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Summary
In all genetically studied model organisms, a negative
feedback loop of gene expression contributes to the
circadian rhythm mechanism. In the Drosophila system, it has been proposed that the delay between the
synthesis and function of clock proteins is due to
phosphorylation-regulated nuclear entry. To test this
hypothesis, we assayed the relationship between PER
phosphorylation, nuclear localization, and transcriptional repression activity in cultured S2 cells. The results indicate that the two putative PER kinases DBT
and CKII work together to phosphorylate PER and
increase repression activity. Experiments combining
kinase inhibition with inhibition of PER nuclear export
suggest that phosphorylation directly affects PER repression activity and that PER nuclear localization is
an indirect consequence of the association of active
PER with DNA or chromatin. This interpretation suggests further that the circadian regulation of PER nuclear localization in flies reflects changes in PER transcriptional activity rather than in PER nuclear import
or export activity.
Introduction
Daily rhythmicity reflects the presence of an internal
circadian clock, which persists even in the absence of
external temporal cues. Although only approximating 24
hr periodicity under constant conditions, these clocks
achieve precise 24 hr cycles by synchronizing to the
solar light cycle. They not only orchestrate temporal
coordination of internal physiology but also facilitate
the anticipation of external environmental events. The
presence of circadian clocks throughout the animal and
plant kingdoms underscores their value to fitness, which
has been demonstrated experimentally (Ouyang et al.,
1998).
Despite some recent interest in the contribution of
intercellular communication to circadian rhythms (Harmar
et al., 2002; Peng et al., 2003), much progress over the
past decade has focused on intracellular oscillators and
their relationship to transcriptional regulation (Allada et
al., 2001). For example, the known clock components
CLOCK (CLK) and CYCLE (CYC) are basic-helix-loophelix (bHLH) transcription factors, which bind directly
to upstream E boxes (CACGTG) and activate transcription of the period (per) and timeless (tim) genes. This
view is based on strong biochemical and genetic evi*Correspondence: rosbash@brandeis.edu

dence. The latter includes the phenotype of two recessive alleles of cycle (Rutila et al., 1998; Park et al., 2000)
as well as one semidominant and one recessive allele
of Clk (Hao et al., 1997; Allada et al., 1998, 2003; Darlington et al., 1998; Rutila et al., 1998; McDonald et al., 2001;
Wang et al., 2001). The per and tim proteins (PER and
TIM, respectively) subsequently feedback inhibit transcriptional activation by CLOCK and CYCLE (Darlington
et al., 1998; Lee et al., 1998, 1999). It is generally believed
that the most potent repressor is the PER-TIM dimer,
although PER monomers may also have repressor activity (Rothenfluh et al., 2000). This negative feedback loop
is similar to the one originally proposed to constitute
the core mechanism of circadian rhythms in Drosophila
(Hardin et al., 1990).
There is a second transcriptional feedback loop,
which also contributes to circadian timing. Like per and
tim RNAs, Clk and cry RNA levels oscillate, but they peak
at the opposite time of day (Bae et al., 1998; Darlington
et al., 1998; Emery et al., 1998). Two Clk-dependent
transcription factors, VRILLE and PDP1, mediate this
second transcriptional feedback loop (Blau and Young,
1999; Cyran et al., 2003; Glossop et al., 2003). The dynamic interplay of these two loops is thought to be
important for maintaining high amplitude transcriptional
rhythms, which are important in turn for behavioral and
physiological rhythms. A similar pair of feedback loops
exists in mammals (Preitner et al., 2002).
In addition to transcriptional regulation, posttranscriptional control mechanisms make important contributions to circadian rhythmicity in both the Drosophila
and the mammalian system. In flies, for example, these
include regulated protein stability as well as temporally
gated nuclear localization of both PER and TIM (Curtin
et al., 1995; Dembinska et al., 1997; So and Rosbash,
1997; Kim et al., 2002; Shafer et al., 2002). In addition,
the phosphorylation states of PER and TIM oscillate with
respect to time of day, which probably influences both
aspects of posttranscriptional regulation (reviewed in
Allada et al., 2001). Doubletime (DBT), a casein kinase
I epsilon homolog, and casein kinase II (CKII) appear
to phosphorylate PER; shaggy, a glycogen synthase
kinase-3 ␤ (GSK3␤) homolog, appears to phosphorylate
TIM (Kloss et al., 1998, 2001; Price et al., 1998; Martinek
et al., 2001; Lin et al., 2002). As several mutants in these
kinase genes have slow or fast periods as well as advanced or delayed nuclear localization, it has been proposed that the pace of PER and/or TIM phosphorylation
dictates the timing of nuclear entry, which then affects
their nuclear functions in regulating transcription. However, the fact that these mutants affect all facets of
clock gene expression during a circadian cycle makes
it difficult to identify the true hierarchy of relationships
between these different regulatory mechanisms.
To address this issue, we took a reductionist approach and studied PER phosphorylation, nuclear localization, and transcriptional repression activity in a noncycling system, namely, in cultured S2 cells. Use of RNAi
technology as well as the protein export inhibitor LMB
indicates that DBT and CKII work together to phosphor-
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ylate PER and potentiate its transcriptional repression
activity; we propose that the nuclear localization of PER
is only indirectly affected. This interpretation has substantial heuristic value and fits several previous observations on doubletime and CKII mutants.
Results
Suppression of CLK/CYC Transcription Activation
by PER Alone
Several groups have demonstrated that PER-TIM and
even PER alone can repress CLK/CYC transcriptional
activation in S2 cells with largely consistent results. The
strength of repression varied considerably, however, from
only modest effects, 2-fold or less, to more substantial
effects, 3- or 4-fold (Darlington et al., 1998; Rothenfluh et
al., 2000; Chang and Reppert, 2003). Because different
groups used different promoters, we reasoned this
might account for this variability, along with other minor
experimental details. To begin our analysis of PER activity, we compared three different CLK-regulated promoters fused to the luciferase gene: per promoter-luciferase
(Brandes et al., 1996), tim promoter-luciferase (McDonald et al., 2001), and an artificial 3X69 E box-luciferase
(Hao et al., 1999). CLK was expressed under the control
of the actin promoter, and the CLK partner CYC is endogenously present in S2 cells (Darlington et al., 1998;
see below). All transfections included a constitutively
active copia promoter Renilla luciferase gene to control
for differences in transfection efficiencies.
All three constructs were well expressed in the presence of CLK, based on luciferase activity measurements
(Figures 1A, 1B, and 1C). The per-luc and tim-luc reporters were considerably more active, and they also had
higher background activity in the absence of CLK compared to the artificial 3X69 E box promoter-containing
construct (data not shown; see below). To test for the
role of CYC in transcriptional activation, we used dsRNA
to inactivate cyc mRNA (Clemens et al., 2000). Incubation of S2 cells with 7.5 g/ml cyc-specific dsRNA 48 hr
prior to DNA transfection (cyc RNAi) reduced luciferase
activity to background levels, ⵑ20% in the case of the
two natural promoter-containing constructs and ⵑ2%
in the case of the E box-containing constructs (Figure
1D). The correspondence between cyc-independent expression and CLK-independent background levels suggests that these are not due to CYC-mediated transcription with another non-CLK partner. The much lower
background of the artificial construct is also consistent
with this notion, as it suggests that the background
levels and non-CLK-CYC-mediated transcription are not
E box dependent.
To assay PER suppression activity, we cotransfected
the reporter and Clk plasmids with increasing amounts
of per gene also under the control of the actin promoter.
As expected from previous results (Darlington et al.,
1998; Chang and Reppert, 2003), PER suppressed CLK/
CYC transcription activation with all three promoter’s
constructs in a concentration-dependent manner (Figures 1A, 1B, and 1C). Increasing plasmid amounts also
led to increased PER levels, as assayed by Western
blotting (data not shown). Repression was particularly
potent on the artificial construct and was reproducibly
less than 10% of control values (Figure 1C). Even on

the natural constructs, repression was between 3- and
5-fold, if one subtracts the no CYC (RNAi cyc) values
from the data. The less potent repression on the natural
promoter constructs presumably reflects a greater fraction of E box independent and CLK-CYC-independent
activity relative to the artificial construct. We conclude
that PER alone represses efficiently CLK-CYC activity
on all three reporters constructs: the greater the quantity
of PER, the greater the repression.
Because it has been previously demonstrated that
cotransfection of TIM enhances the modest suppression
activity of PER alone (Darlington et al., 1998; Rothenfluh
et al., 2000), we tested the effect of adding TIM to the
PER-mediated repression system. To avoid confusing
effects of PER-TIM with possible effects of TIM only,
the data were normalized to luciferase activity from
transfections of TIM without PER. (There is a very small
10%–15% change in CLK-mediated luciferase activity
with TIM alone.) Addition of TIM to PER did not improve
suppression activity (Figure 2A). Similar negative results
were observed upon addition of tim dsRNA (tim RNAi,
data not shown). Although the failure to observe a TIM
effect might be due to saturating levels of PER, similar
results were observed at lower levels of PER (25 ng as
opposed to 50 ng for each transfection, which generated
about half as much repression activity; data not shown).
The failure to observe any substantial effect of TIM on
PER suppression is despite the fact that coexpression
of TIM led to much higher PER levels (Figure 2B). This
is almost certainly because the PER-TIM association
slows PER degradation (Price et al., 1995; Suri et al.,
1999; Ko et al., 2002). The data suggest that only a
specific subset of the PER population can function as
a repressor of CLK-CYC activity, i.e., the additional PER
stabilized by TIM is poorly active. Given the concentration-dependent repression activity of PER (Figure 1), the
data suggest that the quality as well as the quantity
of PER is important for repression activity. The best
candidate is phosphorylation, since TIM has been
shown to inhibit PER phosphorylation by DBT in S2 cells
(Ko et al., 2002; data not shown).
Inactivation of dbt and ckII␣ Reduces PER
Suppression Activity
Because the two kinases DOUBLETIME (DBT; casein
kinase I⑀-CKI⑀ homolog) and casein kinase II (CKII) modify PER in a temporal manner and have been proposed
to affect nuclear localization, we tested the effect of dbt
and ckII␣ RNAi inactivation on PER suppression activity.
As described above for cyc inactivation (Figure 1), we
tried to minimize indirect effects by normalizing luciferase values to those obtained with CLK alone under the
same kinase-inactivation conditions (a ca. 25% effect).
A specific reduction of dbt and ckII␣ RNA after dsRNA
treatment was observed by RT-PCR (Figure 3C).
Inactivation of DBT led to a substantial reduction of
PER repression activity, as indicated by the increase in
normalized luciferase activity (Figure 3A). Inactivation of
CKII also reduced PER suppression activity, although
to a lesser extent. This might be due to the more modest
decrease of CKII RNA (Figure 3C). Importantly, inactivation of both kinases together had a greater effect than
either one alone, suggesting that the two kinases modify
PER in a coordinate manner (Figure 3B). Analysis of PER
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Figure 1. Repression Activity of PERIOD on CLOCK/CYCLE Transcriptional Activation
Reporters contained luciferase gene (luc) fused to either one of the following promoters: period gene promoter (per-luc), timeless gene
promoter (tim-luc), and three copies of 69 base pair-containing E box known to be CLK/CYC binding site (3X69-luc).
(A) Normalized luciferase activity from per-luc reporter.
(B) Normalized luciferase activity from tim-luc reporter.
(C) Normalized luciferase activity from 3X69-luc reporter.
(D) Normalized luciferase activity from these three reporters when endogenous cyc gene expression was inactivated by specific dsRNA.
Results were averaged from three experiments.

levels by Western blotting indicated that inactivation of
either kinase increased PER levels (Figure 3B), presumably by reducing PER phosphorylation-dependent degradation. Because repression activity decreases as PER
levels increase, this reinforces the conclusion from the
TIM cotransfection experiments (Figure 2): it is the quality of PER rather than its quantity that dictates repression activity, with phosphorylation potentiating PER repression activity.
PER Nuclear Localization and PER Phosphorylation
Because both kinases are implicated in the nuclear
translocation of PER, the decrease in repression activity
might reflect a more direct kinase effect on nuclear localization (Bao et al., 2001; Lin et al., 2002; Akten et al.,
2003). Therefore, the subcellular distribution of PER was
observed by immunocytochemistry (ICC) under conditions similar to those used to measure repression activity (Figure 4A). PER localization was scored as cytoplasmic, nuclear, or both (Figure 4B). Although it was
disconcerting that such a high percentage of cells
showed no apparent nuclear PER despite strong repression in the population (Figures 4A and 4B; see Discussion), the results are consistent with those recently published from the Reppert laboratory (Chang and Reppert,

2003). Based on the strong repression and the presence
of some nuclear PER even in the absence of TIM, we
agree with Chang and Reppert (2003) that PER alone
can translocate to the nucleus and repress transcription.
To evaluate the effects of the two kinases on nuclear
localization, we repeated the nuclear localization assays
under RNAi conditions. There was no dramatic effect,
as PER nuclear localization was quite similar after the
kinase knockdowns (Figure 4). There was a modest
quantitative effect, however, as nuclear PER decreased
whereas cytoplasmic PER increased (Figure 4B). Moreover, the effect was more pronounced with dbt RNAi
than with ckII␣ RNAi, consistent with the effects on PER
repression activity. We were unable to test whether inactivating both kinases together had a larger effect than
either one alone, as the numbers were too small to evaluate reliably. This suggests that the direct effects of the
kinases on PER repression activity might in fact be secondary to their effects on PER nuclear localization.
Inhibition or Inactivation of CRM1 Increases
Dramatically Nuclear PER and Leads
to Higher PER Suppression Activity
To evaluate further this possibility, we sought to increase the fraction of nuclear PER in an attempt to make
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Figure 2. TIM Stabilizes PER but Has Little Effect on PER Repression Activity
(A) Normalized luciferase activity of 3X69 luc reporter.
(B) Western blot analysis of PER using anti-V5 antibody. Results
were averaged from three experiments.

nuclear localization and repression activity independent
of the two kinases. Rather than provide PER with a
constitutive nuclear localization signal (c.f. Chang and
Reppert, 2003), we decided to assay the effect of leptomycin B (LMB), a well-characterized inhibitor of the
CRM1-mediated nuclear export pathway. In addition to
providing a new platform from which to evaluate the
efficacy of PER repression and the effect of the two
kinases, an increase in nuclear PER would indicate that
PER is exported via the CRM1 pathway, at least in S2
cell system. Indeed, LMB dramatically increased the
percentage of cells with nuclear PER. Under these conditions, the majority of PER was localized within nuclei
(Figures 5A and 5B). Similar results were obtained with
RNAi inhibition of crm1 gene expression (data not
shown). This is different from the results of Ashmore et
al. (2003), which we attribute to differences in experimental protocols.
We next tested whether PER suppression was increased in the presence of LMB, as would be expected
if PER acts directly within nuclei to inhibit CLK-CYC
activity. This is indeed what was observed, and remarkably similar results were obtained by inactivating crm1
with RNAi (Figures 5C and 5D). (As described above,
luciferase activity was normalized to transcription activation by CLK in the presence of LMB, which had a
modest ca. 25% positive effect). Although treatment
with LMB increased nuclear localization and PER repression activity, it did not affect the levels of PER as
determined by Western blotting (data not shown).
Inactivation of dbt and/or ckII␣ in the Presence of LMB
Because the kinase knockdowns with RNAi had only a
limited effect on PER nuclear localization (Figure 4), we

Figure 3. Inactivation of DBT and CKII␣ Reduced Suppression Activity of PER Despite Increasing PER Levels
(A) Normalized luciferase activity of 3X69 luc reporter.
(B) Western blot analysis of PER using anti-V5 antibody. Results
were averaged from three experiments. Western blot shown here
was a representative of three experiments having similar observation.
(C) RT-PCR showing the effect of dsRNA using specific primers for
dbt, ckII␣, and actin as a control.

combined the RNAi incubations with LMB. This was
to monitor the role of the kinases on PER subcellular
localization and repression activity, under conditions
when PER might remain nuclear for reasons independent of phosphorylation. Quantitative analysis of PER
subcellular distribution demonstrated that RNAi inactivation still had a modest inhibitory effect on PER nuclear
localization, as incubation with dsRNA lowered nuclear
PER even in the presence of LMB (Figure 6A). In addition
and consistent with several of the experiments shown
above (e.g., Figure 4B), inactivation of the two kinases
together had a bigger effect than that of either one alone
(Figure 6A). Although this suggests that the kinases work
together to assist PER nuclear entry even when nuclear
export is inhibited, there were still much higher levels
of nuclear PER even under kinase-inhibition conditions
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Figure 4. Effect of Inactivation of DBT or/and
CKII␣ on PER Subcellular Distribution
(A) Immunocytochemistry (ICC) of PER using
anti-V5 antibody and FITC-conjugated secondary antibody (green); DAPI interacting
with DNA represented nucleus (blue). ICC of
PER has been done twice with similar result.
(B) Quantification of PER in different subcellular compartments. Approximately 50 cells were
counted randomly and blindly and classified
accordingly. Abbreviations: C, cytoplasm; C/N,
both cytoplasm and nucleus; N, nucleus.

with LMB than under control conditions (no LMB and
without kinase inhibition; compare Figure 6A with Figure 4).
If the kinases function predominantly to aid PER nuclear import, the strong effects of kinase inactivation
on PER repression activity should be blocked in the
presence of LMB. Surprisingly, however, the addition of
LMB did not restore strong PER repression activity under these conditions (Figure 6B). On the contrary, the
inhibitory effect of kinase RNAi on PER repression activity was similar and perhaps even increased with LMB
than without LMB. This is because the repression activity did not increase in proportion to the increase in nuclear PER in RNAi/LMB as compared to control RNAi
alone. Otherwise stated, the effect of the two kinases on
PER nuclear localization fails to account for the potent
effect on repression activity. Based on this observation,
we favor the notion that the kinases directly increase
PER repression activity. This is similar to the role of CKII
in enabling DNA binding of the plant clock protein CCA1
(Sugano et al., 1998). The two kinases may also affect
nuclear localization, but it is possible that these effects
are an indirect consequence of the increase in repression activity.
Model
PER nuclear localization reflects an equilibrium between
nuclear export and import. However, nuclear localization

alone does not determine repression activity; PER phosphorylation makes a major direct contribution. To explain these results, we suggest that the direct effect of
phosphorylation on PER repression activity might be
upstream of most if not all previously observed effects
on PER subcellular localization.
We propose that nuclear PER is comprised of two
populations: inactive and active (Figure 7). Inactive PER
shuttles between the nucleus and the cytoplasm, and
its steady-state distribution is determined by the relative
kinetics of nuclear import and nuclear export. Active
PER functions as a transcriptional repressor of CLKCYC activity and is constrained by its association with
DNA or chromatin. Indeed, most active PER might not
be associated with CLK-CYC but with other DNA binding
proteins or with nonspecific chromatin. Although it is
likely that there are multiple PER phosphorylation states
that range from predominantly inactive to predominantly
active (Edery et al., 1994), the important distinction is
that the active population(s) is relatively stable in the
DNA-bound and therefore nuclear fraction. There is almost certainly some exchange between the active and
inactive nuclear pools, which would explain the increase
in repression as the nuclear fraction of the inactive pool
is greatly increased with LMB. We suggest that phosphorylation causes a major dynamic change from an
inactive to an active PER population, and this transition
is timed during a normal circadian cycle.
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Figure 5. Inhibition of CRM1 Export Pathway Increased Nuclear PER and Enhanced PER Repression Activity
(A) ICC for PER when CRM1 was inhibited by a specific inhibitor leptomycin (LMB).
(B) Quantification of PER in different compartments.
(C) Normalized luciferase activity of 3X69-luc when CRM1 was inhibited by LMB.
(D) Normalized luciferase activity of 3X69-luc when crm1 gene expression was inactivated by dsRNA. Luciferase activity was averaged from
three experiments. ICC was done twice with similar result; approximately 50 cells were counted randomly and blindly.

Our experiments and this model explain a number of
previously enigmatic results. We noted that the time
of PER “nuclear entry” in lateral neurons is long after
repression has begun (ca. ZT18 versus ZT12; Curtin et
al., 1995), and a more sophisticated incarnation of this
experiment recently reported similar findings (Shafer et
al., 2002). The beginnings of an inactive to active shift
might be invisible due to the largely inactive pool of
molecules at that time; a cytoplasmic to nuclear shift
might only become apparent hours later, when the active
population has increased sufficiently to decrease the
size of the inactive and more mobile population. Even
more dramatic are situations with no apparent temporal
control of PER nuclear localization. A classic example
is the fly eye, a tissue with canonical molecular rhythms
but no reported nuclear entry times: there is nuclear
as well as cytoplasmic PER in photorececeptor cells
whenever PER is detectable. The inactive:active ratio
might be much higher in the eye than in the lateral neurons, due perhaps to higher PER levels/cell. In this case,
a high ratio might obscure a small fraction of cycling
and active nuclear PER.

Discussion
We show here that PER alone functions as a potent
transcriptional repressor. Furthermore, we demonstrate
that PER nuclear localization is the result of nuclear
export as well as nuclear import and that PER nuclear
localization is important for PER repression activity. This
indicates that PER acts within the nucleus to repress
transcription, consistent with biochemical assays indicating that PER contacts the CLK-CYC heterodimer (Lee
et al., 1999). We also show that DBT and CKII affect
PER nuclear localization (see discussion below), presumably by phosphorylating PER. More intriguingly,
phosphorylation by both kinases acts in a coordinate
manner to potentiate PER repression activity, although
apparently not through an effect on nuclear localization.
Considering these different observations together leads
to a model that explains the relationships between phosphorylation, repression activity, and nuclear localization.
There was no detectable effect of TIM on the strong
repression activity of PER alone (Figure 1), even at lower
and subsaturating levels of PER (data not shown). This
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Figure 6. LMB Increases PER Nuclear Accumulation Despite RNAi
Inactivation of DBT and CKII␣
LMB also increased PER repression activity to differing extents in
the presence of dsRNAs.
(A) Quantification of PER in different subcellular compartments from
ICC (data not shown).
(B) Normalized luciferase activity of 3X69-luc. Luciferase activity
was averaged from three experiments. ICC was observed twice
with similar result; approximately 50 cells were counted randomly
and blindly.

was surprising, because conventional wisdom is that
the PER-TIM dimer is the optimal transcriptional repressor in flies (reviewed in Allada et al., 2001). In addition,
previous S2 cell experiments similar to those reported
here indicated that PER repression activity was low and
substantially augmented by coexpression of TIM (Darlington et al., 1998; Rothenfluh et al., 2000). While this
manuscript was in preparation, results similar to ours
were reported by Chang and Reppert (2003) and Ashmore et al. (2003): PER alone manifested strong repression activity, although it was increased by coexpression
of TIM at low levels of PER. We cannot exclude the
possibility that we too would see a detectable TIM effect
at comparably low PER levels, and it is possible that
some TIM might be expressed even without the addition
of TIM-expression constructs in our experiments, perhaps due to coexpression of CLK in all of our transfection experiments (McDonald and Rosbash, 2001). However, we observed no effect of RNAi against TIM in our
PER repression experiments (data not shown). It is more
likely in our view that differences between experimental

protocols account for the different conclusions about
the effects of TIM (Chang and Reppert, 2003; Ashmore
et al., 2003). However, it is difficult to account for the
concordant results other than to conclude that PER
alone possesses potent repression activity, at least under proper conditions in the S2 cell system.
Conventional wisdom is also that PER requires TIM
for nuclear localization (Vosshall et al., 1994; Saez and
Young, 1996) explaining perhaps the previously reported
dependence of PER repression activity on TIM (Darlington et al., 1998; Rothenfluh et al., 2000). However, our
results (Figure 4) and those of Chang and Reppert (2003)
indicate that PER without TIM can localize to the nucleus
as well as repress transcription. In the latter case, there
was no coexpression of CLK, making it very unlikely
that the cells express TIM. In our experiments, cotransfection with TIM-expression constructs had little or no
effect on the frequency of nuclear localization (data not
shown), consistent with the failure to observe any increase in repression activity. Similar localization results,
i.e., no dramatic effect of tim cotransfection on PER
localization, have been obtained by S. Kay and colleagues (personal communication). Perhaps the potent
effects observed by Saez and Young (1996) were influenced by the constructs used in that S2 cell study,
including heat shock promoters. Independent PER nuclear translocation is also consistent with the independent timing of PER and TIM nuclear localization in lateral
neurons during a circadian cycle (Shafer et al., 2002).
A third proposed role of TIM is to stabilize PER and
contribute to its accumulation in the cytoplasm during
the early evening; the TIM-PER dimer is presumably a
less active substrate for PER-destabilizing phosphorylation events in flies (Price et al., 1995). Indeed, we observed potent PER stabilization in our S2 cell PER-TIM
cotransfection experiments (Figure 2B), and similar results have been reported by others (Ko et al., 2002). In
our view, this is the best-documented role of TIM in
flies, and many of the period-altering mutations in TIM
may affect temporal aspects of PER-TIM stabilization.
Although this does not exclude other circadian functions
of TIM, the greatly increased PER levels with TIM can
probably explain most previously observed effects of
TIM on PER repression activity. In our experiments, TIM
neither increased nor decreased PER repression activity, even at subsaturating PER levels (Figure 2). As this
was despite greatly increasing PER levels, it suggests
that there is an unknown aspect of PER activity regulation in S2 cells. Phosphorylation is a good candidate.
Although previous data indicate that CKII as well as DBT
directly phosphorylates PER (Kloss et al., 1998; Price et
al., 1998; Lin et al., 2002), it is difficult to exclude alternative possibilities; for example, that one kinase regulates
the activity of the other. It is very likely that the temporal
regulation of PER activity and phosphorylation in flies,
including effects of TIM on phosphorylation, is an important feature of circadian timekeeping.
In contrast to TIM cotransfection, LMB had a profound
effect on the frequency of nuclear PER and modestly
increased repressor activity without affecting PER levels
(Figure 5). This provides good evidence that PER repression activity arises from within nuclei, despite the low
frequency of nuclear PER under control conditions. This

Molecular Cell
8

Figure 7. Model to Illustrate How Changes in
PER Repression Activity Can Lead to Changes
in PER Subcellular Localization
(A) Normally, PER consists of inactive/mobile
PER (black dot) and of active/immobile PER
(red dot). The inactive PER concurrently enters and exits the nucleus. A fraction of the
inactive PER, however, becomes active and
immobile due to interactions with nuclear localized proteins. We presume some exchange
between inactive and active PER within the
nucleus. Our data suggest that there could
be more export than import, leading to the
observation that most cells show predominantly cytoplasmic PER. (B) When nuclear export is inhibited with LMB, we observed a
dramatic increase in nuclear PER. However,
this caused only a modest increase in repression, suggesting only a modest increase in
active PER. (C) Kinase inactivation leads to
less repression, i.e., less active PER, resulting
in less nuclear PER. (D) Combination of kinase inactivation and export inhibition by
LMB led to a dramatic increase in nuclear
PER, but repression activity was still depressed. We propose that the increase in nuclear PER is largely due to the mobile fraction,
which is predominantly inactive as a repressor. Because of exchange between the two
fractions, however, there is also a modest
increase in active PER. Because of the RNAi
incubation, this is less than with LMB alone
(B). Arrows indicate that these two forms of
PER (dynamic and static) are interconvertible.
In (A) and (B), forward and backward arrows are equal, indicating that the conversion of dynamic PER and static PER in the nucleus are in
equilibrium. On the contrary, in (C) and (D), the arrows are unequal, indicating that the equilibrium is in favor of becoming dynamic PER.

notion is consistent with experiments showing that a
deletion of the PER CLD (cytoplasmic localization domain) enhanced PER suppression activity (Rothenfluh
et al., 2000) and with an experiment showing that the
PER NLS is critical for repression activity (Chang and
Reppert, 2003). Presumably, a very low level of nuclear
PER is sufficient to repress gene expression in S2 cells.
The LMB results also impact previous observations
on PER subcellular localization. It has been proposed
that PER nuclear import is regulated by an interaction
with TIM on one hand (Vosshall et al., 1994; Saez and
Young, 1996), and by DBT and CKII phosphorylation on
the other (Bao et al., 2001; Lin et al., 2002; Akten et al.,
2003). However, the LMB as well as the kinase inhibition
results presented here indicate that phosphorylation
could affect PER export in addition to or instead of
import (Figures 4 and 6; see discussion below). These
findings help explain previous observations in lateral
neurons (Shafer et al., 2002). Early in the night, PER can
be detected in both the cytoplasm and the nucleus,
whereas TIM is restricted to the cytoplasm. (PER can
enter the nucleus without TIM, and PER is dynamically
exported as well as imported.) Later at night, both proteins are exclusively nuclear. (PER is now hyperphosphorylated, and export is less efficient.) A study in the
mammalian system also suggested the involvement of
CK1⑀ (dbt homolog) in PER nucleocytoplasmic shuttling,
albeit not identical to what we report here. For example,
CK1⑀ activity changed mPER1 from nuclear to cytoplasmic
(Vielhaber et al., 2000) and mPER3 from cytoplasmic to

nuclear (Akashi et al., 2002). In addition, mPER2 was
reported to be exported from the nucleus as well as
imported (Yagita et al., 2002). The CRM1 pathway requires nuclear export sequences (NESs) on its direct
export substrates, and NESs were identified in mPER1
and mPER2 (Veilhaber et al., 2001; Yagita et al., 2002).
There is no strictly conserved NES sequence in Drosophila PER (Veilhaber et al., 2001; data not shown),
however, indicating that the mechanism by which LMB
prevents Drosophila PER nuclear export is enigmatic.
A very intriguing observation was that LMB was unable to restore the decreased repression activity under
RNAi kinase inhibition conditions (Figure 6). Taken together with several of the experiments discussed above,
we suggest that PER repressor function is directly regulated by phosphorylation. Consistent with this notion,
CK1⑀ was shown to reduce mPER2 repression activity
and increase mPER3 activity in the mammalian system,
although CK1⑀ increased the degradation of both proteins (Akashi et al., 2002). If PER activity is not solely a
function of nuclear localization, perhaps the opposite is
true: the reported temporal changes in PER localization
are predominantly a function of changes in PER repression activity.
Our simplified model (Figure 7) proposes that nuclear
PER is a superposition of two nuclear populations, inactive and active, and suggests that a change in PER
localization can reflect a shift of molecules from one
population to the other. If the inactive molecules are
predominantly cytoplasmic at steady state, a shift to a
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more active population is indistinguishable from an effect on PER nuclear import or export (Figure 7). Based
on these experiments, we suggest that there is no major
temporal regulation of PER nuclear import or export.
This parsimonious interpretation posits a single point
of control by PER phosphorylation on PER repressor
activity. We therefore suggest that all previously observed temporal regulation of PER nuclear import or
localization may be a simple reflection of regulation
solely at the level of repressor activity, which has as a
consequence the shifting of detectable PER from the
inactive to the active pool and therefore from the cytoplasm to the nucleus.
Experimental Procedures
Plasmids
pAc Clk, per promoter luciferase, tim promoter luciferase, copia
promoter renilla luciferase, and minimal promoter 3X69 luciferase
had been previously described (So et al., 2000; McDonald et al.,
2001). pAc per and pAc tim were a gift from Ravi Allada. pAc perV5
was derived from pAc per by PCR-based elimination of cognate
termination codon, and in-frame ligation into pAcB V5/His6 (Invitrogen).
S2 Cell Transfection
S2 cell was maintained in 10% FBS (Invitrogen) insect tissue culture
medium (HyClone). Cell was seeded in a 6 well plate (for immunocytochemistry, a cover slip was placed in each well before seeding).
Transfection was done when the cell confluence reached approximately 70%–90%. Twenty-four hours prior to transfection, 10% FBS
medium was replaced with serum-free medium. Transfection protocol was according to company recommendation. Essentially, 10 l of
Cellfectin (Invitrogen) was added into 100 l of serum-free medium in
one tube; a desirable amount of DNA was added into 100 l of
serum-free medium in another. We combined the content of these
two tubes and mixed briefly. After 45 min, we added 800 l of serumfree media. We removed the old media in the 6 well plate, and
replaced it with the approximately 1 ml of DNA ⫹ Cellfectin in serumfree media. We added 1 ml of 20% FBS media in each well 6 hr
posttransfection. We replaced the old media with 10% FBS media
24 hr post transfection. To inhibit CRM1 pathway chemically, leptomycin (Sigma) was added into the medium to make a final concentration of 20 nM (Fasken et al., 2000) 8 hr prior to harvesting.
Luciferase Activity Assay
We removed the medium 48 hr post transfection and added 250 l
1⫻ passive lysis buffer (provided in Dual Luciferase Assay Kit from
Promega). It was left on a rocker at room temperature for 5 min.
The lysate was collected and centrifuged at 14,000 rpm for 10 min
at 4⬚C. The measurement was done according to the company recommendation. In brief, 5 to 20 l (depended on the luciferase in
the supernatant) was added into 100 l luciferase assay solution.
Luciferase activity was measured by luminometer TD 20/20 (Turner
Designs). After this measurement, 100 l Stop and Glo solution was
added into the very same tube and the luciferase activity was again
read. This was to measure Renilla luciferase activity as an internal
control for transfection efficiency. The first read was normalized by
the second read. In general, 5 ng of pAc Clk, 25 ng of pCopia Renilla
luciferase, 25 ng of reporter constructs (per-luc, tim-luc, or 3X69 luc)
were used. Amount of pAc per and pAc tim were varied according to
each experiments, as mentioned in the text. Cotransfection of
pAcClk with pAc alone (we have tested up to 100 g) does not
significantly affect transcription activation of by pAc Clk.
Double-Stranded RNA Synthesis and RNAi Protocol
We essentially followed RNAi protocol in S2 cell from Dixon Lab
(Clemens et al., 2000). In summary, for each gene, one forward
and one reverse primer were synthesized with the addition of T7
promoter sequence. In general, the PCR products would have the
size of about 600–800 base pairs. PCR product was used for in

vitro transcription using Mega-Script Kit (Ambion). The RNA was
precipitated, resuspended, and annealed to form double-stranded
RNA. dsRNA was checked by agarose gel electrophoresis and quantified. To inactivate gene of interest by dsRNA, first, we replaced
the medium in the 6 well plate with serum-free media, then added
dsRNA to the final concentration of 15 g/well (2 ml). After 48 hr of
incubation, normal transfection procedure was followed.
Western Blotting
Lysate for luciferase activity assay was eletrophorosed in 6% SDSPAGE. The protein was transferred to membrane. The membrane
was monitored for even transfer by Ponceau staining and subsequently blocked in 5% milk in TBST for 30 min at room temperature.
The blocking buffer was removed and replaced with primary antibody, 1:5000 mouse anti-V5 (Invitrogen) in 1% milk TBST ⫹ 0.001%
sodium azide, overnight in 4⬚C. The next day, the primary antibody
was removed; the membrane was washed with TBST six times for
5 min each. After the last wash, secondary antibody, anti-mouse
HRP (Amersham) 1:5000 in 1% milk TBST, was added and left at
room temperature for 2 hr. The secondary antibody was removed,
and the membrane was washed with TBST six times for 5 min each.
After the final wash, the membrane was soaked in ECL Western
blotting detection reagents (Amersham) to develop the signal. A film
was exposed to the membrane and developed.
Immunocytochemistry
Forty-eight hours posttransfection, we removed old medium and
washed the cover slip once briefly with PBS. The cells were fixed
with 4% paraformaldehyde in PBS for 5 min. Fixing buffer was
removed, and the blocking buffer (PBS ⫹ 0.1% TritonX-100 and
10% donkey normal serum; Jackson Immunoresearch) was added
and incubated for 30 min at room temperature. Blocking buffer was
replaced by primary antibody, 1:500 mouse anti-V5 (In vitrogen)
in blocking buffer. The cell was incubated with primary antibody
overnight at 4⬚C. The next day, we washed the cover slip with PBS
five times for 2 min each. We incubated the cell with labeled secondary antibody, 1:200 FITC-conjugated donkey anti-mouse (Jackson
Immunoresearch) in blocking buffer, in darkness for 1 hr. It was
washed twice with PBS for 5 min each. The cover slip was mounted
with mounting media containing DAPI (Vector Laboratory). In general, 300 ng pAc perV5 and 5 ng pAc Clk were used. For quantification, each slide was masked by our colleague; roughly about 50
cells were pictured randomly. Each cell was classified either nuclear,
cytoplasmic, or both.
Reverse Transcriptase-Polymerase Chain Reaction
RNA was isolated from S2 cell, with or without dsRNA treatment,
using RNAwiz kit (Ambion) following the company recommendation.
RNA was further treated with DNase RQ1 (Promega) to eliminate
possible contamination of genomic DNA. RNA (4 g) was used in
reverse transcription reaction (SuperScript III, Invitrogen). The experiment was repeated three times with an identical result.
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