10.1107/S0907444910007493.

Glas AF, Maul MJ, Cryle M, Barends TR, Schneider S, Kaya E, Schlichting |, Carell T. 2009. The archaeal cofactor
FO is a light-harvesting antenna chromophore in eukaryotes. Proceedings of the National Academy of Sciences
of USA 106:11540-11545. doi: 10.1073/pnas.0812665106.

Godinho SI, Maywood ES, Shaw L, Tucci V, Barnard AR, Busino L, Pagano M, Kendall R, Quwailid MM, Romero MR,
O'neill J, Chesham JE, Brooker D, Lalanne Z, Hastings MH, Nolan PM. 2007. The after-hours mutant reveals a
role for FbxI3 in determining mammalian circadian period. Science 316:897-900. doi: 10.1126/
science.1141138.

Griffin EA Jnr, Staknis D, Weitz CJ. 1999. Light-independent role of CRY1 and CRY2 in the mammalian circadian
clock. Science 286:768-771. doi: 10.1126/science.286.5440.768.

Huang N, Chelliah Y, Shan Y, Taylor CA, Yoo SH, Partch C, Green CB, Zhang H, Takahashi JS. 2012. Crystal
structure of the heterodimeric CLOCK: BMAL1 transcriptional activator complex. Science 337:189-194.
doi: 10.1126/science.1222804.

Kiyohara YB, Tagao S, Tamanini F, Morita A, Sugisawa Y, Yasuda M, Yamanaka |, Ueda HR, van der Horst GT,
Kondo T, Yagita K. 2006. The BMAL1 C terminus regulates the circadian transcription feedback loop.
Proceedings of the National Academy of Sciences of USA 103:10074-10079. doi: 10.1073/pnas.
0601416103.

Kume K, Zylka MJ, Sriram S, Shearman LP, Weaver DR, Jin X, Maywood ES, Hastings MH, Reppert SM. 1999.
mCRY1 and mCRY2 are essential components of the negative limb of the circadian clock feedback loop. Cell
98:193-205. doi: 10.1016/5S0092-8674(00)81014-4.

Lee C, Etchegaray JP, Cagampang FR, Loudon AS, Reppert SM. 2001. Posttranslational mechanisms regulate the
mammalian circadian clock. Cell 107:855-867. doi: 10.1016/S0092-8674(01)00610-9.

Lowrey PL, Takahashi JS. 2011. Genetics of circadian rhythms in Mammalian model organisms. Advances in
Genetics 74:175-230. doi: 10.1016/B978-0-12-387690-4.00006-4.

McCarthy EV, Baggs JE, Geskes JM, Hogenesch JB, Green CB. 2009. Generation of a novel allelic series of
cryptochrome mutants via mutagenesis reveals residues involved in protein-protein interaction and CRY2-
specific repression. Molecular and Cellular Biology 29:5465-5476. doi: 10.1128/MCB.00641-09.

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

Otwinowski Z, Minor W. 1997. Processing of X-ray diffraction data collected in oscillation mode. Methods in
Enzymology 276:307-326. doi: 10.1016/S0076-6879(97)76066-X.

Nangle et al. eLife 2014;3:e03674. DOI: 10.7554/eLife.03674 13 of 14


http://dx.doi.org/10.7554/eLife.03674
http://orcid.org/0000-0003-0384-8878
http://dx.doi.org/10.1107/S0907444909052925
http://dx.doi.org/10.1016/j.celrep.2014.03.072
http://dx.doi.org/10.1107/S0907444998003254
http://dx.doi.org/10.1126/science.1141194
http://dx.doi.org/10.1016/j.molcel.2009.10.012
http://dx.doi.org/10.1016/j.cell.2013.05.011
http://dx.doi.org/10.1074/jbc.M111.244749
http://dx.doi.org/10.1107/S0907444910007493
http://dx.doi.org/10.1073/pnas.0812665106
http://dx.doi.org/10.1126/science.1141138
http://dx.doi.org/10.1126/science.1141138
http://dx.doi.org/10.1126/science.286.5440.768
http://dx.doi.org/10.1126/science.1222804
http://dx.doi.org/10.1073/pnas.0601416103
http://dx.doi.org/10.1073/pnas.0601416103
http://dx.doi.org/10.1016/S0092-8674(00)81014-4
http://dx.doi.org/10.1016/S0092-8674(01)00610-9
http://dx.doi.org/10.1016/B978-0-12-387690-4.00006-4
http://dx.doi.org/10.1128/MCB.00641-09
http://dx.doi.org/10.1038/cr.2013.136
http://dx.doi.org/10.1016/S0076-6879(97)76066-X

e LI FE Research article

Biophysics and structural biology

Ozber N, Baris |, Tatlici G, Gur |, Kilinc S, Unal EB, Kavakli IH. 2010. Identification of two amino acids in
the C-terminal domain of mouse CRY2 essential for PER2 interaction. BMC Molecular Biology 11:69.
doi: 10.1186/1471-2199-11-69.

Partch CL, Green CB, Takahashi JS. 2014. Molecular architecture of the mammalian circadian clock. Trends in Cell
Biology 24:90-99. doi: 10.1016/j.tcb.2013.07.002.

Reischl S, Vanselow K, Westermark PO, Thierfelder N, Maier B, Herzel H, Kramer A. 2007. Beta-TrCP1-
mediated degradation of PERIOD?2 is essential for circadian dynamics. Journal of Biological Rhythms 22:375-386.
doi: 10.1177/0748730407303926.

Reppert SM, Weaver DR. 2002. Coordination of circadian timing in mammals. Nature 418:935-941. doi: 10.1038/
nature00965.

Shearman LP, Sriram S, Weaver DR, Maywood ES, Chaves |, Zheng B, Kume K, Lee CC, van der Horst GT,
Hastings MH, Reppert SM. 2000. Interacting molecular loops in the mammalian circadian clock. Science
288:1013-1019. doi: 10.1126/science.288.5468.1013.

Schmalen |, Reischl S, Wallach T, Klemz R, Grudziecki A, Prabu JR, Benda C, Kramer A, Wolf E. 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.

Shirogane T, Jin J, Ang XL, Harper JW. 2005. SCFbeta-TRCP controls clock-dependent transcription via casein
kinase 1-dependent degradation of the mammalian period-1 (Per1) protein. The Journal of Biological Chemistry
280:26863-26872. doi: 10.1074/jbc.M502862200.

Siepka SM, Yoo SH, Park J, Song W, Kumar V, Hu Y, Lee C, Takahashi JS. 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.

Somers W, Ultsch M, De Vos AM, Kossiakoff AA. 1994. The X-ray structure of a growth hormone-prolactin
receptor complex. Nature 372:478-481. doi: 10.1038/372478a0.

Ukai-Tadenuma M, Yamada RG, Xu H, Ripperger JA, Liu AC, Ueda HR. 2011. Delay in feedback repression by
cryptochrome 1 is required for circadian clock function. Cell 144:268-281. doi: 10.1016/j.cell.2010.12.019.

Wang D, Hosteen O, Fierke CA. 2012. ZntR-mediated transcription of zntA responds to nanomolar intracellular
free zinc. Journal of Inorganic Biochemistry 111:173-181. doi: 10.1016/}.jinorgbio.2012.02.008.

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, Keegan RM, Krissinel EB, Leslie AG, McCoy A,
McNicholas SJ, Murshudov GN, Pannu NS, Potterton EA, Powell HR, Read RJ, Vagin A, Wilson KS. 2011.
Overview of the CCP4 suite and current developments. Acta Crystallographica Section D, Biological
Crystallography 67:235-242. doi: 10.1107/S0907444910045749.

Xing W, Busino L, Hinds TR, Marionni ST, Saifee NH, Bush MF, Pagano M, Zheng N. 2013. SCF(FBXL3) ubiquitin
ligase targets cryptochromes at their cofactor pocket. Nature 496:64-68. doi: 10.1038/nature11964.

Yagita K, Tamanini F, Yasuda M, Hoeijmakers JH, van der Horst GT, Okamura H. 2002. Nucleocytoplasmic
shuttling and mCRY-dependent inhibition of ubiquitylation of the mPER2 clock protein. The EMBO Journal
21:1301-1314. doi: 10.1093/emboj/21.6.1301.

Ye R, Selby CP, Ozturk N, Annayev Y, Sancar A. 2011. Biochemical analysis of the canonical model for the
mammalian circadian clock. The Journal of Biological Chemistry 286:25891-25902. doi: 10.1074/jbc.
M111.254680.

Zoltowski BD, Vaidya AT, Top D, Widom J, Young MW, Crane BR. 2011. Structure of full-length Drosophila
cryptochrome. Nature 480:396-399. doi: 10.1038/nature10618.

Nangle et al. eLife 2014;3:e03674. DOI: 10.7554/eLife.03674 14 of 14


http://dx.doi.org/10.7554/eLife.03674
http://dx.doi.org/10.1186/1471-2199-11-69
http://dx.doi.org/10.1016/j.tcb.2013.07.002
http://dx.doi.org/10.1177/0748730407303926
http://dx.doi.org/10.1038/nature00965
http://dx.doi.org/10.1038/nature00965
http://dx.doi.org/10.1126/science.288.5468.1013
http://dx.doi.org/10.1016/j.cell.2014.03.057
http://dx.doi.org/10.1074/jbc.M502862200
http://dx.doi.org/10.1016/j.cell.2007.04.030
http://dx.doi.org/10.1016/j.cell.2007.04.030
http://dx.doi.org/10.1038/372478a0
http://dx.doi.org/10.1016/j.cell.2010.12.019
http://dx.doi.org/10.1016/j.jinorgbio.2012.02.008
http://dx.doi.org/10.1107/S0907444910045749
http://dx.doi.org/10.1038/nature11964
http://dx.doi.org/10.1093/emboj/21.6.1301
http://dx.doi.org/10.1074/jbc.M111.254680
http://dx.doi.org/10.1074/jbc.M111.254680
http://dx.doi.org/10.1038/nature10618

