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The suprachiasmatic nucleus (SCN) defines 24 h of time via a
transcriptional/posttranslational feedback loop in which trans-
activation of Per (period) and Cry (cryptochrome) genes by BMAL1-
CLOCK complexes is suppressed by PER-CRY complexes. The
molecular/structural basis of how circadian protein complexes
function is poorly understood. We describe a novel N-ethyl-N-nitro-
sourea (ENU)-induced mutation, early doors (Edo), in the PER-ARNT-
SIM (PAS) domain dimerization region of period 2 (PER2) (I1324N)
that accelerates the circadian clock of Per2f9°/€%° mice by 1.5 h.
Structural and biophysical analyses revealed that Edo alters the
packing of the highly conserved interdomain linker of the PER2
PAS core such that, although PER259° complexes with clock proteins,
its vulnerability to degradation mediated by casein kinase 1g
(CSNK1E) is increased. The functional relevance of this mutation is
revealed by the ultrashort (<19 h) but robust circadian rhythms in
Per25doEdo. Csnk1e™“ mice and the SCN. These periods are unprec-
edented in mice. Thus, Per25% reveals a direct causal link between the
molecular structure of the PER2 PAS core and the pace of SCN
circadian timekeeping.

mouse mutant | behavior | protein stability | circadian period |
genetic interaction

ircadian rhythms, as exemplified by the sleep/wake cycle, are

the outward manifestation of a 24-h timing mechanism that
coordinates many physiological processes (1). The principal cir-
cadian clock in mammals is the suprachiasmatic nucleus (SCN).
At a molecular level, the SCN clockwork consists of interacting
positive and negative transcriptional/translational feedback loops
(TTFLs) that drive rhythms in the RNA and protein levels of key
clock components. Heterodimers of the PER-ARNT-SIM (PAS)
domain-containing transcriptional activators CLOCK and BMALL1
drive rhythmic transcription of Per (period) and Cry (cryptochrome)
genes by binding to E-box elements. PER proteins associate with
CRY, translocating to the nucleus to inhibit their own transcription
by interacting with the CLOCK-BMALI complex (2, 3). An ad-
ditional feedback loop involves the nuclear orphan receptors REV-
ERBa (4) and RAR-related orphan receptor A (RORA) (5) that
modify the transcription of Bmall, thereby stabilizing and ampli-
fying the CLOCK-BMAL complex-dependent oscillation. Once
suppressed, CLOCK-BMAL complex-mediated transactivation can
only reoccur after PER and CRY have been degraded.

The circadian TTFL is therefore sustained by timely synthesis
and degradation of PER and CRY proteins. Changes in PER sta-
bility in flies (6, 7) and changes in PER or CRY stability in mam-
mals lead to a faster or slower clock (8). Phosphorylation-dependent
licensing of PER proteins for ubiquitination and subsequent pro-
teasomal degradation is a sensitive checkpoint in setting clock speed
(9-11). Moreover, two familial advanced sleep phase syndromes
(FASPSs) are associated with site-specific phosphorylation of hu-
man period 2 (PER2) (12, 13). Finally, the Tau mutation of casein
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kinase 1e (Csnkle) (14) is a hypermorph that accelerates the clock
of rodents (15). Thus, phosphorylation, PER protein stability, and
circadian period are intimately linked (16).

Current knowledge of the structural basis of circadian tran-
scription and its repression is limited, but it is becoming clear
that modular PAS domains form protein interactions that are
important for progression of the circadian TTFL. The crystal
structures of mouse CLOCK and BMALI have revealed how
tandem PAS domains contribute to the formation of the dimeric
transcription factor (17). PAS domains are also found in circadian
negative regulators: tandem PAS domains mediate formation of
PER dimers observed in vivo (18). Unlike the asymmetrical, ex-
tended conformation seen in CLOCK-BMALI, the PER PAS
dimer core forms a more symmetrical and compact fold (19, 20).
In PER2, the PAS domain core is followed immediately by a
CKle-dependent phosphodegron that recruits the E3 ubiquitin
ligase B-TrCP to control PER? stability (10, 16, 21). Thus, control
of PER?2 repressive function and/or PER2 stability may be con-
trolled by interactions of its PAS domain core.

Significance

In a study investigating mechanisms whereby period 2 (PER2)
stability can set the pace of biological rhythms, we have looked
at molecular, cellular, and structural features of the mouse mu-
tant, early doors (Edo). Early doors is a novel N-ethyl-N-nitro-
sourea (ENU)-induced point mutation that shortens the circadian
period of mice by 1.5 h. The mutation results in an amino acid
substitution in the interdomain linker between the tandem PAS
domains of PER2. Biophysical analyses confirm that increased
flexibility of this interdomain linker reduces stability of the PAS
domain core. This flexibility can accelerate circadian rhythms by
destabilizing the PER25%° protein through faster kinase-medi-
ated degradation. Furthermore, we find that Per2f?° mice car-
rying the casein kinase 1¢ (Csnk7e) Tau mutation have extremely
fast but very stable circadian clocks.
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To gain new insight into the mechanisms that determine the pace
of the mammalian circadian clock, we used N-ethyl-N-nitrosourea
(ENU) mutagenesis (22). We identified a founder mouse with a
significantly shortened circadian period. The mutation, early doors
(Edo), mapped to the Per2 gene within the linker between the
PAS-A and PAS-B domains. PER2E% reveals the determinative
relationship between protein stability and circadian pacemaking,
and, more importantly, it reveals a structural framework within
which to understand this defining property of the circadian system.

Results

Per25° shortens Circadian Wheel-Running Period. We screened for
genetic factors affecting overt behavioral circadian rhythms
by monitoring daily wheel-running activity in progeny of ENU
mutagenized mice. Within G1/dominant inheritance screens, we
identified a mouse with a significantly shortened circadian period
(zDD) (Fig. 14). Test mating confirmed semidominant herita-
bility of the phenotype, with the following mean circadian periods
recorded in outcross/intercross offspring: WT DD of ~23.6 h,
heterozygote tDD of ~23 h, and homozygote tDD of ~22 h (Fig.
1 B and C). Homozygotes also displayed a clear advanced phase of
entrainment, with activity onsets preceding the onset of the dark
phase by several hours. This mutant line was named early doors
(Edo; Mouse Genome Informatics accession ID MGI:3606316).
The mutation was mapped by genetic linkage analysis to a 76.5-
Mb region of mouse chromosome 1 (Fig. 1D). Within this region
lies the period homolog 2 (Per2). With an established role in the
circadian oscillator, this gene was selected as a candidate, and the
coding regions of Per2 were resequenced in a mutant animal. Se-
quencing revealed a T-to-A transversion in exon 9 of the gene (Fig.
1E). This nonsynonymous missense mutation results in an Ile-to-
Asn substitution at residue 324 (1324N) of PER?2, which lies in the
interdomain linker between two tandem PAS domains (Fig. 1F).
The residue is highly conserved within the protein sequence of all
mouse Per genes and in the orthologous genes of other vertebrates.

Per2® Is a Gain-of-Function Allele. Several null alleles of mPer2
have been described, and have been shown to have either no effect
on circadian period (23) or to disrupt rhythms (24, 25). To define the
genetic status of the Per. allele, we created compound hetero-
zygous mice alongside single mutants and controls and then moni-
tored wheel-running behavior. The Per2 genotype had an overall
significant effect on the period of behavioral rhythms (1x ANOVA
F = 22.4; 320 df; P < 0.001; Fig. 24). Whereas Per2“**4 mice
exhibited accelerated period compared with WT (period: Per2** =
239 + 0.1 h, Per2"®4% = 22 4 + 0.2 h; n = 3, 6; P < 0.01), Per2”~ mice
had periods (24.0 + 0.2 h; n = 6) not significantly different from
WT and significantly (P < 0.01) longer than Per2f4°/Ede,
Moreover, the period of Per254°’~ compound heterozygotes
(23.5 + 0.1 h; n = 9) was intermediate between Per2™/4 and Per27~
mutants, although still significantly (P < 0.01) longer than
the period of Per22#Ed° At a behavioral level, therefore, Per2E4
is not a loss-of-function mutation. To explore the dose dependence
of this effect, SCN slices were prepared from Perl-Luc reporter
mice, heterozygous or homozygous for Per2“®. As with behavior,
heterozygous mice showed a period acceleration of 0.56 h, and a
second copy of Per25% accelerated the clock further, to 1.23 h
shorter than WT (1x ANOVA F = 5.0; 2,36 df; P < 0.02; Per2*'*
vs. Per2FdoEdo. + — 31 P < 0.05; Fig. 2B). There was no effect of
Per25% genotype on the amplitude of oscillation reported by Perl-luc.
We then examined SCN function in compound heterozygotes
and controls using the Perl-luc reporter (Fig. 2C). As with be-
havioral rhythms, Per2 genotype had an overall effect on circadian
period (1x ANOVA F = 39.4; 2,55 df; P < 0.001). The SCN of
Per2”"~ mice had a period comparable to WT SCN (period: Per2*+ =
239 + 01 h, Per2”~ =238+ 0.1h;n= 9). In contrast, but
consistent with behavioral findings, Per24° " dose-de endently
accelerated the SCN clock. The period of SCN from Per2“/E4 mice
was significantly shorter than the period of SCN from Per2”~ mice,
and in compound heterozygous Per2"~ mice, the single copy of
Per25% shortened the period to a value not different from the period
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Fig. 1. Phenotype and cloning of the Per2f% mutation. (A) Representative
double-plotted actograms of wheel-running activity of +/+, Edo/+, and Edo/Edo
mice, recorded under light/dark (L/D) conditions (days 1-7) followed by constant
darkness (DD). Horizontal bars at the top indicate L/D conditions over the first
7 d. (B) Frequency distribution of the endogenous period [Tau DD (tpp)] of
WT (+/+, black), Edo/+ (m/+, white), and Edo/Edo (m/m, gray) littermates. (C)
Free-running period of mutants and littermate controls in constant darkness
(mean + SEM; n = 66, 134, 70; one-way ANOVA, P < 0.001; ***Bonferroni
pairwise comparisons, P < 0.001). (D) Graphical representation of chromosome
1 (Chr 1) showing positions of SNP markers used to genotype the affected
animals. Informative haplotypes for phenotypically homozygous animals are
indicated. (E) Chromatograms from resequencing the Per2 gene in +/+ (Top)
and Edo/Edo (Bottom) DNA. (F) Functional domains of PER2 (Top) and se-
quence conservation in PER2 (Bottom) proteins. CK1¢/5, CK1¢/8 binding do-
main; NES, nuclear export signal; NLS, nuclear localization signal. The protein
sequence alignment of the interdomain linker and PAS-B domain showing the
I324N substitution (red box) in Per2f% is illustrated. High sequence conserva-
tion of the interdomain linker and PAS-B domain is evident in vertebrate
proteins and in paralogous mouse proteins (PER1, PER3).

seen in Per2"™* SCN but shorter than in Per2”~ SCN (1x ANOVA
F =394; 2,55 df: P < 0.001; Per2 ™ vs. Per2"": t = 1.8 ns; Per2”"
vs. Per2BdolEdo. ¢ — 72 P < 0.001; Per2%/= vs. Per2Fde/tdo, ¢ —
7.5, P < 0.001). Thus, data from SCN ex vivo studies support the
behavioral observations that Per2 is a gain-of-function, proba-
bly antimorphic, mutation.

We tested whether the accelerated Per2® SCN affected pe-
ripheral clocks. The liver of Per254’54 mice held on a 24-h light/
dark (IL/D) schedule exhibited very robust daily cycles of gene ex-
pression, with amplitudes comparable to the amplitudes of liver
from WT mice (Fig. S1). There was a marked advance of ca. 3 h in
the phase of the peripheral oscillations for both core clock genes

PNAS | March 8,2016 | vol. 113 | no.10 | 2757
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Fig. 2. Reporter oscillations and PER2 stability are affected in Per2t%. (A) Com-
parison of wheel-running period in Per2™'~, Per2£% e, and Per2£%°~ compound
heterozygous mutants with littermate controls in constant darkness. (B) Circadian
period reported by Per7-luc bioluminescence of SCN slices from WT, Per2£9%0, and
Per2EdeEde mice. (C) Circadian period reported by Per7-luc bioluminescence of
SCN slices from Per27~, Per2£9°'~, and Per2£9°£% mice. (D) Immunostaining of
PER2 in SCN of WT, Per2™~ (null), and Per2£9°€9° mice at Zeitgeber time 12.
(Scale bar, 500 pm.) (Insets) Nuclear localization of PER2. (Scale bar, 50 pm.)
(E) Nuclear/cytoplasmic distribution of YFP-tagged PER2™T and PER2E° in
COS7 cells, transfected alone or with CFP-CRY 1. A representative experiment of
three independent experiments is shown. (Scale bars, 100 pm.) (F-H) Graphs
showing decay of PER2::LUC and EDO::LUC bioluminescence in cycloheximide-
treated HEK293 cells. Conditions are as indicated on each graph (n = 3 per
condition, mean + SEM). (/) Comparison of t;/, of bioluminescent decay for each
condition depicted in F~-H (*P < 0.05; **P < 0.01; ***P < 0.001 by t test).

(Bmall, Perl, Per2, and Cryl) and the canonical circadian output
gene Dbp. This phase advance is likely a consequence of the ad-
vanced phase of the behavioral rhythm exhibited in the homozygous
mutants when entrained to the L/D cycle (Fig. 14). Thus, the
shortened period of the Per2““/“4 SCN, and perhaps also an ac-
companying acceleration of the local liver clock, had a significant
effect on peripheral circadian organization.

Finally, to confirm that Per2“ is not a null allele, serial sections
of SCN were immunostained with anti-PER2 serum (26). In WT
SCN collected at the peak of PER2 expression (Zeitgeber time 12,
lights-off), nuclear immunolabeling was extensive across the SCN
(Fig. 2D). In homozygous PER2-null SCN, immunolabeling was
absent. In contrast, SCN from Per25%/F4 mice exhibited wide-
spread nuclear immunoreactivity, comparable to the nuclear im-
munoreactivity of WT (cell counts: Per2™* = 413 + 26; Per25d/Edo —
256 + 53; Per2’~ =2+ 1;n = 3 per group; 1x ANOVA F = 36.3;
2,6 df; P < 0.001; Per2** vs. Per2P0/Edo, { =3 ) ng; Per2** vs. Per2 ™™

2758 | www.pnas.org/cgi/doi/10.1073/pnas.1517549113

t = 84, P < 0.001; Per2tEdo ys, per27~: t = 5.2, P < 0.01). Per2™®
thus encodes a PER2 variant highly expressed and trafficked appro-
priately to the nucleus of SCN neurons.

PER259° Maintains Its Ability to Dimerize but Is Less Stable than PER2"".
To characterize the biochemical properties of PER2E% likely to
underpin the accelerated clock, we initially focused on protein di-
merization, a function determined by the PAS domains where the
mutation is located. PER2 PAS domains mediate the formation of
homodimers and heterodimers with both PER1 and PER3 (19, 20).
Using site-directed mutagenesis, we created the I1324N mutation in
full-length PER2 and expressed proteins in COS7 cells with various
C-terminal tags. Immunoblotting of cell lysates confirmed the ap-
propriate expression of all tagged proteins (Fig. S2 A-C). Coim-
munoprecipitation showed that PER25% exhibited the expected
homodimerization and associations with CRY2, whereas minimal
interactions were found with REV-ERBa and BMALL. Impor-
tantly, PER2F® exhibited comparable associations that, within the
limits of the assay, were not significantly different from the as-
sociations of PER2™" (Fig. S2D). Given that association with
CRY is thought to direct nuclear translocation of PER, we expressed
tagged PER2 and CRY1 and monitored their cellular localization.
In the absence of CRY1, both PER?2 variants were predominantly
cytoplasmic (Fig. 2F). Cotransfection with CRY1, however, localized
both variants to the nucleus. Thus, the mutation did not compromise
functional interaction between PER2 and CRY1, and it did not
appear to affect the subcellular localization of either.
Steady-state analyses of the intracellular behavior of PER
failed to reveal significant effects of the mutation. Given that nu-
clear localization and complex formation can influence the deg-
radation of circadian proteins, we monitored the real-time decay of
bioluminescent PER2::LUC fusion proteins in HEK293 cells to
test the relative vulnerability of PER2% to proteasomal deg-
radation triggered by CKle (15). Following treatment with the
translational inhibitor cycloheximide, bioluminescent signal for
cytoplasmic PER2::LUC declined progressively in the presence of
CKle. Degradation of EDO::LUC, however, was more rapid (Fig.
2 F and I). The t, of EDO:LUC was slightly but significantly
shorter (36 min) than PER2::LUC (P = 0.0223, ¢ test). In the
presence of CRY, the vulnerability of nuclear EDO::LUC to
CKle-mediated degradation was even more pronounced (151 min
shorter; P = 0.0005, ¢ test; Fig. 2 G and [). Although the ¢, of
nuclear PER2:LUC was substantially longer in this study, the
EDO:LUC t,, was shorter. Finally, coexpression with CK1e™" in the
presence of CRY resulted in a consistent shorter #,, in EDO::LUC
(23 min; P = 0.0035, ¢ test; Fig. 2 H and I). Thus, although the Edo
mutation did not prevent PER25% from forming complexes with
other circadian proteins, the vulnerability of PER2F to
CKle-mediated degradation was nevertheless greater.

2Edo

PER25% Increases Flexibility of Interdomain Linker to Destabilize the
PAS Domain Core of PER2. The Edo mutation is located in a con-
served linker between the two PAS domains that is distant from
the dimer interface observed in the crystal structure (19), consistent
with our finding that Edo does not have an impact on dimerization in
full-length proteins or in the purified tandem PAS domains [PAS-A
and PAS-B (PAS-AB) domains; Fig. S3 A and B]. However, we
reasoned that substitution of the more polar Asn at this site might
disrupt packing of the linker to influence conformation of the
PER25% PAS-AB dimer in solution. This possibility was assessed
using small-angle X-ray scattering (SAXS), which provides low-
resolution envelopes of protein structures in solution (27). Scattering
curves for PER2%T and PER2F° were essentially identical and
confirmed dimer formation (Fig. S3 C-E). The pair-distance
distribution function (Fig. 34) indicated that both PAS-AB di-
mers maintain a compact fold in solution, as demonstrated by
oblate spherical envelopes that were well fit by the PAS-AB
structure with missing loops modeled in Fig. 3B and Fig. S3 F
and G. We then used differential scanning fluorimetry to assess
thermodynamic stability of the two proteins. We found that the
PER25% PAS dimer core was significantly less stable than PER2VT,

Militi et al.
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Fig. 3. PER259° mutation increases flexibility of the A
interdomain linker to destabilize the PAS domain core. 010
(A) SAXS pairwise distribution curves for the PAS-AB
dimer of PER2"T (black) or PER25° (red). (B) Envelopes
calculated from SAXS data for PER2WT and PER2E° <
PAS-AB dimers fitted with the crystal structure (Protein
Data Bank ID code 3GDI). (C) Thermal denaturation
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of PAS domains, Edo and Ja helix to the PER2 phos-

phodegron (dashed line). (H) Representative Western
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exhibiting a decrease in melting temperature (Ty,) of more than 5 °C
(Fig. 3C), which corresponds to a change in the free energy of
unfolding, AAG, of 0.66 kcal/mol at the WT T,, of 54.6 °C.
Therefore, Edo decreases the intrinsic stability of the PER2 PAS
domain core without causing global changes in the overall structure.

To determine how Edo influences stability of the PAS domain
core, we probed flexibility of the protein backbone using limited
proteolysis. Digestion with cléymotrypsin showed no difference
between PER2V" and PER2 (Fig. S3H), but we observed a
pattern of differential cleavage by trypsin (Fig. 3D): first, a short
peptide was preferentially cleaved from the C terminus of PER2VT;
second, PER25° preferentially accumulates ~21-kDa fragments
(Fig. S3 I and J). Specific cleavage sites were identified by liquid
chromatography/MS. Cleavage at K451 in the linker to the Ja helix
occurred preferentially in PER2VY, whereas cleavage of the inter-
domain linker at R323 and R329 occurred preferentially in
PER2"% (Fig. 3E). The interdomain and Ju linkers interact with
one another and the PAS-B domain through hydrophobic packing
and electrostatic interactions, including a salt bridge between R323
and E439 (Fig. 3F). This network of interactions suggests how Edo
could influence the flexibility of two linkers that are separated by
the PAS-B domain in the primary sequence (Fig. S3K).

The phosphodegron that regulates CKle-dependent turnover
of PER2 is located immediately downstream of the Ja helix (Fig.
3 E and G). The structure ends at P473 and is followed by the
sequence HSGSSGYGS (residues 474-482), where phosphory-
lation by CKle at the underlined Ser residues facilitates binding
of the E3 ubiquitin ligase p-TRCP1 (10, 16, 21). Therefore, al-
terations to the stability and flexibility of the PAS-AB domains
may further contribute to destabilization of the mutant in vivo by
altering accessibility of this motif. In support of this argument,
we found a stronger interaction between p-TRCP1 and PER254°
when coimmunoprecipitated from HEK293 cell protein com-
plexes (P = 0.022, ¢ test; Fig. 3 H and I).

PER2® Is More Sensitive to CK1e-Mediated Degradation in Vivo,
Generating an Extremely Rapid Circadian Clock. To test predictions
based on our biochemical and biophysical analyses in vivo, we
crossed the Per22® mutation with the Csnkle!™ mutation. Our
prediction was that availability of the more vulnerable PER2E®

substrate would allow the mutant CKle to accelerate the circadian
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TTFL even further than in a Per2*'* background. As anticipated,
Csnkle™™ mice were unable to entrain to the 24-h lighting cycle
regardless of whether they carried the additional Per25%/E4 allele
(Fig. 4 A and B), whereas mice carrying Per2"%/5% alone could still
entrain. Under continuous dim red light, the free-running periods
revealed an additive effect of the two mutations. Both alleles con-
tributed to a shortening of the behavioral circadian period, as
revealed by significant main effects of Csnkle™ and Per2“ by
two-way ANOVA (P < 0.0001 for both). There was not, however,
any interaction (P = 0.35). For each of the three Csnkle’™ geno-
types tested, the periods of Per2“¥d° mice were significantly
shorter than the periods of Per2*'* controls. Notably, the period of
the double-homozygous animals was 18.80 + 0.04 h, which is an
unprecedentedly fast behavioral rhythm in mice, and comparable to
the ultrashort period of “super-duper” hamsters (28).

To confirm that these additive genotypic effects occurred
within the SCN, slices were made and the circadian period was
determined by recording Perl-luc bioluminescence (Fig. 4C). As
with behavior, both alleles contributed to a shortening of the
circadian period (main effects two-way ANOVA: P < 0.0001 for
both). Again, there was no interaction (P = 0.18), confirming
their additive, independent actions. Thus, for all three Csnkle™
genotypes tested, the periods of Per2E%/Ede SCN were signifi-
cantly shorter than the periods of Per2*'* controls, creating,
again, an unprecedentedly short, genetically specified circadian
period for the SCN of 18.80 + 0.06 h.

Discussion

Edo is a novel ENU-induced mutation that shortens the circa-
dian wheel-running period in mice, an effect mediated by accelera-
ted molecular pacemaking in the SCN. The point mutation in Edo
lies in the interdomain linker (I324N) between two PAS domains in
PER2, and has the effect of increasing linker mobility and re-
ducing stability of the core PAS dimer in PER2E% in vitro. This
mutation is associated with increased vulnerability of PER2E% to
CKle-dependent degradation in vivo. Thus, in Per24°; Csnkle™
mice, the combination of increased vulnerability of the substrate
with the gain-of-function enzyme leads to extremely short circa-
dian periods of behavior and SCN gene expression.

By uncovering a new allelic variant of Per2, the current study
illustrates the continuing value of forward genetic screens to
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Fig. 4. Per2f@/tde; Cspki1e™w/7@4 double mutants have an extremely short
circadian period in vivo and in vitro. (A) Representative double-plotted
actograms of wheel-running for Per2**; Csnk1e*'*, Per2f9°/d; Csnkie*,
Per2*"*; Csnk1e™%™Y and Per2f9°’€d: Csnk1e™“™Y mice. Animals were
entrained to cycles of 12-h L/D and then placed into continuous dim red light
as indicated. (B) Circadian period of wheel-running activity rhythms from
Per2*'+ (white bars) and Per2£%£%° (gray bars) mice in the presence or absence
of Csnk7e™Y mutant alleles. (C) Circadian period reported by Peri-luc bio-
luminescence rhythms of SCN slices from Per2** (white bars) and Per2f@/t@e
(gray bars) mice in the presence or absence of Csnk7e™" mutant alleles
(mean + SEM; ***P < 0.001, **P < 0.01, *P < 0.05 by t test).

understand circadian mechanisms. The accelerated oscillation in
the Edo SCN emphasizes the critical role of protein stability in
setting the circadian period. The interaction between PER2 and
CKle is clearly pace-setting, as revealed by accelerated clocks in
mutants of CKle and CK13 in rodents and humans, respectively,
and in the human PER2 FASPS mutant (12) now alongside mouse
PER25%°, These observations are consistent with the view that the
rhythmic availability of PER2 “defines a critical nodal point for
negative feedback” within the TTFL (29). Moreover, the Edo
mutation accelerates/phase-advances mRNA rhythms in the liver
that are, again, as well defined as the mRNA rhythms seen in WT
animals. Thus, a genetic background that accelerates PER2 deg-
radation generates an ultrashort <19-h circadian period in the
SCN and in activity/rest cycles. In hamsters, a comparably fast
period is seen in compound mutants for Csnkle’™ and “duper,”
an unidentified mutation that does not reside in hamster Per2 (28).
Critically, the rhythms in hamsters and mice alike are as robust
and coherent as in the 24-h WT, highlighting the precision and

2760 | www.pnas.org/cgi/doi/10.1073/pnas.1517549113

stability of the SCN oscillator remaining unperturbed in the face
of a >20% acceleration of the TTFL.

Importantly, Edo does not phenocopy the Per2 null mutant. First,
by immunostaining and circadian recording, it is clear that PER2E4
is expressed and functional. Second, it displays semidominant in-
heritance, with progressively severe heterozygous and homozygous
phenotypes. This phenotype is a notable variation from targeted
deletions of Per2, which are phenotypically recessive. Third, this
phenotype is expressed in the compound heterozygote Per2“%~ Tt
therefore acts as a gain-of-function mutation. We speculate that this
gain of function is due to maintenance of normal interactions of
PER25% with other clock proteins (e.g., CRY), whereas its more
rapid turnover leads to a change in the repressive “nodal set point”
established by PER2 (29).

Having characterized the phenotypic consequences of the mu-
tation in vivo, we explored its biochemical and structural features
to discover that Edo destabilizes the PAS domain dimer core to
accelerate PER2 degradation. Notably, Edo does not induce global
changes in dimer structure as assessed by size-exclusion chroma-
tography and SAXS. Here, we show that Edo alters the flexibility of
linkers in the PAS domain core to elicit its dramatic overall effect
on PER2 function. Edo makes the PAS domain core less in-
trinsically stable and also leads to increased interaction with its E3
ubiquitin ligase p-TRCP1, leading to increased turnover in vivo.
Given the modest buried surface area between the interdomain
linker and the PAS domains (590 A?), it is perhaps surprising that
substitution of one residue has such profound implications for PER2
structure and function. However, the interdomain and Ju linkers are
linked through a series of interactions on the PAS-B domain,
potentially connecting the Edo site to the CKle-dependent
phosphodegron immediately downstream of the Ja helix (16).
The biochemical basis of the interaction between PER2 and
CKle is, however, unclear. A current model posits that the Tau
mutation changes the relative efficacy of CKle at two competing
phosphorylation sites that determine whether PER?2 has a fast or
slow degradation rate (16). Further work will be necessary to
understand the structural basis by which linker flexibility en-
hances interaction with CKle-dependent B-TRCP1 activity to
control PER?2 stability in vivo. Our data reaffirm the central role
of PAS-mediated mechanisms in tuning the period of the
mammalian circadian clock, and thereby extend the scope of
molecular structure-based analysis of cellular timekeeping.

Methods

Animals. All animal studies were carried out in accordance with the 1986
Animals (Scientific Procedures) Act, United Kingdom, with Medical Research
Council Harwell and Laboratory of Molecular Biology ethical approval and
were compliant with the guidance issued by the Medical Research Council
(30). Inbred strains were obtained from in-house stock (C57BL/6J, C3H/HeH;
hereafter termed C3H) or were purchased from Harlan-Olac (BALB/cOlaHsd,
hereafter termed BALB/c). Mutant and reporter lines were obtained from
the following: D. Weaver [University of Massachusetts Medical School,
Worcester, MA; Per2™'®W nyll mutant (24)], H. Okamura [University of
Kyoto, Kyoto; mPer1-luc reporter (31)], J. S. Takahashi [University of Texas
Southwestern Medical Center, Dallas; mPer2::Luc reporter, Per2t™t (32)],
and A. S. Loudon [University of Manchester, Manchester, United Kingdom;
Ck1e mutant, Csnk1e™' ! (15)]. All molecular and behavioral studies were
carried out in mice bred on a congenic C57BL/6J background.

Mutagenesis, Genetic Mapping, and Mutation Detection. Mutagenesis, screening,
genetic linkage, positional candidate analysis, and sequencing were carried out
as described previously (22, 33).

SCN Slices. SCN organotypic slices for bioluminescence recordings and
immunostaining of SCN PER2 expression were as described previously (26).

Cell Culture and Transfection. COS7 and HEK293 cells were maintained in
DMEM supplemented with 10% (vol/vol) FBS and antibiotics (100 pg/mL
penicillin and streptomycin). Transient transfection was carried out using
Fugene 6 (Roche) according to the manufacturer’s protocol. For degradation
studies, HEK293 cells were transfected with either PER2::LUC (a generous
gift from Y.-H. Fu and A. Hirano, University of California, San Francisco, San
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Francisco, CA) or EDO::LUC generated by site-directed mutagenesis (Stra-
tagene). Reporter constructs were cotransfected with combinations of
CK1eWT, CK1e™, and mCry2-HA plasmids. Bioluminescence degradation
studies were conducted as in the study by Hirano et al. (34). Luciferase activity
of PER-LUC was recorded at 10-min intervals at 37 °C with Lumicycle (Acti-
metrics). The data were fitted to an exponential curve of the form N(t) = N e
where N(t) is the luminescence (counts per second) at time t, N is the initial
luminescence (counts per second), A is the decay rate, and t is the time. The rate
of A was determined using a MATLAB (MathWorks) Curve Fitting Toolbox, and
t1, was calculated using the ty, equation t;, = In (2)/A.

For coimmunoprecipitation experiments, cells were transfected with
mPER2WT-V5-YFP-His, mPER2E9°-V5-YFP-His, or B-TRCP1-V5-His plasmids and
mCry2-HA, HA-mPER2, HA-mPER25%°, mBmal1-FLAG, mRev-erba-V5, respec-
tively, in 10-cm dishes in medium without antibiotics. The total amount of
transfected DNA was 6 pg (composed of 3 ug of mPer2 WT or mPer2 mutant
and 3 pg of mCry2-HA, HA-mPer2, HA-mEdo, HA-mPer1, mBmal1-FLAG,
mClock-HA, mRev-erba-V5). Forty-eight hours after transfection, cells were
washed three times with cold PBS, lysed in 700 puL of lysis buffer, and treated
as described above.

Coimmunoprecipitation and Western Blotting. Tagged proteins were immu-
noprecipitated from COS7 or HEK293 cell lysates with anti-V5 (R960-25; Invi-
trogen), anti-HA (HA.11; Covance), or anti-FLAG M2 (F3165; Sigma) following
2 h of gentle agitation at 4 °C with 25 pL of protein G agarose. Samples
were washed in buffer, boiled at 95 °C for 5 min, separated by SDS/PAGE on
a 4-12% gel, and transferred to a PVDF membrane. Immunoblotting was
performed using anti-V5 (1:3,000), anti-HA (1:1,000), anti-FLAG (1:800), and
anti-GFP (1:5,000) (11814460001; Roche). Secondary Ab was HRP-conjugated
anti-mouse (Sigma) at a 1:10,000 dilution. Chemiluminescence was performed
using ECL Plus (Amersham).
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Recombinant Protein Expression and Purification. A fragment containing the tan-
dem mouse PER2 PAS-AB domains (residues 170-473) was expressed in Escherichia
coli as a fusion with a tobacco etch virus (TEV)-cleavable N-terminal Hisg tag. The
Edo mutation (1324N) was introduced by site-directed mutagenesis and validated
by sequencing. Protein expression was induced with 0.5 mM isopropy! p-p-1-thi-
ogalactopyranoside at an ODgyo of ~0.8, and E. coli was grown for an additional
16 h at 18 °C. Soluble proteins were purified by Ni%*-nitrilotriacetic acid af-
finity chromatography (QIAGEN), followed by cleavage of the Hisg tag with
TEV protease for either 4 h at room temperature or overnight at 4 °C. Sub-
sequent Ni%*-nitrilotriacetic acid affinity chromatography was performed to
remove the protease and cleaved tag. Proteins were further purified by size-
exclusion chromatography on a Superdex 75 16/60 prep grade column (GE
Healthcare) equilibrated in 25 mM Hepes (pH 7.5), 200 mM Nadl, and 5 mM
DTT, and then concentrated to 10 mg/mL. Concentration of the purified,
cleaved proteins (residues 170-473 with an N-terminal “GAMDP" remaining
after TEV cleavage) was determined at A,g, using a calculated extinction
coefficient of 32,890 M~".cm™".
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