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Phosphorylation is an important timekeeping mechanism in the circadian clock that has been closely studied
at the level of the kinases involved but may also be tightly controlled by phosphatase action. Here we
demonstrate a role for protein phosphatase 1 (PP1) in the regulation of the major timekeeping molecules in
the Drosophila clock, TIMELESS (TIM) and PERIOD (PER). Flies with reduced PP1 activity exhibit a
lengthened circadian period, reduced amplitude of behavioral rhythms, and an altered response to light that
suggests a defect in the rising phase of clock protein expression. On a molecular level, PP1 directly
dephosphorylates TIM and stabilizes it in both S2R+ cells and clock neurons. However, PP1 does not act in a
simple antagonistic manner to SHAGGY (SGG), the kinase that phosphorylates TIM, because the behavioral
phenotypes produced by inhibiting PP1 in flies are different from those achieved by overexpressing SGG. PP1
also acts on PER, and TIM regulates the control of PER by PP1, although it does not affect PP2A action on
PER. We propose a modified model for post-translational regulation of the Drosophila clock, in which PP1 is
critical for the rhythmic abundance of TIM/PER while PP2A also regulates the nuclear translocation of
TIM/PER.
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Circadian rhythms in Drosophila require cycling of the
protein products of two major clock genes: period (per)
and timeless (tim) (Scully and Kay 2000; Yang and Sehgal
2001). Cyclic expression of per and tim is executed by a
feedback loop, in which PER and TIM accumulate in the
cytoplasm during the early night, and subsequently enter
the nucleus to inhibit their own transcription by repress-
ing transcriptional activators CLOCK (CLK) (Allada et
al. 1998) and CYCLE (CYC) (Rutila et al. 1998). In the
late night/early morning, timely degradation of PER and
TIM relieves the repression and allows the transcription
of per and tim to start over again (Harms et al. 2004).

In the absence of rhythmic transcription, PER and TIM
protein levels can still oscillate and drive behavioral
rhythms (Yang and Sehgal 2001). This suggests that post-
translational regulation, such as cyclic phosphorylation
of PER and TIM, plays an important role in the time-
keeping mechanism of the clock (Harms et al. 2004).

Phosphorylation has been shown to regulate the stability
of PER and the timing of nuclear expression of PER
and TIM in the lateral neurons (LNs), the Drosophila
central pacemaker cells (Harms et al. 2004). PER is phos-
phorylated by the casein kinase I� (CKI�) homolog
DOUBLETIME (DBT) (Price et al. 1998; Kloss et al. 2001)
and by CK2 (Lin et al. 2002; Akten et al. 2003). Phos-
phorylated PER is a substrate of the E3 ligase SLMB,
which targets PER for degradation (Grima et al. 2002; Ko
et al. 2002). Rhythmic abundance and phosphorylation
of PER also rely on its partner TIM as suggested by the
following data: (1) PER and TIM form heterodimers in fly
heads (Zeng et al. 1996), (2) PER protein levels are con-
stitutively low and the circadian oscillation of PER phos-
phorylation is suppressed in tim0 flies (Price et al. 1995),
and (3) acute expression of TIM using a heat-shock pro-
moter rescues the accumulation and phosphorylation
pattern of PER in the tim01 mutant (Suri et al. 1999). TIM
abundance is controlled through light-dependent and
light-independent mechanisms, both of which involve
the ubiquitin-mediated proteasome pathway (Naidoo et
al. 1999; Grima et al. 2002; Koh et al. 2006). Phosphory-
lation is implicated in mediating light-triggered TIM
degradation (Zeng et al. 1996; Naidoo et al. 1999) and
appears to also play a role in light-independent degrada-
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tion driven by SLMB, based on the accumulation of hy-
perphosphorylated forms of TIM in slmb mutants
(Grima et al. 2002). The only specific kinase thus far
known to phosphorylate TIM is the Drosophila glycogen
synthase kinase-3� (GSK-3�) ortholog SHAGGY (SGG)
(Martinek et al. 2001). Overexpression of SGG promotes
TIM nuclear translocation and shortens the period of be-
havioral rhythms in flies. However, phosphorylation by
SGG does not have a major effect on TIM stability, sug-
gesting that other kinases and/or phosphatases are in-
volved (Martinek et al. 2001).

In contrast to the well-characterized clock kinases,
little is known about the potential action of protein
phosphatases in the clock. Unlike the large number of
protein kinases (∼400) in eukaryotes, there are only ∼25
protein phosphatases (Honkanen and Golden 2002). Of
these, protein phosphatase 2A (PP2A) and PP1 together
contribute ∼90% of the total serine/threonine phospha-
tase activity in mammalian cells (Oliver and Shenolikar
1998). Previously, we demonstrated that PP2A dephos-
phorylates PER, thereby stabilizing PER and promoting
its nuclear translocation (Sathyanarayanan et al. 2004).
In this study, we examined whether PP1 also has a cir-
cadian function. PP1 is a ubiquitous eukaryotic enzyme
and plays an important role in many cellular processes,
including metabolism, cell cycle, muscle relaxation, and
synaptic plasticity (Ceulemans and Bollen 2004). In Dro-
sophila, four genes encode a catalytic subunit of PP1
(PP1c) and are named according to their chromosomal
loci: 9C (also called flapwing, flw), 13C, 87B, and 96A.
PP1c is highly conserved across species, and the four
Drosophila PP1c isoforms are ∼90% identical to each
other at the amino acid level with indistinguishable ac-
tivities in vitro. Most PP1 targets and associated proteins
contain a conserved PP1c-binding motif, [R/K]–X0–1–[V/
I]–{P}–[F/W] (where X denotes any residue and {P} any
residue except proline, so-called RVxF motif) (Egloff et

al. 1997; Wakula et al. 2003), which is also found in TIM
(RAIGF, amino acids 77–81). This prompted us to test
TIM as a possible PP1 target. Here we show that PP1
dephosphorylates and stabilizes TIM, which is a prereq-
uisite for the rhythmic abundance of TIM/PER, and thus
plays an essential role in the post-translational regula-
tion of the Drosophila clock.

Results

PP1 regulates TIM protein levels in S2R+ cells

Sequence analysis of the core clock proteins in Dro-
sophila revealed the presence of a PP1-binding motif,
RVxF, in TIM, suggesting that TIM may be a target of
PP1. To determine if this is the case, we examined the
effect of PP1 inhibition by overexpressing an endogenous
PP1 inhibitor, nuclear inhibitor of PP1 (NIPP1) in Dro-
sophila S2R+ cells. NIPP1 is a potent and specific inhibi-
tor of PP1 with an IC50 value of <1 pM, and it does not
inhibit PP2A or other phosphatases (Sheppeck et al.
1997; McCluskey et al. 2002). In S2R+ cells, transfected
TIM was stably expressed; however, when NIPP1 was
coexpressed, TIM levels were decreased by ∼55% (Fig. 1A
[lanes 1,2], B [left panel]).

In spite of the high sequence identity, isoform-specific
function of PP1c has been reported (Rahgavan et al.
2000). To determine if the PP1 effect on TIM was iso-
form specific, we knocked down the expression of each
PP1c isoform in S2R+ cells by RNA-mediated interfer-
ence (RNAi). Knocking down each PP1c using isoform-
specific PP1c double-stranded RNA (dsRNA) did not sig-
nificantly change TIM levels; however, a PP1c dsRNA
mix decreased TIM levels by ∼42% compared with levels
in the control cells that were treated with dsRNA
against green fluorescent protein (GFP) (Fig. 1A [lanes
3–8], B [right panel]). Careful inspection of PP1c dsRNA

Figure 1. Inhibition of PP1 decreases TIM protein levels
in S2R+ cells. (A) Representative Western blots show lev-
els of TIM in cells transfected with pAct-tim alone (lane
1), or along with pAct-nipp1-V5 (lane 2), or incubated
with dsRNA against the indicated proteins (lanes 3–8).
Cell lysates were separated on 3%–8% tris-acetate gels
and membranes were probed sequentially with anti-TIM
and anti-V5 (NIPP1) antibodies. A nonspecific band (NS)
that appeared while probing with the anti-TIM antibody
is shown as a loading control. (B) Quantification of
TIM levels from three independent experiments. Nor-
malized anti-TIM signals are shown as the average
percentages ± SEM relative to TIM levels in cells trans-
fected with TIM alone (for NIPP1) or cells incubated
with dsRNA against GFP (for dsRNA of PP1c). (*)
P < 0.05. (C) Quantitative RT–PCR shows the specificity
and efficiency of the dsRNA against each PP1c isoform.
actin was used as an internal control to normalize PP1c
transcript levels. Transcript levels of each PP1c in cells
treated with the indicated dsRNA are shown as the

average percentages ± SEM of their levels in control cells (dsRNA against GFP). Only the targeted PP1c isoform was efficiently
knocked down and nontargeted PP1c isoforms often showed a compensatory increase in expression. The total PP1c transcript levels,
relative to those in control cells, are indicated in parentheses and were calculated as described in Supplementary Figure 1.
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efficiency and specificity by quantitative PCR (qPCR)
revealed an interesting phenomenon (Fig. 1C): Knocking
down a single PP1c resulted in an increase in the expres-
sion of other isoforms, presumably to keep the total PP1
mRNA at normal levels; only when levels of all PP1c
transcripts were decreased by the mix of dsRNAs was
the TIM level significantly decreased. We conclude that
stable expression of transfected TIM in S2R+ cells does
not require any specific PP1c isoform, but rather relies
on total PP1 activity. Overexpression of any single PP1c
did not change TIM levels significantly, probably be-
cause PP1 activity is already saturated in S2R+ cells (Fig.
5B, the input control [below]; data not shown).

Inhibition of PP1 alters behavioral rhythms in flies

The presence of multiple PP1c loci in Drosophila made
it difficult to conduct genetic analysis using loss-of-func-
tion mutants. In fact, flies carrying hypomorphic or
amorphic mutations in genes encoding PP1c-flw, 13C,
and 96A did not exhibit circadian behavioral phenotypes,
nor did flies heterozygous for the recessive lethal muta-
tion in 87B (data not shown). Therefore, in order to test
the physiological function of PP1 in the Drosophila
clock, we used the GAL4-UAS system (Brand and Perri-
mon 1993) to express the endogenous PP1 inhibitor
NIPP1 in clock neurons. Transgenic expression of NIPP1
was shown to specifically reduce PP1 activity in vivo and
produce phenotypes similar to those of PP1c mutants
(Parker et al. 2002; Bennett et al. 2003).

Ubiquitous expression of NIPP1, as achieved with
widespread drivers such as actin-Gal4 and elav-Gal4,
causes lethality (data not shown). However, flies carry-
ing the UAS-HA-nipp1 transgene under control of the
Pdf-Gal4 driver displayed a ∼1.5 h longer period than
their sibling controls (Table 1). Use of the tim(UAS)-Gal4
(TUG) driver, which expresses in additional cells and
perhaps also at higher levels, lengthened the period by
∼2.8 h (Fig. 2A; Table 1). Coexpression of one of the PP1
catalytic subunits, PP1-87B, rescued the long period phe-
notype of NIPP1 flies (Supplementary Fig. S2), suggesting

that the effect of NIPP1 on circadian period is due to
its inhibition of PP1. In addition to the lengthened
period, elevated expression of NIPP1 by TUG signifi-
cantly reduced the amplitude of the circadian rhythm
(P = 3.31 × 10−5). As shown in Figure 2A, these flies dis-
played long period rhythms that degenerated into ar-
rhythmia after 4–6 d in constant darkness (DD).

Flies overexpressing NIPP1 have altered
TIM oscillations

To determine the molecular basis of the behavioral phe-
notype in flies overexpressing NIPP1, TIM abundance
was examined by Western blots of fly head extracts.
Since TIM expression in photoreceptor cells of the com-
pound eye constitutes the majority of the TIM signal
seen on Western blots of adult heads, we crossed flies
containing the UAS-HA-nipp1 transgene to flies carrying
an eye-specific driver, glass multimer reporter (GMR)-
Gal4. In both the control and NIPP1-overexpressing flies,
TIM protein levels oscillated with a 24-h rhythm in
light:dark 12:12 (LD) cycles (Fig. 2B). However, TIM
abundance was decreased in NIPP1-overexpressing flies
and the amplitude of the TIM oscillation was blunted
relative to the control (Fig. 2C). We noticed that, al-
though NIPP1 locates predominantly to the nucleus
(Parker et al. 2002), a decrease in TIM abundance was
also observed at times when TIM is believed to be in the
cytoplasm. Since cytoplasmic TIM is thought to repre-
sent TIM actively exported from the nucleus (Ashmore
et al. 2003; Meyer et al. 2006), it may be exposed to
NIPP1 prior to its visible nuclear expression. Alterna-
tively, PP1 activity in the cytoplasm of LNs may be
down-regulated by overexpression of NIPP1 as well,
since the nuclear pools of PP1 are dynamic and in equi-
librium with the cytoplasmic pools, and overexpression
of NIPP1 retargets and retains cytoplasmic PP1 in the
nucleus (Trinkle-Mulcahy et al. 2001; Lesage et al. 2004).

We then examined whether inhibition of PP1 affects
tim mRNA cycling (Fig. 2C). In contrast to TIM protein
levels, which were significantly decreased at almost all

Table 1. Behavioral phenotype of flies overexpressing NIPP1

Genotype N � (h) ± SEM P (�) FFT ± SEM P (FFT)

UAS-HA-nipp1/TM6B 45 23.01 ± 0.03 0.128 ± 0.007
pdf-Gal4/+;TM6B/+ 14 23.61 ± 0.06 0.145 ± 0.014
pdf-Gal4/+;UAS-HA-nipp1/+ 58 25.07 ± 0.03a 2.63 × 10−34 0.161 ± 0.007 0.323
TUG/+;TM6B/+ 76 23.46 ± 0.03 0.134 ± 0.008
TUG/+;UAS-HA-nipp1/+ 65 26.24 ± 0.09a 7.06 × 10−61 0.088 ± 0.006a 3.31 × 10−5

CyO/timUL;UAS-HA-nipp1/+ 15 26.70 ± 0.11 0.258 ± 0.016
TUG/timUL;UAS-HA-nipp1/+ 16 29.63 ± 0.26a 6.37 × 10−11 0.115 ± 0.011a 3.33 × 10−8

CyO/UAS-sgg;UAS-HA-nipp1/+ 10 23.30 ± 0.17 0.196 ± 0.032
TUG/UAS-sgg;TM3/+ 19 18.24 ± 0.08 0.132 ± 0.013
TUG/UAS-sgg;UAS-HA-nipp1/+ 24 19.54 ± 0.09a 8.66 × 10−13 0.099 ± 0.008b 0.032

(�) Period length of locomotor activity, determined by �2 periodogram analysis; (SEM) standard error; (N) total number of flies
examined; (TUG) tim(UAS)-Gal4.
Bold denotes flies that are significantly different from their sibling controls. Statistical significance was determined by two-tailed
Student’s t-test with unequal variance at aP < 0.0001 and bP < 0.05.

Fang et al.

1508 GENES & DEVELOPMENT



Figure 2. Inhibition of PP1 alters behavioral rhythms and TIM oscillation in flies. (A) Representative locomotor activity records of
individual flies kept in DD for 10 d after LD entrainment. The subjective LD phases (gray:black bars), the genotype, and the circadian
period (� ± SEM) as determined by �2 periodogram analysis are indicated. (B) Representative Western blots show decreased steady-state
levels of TIM in adult fly heads overexpressing NIPP1 using a GMR-Gal4 driver. After being entrained to LD cycles, flies were collected
at the indicated times in LD and on the first day in DD. (ZT0) Lights on; (ZT12) lights off; (ZT24/CT0) subjective lights on.
Quantification of TIM levels in NIPP1-overexpressing flies is shown on the right. TIM signals were normalized to HSP70 (loading
control) in three independent experiments and plotted as averages ± SEM over time. (C) tim mRNA levels are not reduced in NIPP1-
overexpressing flies. The transcript levels of tim were quantified using actin as an internal control and then normalized to peak levels
of control flies, which were set as 1. Data from two independent experiments were pooled, and averages ± SEM are shown. (D) Acute
inhibition of PP1 reduces TIM stability in per01 larval LNs. TIM (red) and PDF (green) expression was visualized essentially as described
in Materials and Methods. Compared with the DMSO vehicle control, samples treated with TTM had significantly decreased TIM
levels, and this effect was abolished by the addition of the proteasome inhibitor MG132 (100 µM). Quantification of TIM immunoin-
tensity is shown in Supplementary Figure 2.
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times, tim mRNA levels were similar to those of the
control at all time points examined except one. Thus,
although we cannot exclude the possibility that the
slight difference in tim mRNA levels contributes to the
overall change in the clock, it is unlikely that the robust
decrease in TIM abundance is due to this subtle change
in tim mRNA. More likely, the change in mRNA, which
is basically a minor delay in the peak, results from the
longer period of NIPP1 flies.

PP1 is required for TIM stability in LNs

To further exclude the possibility that the decreased
TIM abundance in NIPP1-overexpressing flies was
largely an indirect effect caused by an altered feedback
loop, we inhibited PP1 in per01 flies that do not have a
functional endogenous clock. PP1 was inhibited pharma-
cologically in dissected brains maintained in DD for 4 h
at 18°C. To minimize light-triggered TIM degradation
during the dissection, third instar larval brains were ex-
amined because adult brains cannot be dissected rapidly
in the presence of dim red light (such light conditions are
equivalent to dark for flies). The brains were incubated
in Schneider’s culture medium containing a PP1 selec-
tive inhibitor Tautomycin (TTM, 4 µM). TTM is a po-
tent cell-permeable PP1 inhibitor with ∼10-fold greater
potency for PP1 as compared with PP2A (Ubukata et al.
1990); it has been used in cell culture experiments to
completely inhibit PP1 activity without affecting PP2A
at concentrations of up to 10 µM (Favre et al. 1997; Chen
et al. 2005).

The larval brains were fixed and double-stained for
TIM and Pigment Dispersing Factor (PDF). PDF is se-
creted by LNs and was used here to locate LNs and to
define their cytoplasm (Kaneko et al. 1997). Representa-
tive samples of TIM expression (red) are shown with
their corresponding PDF staining (green) in Figure 2D.
Compared with the vehicle (DMSO) control, the group
treated with TTM showed significantly decreased TIM
intensity, as quantified with densitometry (Supplemen-
tary Fig. S3). The addition of MG132 abolished the TTM-
induced decrease in TIM levels, indicating that the de-
crease in TIM levels induced by PP1 inhibition is due to
proteasome-mediated degradation. Thus, PP1 regulates
TIM stability in LNs. Together with the largely un-
changed tim mRNA levels shown in Figure 2C, these
data suggest that inhibition of PP1 in flies reduces TIM
stability independent of the feedback loop. Since PER
phosphorylation and abundance cycle in a TIM-depen-
dent manner (see above), we also examined PER oscilla-
tions by Western blots. We found that PER protein levels
were also reduced by NIPP1 (Supplementary Fig. S4).
However, there was no detectable change in phosphory-
lation-induced mobility shifts for either PER or TIM.

Inhibition of PP1 slows down the nuclear
translocation of TIM in ventrolateral neurons (LNvs)

The timing of TIM/PER nuclear entry in LNs is believed
to constitute an important determinant of circadian pe-
riod (Harms et al. 2004). To determine whether the

lengthened period of NIPP1-overexpressing flies was due
to delayed TIM nuclear entry, we examined the subcel-
lular location of TIM in both large and small LNvs of
TUG:NIPP1 flies by immunostaining. After entraining
flies to an LD cycle, adult brains were collected and dis-
sected at the indicated zeitgeber times (ZT; ZT0, lights
on; ZT12, lights off), and were then double-labeled for
PDF and TIM (Fig. 3A).

In the large LNvs, TIM was predominantly cytoplas-
mic at ZT17 in both the control and the TUG:NIPP1
flies. At ZT19, TIM staining was distributed uniformly
in the cytoplasm and the nucleus in both groups of flies;
however, the intensity was lower in the TUG:NIPP1
flies. At ZT21, TIM displayed very strong nuclear stain-
ing in control flies but was much less condensed in the
nuclei of the TUG:NIPP1 flies, probably because of dra-
matically decreased TIM levels. At ZT23, TIM in both
groups was predominantly nuclear.

As reported by Shafer et al. (2002) TIM nuclear trans-
location differed significantly between the large and the
small LNvs. In the small LNvs, TIM remained exclu-
sively cytoplasmic through ZT19. At ZT21, uniform
staining of TIM was seen in small LNvs of both the con-
trol and the TUG:NIPP1 flies, although at this time
point, TIM in large neurons was already restricted to the
nucleus. At ZT23, TIM was predominantly nuclear in
most small LNvs of the control flies, while in TUG:
NIPP1 flies only a few small LNvs displayed exclusively
nuclear TIM and most were uniformly stained.

Thus, despite the difference in TIM nuclear transloca-
tion between the large and small LNvs, we found that the
onset of TIM nuclear expression in both subsets of LNvs
occurs at about the same time in the control and TUG:
NIPP1 flies, but the peak of TIM nuclear staining is de-
layed in NIPP1-overexpressing flies. This is consistent
with cell culture experiments indicating that the rate,
but not the onset, of nuclear accumulation of TIM is
positively correlated with the level of TIM (Meyer et al.
2006). Therefore, we speculate that the long period and
reduced rhythmicity phenotype of NIPP1-overexpressing
flies is due to reduced TIM abundance, especially the
diminished and delayed nuclear accumulation of TIM.

Early- to mid-night defect
in NIPP1-overexpressing flies

A change in periodicity caused by altered TIM stability
was also observed in timUL flies, in which a point mu-
tation in tim increases TIM stability and produces a
∼2.5-h longer period (Rothenfluh et al. 2000). To deter-
mine if increased stability of TIMUL could antagonize
the instability caused by inhibition of PP1, we expressed
NIPP1 in the timUL background. As with overexpression
of NIPP1 in a wild-type background, the period of timUL

flies was lengthened by ∼2.9 h (Figs. 2A, 4A; Table 1),
indicating that the mutation in timUL does not make it
resistant to inhibition of PP1. This completely additive
effect of the timUL mutation and PP1 inhibition suggests
that the two act on different aspects of the pathway.
Alternatively, since timUL flies have a specific late-night
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defect (Rothenfluh et al. 2000), the additive effect may
also occur because PP1 acts at a specific time of the
circadian cycle that does not overlap with that of timUL.

In fact, analysis of TIM cycling in timUL flies supported
the idea that the two act at different times of the cycle
(Supplementary Fig. S5).

Figure 3. Delayed TIM accumulation causes an early- to mid-night defect in NIPP1-overexpressing flies. (A) TIM accumulation in
nuclei is diminished and delayed in NIPP1-overexpressing flies. Adult fly heads were collected at the indicated times in an LD cycle
after 3 d of LD entrainment. TIM expression was assayed in large LNvs (top) and small LNvs (bottom) at various times of the night.
The cytoplasm of LNvs is defined by PDF staining (green). TIM staining (red) is lower in TUG:NIPP1 flies than in control flies at all
time points. TIM starts entering the nucleus (uniform staining in the cytoplasm and nucleus) at the same time in TUG:NIPP1 flies
and control flies (ZT19 in large-LNvs and ZT21 in small-LNvS), but the peak of TIM nuclear expression is delayed, suggesting a slower
rate of nuclear accumulation of TIM in NIPP1-overexpressing flies. (B) Altered PRC of NIPP1-overexpressing flies. The phase shift (<0,
phase delay; >0, phase advance) in response to a 5-min light pulse is plotted as a function of the time when the pulse was delivered.
For TUG:NIPP1 flies, the time domain of phase-delaying shifts is expanded (cf. ∼11 h for TUG:NIPP1 flies and ∼9 h for the control flies)
and the transition point (from phase delay to phase advance) is 2 h later (approximately ZT21 vs. approximately ZT19), while the
phase-advancing domain is about the same (∼8 h) as that of the control.
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To further address when NIPP1 acts in the circadian
cycle, we examined the phase response curve (PRC) for
light of NIPP1-overexpressing flies. A light pulse at night
triggers rapid TIM degradation, which in turn destabi-
lizes PER (Price et al. 1995; Zeng et al. 1996; Suri et al.
1999). Depending on the time of night at which a light
pulse is given, it can either slow down the accumulation
of TIM/PER proteins and delay the repression of tran-
scription, or speed up the depletion of TIM/PER proteins
and advance the release of the repression, which corre-
spondingly leads to a phase delay or a phase advance of
the behavioral cycles (Young 1998). Comparing the
TUG:NIPP1 and the control PRCs (Fig. 3B), we found
that both the amplitude of phase shifts and the effective
duration of the phase delay domain in TUG:NIPP1 flies
were increased. The phase delay-to-phase advance tran-
sition point for the TUG:NIPP1 flies occurred ∼2 h later

than in control flies (approximately ZT21 vs. approxi-
mately ZT19), but the phase advance domains were
about the same duration (∼8 h) in both fly lines. The
extension of the delay domain indicates that the accu-
mulation of PER–TIM proteins occurs at a slower rate in
NIPP1 flies. Thus, inhibition of PP1 specifically affects
the early- and mid-night parts of the circadian cycle.

Taken together, NIPP1-overexpressing flies display di-
minished and delayed TIM nuclear accumulation (Fig.
3A) and an early- to mid-night defect (Fig. 3B), while
timUL flies have prolonged nuclear expression and a late-
night defect (Rothenfluh et al. 2000). These data suggest
that different mechanisms for regulating TIM stability
may be employed at different times of the circadian
cycle.

Genetic interaction between PP1 and SGG

Both PP1 and SGG target TIM, and SGG promotes
nuclear entry of TIM in the middle of the night (Mar-
tinek et al. 2001). This overlap of the substrates and of
the timing of action prompted us to investigate a pos-
sible genetic interaction between SGG and PP1. It is
worth noting that, although overexpression of SGG and
inhibition of PP1 presumably tip the balance of TIM
phosphorylation in the same direction, they display dif-
ferent effects on the nuclear expression of TIM (Fig. 3A;
Martinek et al. 2001) and opposite effects on the circa-
dian period: Overexpression of SGG shortens the period
by ∼5 h (Table 1; Yuan et al. 2005), while overexpression
of NIPP1 lengthens the period by ∼2.8 h (Table 1; Fig.
2A).

Flies coexpressing NIPP1 and SGG exhibited an aver-
age period of 19.5 h (Table 1; Fig. 4B), which is only ∼1.3
h longer than that of flies overexpressing SGG alone.
Thus, the period-lengthening effect of NIPP1 was re-
duced by ∼50% in an SGG-overexpressing background.
In addition, overexpression of NIPP1 did not reduce
rhythmicity in this background as much as it did in the
wild-type background (Table 1, cf. P = 0.032 and
P = 3.31 × 10−5). Together, the effect of PP1 inhibition on
behavioral rhythms is reduced in the SGG-overexpress-
ing background, suggesting an interaction between SGG
and PP1. It should be mentioned that cross-talk between
PP1 and GSK-3� has been indicated in a few mammalian
studies (DePaoli-Roach 1984; Szatmari et al. 2005). In
addition, GSK-3� and other clock kinases have been
shown to regulate the activity of PP1 holoenzymes (Vul-
steke et al. 1997; Sakashita et al. 2003). Thus, complex
interactions and feedback mechanisms bridge kinases
and phosphatases, which may contribute to precise con-
trol of the intrinsic clock.

TIM is a direct target of PP1

A question raised from the above data is whether the
regulation of TIM by PP1 is indirect, through its inter-
actions with the clock kinases, or whether TIM is a di-
rect substrate of PP1. To determine if PP1 dephosphory-

Figure 4. The effects of inhibition of PP1 are reduced in SGG-
overexpressing flies but not in timUL flies. (A) Overexpression of
NIPP1 has additive effects with the timUL mutation in length-
ening the circadian period and reducing rhythmicity. (B) Inhi-
bition of PP1 in an SGG-overexpressing background has a re-
duced effect on the circadian period. In a timUL background,
NIPP1 reduces the amplitude of circadian rhythms and length-
ens the circadian period by ∼3 h, similar to the effect it has in a
wild-type background. The period-lengthening and rhythmic-
ity-reducing effects of NIPP1 are less noticeable in an SGG-
overexpressing background (see activity records), and the �2

periodograms indicate a 1.5-h lengthened period as compared
with an average of ∼2.8 h in the wild-type background. Circa-
dian periods (hr in figure) determined by the �2 analysis are
indicated. Group averages for all circadian statistics are sum-
marized in Table 1.
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lates TIM directly, we immunoprecipitated TIM from
transfected S2R+ cells and phosphorylated it in vitro us-
ing the active form of CK1� and GSK-3�. The CK1� used
in these experiments is 93% similar to the corresponding
region in DBT, and GSK-3� is 85% identical to SGG
within the kinase domain. We found that TIM was
readily phosphorylated by CK1�, which also primed it for
phosphorylation by GSK-3�.

The in vitro phosphorylation was stopped by a kinase
inhibitor 5-Iodotubericidin (5-IT), and purified PP1 was
then introduced into the reaction. The addition of puri-
fied PP1 resulted in a dose-dependent loss of the phos-
phorylation signal on TIM (Fig. 5A). Effects were seen at
concentrations as low as 0.1 U (∼7.5 ng) of PP1—well
within the physiological range for PP1 activity (Bennett
et al. 2003). Hence, PP1 directly dephosphorylates TIM.

Given that TIM is a substrate of PP1 in vitro (Fig. 5A),
we used coimmunoprecipitation (co-IP) assays to deter-
mine if PP1c actually interacts with TIM in cells. pAct-
tim was cotransfected with either empty vector or an
expression construct of each of the PP1c isoforms tagged
with V5. As shown in Figure 5B, the anti-V5 antibody
(against PP1c-V5) did not pull down TIM from the cell
lysates where TIM was transfected alone, but co-IP of
TIM was observed when any of the four PP1c isoforms
were coexpressed. This indicates a physical interaction
between PP1 and TIM.

Moderate PP1 inhibition reconstitutes the dependence
of PER stability on TIM in S2R+ cells

NIPP1-expressing flies show decreased levels of PER,
which we believed result from the dependence of PER

stability on TIM (Price et al. 1995). However, we noticed
that high concentrations of PP1 have some dephosphory-
lation activity toward PER in vitro (Sathyanarayanan et
al. 2004). Thus, we sought to compare the effects of in-
hibiting PP1 on PER expression with those on TIM ex-
pression in cultured cells. Unlike what has been ob-
served in clock neurons, PER does not require TIM for its
accumulation in S2R+ cells (Fig. 6A, lane 1), indicating
that the concentrations of some PER-stabilizing and/or
destabilizing factors differ between these two cell types.
Nevertheless, PER protein levels greatly decreased when
PP1 was inhibited by TTM at concentrations of >1 µM
(Fig. 6A, lanes 1–5), although a significant reduction of
TIM levels required 4 µM TTM (Fig. 6A, lanes 13–17).

Figure 5. PP1 directly dephosphorylates TIM in vitro and in-
teracts with TIM in cultured cells. (A) Representative autora-
diograph showing direct dephosphorylation of TIM by PP1. Im-
munoprecipitated TIM was in vitro phosphorylated with GSK-
3� (top panel) or CK1� (bottom panel) in the presence of �-P32

ATP. Equal amounts of phosphorylated TIM were incubated
with varying amounts (0.1–1 U) of purified PP1 in the presence
of kinase inhibitor 5-IT. The blots shown are representative of
two independent experiments. (B) Co-IP of TIM and PP1 from
S2R+ cells. S2R+ cells were transfected with TIM alone or along
with V5-tagged PP1c isoforms as indicated. Cell lysates were
immunoprecipitated with anti-V5 antibody (against PP1c-V5).
The presence of PP1c (34∼38 kDa) and TIM was determined by
Western blots of the cell lysates (left panels) and the pellets
(right panels) with anti-V5 and anti-TIM antibodies. A nonspe-
cific band (NS) detected by the anti-TIM antibody is shown as a
loading control. Three independent experiments yielded the
same result.

Figure 6. TIM protects PER from degradation induced by PP1
inhibition, but not from phosphorylation promoted by PP2A
inhibition. (A,B) Inhibition of PP1 by TTM induces degradation
of TIM and PER while inhibition of PP2A by OA causes phos-
phorylation-related mobility shifts. S2R+ cells were transfected
with pAct-per-HA alone (lanes 1–6,19–24), or pAct-tim alone
(lanes 13–18,31–36), or both pAct-per-HA and pAct-tim (lanes
7–12,25–30). Transfected cells were treated with varying con-
centrations of TTM (A) or OA (B), in some cases along with
proteasome inhibitor MG132 (MG, 100 µM), or along with the
GSK-3� inhibitor AR-A014418 (AR, 10 µM) as indicated (low
mobility forms of TIM, produced by PP2A inhibition, are faint
most likely because the antibody poorly recognizes phosphory-
lated TIM). The HSP70 band is shown as a loading control as
well as a baseline for comparing mobility shifts between lanes
across the gel. TIM is more resistant to PP1 inhibition than
PER, and the presence of TIM prevents PER from degradation
when PP1 is moderately inhibited. However, TIM does not
block PER from hyperphosphorylation induced by PP2A inhibi-
tion. (C) Inhibition of PP1 increases TIM and PER phosphory-
lation. Transfected S2R+ cells were metabolically labeled with
32P (see Materials and Methods). Cells treated with 4 µM TTM
(along with 100 µM MG132) display more incorporation of 32P,
indicating increased phosphorylation of TIM and PER, as com-
pared with control cells (DMSO). Western blots of one-third of
the samples are shown to demonstrate protein levels. The blots
shown are representative of two independent experiments.
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TIM is more resistant to PP1 inhibition than PER, indi-
cating that less PP1 activity is needed to dephosphory-
late and stabilize TIM in S2R+ cells. Thus, TIM is more
sensitive to PP1 action than PER.

As expected, PER levels were slightly increased when
it was coexpressed with TIM in S2R+ cells (Fig. 6A, lane
7). To our surprise, PER became relatively insensitive to
PP1 inhibition when TIM was present (Fig. 6A, lanes
7–11). In the presence of TIM, PER levels did not de-
crease until the TTM concentration reached 4 µM, at
which point TIM itself was unstable. This indicates that
inhibition of PP1 decreases PER levels only if TIM is
decreased, suggesting that the decreased PER abundance
in NIPP1-overexpressing flies is secondary to the de-
creased TIM protein levels (Fig. 2B; Supplementary Fig.
S4). The addition of proteasome inhibitor MG132 abol-
ished the effect of TTM (Fig. 6A, lanes 6,12,18), confirm-
ing that the decrease in protein levels was due to degra-
dation. Thus, with moderate PP1 inhibition, which ren-
ders PER unstable but allows TIM to accumulate and to
stabilize PER, we have reconstituted the dependence of
PER stability on TIM in the S2 cell culture system.

TIM does not interfere with the effects of PP2A
inhibition on PER in S2R+ cells

Since PP2A dephosphorylates and stabilizes PER (Sathy-
anarayanan et al. 2004), we were interested in determin-
ing whether TIM also protects PER from PP2A inhibi-
tion. Thus, we examined the response of TIM and PER to
okadaic acid (OA), a potent PP2A inhibitor with 100-fold
greater selectivity for PP2A over PP1 (Chatfield and East-
man 2004). At higher concentrations of OA (>250 nM),
both TIM and PER were rendered unstable and, unlike in
response to PP1 inhibition, TIM was not more resistant
than PER to PP2A inhibition (Supplementary Fig. S6). At
lower concentrations (�125 nM), PER exhibited striking
mobility shifts on Western blots that showed a dose de-
pendence on OA (Fig. 6B, lanes 19–22). A mobility shift
of TIM was also observed at OA concentrations of 125
nM (Fig. 6B, lanes 31–34). To confirm that the mobility
shift of TIM was due to phosphorylation, a GSK-3� se-
lective inhibitor AR-A014418 (Bhat et al. 2003) was
added along with OA. At the concentration we used (10
µM), AR-A014418 specifically inhibits GSK-3� activity
(Bhat et al. 2003), and it was predicted to block TIM
phosphorylation. To our surprise, it blocked the mobility
shifts of PER as well as TIM (Fig. 6B, lanes 23,29,35),
suggesting that GSK-3� also may be involved in the
phosphorylation of PER. More importantly, the presence
of TIM did not block the OA-induced mobility shift of
PER (Fig. 6B, lanes 25–30). Thus, although TIM was pre-
viously shown to stabilize PER in S2 cells and block its
phosphorylation by DBT (Ko et al. 2002), our results in-
dicate that not all phosphorylation of PER is affected by
TIM. Taken together, TIM protects PER from degrada-
tion induced by PP1 inhibition, but it does not block
hyperphosphorylation of PER caused by PP2A inhibi-
tion.

Inhibition of PP1 increases phosphorylation of TIM
and PER in S2R+ cells

We noticed that, although the in vitro phosphatase and
co-IP assays suggested direct dephosphorylation of TIM
by PP1 (Fig. 5), inhibition of PP1 did not cause a signifi-
cant change in TIM and PER electrophoretic mobility in
either fly head protein extracts (Fig. 2C; Supplementary
Fig. S4) or culture cells (Fig. 6A), although phosphoryla-
tion-induced mobility shifts were observed with PP2A
inhibition. Since not all phosphorylation events lead to
noticeable changes in protein mobility (Grasser and
Konig 1992), one explanation is that PP1 only affects one
or a small number of phosphorylation sites. Of note, dif-
ficulty in discerning mobility shifts upon phosphoryla-
tion of clock proteins was also reported elsewhere
(Akten et al. 2003; Lin et al. 2005). Nevertheless, in order
to determine whether the decreased stability of TIM and
PER produced by PP1 inhibition is associated with in-
creased phosphorylation, we metabolically labeled S2R+

cells with orthophosphates and examined the integra-
tion of 32P, a more direct indication of phosphorylation
(Fig. 6C). We found that 4 µM TTM increased 32P incor-
poration into TIM and PER in S2R+ cells, indicating in-
creased phosphorylation in response to PP1 inhibition.
The increased phosphorylation was observed even
though overall levels of protein were reduced by TTM
(some degradation occurred despite the presence of
MG132).

Discussion

We show here that PP1 plays a role in the Drosophila
circadian clock by regulating the stability of TIM and
PER. PP1 directly dephosphorylates and stabilizes TIM,
which promotes accumulation of PER (Fig. 6A; Supple-
mentary Fig. S4). The reduction in TIM/PER abundance
caused by PP1 inhibition, somewhat resembling a re-
sponse to continuous dim light (Konopka et al. 1989),
generates a long period coupled with a reduced circadian
rhythmicity phenotype.

TIM/PER accumulation, a controlled step
of the timekeeping mechanism

Inhibition of PP1 in flies significantly decreases TIM
abundance (Fig. 2B), especially TIM accumulation in the
nucleus (Fig. 3A), but the onset of TIM nuclear entry
appears intact (Fig. 2). In cell culture experiments as well
we found that neither PP1c nor NIPP1 affects the sub-
cellular localization of TIM (data not shown). Thus, al-
though PP1 regulates TIM stability, it does not play a
major role in trigging the nuclear entry of TIM, suggest-
ing that additional regulation is required to initiate
nuclear translocation. This is consistent with the finding
that the onset of nuclear accumulation of TIM and PER
is not correlated with their protein levels in the cyto-
plasm (Meyer et al. 2006). Moreover, we found that TIM
protects PER from inhibition of PP1 but not of PP2A (Fig.
6), which allows TIM-stabilized PER to undergo further
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phosphorylation/dephosphorylation. Since dephosphory-
lation of PER by PP2A promotes nuclear translocation of
PER (Sathyanarayanan et al. 2004) and nuclear expres-
sion of TIM appears to depend on PER (Ashmore et al.
2003; Meyer et al. 2006), we conclude that, while PP2A
primarily targets PER and controls the timing of TIM/
PER nuclear translocation, PP1 plays a central role in
stabilizing TIM and PER and regulating their rhythmic
abundance.

NIPP1-overexpressing flies have a specific early- to
mid-night defect (Fig. 3B), and overexpression of NIPP1
produces an additive effect on period lengthening in a
timUL background (Fig. 4A; Table 1). We infer that the
destabilizing effect of NIPP1 during the accumulation
(rising phase) does not affect the action of the timUL

mutation, which increases TIM stability specifically in
the nucleus during the late night (falling phase). The
regulation of TIM stability may involve different mecha-
nisms at different times of the cycle, which is also im-
plied by the different mechanisms used for light-
independent and light-triggered TIM degradation (Grima
et al. 2002; Koh et al. 2006). These data also suggest that
opposite effects on TIM stability can have the same ef-
fect on circadian period if they occur at different times of
day; in this case, longer periods are produced either by
decreased TIM stability during the rising phase (as pro-
duced by inhibition of PP1) or by increased TIM stability
during the falling phase (produced by the timUL muta-
tion).

Different phosphorylation sites for different regulation

Although inhibition of PP1 does not lead to a significant
mobility shift, direct dephosphorylation of TIM by PP1
is suggested by the in vitro phosphatase and co-IP assays
(Fig. 5) as well as by the 32P metabolic labeling in S2R+

cells (Fig. 6C). A mobility change of TIM was observed in
SGG-overexpressing flies, in which TIM nuclear entry is
advanced but TIM stability is not significantly decreased
(Martinek et al. 2001). Hence, although PP1 dephos-
phorylates GSK-3�-phosphorylated TIM in vitro, their
target sites may not completely overlap; in addition, the
functions of PP1 and SGG in regulating the clock are not
simply antagonistic (Fig. 4B). It is likely that different
phosphorylation sites on TIM mediate different cellular
processes and are regulated by different mechanisms. A
similar idea has been proposed for the regulation of Dro-
sophila and mammalian PER (Takano et al. 2004; Lin
et al. 2005; Vanselow et al. 2006; Xu et al. 2007).

Based on these findings, we propose a modified model
for the post-translational regulation of the Drosophila
clock by multiple phosphorylation events (Fig. 7): Once
translated, TIM and PER proteins are subject to modifi-
cations including phosphorylation, which targets them
for proteasome-mediated degradation. PP1 dephosphory-
lates TIM at one or a small number of “stability-critical”
phosphorylation sites that enable TIM to accumulate in
the cytoplasm. The stabilized TIM binds to and stabi-
lizes PER in the cytoplasm. PER is further stabilized by
PP2A, which also promotes PER nuclear translocation.

TIM nuclear expression is promoted by SGG phosphory-
lation, which does not have a major effect on TIM sta-
bility, likely because the “stability-critical” phosphory-
lation site is protected by PP1. TIM/PER are continually
stabilized by PP1 during their nuclear translocation and
accumulation, and they then inhibit their own transcrip-
tion by repressing CLK and CYC. However, our data do
not exclude additional indirect PP1 regulation of TIM/
PER as reported for PP5 in the mammalian clock (Partch
et al. 2006), nor do they rule out the involvement of
additional clock target(s) of PP1.

Regulation of PP1 and its circadian function

Although PP1 is no longer viewed as a simple house-
keeping gene (Honkanen and Golden 2002), a steady
state of PP1c levels seems critical for an organism, as
PP1c is encoded by multiple genes in most eukaryotic
species (Lin et al. 1999). In flies, overexpression of NIPP1
using stronger and more widespread drivers such as tim-
Gal4, elav-Gal4, and actin-Gal4 causes lethality (data
not shown). In addition, we found that the expression of
the Drosophila PP1c isoforms in S2R+ cells is regulated
such that the total PP1c transcript level remains stable
despite the loss or reduction of one PP1c mRNA (Fig.
1C). While it is beyond the scope of this study, it would
be interesting to explore the mechanism underlying this
phenomenon and to determine whether this regulation
of PP1c expression exists in other fly cells.

Figure 7. A model for post-translational regulation of the Dro-
sophila circadian clock by multiple phosphorylation events. De-
phosphorylation of TIM by PP1 prevents TIM from proteasome-
mediated degradation, which enables TIM to accumulate and to
stabilize PER. PP1-stabilized TIM/PER are then subject to fur-
ther phosphorylation/dephosphorylation by SGG and PP2A,
both of which regulate nuclear expression of TIM/PER. Ques-
tion marks indicate unknown mechanisms or processes that
need to be experimentally validated. For instance, it is unclear
whether TIM and PER translocate to the nucleus separately or
as heterodimers, whether DBT phosphorylates TIM or SGG
phosphorylates PER in vivo as implied by our in vitro and cell
culture experiments, and which kinase is the counterpart of PP1
that phosphorylates TIM at the “stability-critical” site.
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The functional diversity of PP1 is exerted via its asso-
ciation with a large variety of regulatory subunits (Hon-
kanen and Golden 2002). PP1 regulatory subunits not
only confer in vivo substrate specificity by directing
PP1c to various subcellular loci for its substrates, but
also allow the activity of PP1 to be modulated in re-
sponse to intracellular signals and extracellular stimuli
(Egloff et al. 1997). It is possible that some adaptor pro-
teins/PP1 regulatory subunits facilitate the interaction
between PP1 and TIM documented here through co-IP
experiments (Fig. 5B). In addition, although none of the
PP1c isoforms is rhythmically expressed in the fly head
(Supplementary Fig. S7), the regulatory subunit(s) target-
ing PP1 to “clock substrates” may oscillate. The para-
digm for the cyclic phosphatase activity concept is
PP2A, whose regulatory subunits TWS and WDB are ex-
pressed with a robust circadian rhythm and affect Dro-
sophila behavioral rhythms (Sathyanarayanan et al.
2004).

The mechanisms by which TIM stabilizes PER are not
known, but it is possible that they involve phosphoryla-
tion. Perhaps most importantly, PER is stable and
nuclear in tim01 flies if the kinase DBT is also knocked
down (Cyran et al. 2005), suggesting that, in the absence
of TIM, PER is subject to excessive destabilizing phos-
phorylation. Thus, TIM may stabilize PER either by de-
creasing phosphorylation by DBT, or by increasing de-
phosphorylation by a phosphatase such as PP2A or PP1.
Since DBT accumulation is not under circadian control
and it is found in complexes with PER at all times in
vivo (Kloss et al. 2001), it is likely that the phosphatase
activity is dynamic and limiting, regulating the rhyth-
mic abundance of PER. Our data suggest that PP1 is the
primary phosphatase involved in the stabilizing effect of
TIM on PER, as TIM is not more resistant than PER to
PP2A inhibition (Supplementary Fig. S6) and does not
appear to affect dephosphorylation of PER by PP2A (Fig.
6B). Given that PER does not contain an RVxF-binding
motif as found in TIM, it is tempting to speculate that
TIM is a target as well as a regulatory subunit of PP1,
which may target PP1c to PER and up-regulate local PP1
activity to antagonize the destabilizing action of clock
kinases on PER. We suggest that identification of the
circadian-relevant PP1 regulatory subunit(s) will provide
profound insight into the post-translational regulation of
the clock.

Conservation of PP1 function in the clock

Our study demonstrates that PP1 plays an essential role
in the regulation of the Drosophila clock. PP1 is one of
the most conserved eukaryotic proteins, and it often per-
forms similar essential functions in different species. In-
deed, studies in the dinoflagellate and the fungus Neu-
rospora have also implied a clock function for PP1. Con-
sistent with the long period phenotype caused by
inhibiting PP1 in flies, short pulses of phosphatase in-
hibitors in dinoflagellates cause phase delays (Comolli et
al. 1996), and PP1 appears to be the dominant phospha-
tase mediating this circadian function (Comolli et al.

2003). In Neurospora, PP1 regulates the stability of the
clock component FREQUENCY (FRQ) (Yang et al. 2004).
And recently, PP1 was reported to regulate degradation
of the mammalian clock protein PER2 (Gallego et al.
2006). Together, multiple studies indicate an evolution-
arily conserved role for PP1 in the circadian clock.

Materials and methods

RNAi and qPCR

Isoform-specific PP1c dsRNA was generated by in vitro tran-
scription of DNA fragments containing sequences from the un-
translated region (UTR) of each PP1c and a T7 promoter at both
the 5� and 3� ends (see the Supplemental Material for primer
sequences). dsRNA against GFP was previously described (Sa-
thyanarayanan et al. 2004). One microgram of dsRNA was
added to the culture medium 5 h after transfection and was
incubated with cells for 4 d before harvest for Western blot
analysis. For qPCR, total RNA was isolated from S2R+ cells
using RNeasy Mini kit (Qiagen), or from fly heads using Trizol
(Invitrogen). After DNase treatment, RT reactions were per-
formed using the cDNA Archive kit (Applied Biosystems) with
random primers. The cDNA was then used for SYBR green-
based real-time PCR (ABI Prism) with PP1c isoform-specific
primers (see the Supplemental Material). actin was used to nor-
malize the mRNA levels of each PP1c or of tim in the fly head
experiments.

Western blot analysis

Cells or fly heads were collected as previously described (Sathy-
anarayanan et al. 2004) and then lysed in 4× LDS Sample Buffer
(Invitrogen). Lysates were separated on 3%–8% tris-acetate gels
(Invitrogen) and subject to Western blot. Primary antibodies
were used at the following dilutions: anti-TIM (UPR8), 1:1000;
anti-V5 (Invitrogen), 1:1000; anti-HA (Covance), 1:500; anti-PER
(332), 1:25,000; anti-HSP70 (Sigma), 1:20,000.

Fly lines, locomotor activity measurements, and statistics

Transgenic flies carrying UAS-sgg (stock #5361) and GMR-
GAL4.w[−] (stock #9146) were obtained from the Bloomington
Stock Center. Other fly lines were kindly provided by several
researchers (see Acknowledgments). Flies were entrained to a
LD cycle at 25°C. Locomotor activity of individual flies was
monitored under DD for 10–14 d and analyzed as previously
described (Sathyanarayanan et al. 2004). The length of the cir-
cadian period, �, was calculated using �2 periodogram analysis,
and the relative power of rhythmicity was indicated as Fast
Fourier Transformation (FFT) value. Statistical significance was
determined by two-tailed Student’s t-test with unequal variance
at P < 0.05.

Immunohistochemistry

For larvae brain immunostaining, populations of developing
per01 flies were kept in DD. Third instar larvae brains were
briefly dissected in dim red light and incubated in Schneider’s
culture medium containing vehicle DMSO or TTM (4 µM),
alone or along with MG132 (100 µM) in darkness for 4 h at 18°C
with gentle shaking. Brain tissue was then fixed with 4% para-
formaldehyde and further dissected with lights on. Adult fly
brains were dissected and processed as described (Sathyana-
rayanan et al. 2004). Samples were incubated with primary
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antibodies diluted as anti-PDF (HH74), 1:1000; and anti-TIM
(UPR8), 1:1000. Ten to 20 fly brain hemispheres were examined
per condition. Immunofluorescent images were obtained with a
Leica confocal microscope and LNs were identified by PDF
staining.

Co-IP

Transfected S2R+ cells were lysed in lysis buffer (10 mM HEPES
at pH 7.5, 100 mM KCl, 1 mM EDTA, 10% Glycerol, 0.1%
Triton X-100, 5 mM DTT, protease inhibitors). Cell lysates
were incubated with rabbit anti-V5 antibody (Bethyl Laborato-
ries) and Protein G Dynabeads (Invitrogen) in immunoprecipi-
tation buffer (10 mM HEPES at pH 7.5, 300 mM NaCl, 1 mM
EDTA, 1 mM DTT, 0.3% Triton X-100, 0.01% SDS, protease
inhibitor) overnight at 4°C.

In vitro dephosphorylation assay

Immunoprecipitated TIM was in vitro phosphorylated with
�-P32 ATP by CK1� or GSK-3� (see the Supplemental Material)
and then incubated with the indicated units of PP1 (New En-
gland Biolabs) for 30 min at 30°C in 20 µL of PP1 reaction buffer
(50 mM HEPES at pH 7.0, 100 µM EDTA, 5 mM DTT, 0.25%
Tween 20, 1 mM MnCl2, protease inhibitors, 50 µM 5-IT). Re-
actions were terminated by adding 4× LDS Sample Buffer (In-
vitrogen) and run on 3%–8% tris-acetate gels (Invitrogen). Equal
loading of TIM was confirmed using Silver Stain Plus kit (Bio-
Rad), and the P32 signal was detected by autoradiography.
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