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The three PERIOD homologues mPER1, mPER2, and mPER3 constitute central components of the mammalian circadian clock. They
contain two PAS (PER-ARNT-SIM) domains (PAS-A and PAS-B), which
mediate homo- and heterodimeric mPER-mPER interactions as well
as interactions with transcription factors and kinases. Here we present crystal structures of PAS domain fragments of mPER1 and
mPER3 and compare them with the previously reported mPER2
structure. The structures reveal homodimers, which are mediated
by interactions of the PAS-B β-sheet surface including a highly conserved tryptophan (Trp448mPER1 , Trp419mPER2 , Trp359mPER3 ). mPER1
homodimers are additionally stabilized by interactions between
the PAS-A domains and mPER3 homodimers by an N-terminal
region including a predicted helix-loop-helix motive. We have verified the existence of these homodimer interfaces in solution and
inside cells using analytical gel filtration and luciferase complementation assays and quantified their contributions to homodimer
stability by analytical ultracentrifugation. We also show by fluorescence recovery after photobleaching analyses that destabilization of the PAS-B/tryptophan dimer interface leads to a faster
mobility of mPER2 containing complexes in human U2OS cells.
Our study reveals structural and quantitative differences between
the homodimeric interactions of the three mouse PERIOD homologues, which are likely to contribute to their distinct clock functions.
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n mammalians many physiological, behavioral, and biochemical
processes are regulated in a day-time dependent (circadian)
manner. The approximately 24 h period is generated by a circadian clock, which is operated by molecular feedback loops. In the
main feedback loop, the bHLH (basic-helix-loop-helix)-PAS
(PER-ARNT-SIM) transcription factors mBMAL1/2, mCLOCK,
and NPAS2 activate the expression of three PERIOD proteins
(mPER1, mPER2, and mPER3) as well as two cryptochromes,
mCRY1 and mCRY2. The mPER and mCRY proteins inhibit
their own transcription, completing the circle of negative feedback. The daily regulated expression of mBMAL1 is ensured by
a stabilizing feedback loop, in which the heme binding nuclear
receptor REV-ERBα/β represses mBMAL1 expression, whereas
ROR-α/β activates it (1, 2). Recently, nontranscriptional circadian
oscillations of peroxiredoxin oxidation-reduction, hemoglobin
dimer-tetramer transitions, and NADH/NADPH oscillations have
been described in human red blood cells, which are interconnected
with the transcriptional feedback loops in nucleated cells (3, 4).
The PERIOD proteins and the transcription factors mBMAL1/
2, mCLOCK, and NPAS2 contain two tandemly organized PAS domains (PAS-A and PAS-B). The PAS domains mediate homo- and
heterodimeric interactions between the mPER homologues (5–8)
as well as interactions of the mPERs with mBMAL1/2, mCLOCK,
and NPAS2 (9–12). These interactions regulate the stability and
cellular localization of the mPERs and modulate the activity of
www.pnas.org/cgi/doi/10.1073/pnas.1113280109

the mBMAL1/mCLOCK transcription factor complex. Additionally, the PAS domains of NPAS2, mCLOCK, and mPER2 have been
reported to bind heme (13–16). In the circadian clock, mPER1 and
mPER2 proteins are found in large protein complexes, likely establishing multiple interactions via their PAS domains, the central
CKIε∕δ binding domain and the C-terminal mCRY binding region
(17–19).
Studies with mPER knockout mice showed that mPER1 and
mPER2 are more essential for circadian rhythmicity than mPER3
(20–22). mPER2 appears to positively regulate the expression of
clock genes (mper1, mper2, mcry1, mbmal1) in vivo (20, 21),
possibly by interacting with REV-ERBα and thereby modulating
its effect on mBMAL1 transcription (23). In contrast, mPER1
knockout leads to decreased peak amounts of mPER2 and
mCRY proteins in the nucleus, suggesting that mPER1 regulates
their stability and/or nuclear entry through protein-protein interactions (20). The subtle effect of mPER3 deficiency on circadian
behavior implies that mPER3 is more important for output functions. Indeed, mPER3 interacts with the nuclear receptor PPAR-γ
via an N-terminal region including both PAS domains and a preceding predicted helix-loop-helix motive (24). This interaction
represses the PPAR-γ activity and thereby inhibits the adipogenesis of mesenchymal stem cells. The importance of the per3 gene
is also shown by its implication in the delayed sleep phase
syndrome and the morning or evening sleep timing preferences
observed in human populations (25, 26).
To provide insights into the molecular mechanisms underlying
the distinct functions and molecular interactions of the three
mPER homologues, we have solved crystal structures of the PAS
domain regions of mPER1 and mPER3 and compared them with
our mPER2 structure (27). In addition to a conserved PAS-B/
tryptophan dimer interface, mPER1- and mPER3 homodimers
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and Table S2). The mPER homodimers are stabilized by interactions between the antiparallel PAS-B β-sheet surfaces. Central to
this interface are the conserved tryptophans Trp448mPER1 and
Trp359mPER3 [corresponding to Trp419mPER2 ; (27)] as well as
two phenylalanines, Phe444mPER1 ∕Phe355mPER3 (¼Phe415mPER2 )
and Phe454mPER1 ∕Phe365mPER3 ð¼ Phe425mPER2 Þ (Fig. 1 A and D,
Figs. S2A and S3C).
The mPER2 homodimer also involved interactions of the PASA domain with helix αE and the PAS-B domain of the dimerizing
molecule (27) (Fig. S2B). These interactions are not observed
in the mPER1 and mPER3 structures because the relative orientation of the monomers is changed in these two homologues
(Fig. S3A; Table S2). Instead, a second homodimer interface is
observed in the PAS-A domains of mPER1 and mPER3, which
is mostly mediated by contacts between their antiparallel αC
helices (Fig. 1 B and E, Fig. S2B). Central to this interface is a
tyrosine residue, Tyr267mPER1 and Tyr179mPER3 . In mPER1, the
presence of two glycine residues (Gly264 and Gly268) allows for
a close approach of the two αC helices (Fig. 1B). In mPER3, the
αC helices do not approach each other as closely as in mPER1,
likely due to the exchange of Gly264mPER1 to a bulky arginine
(Arg176mPER3 ) (Fig. 1E, Fig. S2B).

are stabilized by interfaces located within the PAS-A domain
(mPER1) or a predicted helix-loop-helix region N-terminal to
the PAS-A domain (mPER3). These additional interfaces lead
to increased affinities compared to the mPER2 PAS domain
homodimers. We also provide evidence that the PAS domains of
mPER1 and mPER3 might be able to bind heme. Furthermore,
we show by luciferase complementation assays that the mPER
homodimers observed in our crystal structures are also formed in
HEK293 cells. Moreover, our fluorescence recovery after photobleaching (FRAP) analyses reveal that destabilization of the PASB/tryptophan dimer interface generates faster moving mPER2
containing complexes in human U2OS cells.
Results
Crystal Structures of Mouse PERIOD1 and Mouse PERIOD3. We have
determined crystal structures of the fragments mPER1[191–502]
and mPER3[108–411], which include the two PAS domains
(PAS-A and PAS-B), the αE helix C-terminal to PAS-B and about
25 residues N-terminal to PAS-A (Fig. 1, Fig. S1, and Table S1).
Both structures revealed noncrystallographic homodimers
(Fig. 1 A and D). Each monomer contains two canonical PAS domains with a five-stranded antiparallel β-sheet (βA-βE) covered on
one face by α-helices (αA, αA*, αB, αC) (Fig. 1 A and D, Fig. S1,
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Fig. 1. Crystal structures of mPER1[191–502] and mPER3[108–411] (A) Ribbon presentation of the mPER1[191–502] homodimer with molecule 1 shown in cyan,
molecule 2 in yellow. The conserved Trp448 is shown as atomic stick figure. (B) Close-up view of the mPER1 PAS-A/αC dimer interface formed by antiparallel
packing of the αC helices. The 2F o -F c electron density is shown in gray (1σ level). (C) Close-up view of the mPER1 PAS-A/N-terminal cap interface. (D) Ribbon
presentation of the mPER3[108–411] homodimer with molecule 1 shown in magenta, molecule 2 in green. The conserved Trp359 is shown as atomic stick figure.
(E) Close-up view of the mPER3 PAS-A/αC dimer interface. The composite omit map is shown in blue (2F o -F c , σ ¼ 1). (F) Close-up view of the mPER3 PAS-A/
N-terminal cap interface. His124 (αN) forms main- and side chain contacts to Thr131, Leu250, and Val 251 and water mediated H-bonds to Arg227 and Glu252.
Lys127 (αN) forms a salt bridge to Glu252. Leu120 makes van der Waals contacts to Trp190 and Leu248. (A)–(F) Interacting residues and water molecules are
highlighted as atomic stick figures and spheres. Numbers indicate distances in Å.
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Analysis of mPER PAS Domain Interactions in Solution. In order to
prove the existence of the mPER1 and mPER3 homodimers
in solution and to compare their affinities with the mPER2 PAS
domain fragments (27), we have analyzed the fragments mPER1
[197–502] and mPER3[108–411] by analytical gel filtration
and analytical ultracentrifugation (Fig. S5). The dissociation
constant of the mPER3[108–411] homodimer is 1.72 μM, which
is comparable to the equivalent mPER2[170–473] fragment
(K D ¼ 1.34 μM). For the mPER1[197–502] PAS domain fragment, however, we obtained a K D of 0.15 μM corresponding to
a 10 to 15 times higher affinity than mPER2 and mPER3
(Fig. S5G).
We have mutated the PAS-B interface residues Phe444,
Trp448, and Leu456 of mPER1 as well as Trp359, Ile367, and
Pro330 of mPER3 (Fig. S3C) to glutamate. In our gel filtration
experiments, the mutations W359E and I367E totally and P330E
partially disrupted the mPER3[108–411] homodimer (Fig. S5D).
In the mPER1[197–502] fragment only the W448E mutation
completely prevented homodimer formation. The F444E mutation was partially effective (Fig. S5 A and C) and the L456E
mutation (corresponding to I367E in mPER3) totally ineffective.
Analytical ultracentrifugation revealed that the mPER1[197–
502]F444E mutant protein population, which elutes before the
wild-type protein in our gel filtration experiments, corresponds
to a homodimer with an enlarged hydrodynamic radius and
not to a higher oligomeric state. We reasoned that in the dimeric
F444E mutant population the two monomers are loosely held
Kucera et al.

together by the remaining PAS-A/αC dimer interface. To prove
this hypothesis we generated a F444E/Y267E double mutant in
order to destabilize both, the PAS-B/β-sheet- and the PAS-A/αC
dimer interface. As expected, the double mutant totally disrupted
the homodimer (Fig. S5C). In contrast, the Y267E single mutation left the homodimer intact suggesting the PAS-B interface to
be more important.
Sequence analysis predicts the existence of a helix-loop-helix
motive N-terminal to the PAS-A domain of mPER1, 2, and 3 (5,
29, 30) and secondary structure predictions suggest this N-terminal region to be mostly α-helical. To explore its potential contribution to homodimer formation, we have determined the dimer
affinity of the N-terminally extended mPER3 PAS domain fragment mPER3[32–411], which includes the predicted helix-loophelix motive (Fig. S1B). Indeed, the K D for the mPER3[32–411]
homodimer was 0.4 μM corresponding to a roughly four times
higher affinity compared to mPER3[108–411] (Fig. S5G). Moreover, none of our PAS-B dimer interface mutants disrupted the
mPER3[32–411] homodimers (Fig. S5E). Furthermore, our CD
spectra revealed an increased α-helical content of mPER3[32–
411] compared to mPER3[108–411] (Fig. S6 B–D). Hence, our
analysis suggests the presence of an additional α-helical homodimer interface between residues 32 and 107 of mPER3, which
likely adopts a helix-loop-helix fold. Since mPER1 and mPER2
have also been predicted to contain a helix-loop-helix motive
N-terminal to their PAS-A domain (Fig. S1B) (5, 29), we tested
the effect of the W419E mutation, which is able to disrupt
mPER2[170–473] and mPER2[128–473] PAS domain homodimers (27), in the N-terminally extended fragment mPER2[59–
473]. Unlike mPER3[32–411], the mPER2[59–473] homodimers
are efficiently disrupted by the W419E mutation (Fig. S5F).
Heme Binding of mPER1 and mPER3. To find out, if mPER1 and
mPER3, like mPER2 (14, 15), are able to bind heme in their PAS
domains, we have incubated our purified mPER3[108–411],
mPER3[32–411], and mPER1[197–502] proteins with heme, separated the heme exposed proteins via gel filtration chromatography and assessed heme binding by UV/VIS spectroscopy. For all
three fragments we observed a shift of the absorption maximum
from 390 nm (free heme) to about 420 nm (protein-bound heme,
Fig. S7 A–C), suggesting that heme binds to our mPER1 and
mPER3 PAS domain fragments.
PAS Domain Interactions are Essential for mPER Homodimerization in
Mammalian Cells. To investigate if the mPER crystal dimers are

also present inside cells, we performed luciferase complementation experiments in HEK293 cells using wild-type and tryptophan
mutant versions of the mPER proteins (Fig. 2). In our previously
reported coimmunoprecipitation (Co-IP) experiments (27),
mutation of the conserved Trp419mPER2 (W419E) efficiently disrupted mPER2[128–473] PAS domain homodimers, but only had
a subtle effect on the formation of full-length mPER2 homodimers in HEK293 cells. We concluded that the full-length mPER2
homodimer is additionally stabilized via non-PAS mPER2 regions, either directly (due to mPER2-mPER2 homodimer interactions) or indirectly by other interacting molecules such as the
cryptochromes. To distinguish between these two possibilities, the
luciferase complementation assay was performed with a C-terminally truncated mPER2[1–1127] fragment (mPER2ΔC), which
is unable to interact with mCRY1 (Fig. 2 A and B). Compared
to the wild-type mPER2ΔC fragment, the amount of homodimers
(measured as luciferase activity) was reduced to about 40% when
both monomers contained the W419E mutation and to about
75% when only one monomer was mutated (Fig. 2B). This result
suggests that the PAS-B/tryptophan interface is the predominant
homodimer interface of the full-length mPER2 protein and indirect mCRY-mediated interactions masked the W419E mutant
effect in our Co-IP studies with full-length mPER2.
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In all three mPER homologues the region N-terminal to the
PAS-A domain (referred to as N-terminal cap) interacts with the
PAS-A domain surface intramolecularly. Whereas the N-terminal
cap of mPER2 is unstructured, it folds into a long α-helix (αN)
and a β-strand (βN) in mPER1 and a shorter α-helix (αN) in
mPER3 (Fig. 1 A and C, D and F, Fig. S3 A and B). Our mPER
structures revealed a conserved interaction between Tyr200mPER1 ∕
Tyr171mPER2 ∕Tyr112mPER3 (N-terminal cap) and the PAS-A residue Trp278mPER1 ∕Trp249mPER2 ∕Trp190mPER3 (Fig. 1 C and F,
Fig. S3B, and ref. 27). In mPER1, the PAS-A residue Tyr233 constitutes a central residue of this interface, which contacts Leu202,
Leu205, and Thr209 of the N-terminal cap (Fig. 1C). Additionally,
Leu205 and Ile208 (αN) form van der Waals contacts to Trp278
and Leu338 (PAS-A). Thr209 and Thr213 (αN) hydrogen bond
to Thr219, Ser221, and Gln237 of PAS-A. In mPER3, Tyr233mPER1
is replaced by a histidine (His145mPER3 ), which does not establish
strong contacts to the N-terminal cap (shortest distance to Thr118:
4.5 Å). Instead, the N-terminal cap of mPER3 contacts the PAS-A
surface via His124, Leu120, and Lys127 as detailed in Fig. 1F.
In the PAS-A βE-strand of mPER2 an LxxLL coactivator
motive (306 LCC309 LL) has been identified, which plays a role
in the interaction of mPER2 with REV-ERBα and possibly other
nuclear receptors (23). Although the sequences are changed
to 335 PCC338 LL in mPER1 and 245 PCC248 LT in mPER3, the
coactivator motive regions (βE strands) of mPER1, 2, and 3
superimpose well (Fig. S3 A and B). However, Leu338mPER1
and Leu248mPER3 are buried in a hydrophobic pocket formed
by Trp278mPER1 ∕Trp190mPER3 (PAS-A) and Leu205mPER1 ∕
Leu120mPER3 of the N-terminal cap (Fig. 1 C and F, Fig. S3B).
In mPER2, Leu309mPER2 is less covered and the ßD-ßE loop
preceding the coactivator motive is less ordered than in mPER1
and mPER3 (Fig. S3 A and B).
The αE helix of mPER1, mPER2, and mPER3 contains a functional nuclear export signal (NES; Fig. S1), which corresponds
well to the consensus sequence L-x(2,3)-[LIVFM]-x(2,3)-L-x[LI] (28). Whereas Leu489mPER1 ∕Leu460mPER2 ∕Leu399mPER3 ,
and
Leu496mPER1 ∕
Ile493mPER1 ∕Ile464mPER2 ∕Ile403mPER3 ,
Leu467mPER2 ∕Leu406mPER3 pack against the αC’ helix of
PAS-B, the C-terminal residues Leu498mPER1 ∕Met469mPER2 ∕
Leu408mPER3 point to the molecule surface (Fig. S4).

fluorescence of tetrameric Venus-fused ß-galactosidase (MW ¼
580 kDa) recovered within a half-time (t1∕2 ) of 0.56 s, mPER1
and mPER2 complexes showed a slower recovery with t1∕2 ¼
0.76 s for mPER1 and t1∕2 ¼ 1.73 s for mPER2. The lower mobility of the cytoplasmic mPER1 and mPER2 complexes suggests,
that they are larger than tetrameric Venus-fused ß-galactosidase
and possibly retained by interactions with other cytosolic proteins
or structural elements. Mutation of the conserved Trp419mPER2
(W419E) leads to a significantly faster fluorescence recovery of
mPER2 containing complexes (t1∕2 ¼ 1.06 s). The equivalent
W448E mutation in mPER1 did not significantly affect the mobility
of the mPER1 complexes, resulting in a wild-type like recovery rate
with t1∕2 ¼ 1.04.

Fig. 2. Tryptophan residues within mPER-mPER interfaces are critical for
mPER homodimerization in mammalian cells. (A) Luciferase complementation assay—proof-of-concept: mPER2 and mCRY1 were expressed as fusion
proteins with an N-terminal or C-terminal fragment of firefly luciferase in
HEK293 cells. Strong and specific bioluminescence signals were detected
upon mPER2 and mCRY1 fusion protein coexpression, but not if a truncated
version of mPER2 with a deletion of the C-terminal mCRY binding domain—
mPER2ΔC—or an irrelevant protein (βGAL) is coexpressed. Data are normalized to renilla luciferase activity, which was used as a transfection control.
Shown are average values and error bars of two independent transfections.
(B)–(D) mPER fragments were expressed as luciferase fusion proteins in
HEK293 cells. The N-terminal luciferase fragment was fused to the N-terminus
and the C-terminal luciferase fragment to the C-terminus of a corresponding
mPER fragment. Shown are average values of four to five independent
transfections with s.e.m. (*: p < 0.05; **: p < 0.005; ***: p < 0.001; n.s.: not
significant; t-test). Each experiment was performed at least three times with
similar results. (B) mPER2 without mCRY-binding domain (mPER2ΔC ¼
mPER2½1–1127) was expressed either as wild-type (wt) or as W419E mutant
(mut). Mutation at position 419 in both binding partners (mut/mut) severely,
mutation in one partner (wt/mut) moderately reduces bioluminescence signals. (C) mPER1[197–502] fragments were expressed either as wild-type (wt)
or as W448E mutant (mut). Mutation at position 448 in both binding partners
(mut/mut) severely, mutation in one partner (wt/mut) moderately reduces
bioluminescence signals. (D) mPER3[108–411] fragments were expressed either
as wild-type (wt) or as W359E mutant (mut). Mutation at position 359 in one
or both of the binding partners (wt/mut and mut/mut) severely reduces bioluminescence signals.

In our luciferase complementation assay, homodimers of the
mPER3[108–411] PAS domain fragment were largely disrupted
by the W359E mutation (Fig. 2D), while the corresponding
W448E mutation in mPER1 efficiently weakened dimerization
of the mPER1[197–502] fragment (Fig. 2C). We conclude that
the PAS-B/Trp homodimer interface of mPER1 and mPER3 is
also present inside HEK293 cells. In agreement with our homodimer affinity measurements, about 90% of the mPER3[108–411]
dimers are disrupted when Trp359 is mutated in one or both
monomers (Fig. 2D), whereas the amount of mPER1[197–502]
dimers is reduced to about 45% when both monomers contain the
W448E mutation and to about 65% when only one monomer is
mutated (Fig. 2C). Since we have identified an additional homodimer interface between residues 32 and 107 of mPER3, which
prevents the W359E mutation from disrupting mPER3[32–411]
homodimers in solution (Fig. S5E), the W359E mutation is
unlikely to disrupt homodimers of full-length mPER3 in our
luciferase complementation assay.
Role of Homodimers in the Formation of mPER Containing Complexes.

To analyze the potential role of mPER homodimers in the formation of mPER containing clock protein complexes, we have monitored their mobility in the cytoplasm of human U2OS cells by
following Venus-fused mPER proteins in FRAP (fluorescence
recovery after photobleaching) experiments (Fig. 3). While the
3314 ∣
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Discussion
To provide mechanistic insights into the nonredundant functions
of the three PERIOD homologues mPER1, 2, and 3, we have
determined crystal structures of homodimeric PAS domain fragments of mPER1 and mPER3 and compared them with the
known crystal structure of mPER2 (27). While the PAS-B/tryptophan dimer interface is present in all three mPER homologues,
the PAS-A-PAS-B/αE dimer interface of mPER2 is replaced by a
PAS-A-PAS-A interface in mPER1 and mPER3, which is
mediated by the two antiparallel αC helices (Fig. 1, Figs. S2 and
S3). The different PAS-A dimer interactions result from the changed relative orientation of the two monomers in mPER1 and
mPER3 (Fig. S3A), which is likely correlated with the nonconservative amino acid exchanges in the PAS-A-PAS-B/αE interface of
mPER2 [(27) and Figs. S1B and S2B).
The center of the PAS-A/αC interface is formed by Tyr267 in
mPER1 and Tyr179 in mPER3 (Fig. 1 B and E). Interestingly, this
tyrosine is replaced by an alanine (Ala287dPER ) in the Drosophila
PERIOD (dPER) homologue. This substitution enables the
insertion of Trp482dPER (corresponding to Trp448mPER1 ∕
Trp419mPER2 ∕Trp359mPER3 ) into the PAS-A domain binding
pocket of the dimerizing molecule and hence the formation of
a completely different dPER homodimer (27, 31). Gly264 and
Gly268 of mPER1, which allow for a close approach of the dimerizing αC helices and hence the formation of a tighter PAS-A/αC
interface than in mPER3, are conserved in mammalian PER1
homologues but not in other PER proteins or bHLH-PAS transcription factors. We propose, that the tight PAS-A/αC interface
of mPER1 is responsible for the roughly 10 times higher affinity
of mPER1 PAS domain homodimers (K D ¼ 0.15 μM) compared
to mPER2[170–473] (K D ¼ 1.34 μM) and mPER3[108–411]
(K D ¼ 1.72 μM) and accounts at least partly for the lower efficiency of PAS-B/tryptophan interface mutations in disrupting
mPER1 homodimers in solution [Fig. S5 A and C and ref. 27)
and in human HEK293 cells (Fig. 2 C and D; Fig. 3C).
Although mPER proteins do not have known sensory functions, mPER2 has been reported to bind heme as a cofactor in
its PAS domains and in its C-terminal region (13, 14). Our UV/
VIS spectroscopic analyses (Fig. S7 A–C) suggest that the PAS
domains of mPER1 and mPER3 might also be able to bind heme.
Cys215, which has been proposed as an axial ligand for heme
binding to the PAS-A domain of mPER2 (13), is conserved and
ordered in mPER1 (Cys244, αA*) but changed to a serine (Ser156)
in mPER3 (Fig. S7D). Cys270, another potential heme ligand of
mPER2 (13), is conserved in mPER1 and mPER3 (Cys299mPER1 ,
Cys210mPER3 ). Our mPER crystal structures will guide the design of
His and Cys mutants to evaluate heme binding in vivo and in vitro.
All our mPER crystal structures contain a conserved functional NES (28) within the αE helix (Fig. S4). Interestingly, mutation of the C-terminal Met469 of mPER2 to lysine significantly
affects the nuclear export activity of the NES toward a heterologous protein, whereas mutation of the equivalent C-terminal
Leu408 of mPER1 to Lys has no significant effect on the activity
of the mPER1-NES (28). This difference might be related to the
Kucera et al.

0.5

0.5

0.1
0

0.1
0

10

0.5

1

20
30
time (sec)

t1/2 wt

normalized fluorescence

0.8

W419E

wt
W419E

*

C

1.0

t1/2

-0.1 0.1 0.5 1 2
time (sec)

B

1.5

2

40

t1/2 time of half recovery (sec)

A

1.5

n.s.

1.0

0.5

0

βGAL

wt W419E wt W448E
PER2
PER1

fact that Met469 is involved in mPER2 homodimer interactions,
whereas the equivalent Leu residues of mPER1 and mPER3 are
completely surface exposed due to the changed relative orientation of the monomers (Fig. S3A and ref. 27). Hence, homo- or
heterodimer interactions of the mPER proteins are likely to modulate the function of this NES in the mammalian circadian clock.
Our mutant analyses revealed that the predicted helix-loop-helix region N-terminal to the PAS domains significantly stabilizes
homodimers of mPER3 but not mPER2 (Fig. S5 E and F). Due to
the high sequence similarity of the mPER helix-loop-helix regions
(Fig. S1B), this different behavior was somewhat unexpected. We
propose, that the changed monomer orientations revealed by our
crystal structures (Fig. S3A) may affect the ability of the predicted
helix-loop-helix segments of mPER2 and mPER3 to approach
each other for homodimer interactions. Furthermore, crude modeling exercises suggest that formation of the helix-loop-helix
dimer interface requires a reorientation of at least one of the two
N-terminal caps. Notably, all our mPER homodimer structures
are asymmetric in a sense that the N-terminal cap is less ordered
and therefore more flexible in one of the two monomers. Additionally, the different structures and PAS-A interactions of the Nterminal caps of mPER1, 2, and 3 (Fig. 1 C and F, Fig. S3B) might
play a role. Since the basic region that is essential for the DNA
binding of basic-HLH transcription factors (32), is missing in all
three mPER homologues (Fig. S1B) and mPERs have not been
reported to directly bind to DNA (5, 29, 30), a regulation of
mPER homo- or heterodimer formation by DNA is not to be expected. It is however possible, that (instead of homodimer interactions) the predicted helix-loop-helix region of mPER2 engages
in heterodimeric interactions with other helix-loop-helix proteins.
Like the ID (inhibitor of DNA binding) family of helix-loop-helix
proteins, mPERs could thereby potentially compete with the
formation of transcriptionally active and DNA-binding dimeric
basic-HLH transcription factors (33, 34).
Based on the relatively low homodimer affinity of its PAS domains and the higher flexibility of its PAS-A domain and N-terminal
cap, mPER2 seems more predisposed for heterodimeric signaling
interactions than mPER1 and mPER3. Consistently, the PAS domains of mPER2, but not mPER1, have been reported to interact
with the β-subunit of casein kinase 2 (35), glycogen synthase kinase
3β (36), REV-ERB and possibly other nuclear receptors (23, 35–
37). Since the mutation of the mPER1 335 PCCLL coactivator motive to the mPER2 sequence (LCCLL) did not restore mPER1
binding to REV-ERB (23), additional regions or molecular features
of mPER2 appear to be required. Due to the higher flexibility of the
Kucera et al.

N-terminal cap and the ßD-ßE loop (Fig. S3 A and B), the LxxLL
motive of mPER2 is likely to be more accessible for interactions
with nuclear receptors. Furthermore, the two PAS-A coactivator
motives in the mPER homodimers are inappropriately positioned
to jointly bind to an active nuclear receptor homodimer (38).
Hence, the lower homodimer affinity and enhanced flexibility of
the mPER2 PAS domains may facilitate REV-ERB binding in a
nonhomodimeric conformation. Apart form the PAS domains, the
C-terminal mPER2 region, which also contains an LxxLL coactivator motive (aa 1050–1054), may contribute to nuclear receptor
binding.
In our luciferase complementation assay with the mPER2[1–
1127] protein, we have obtained the strongest luciferase signals
when the N-terminal half of the luciferase enzyme was fused to
the N-terminal end and the C-terminal half to the C-terminal end
of the mPER fragments. This implies that, while full-length
mPER2 homodimers are predominantly stabilized by the PAS-B/
tryptophan interface (Fig. 2B), their N- and C-terminal ends are
near each other in a cellular context. Notably, this configuration
could bring N- and C-terminal LxxLL coactivator motives into a
spatial arrangement that enables binding to REV-ERB homodimers or other dimeric nuclear receptors. Furthermore, the
N-terminal mPER2[1–330] fragment has been shown to interact
with the C-terminal mPER2[1056–1257] fragment and with the
CK2 β-subunit under Co-IP conditions, suggesting that the Nand C-terminal mPER2 regions communicate with each other
and jointly provide a platform for CK2 interaction (35).
In our FRAP assays (Fig. 3), mPER1 and mPER2 showed a
slower fluorescence recovery (lower mobility) than tetrameric
Venus-fused ß-galactosidase (MW ¼ 580 kDa). Since VenusmPER1- and Venus-mPER2 homodimers are only 325 kDa in
size, the mPERs appear to be associated with other proteins in
the cytoplasm. As mCRY1 binds directly to mPER2 in our luciferase complementation studies (Fig. 2A), the mPER complexes
most likely contain mCRYs. Additional components could be the
other mPER homologues and kinases such as CKI ε∕δ, which
were shown to be present in nuclear mPER1 and mPER2 complexes (17, 18). Interestingly, the mutation of Trp419 to glutamate
leads to faster moving mPER2 complexes (Fig. 3). We conclude,
that the PAS-B/Trp interface and hence the intact mPER2 homodimer is essential for the formation of the more slowly moving
and presumably larger mPER2 complexes in mammalian cells.
The fact that wild-type mPER2 complexes move more slowly
and are therefore likely to be larger than wild-type mPER1 complexes, provides another example of the functional differences
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Fig. 3. mPER protein mobility in U2OS cells determined by fluorescence recovery after photobleaching (FRAP). (A) mPER proteins were stably expressed
in U2OS cells as fusion proteins with the fluorescent Venus protein. They are localized in both cytoplasm and nucleus (depicted is mPER2). A representative
bleach area of a FRAP experiment is indicated. The scale bar represents 10 μm. Lower shows a representative bleaching and recovery of fluorescent molecules in
the bleach areas during the first two seconds for mPER2 wild-type (wt) or the mPER2 W419E mutant fusion proteins. (B) FRAP measurements: normalized
average curves of fluorescence recovery in the cytoplasm expressing mPER2 wt (dark blue), mPER2 W419E (light blue), mPER1 wt (dark green), mPER1 W448E
(light green), or βGAL (a similar sized control protein; black). Data from the first two seconds of recovery (boxed area) is enlarged. Red marks show t 1∕2 for
mPER2 wt and mPER2 W419E. (C) Comparison of half-time of recovery (t 1∕2  sem; n: number of experiments with at least 10 cells per experiment): mPER2 wt
(t 1∕2 ¼ 1.73  0.13 s; n ¼ 7) is significantly less mobile (p < 0.001, t-test) than the control protein βGAL (t 1∕2 ¼ 0.56  0.02 s; n ¼ 3). mPER2 W419E
(t 1∕2 ¼ 1.06  0.11 s; n ¼ 3) displays a significantly increased mobility (p ¼ 0.016, t-test) compared to mPER2 wt. In contrast, mPER1 mobility
(t 1∕2 ¼ 0.76  0.08 s; n ¼ 4) is not increased upon mutation of W448E (t 1∕2 ¼ 1.04  0.15 s; n ¼ 4). There is a trend (p < 0.08, t-test), however, toward a lower
mobility of mPER1 wt when compared to βGAL.

between these two mPER homologues and might be correlated
with the more versatile molecular interactions of mPER2 (see
above). Of course we cannot exclude that interactions with other
cellular structures such as cytoskeletal proteins contribute to the
delayed fluorescence recovery of the mPER complexes. Such
contributions become more significant as the size of the complexes increases (39) and are, if at all, more likely to affect the
wild-type mPER2 complexes.
mPER3 shares some properties with mPER2 (PAS domain
homodimer with similar affinity, mostly stabilized by the PASB/Trp interface) and others with mPER1 (homodimer structure
more mPER1-like, PAS-A/αC interface discernable). As mPER1,
mPER3 possesses a second interface that raises its homodimer
affinity to the sub-μM range, but different from mPER1, mPER3
uses the helix-loop-helix motive located N-terminal to the PAS
domains and not the PAS-A/αC interface as additional stabilizing
interface. These unique features of mPER3 are likely to be critical for its molecular interactions e.g. with other clock proteins
(5, 7, 8) or the nuclear receptor PPAR-γ (24). They are therefore
expected to affect its functions in clock- and sleep regulation and
adipogenesis (25, 26) as well as other as yet not very clearly defined roles of mPER3 in peripheral tissues and within output
pathways of the clock (40).
In light of the emerging picture that nontranscriptional metabolic rhythms reciprocally interact with the transcriptional oscil1. Ko CH, Takahashi JS (2006) Molecular components of the mammalian circadian clock.
Hum Mol Genet 15:R271–R277.
2. Liu AC, et al. (2008) Redundant function of REV-ERB alpha and beta and non-essential
role for BMAL1 cycling in transcriptional regulation of intracellular circadian rhythms.
Plos Genetics 4:e2.
3. O’Neill JS, et al. (2011) Circadian rhythms persist without transcription in a eukaryote.
Nature 469:554–558.
4. O’Neill JS, Reddy AB (2011) Circadian clocks in human red blood cells. Nature
469:498–503.
5. Zylka MJ, Shearman LP, Weaver DR, Reppert SM (1998) Three period homologs in
mammals: Differential light responses in the suprachiasmatic circadian clock and
oscillating transcripts outside of brain. Neuron 20:1103–1110.
6. Field MD, et al. (2000) Analysis of clock proteins in mouse SCN demonstrates phylogenetic divergence of the circadian clockwork and resetting mechanisms. Neuron
25:437–447.
7. Loop S, Pieler T (2005) Nuclear import of mPER3 in Xenopus oocytes and HeLa cells
requires complex formation with mPER1. FEBS J 272:3714–3724.
8. Yagita K, et al. (2000) Dimerization and nuclear entry of mPER proteins in mammalian
cells. Gene Dev 14:1353–1363.
9. Chen RM, et al. (2009) Rhythmic PER abundance defines a critical nodal point for
negative feedback within the circadian clock mechanism. Mol Cell 36(3):417–430.
10. Langmesser S, Tallone T, Bordon A, Rusconi S, Albrecht U (2008) Interaction of circadian clock proteins PER2 and CRY with BMAL1 and CLOCK. BMC Mol Biol 9:41.
11. Sasaki M, Yoshitane H, Du NH, Okano T, Fukada Y (2009) Preferential inhibition of
BMAL2-CLOCK activity by PER2 reemphasizes its negative role and a positive role
of BMAL2 in the circadian transcription. J Biol Chem 284:25149–25159.
12. Jin XW, et al. (1999) A molecular mechanism regulating rhythmic output from the
suprachiasmatic circadian clock. Cell 96:57–68.
13. Kitanishi K, et al. (2008) Heme-binding characteristics of the isolated PAS-A domain
of mouse Per2, a transcriptional regulatory factor associated with circadian rhythms.
Biochemistry 47:6157–6168.
14. Yang J, et al. (2008) A novel heme-regulatory motif mediates heme-dependent degradation of the circadian factor period 2. Mol Cell Biol 28:4697–4711.
15. Kaasik K, Lee CC (2004) Reciprocal regulation of haem biosynthesis and the circadian
clock in mammals. Nature 430:467–471.
16. Lukat-Rodgers GS, Correia C, Botuyan MV, Mer G, Rodgers KR (2010) Heme-based
sensing by the mammalian circadian protein CLOCK. Inorg Chem 49:6349–6365.
17. Brown SA, et al. (2005) PERIOD1-associated proteins modulate the negative limb of
the mammalian circadian oscillator. Science 308:693–696.
18. Duong HA, Robles MS, Knutti D, Weitz CJ (2011) A molecular mechanism for circadian
clock negative feedback. Science 332:1436–1439.
19. Lee C, Etchegaray JP, Cagampang FRA, Loudon ASI, Reppert SM (2001) Posttranslational mechanisms regulate the mammalian circadian clock. Cell 107:855–867.
20. Bae K, et al. (2001) Differential functions of mPer1, mPer2, and mPer3 in the SCN
circadian clock. Neuron 30:525–536.

3316 ∣

www.pnas.org/cgi/doi/10.1073/pnas.1113280109

lator (3, 4), the interactions of mPERs with proteins involved
in metabolic and signaling functions as well as with heme might
provide possible interconnections between the cellular metabolism and the clockwork. Our PAS domain crystal structures of
the three mammalian PERIOD homologues and the quantitative
analyses of their homodimer interactions in solution and inside
cells provide plausible explanations for their distinct molecular
interactions and will guide the design of mutations or small molecule ligands to further dissect their different functions within or
outside the mammalian circadian clock.
Materials and Methods
A detailed description of the materials and methods (cloning, protein
expression and purification, crystallization and X-ray structure determination, biochemical, spectroscopic and cell biological studies) is provided as
supplemental information.
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All mouse PERIOD1 (mPER1) and PERIOD3 (mPER3) fragments were expressed as recombinant GST-fusions in the Escherichia coli strains BL21(DE3) using a pGEX-6P1 expression vector
with a PreScission™ protease site for removal of the GST-tag.
Fragments mPER1[197–502] and mPER1[191–502] were subcloned into the pGEX-6P1 vector using the restriction sites
EcoRI and NotI. Tag removal yielded recombinant mPER1 proteins with an eight-residue extension (GPLGSPEF) at the N-terminus corresponding to a molecular weight of, respectively
35,061 Da and 35,706 Da. For subcloning of the mPER3 fragments 108–411 and 32–411 the restriction sites XhoI and NotI
were used, yielding PreScission™ protease cleaved fragments
with a 13-residue N-terminal overhang (GPLGSPEFPGRLE)
and a molecular weight of respectively 35,769 Da and
44,383 Da. mPER2[59–473] was cloned into pGEX-6P2 using restriction sites BamHI and EcoRI. Removal of the GST-tag results
in a construct with a five-residue N-terminal overhang (GPLGS)
and a molecular weight of 47,264 Da. The proteins were purified
via GSH affinity and gel filtration columns. In the case of mPER3
[108–411] an anion exchange was performed additionally. The
GST-tag was cleaved and quantitatively removed.
Crystallization. Crystals of mPER3[108–411] diffracting to 2.5 Å

resolution were grown at 4 °C in hanging drop setups using a reservoir solution with 100 mM MES pH 5.5, 18% PEG 6000 and a
protein solution with 10 mg∕ml mPER3[108–411] in 50 mM Tris
pH 8.5, 200 mM NaCl, and 2 mM DTE. The mPER3 crystals belong to space group P21 with unit cell constants a ¼ 62.7 Å,
b ¼ 78.6 Å, c ¼ 67.2 Å, β ¼ 97.6°, and two molecules per asymmetric unit (solvent content 46%). For data collection at 100 K,
crystals were transferred into a cryoprotecting solution containing
30% PEG400 (v∕v) and shock frozen in liquid nitrogen.
Crystals of mPER1[191–502] diffracting to 2.75 Å resolution
were grown at 20 °C in hanging drop setups using a reservoir solution with 100 mM Tris pH 7.5, 0.15 M NH4 OAc, 16% PEG 3350
and a protein solution with 3 mg∕mL mPER1[191–502] in 50 mM
Tris pH 8.5, 200 mM NaCl, and 2 mM DTT. The mPER1 crystals
belong to space group P21 with unit cell constants a ¼ 100.3 Å,
b ¼ 56.9 Å, c ¼ 101.1 Å and four molecules per asymmetric unit
(solvent content 39.05%). For data collection at 100 K, crystals
were transferred into a cryoprotecting solution containing 20–
25% Ethylene Glycol (v∕v) and shock frozen in liquid nitrogen.
Data collection, structure determination and refinement. A 2.5 Å dataset of a single mPER3[108–411] crystal and a 2.75 Å dataset of
a single mPER1[191–502] crystal were collected at beamline
X10SA (SLS). All datasets were processed with XDS (1). The
structure of mPER3[108–411] was solved by molecular replacement using MOLREP (2) with one monomer of our refined
mPER2[170–473] structure (3) as search model. The structure
of mPER1[191–502] was solved by molecular replacement using
MOLREP with one monomer of the refined mPER3[108–411]
structure as search model. In the search models, variable loop
and linker regions as well as the region N-terminal to the
PAS-A domain were deleted and nonconserved amino acids were
mutated to alanines. The structures were refined with CNS (4)
and PHENIX (5) applying several rounds of simulated annealing,
positional, and B-factor refinement followed by model building
into 2F o -F c and F o -F c maps using the program Coot (6). Simulated annealing omit maps were regularly calculated in CNS and
Kucera et al. www.pnas.org/cgi/doi/10.1073/pnas.1113280109

used to verify, correct or build the model. The mPER1 model was
also subjected to TLS refinement.
The final mPER3[108–411] model consists of 548 amino acids
and 163 water molecules. The N-terminal amino acids 95–107
correspond to cloning artefacts. Residues 95–103, 193–202 of molecule 1 and residues 95–118, 155–162, 193–202, 215–219, 240,
390–392 of molecule 2 are not seen in the electron density due
to conformational disorder. Residues 105–107, 109, 142, 176, 186,
191–192, 204, 219–220, 236, 240–242, 385, 287–388, 390–395,
401, and 409–410 of molecule 1 and residues 142, 146, 152,
153, 163–165, 204, 212–214, 221–222, 241–243, 245, 261–262,
266, 282, 321, 325, 344, 384, 394, 398, and 477 of molecule 2 are
modeled as Ala due to conformational disorder of their side
chains. The Ramachandran plot depicts 92.88% (509 residues)
of main chain torsion angles in the most favored and allowed regions. Thirty-nine residues (7.12%) are located in disallowed
regions.
The final mPER1[191–502] model consists of 1,065 amino
acids and 65 water molecules. Residues 191–195, 281–293,
305–311, 328–330, and 475–482 of chain A, residues 191–195,
280–293, 306–309, 329, and 475–483 of chain B, residues 191–
203, 280–294, 307–310, 327–336, and 476–481 of chain C and residues 191–211, 280–293, 304–311, 323–335, 475–482 of chain D
are not seen in the electron density due to conformational disorder. Residues 198, 203, 211, 212, 214, 217, 243, 245, 247, 248, 274,
280, 294, 312, 343, 352, 411, 418, 450, 451, 468, 483, 485, 487, 488,
499, and 502 of chain A, residues 196, 198, 206, 207, 211, 212, 214,
216, 217, 243, 245, 247, 248, 274, 294, 295, 305, 311, 312, 327, 328,
343, 352, 411, 415, 450, 451, 484, 487, 488, and 502 of chain B,
residues 204, 205, 206, 212, 214, 215, 225, 236, 245, 249, 256, 274,
278, 295, 306, 311, 312, 325, 326, 411, 466, 482, 483, and 491 of
chain C and residues 212–216, 227, 228, 230, 231, 234, 236, 243,
245, 247, 249, 250, 256, 274, 294, 295, 312, 322, 336, 337, 342, 395,
411, 458, 462, 466, 483, 487, and 491 of chain D are modeled as
Ala (in total 115 amino acids) due to conformational disorder of
their side chains. The Ramachandran plot depicts 98.1% of main
chain torsion angles in the most favored and allowed regions.
Eighteen residues (1.9%) are located in disallowed regions.
All structures exhibit good stereochemistry (Table 1). Figures
were generated with Pymol v.99 (http://www.pymol.org). Superpositions were carried out with the SSM Superpose function from
Coot (6).
Site-directed mutagenesis. Mutants were generated using the
Quickchange site-directed mutagenesis kit (Stratagene) and verified by sequencing. The mutant constructs were expressed and
purified to homogeneity essentially as described for the wild-type
proteins.
Analytical size exclusion chromatography. Analytical size exclusion
chromatography of purified GST-free mPER fragments was carried out at 4 °C on an ÄKTA Basic system using a 10∕30 Superdex
75 or 200 column (Amersham Biosciences) preequilibrated with
running buffers containing 50 mM Tris pH 8.5, 200 mM NaCl, and
2 mM DTT. 100 μl protein samples containing 200–400 μg protein
were loaded onto the column. Elution from the column was monitored by measuring absorbance at 280 nm. A calibration curve
was generated by measuring the elution volumes of a series of
standard proteins of known molecular mass. Molecular masses
of mPER proteins were estimated by interpolating their elution
volumes onto the calibration curve and comparing the elution volumes of the fragments relative to each other.
1 of 9

Analytical ultracentrifugation and CD spectroscopy. Analytical ultracentrifugation and CD spectroscopy experiments have been performed essentially as described previously (3).
UV/VIS spectroscopy. Heme binding was determined by absorption
spectra containing mPER proteins in 50 mM Tris pH 8.5, 200 mM
NaCl, and 2 mM DTE and a 1.5—fold molar excess of heme
(2 mM dissolved in 0.1 M NaOH). For comparison absorption
spectra with heme alone were recorded. Therefore the mPER
proteins were incubated with heme for 3 h or overnight at 4 °C
and purified via analytical size exclusion chromatography on an
ÄKTA Basic system using a 10∕30 Superdex 75 column (Amersham Biosciences). Elution from the column was monitored by
measuring absorbance at 280 nm, 385 nm, and 420 nm. The peak
of the heme/mPER protein complex was concentrated and the
absorbance spectra were recorded between 250–700 nm in a Cary
100Bio UV/VIS spectrometer using a Hellma Tray Cell.
Luciferase complementation assay. Vector construction. The split firefly luciferase destination vectors were constructed as follows: coding sequences for the N-terminal (amino acids 2–416 or 1–416) or
C-terminal (amino acids 398–550) region of firefly luciferase were
inserted into the XbaI site of the pcDNA-DEST40 vector (Invitrogen) to create a destination vector for expression of luciferase
fragments as C-terminal fusions to the target protein. To create a
destination vector for fusion proteins with N-terminally attached
luciferase fragments, an AfeI site was introduced seven nucleotides 3′ to the attR1 site of the pEF-DEST51 vector (Invitrogen).
To create reporter vectors, open reading frames encoding clock
proteins or fragments thereof were shuttled into these destination
vectors using the Gateway technology (Invitrogen). Note, due to
the attR-sites, short linker sequences (21 amino acids for N-terminally and 17 amino acids for C-terminally fused luciferase fragments) were generated between the firefly fragments and the
clock proteins.
Luciferase complementation assay. HEK293 cells (approximately
175,000 cells per well in a 24-well plate) were transiently transfected with a pair of split firefly luciferase reporter construct
(250 ng each transfection). For normalization, the renilla luciferase vector pRL-SV40 (1 ng; Promega) was cotransfected. At 44 h
after transfection cells were lysed in 200 μL passive lysis buffer
(Promega) and frozen for 1 h at −80 °C. Lysates were used to detect luciferase activity. The luciferase assay was carried out by
using the Dual-Luciferase Reporter Assay System (Promega)
1. Kabsch W (1993) Automatic Processing of Rotation Diffraction Data from Crystals of
Initially Unknown Symmetry and Cell Constants. J Appl Crystallogr 26:795-800.
2. Vagin A, Teplyakov A (1997) MOLREP: an automated program for molecular replacement. J Appl Crystallogr 30:1022-1025.
3. Hennig S, et al. (2009) Structural and functional analyses of PAS domain interactions of
the clock proteins Drosophila PERIOD and mouse PERIOD2. PLoS Biol 7:4–e94.
4. Brunger AT, et al. (1998) Crystallography & NMR system: A new software suite for
macromolecular structure determination. Acta Crystallogr D Biol Crystallogr
54:905-921.
5. Adams PD, et al. (2002) PHENIX: Building new software for automated crystallographic
structure determination. Acta Crystallogr D Biol Crystallogr 58(Pt 11):1948-1954.
6. Emsley P, Cowtan K (2004) Coot: Model-building tools for molecular graphics. Acta
Crystallogr D Biol Crystallogr 60:2126-2132.
7. Brown SA, Fleury-Olela F, Nagoshi E, Hauser C, Juge C, u. a. (2005) The period length of
fibroblast circadian gene expression varies widely among human individuals. PLoS Biol
3:e338.
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and a multisample plate-reading luminometer (Orion II, Berthold Detection Systems). To this end, 5 μL of the cell extract
was first mixed with 25 μL of luciferase assay reagent II. After
measurement of firefly luciferase activity 25 μL of the stop & glow
reagent was added and the renilla luciferase activity detected. For
data analysis firefly luciferase activity was normalized to the corresponding renilla luciferase activity.
Fluorescence recovery after photobleaching (FRAP). Vector construction and protein expression in cultured cells. For construction of ex-

pression vectors for Venus tagged fusion proteins the coding
sequence (CDS) of Venus was cloned downstream of the attR2
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aperture) oil immersion objective in a climate chamber at 5%
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bleaching and then fluorescent molecules were bleached for
FRAP analysis with a strong laser beam at 515 nm within a confined area in the cell (0.1 s; 15 μm2 ). Exchange of bleached molecules with surrounding fluorescent molecules was measured at
low laser intensity every 0.12 s for 45 s. Additionally a reference
area in the same compartment of the bleached cell and a background area outside of the cells were measured.
For normalization background values were subtracted and values of the reference area were used to compensate for overall
decrease of fluorescence during the measurement. For each independent experiment, at least 10 cells were measured, initial
fluorescence was normalized to one, total bleached molecules
were set to a hundred percent, and an average recovery curve
of all cells was calculated (8). For comparison of the mobility
of different fusion proteins, the halftime of recovery (t1∕2 ) was
determined as the time, when fifty percent of the bleached molecules are exchanged; i.e., normalized fluorescence reaches half
of the initial value. At least three independent experiments have
been conducted for each construct.
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Fig. S1. Domain architecture and sequence alignment mouse PERIOD proteins. (A) Domain architecture of full-length mPER1 and mPER3. The two PAS (PERARNT-SIM) domains (PAS-A and PAS-B), nuclear localization signals (NLS) and nuclear export sequences (NES), and the binding domains of CKIϵ and mCRY1/2
are shown. The mPER fragments used for crystallization and biochemical studies are represented as black bars. (B) Sequence alignment of mouse PERIOD1, 2,
and 3 [mPER 1, 2, 3, Swissprot AccNo. O35973 (1), O54943 (2), O70361 (3)]. Secondary structure elements of mPER1[191–502] (top) and mPER3[108–411] (Bottom) are shown (βN, αN; PAS-A: βA → βE, αA → αC; PAS-B: βA0 → βE0 , αA0 → αC0 ; αE). The alignment was generated in ClustalW (9). Mutated mPER1 residues
(Trp448, Phe444, Tyr267) are highlighted by green and mutated mPER3 residues (Pro330, Trp359, Ile376) by magenta arrows. mPER1 and mPER3 residues
involved in PAS-B dimer interactions are marked with stars (*). Residues in the PAS-A/αC dimer interface of mPER1 and mPER3 are marked with hashes
(#). HLH: helix-loop-helix motive, LxxLL: coactivator motive, NES: nuclear export sequence.
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Fig. S2. Schematic representation of mPER1, mPER2, and mPER3 dimer interface contacts. Hydrophobic interactions are depicted as solid lines, hydrogen
bonds as dashed lines, water molecules as spheres. (A) PAS-B/tryptophan interface (see also Fig. S3C). The conserved tryptophans Trp448mPER1 , Trp419mPER2 , and
Trp359mPER3 are involved in van der Waals interactions with Leu456mPER1 ∕Ile427mPER2 ∕Ile367mPER3 , Arg458mPER1 ∕Arg429mPER2 ∕Arg369mPER3 , and
Pro419mPER1 ∕Pro390mPER2 ∕Pro330mPER3 and form a hydrogen bond to Ser440mPER1 ∕Ser411mPER2 ∕Ser351mPER3 of the dimerizing molecule (black lines). The preceding prolines (Pro447mPER1 , Pro418mPER2 , Pro358mPER3 ) establish additional dimer contacts (blue lines). The interface also includes two conserved phenylalanines, Phe444mPER1 ∕Phe415mPER2 ∕Phe355mPER3 and Phe454mPER1 ∕Phe425mPER2 ∕Phe365mPER3 . Compared to Phe415 and Phe425 of PER2, the side chains of
Phe444mPER1 ∕Phe355mPER3 and Phe454mPER1 ∕Phe365mPER3 are rotated and no longer establish π − π stacking interactions. Instead, Phe444mPER1 ∕Phe355mPER3
form additional dimer contacts to Leu456mPER1 and Ile367mPER3 , respectively (gray lines). The mPER1 homodimer is further stabilized by water mediated hydrogen bond interactions between Gln371mPER1 ð¼ Gln342mPER2 Þ and Arg363mPER1 (violet). (B) PAS-A interactions (see also Fig. 1 C and D). mPER1 (Left): Apart from
hydrophobic side chain interactions of the central Tyr267, the PAS-A/αC dimer interface is stabilized by several hydrogen bonds involving the Thr271 side chain
and main chain groups of Pro260, Gln261, Gly264, Tyr267, and Gly268. mPER2 (Middle): Interactions of the PAS-A domain with helix αE and the PAS-B domain of
the dimerizing molecule as described in (3). Residues Tyr244 and Lys245 (αC, PAS-A), Glu264 (βC, PAS-A), Glu361 (αB’, PAS-B), His454, and Gln458 (αE) are
nonconservatively exchanged in mPER1 and mPER3 (see Fig. S1B). mPER3 (Right): The Tyr179 side chain hydroxyl groups form an indirect water mediated
contact. The Arg176 side chain of molecule 2 hydrogen bonds to side and main chain groups of Tyr179, Thr182, and Ala183 in the αC helix of molecule 1.
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Fig. S3. Comparative analysis of mPER1, mPER2, and mPER3 crystal structures. (A) Superposition of homodimeric mPER1[191–502] (cyan, Left) and mPER3
[108–411] (magenta, Right) on molecule 1 (chain A) of the mPER2[170–473] homodimer (gray). Movements of the αC and αE helices of molecule 2 are indicated
by black arrows. The conserved Trp448 of mPER1 is shown as atomic stick figure. (B) Superposition of the PAS-A domain and N-terminal cap region highlighting
the LxxLL coactivator motive in the ßE strand. Left: mPER1 (cyan) and mPER2 (gray). Right: mPER3 (magenta) and mPER2 (gray). Residues at the leucine positions of the LxxLL motive as well as residues corresponding to Trp249, Tyr271, and Val176 of mPER2 are shown as atomic stick figures (mPER1: brown, mPER2:
light-blue, mPER3: violet). (C) Close-up view of the mPER1 PAS-B/Trp448 (Left) and the mPER3 PAS-B/Trp359 (Right) dimer interface formed by antiparallel
packing of the PAS-B β-sheet surfaces (see Fig. S2A for a detailed description). Pro419mPER1 and Pro447mPER1 are omitted for clarity.
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Fig. S4. NES sequence in the αE helix of mPER1, mPER2, and mPER3. Superposition of the αC’ and αE helices of mPER1 (cyan), mPER2 (gray), and mPER3
(magenta). The NES residues in the αE helix of mPER1 (Leu489, Ile493, Leu496, and Leu498; dark blue), mPER2 (Leu460, Ile464, Leu467, and Met469; yellow)
and mPER3 (Leu399, Ile403, Leu406, and Leu408; red) are shown as atomic stick figure.
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Fig. S5. Analytical gel filtration and ultracentrifugation of mPER proteins. (A) Analytical gel filtration of mPER1[197–502]. Wild-type, W448E and F444E mutant versions of mPER1[197–502] were analyzed on a 10∕30 Superdex 75 analytical gel filtration column. (B) A typical sedimentation equilibrium experiment of
mPER1[197–502] wild-type. (C) Analytical gel filtration of mPER1[197–502]. Wild-type, the F444E/Y267E double mutant as well as F444E and Y267E single
mutant versions of mPER1[197–502] were analyzed on a 10∕30 Superdex 200 analytical gel filtration column. The elution volume of the W448E mutant
is indicated by an arrow. (D) Analytical gel filtration of mPER3[108–411]. Wild-type, W359E, P330E, and F444E mutant versions of mPER3[108–411] were analyzed on a 10∕30 Superdex 75 analytical gel filtration column. (E) Analytical gel filtration of mPER3[32–411]. Wild-type, W359E, and I367E mutant versions of
mPER3[32–411] were analyzed on a 10∕30 Superdex 75 analytical gel filtration column. (F) Analytical gel filtration of mPER2[59–473]. Wild-type and the W419E
mutant version of mPER2[59–473] were analyzed on a 10∕30 Superdex 200 analytical gel filtration column. (G) Summary table of analytical ultracentrifugation
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of mPER proteins. N: local equilibrium coefficients, used to describe species which are not in reversible equilibrium with each other, K D : 1∕K A , rmsd: root mean
square deviations, dof: degrees of freedom, fix: molecular weight fixed to an expected value. 95% confidence intervals are given in brackets.

Fig. S6. Circular dichroism spectra of wild-type and mutant mPER PAS domain fragments. Dimer interface mutations do not affect the overall structure/fold of
the mPER proteins. (A) CD spectra of mPER1[197–502] wild-type, W448E, and F444E. (B) CD spectra of mPER3[108–411] wild-type, P330E, W359E, and I367E. (C)
CD spectra of mPER3[32–411] wild-type, W359E, and I367E. (D) Secondary structure analysis using the CDSSTR algorithm with the reference dataset Set4.
NRMSD ¼ normalized root mean square deviation. Helices include regular and distorted helices. Strands include regular and distorted β-strands (10, 11).
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Fig. S7. Absorbance of mPER proteins in presence of heme. Absorbance spectra of (A) mPER1[197–502], (B) mPER3[108–411] and (C) mPER3[32–411] proteins,
which were incubated with heme for 3 h and separated via gel filtration chromatography, were recorded between 250–700 nm (black spectrum). For comparison the absorbance spectrum of free heme was also recorded (dark gray spectrum). Heme binding did not change the elution volumes on a gel filtration
column, indicating that the mPER1 and mPER3 homodimers are not disrupted. (D) Superposition of the PAS-A domains of mPER1, mPER2, and mPER3. Note,
that the αA* helix of PAS-A is disordered in mPER2 (27), but fully defined in mPER1 and in molecule 1 of mPER3. In mPER2, residues Cys215 and Cys270 have
been suggested as heme ligands (12). Cys215mPER2 is not visible due to the conformational disorder of αA*. The corresponding residues Cys244 and Cys299 of
mPER1 and Ser156 and Cys210 of mPER3 are highlighted as atomic stick figures.

Table S1. X-ray data collection and refinement statistics
Data Collection

mPER1[191–502]

mPER3[108–411]

Wavelength (Å)
Resolution range (Å)*
Number of reflections
Total
Unique
Completeness (%)*
I∕σ*
Rsym (%)*
Wilson plot B (Å2 )
Refinement
Resolution range (Å)
Reflections
RCryst (%)
RFree (%)†
overall average B-factor (Å2 )
rmsd bond lengths (Å)
rmsd bond angles (°)

0.9807
30-2.75 (2.8-2.75)

1.0000
25-2.5 (2.6-2.5)

180,279
29,771
99.0 (99.4)
13.7 (2.3)
9.2 (66.7)
63.1
mPER1[191–502]
30-2.75
29,744
20.9
28.2
67.4
0.009
1.29

94,392
22,419
99.6 (99.5)
12.2 (2.4)
8.3 (72.1)
55.9
mPER3[108–411]
25-2.5
21,297
21.3
28.9
47.4
0.016
1.81

*Values in parenthesis correspond to the highest resolution shell.
†
The Free-R factor was calculated with 5% of the data omitted from
structure refinement.
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Table S2. RMSD values for superposition
of mPER structures
Homodimers*
mP3− > mP1
mP3− > mP2
mP1− > mP2
mP1AC− > mP1BD
Monomers (intra)†
mP3 (A− > B)
mP2 (A− > B)
mP1 (A− > B)
mP1 (C− > D)
Monomers (inter, A)†
mP3− > mP1
mP3− > mP2
mP1− > mP2
Monomers (inter, B)†
mP3− > mP1
mP3− > mP2
mP1− > mP2

rmsd∕Å
2.04
2.83
3.36
0.39
rmsd∕Å
1.24
0.73
0.68
0.69
rmsd∕Å
1.64
1.76
1.73
rmsd∕Å
1.24
1.40
1.38

residues
495
384
392
516
residues
254
238
243
248
residues
256
260
244
residues
229
237
226

*Larger rmsd values of homodimers reflect
monomer rotations of mPER1 and mPER3
with respect to mPER2.
†
Except for some loop and linker regions and
the N-terminal extension, the mPER
monomers display no significant structural
differences.
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