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The neuropeptide PDF is important for Drosophila circadian
rhythms: pdf 01 (pdf-null) animals are mostly arrhythmic or short
period in constant darkness and have an advanced activity peak in
light–dark conditions. PDF contributes to the amplitude, synchrony, as well as the pace of circadian rhythms within clock neurons. PDF is known to increase cAMP levels in PDR receptor (PDFR)containing neurons. However, there is no known connection of
PDF or of cAMP with the Drosophila molecular clockworks. We
discovered that the mutant period gene per S ameliorates the phenotypes of pdf-null flies. The period protein (PER) is a well-studied
repressor of clock gene transcription, and the per S protein (PERS)
has a markedly short half-life. The result therefore suggests that
the PDF-mediated increase in cAMP might lengthen circadian period by directly enhancing PER stability. Indeed, increasing cAMP
levels and cAMP-mediated protein kinase A (PKA) activity stabilizes PER, in S2 tissue culture cells and in fly circadian neurons.
Adding PDF to fly brains in vitro has a similar effect. Consistent
with these relationships, a light pulse causes more prominent PER
degradation in pdf 01 circadian neurons than in wild-type neurons.
The results indicate that PDF contributes to clock neuron synchrony by increasing cAMP and PKA, which enhance PER stability
and decrease clock speed in intrinsically fast-paced PDFR-containing clock neurons. We further suggest that the more rapid degradation of PERS bypasses PKA regulation and makes the pace of
clock neurons more uniform, allowing them to avoid much of the
asynchrony caused by the absence of PDF.
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molecular circadian clock controls the physiology and behavior of most eukaryotes and even some prokaryotes.
Transcriptional feedback loops are important features of most
circadian systems, and animal molecular clocks rely on many
conserved proteins controlling the cycling expression and activity
of key clock genes. In Drosophila, they include period (per) and
timeless (tim), which are expressed in about 150 neurons in the fly
brain. per and tim are activated by a heterodimer of two basichelix–loop–helix (bHLH) transcription factors, CLOCK (CLK)
and CYCLE (CYC). After their mRNA levels peak in the early
night, per and tim protein (PER and TIM, respectively) levels
peak in the late night (1, 2). PER and TIM then inhibit the
transcriptional activity of CLK:CYC, which decreases their own
expression (3). In the absence of synthesis, PER and TIM levels
decrease until CLK:CYC is liberated and per and tim mRNA
synthesis begins anew. This negative-feedback loop persists with
∼24-h periodicity in constant darkness (DD), i.e., without any
resetting clues from the environment. However, internal resetting clues likely contribute to the maintenance of oscillator
amplitude or the synchrony of different neuronal oscillators.
The neuropeptide pigment-dispersing factor (PDF) is secreted
by the ventrolateral subgroup of Drosophila clock neurons (LNvs)
and makes a critical contribution to synchronizing and resetting
circadian neurons (4, 5). This conclusion is based in large part on
features of homozygous pdf01 flies. They have no PDF and show
a 1–2 h advanced evening activity peak in light–dark (LD) as well
as a short period in DD; most animals become arrhythmic within
a few days (4). The DD arrhythmicity of pdf01 flies is caused at
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least in part by weak and asynchronous oscillators (6). The asynchrony reflects the fact that some clock neurons run faster than
normal without PDF, whereas others may run more slowly (6, 7).
Given the advanced evening peak in LD and the short period in
DD, the fast neurons appear to dominate the behavioral profile
of pdf01 flies.
The PDF receptor gene (pdfr) responds to PDF and encodes
a G-protein–coupled receptor (PDFR). It is expressed in a broad
subset of clock neurons, and a pdfr deletion is almost identical to
the pdf01 phenotype, including the advanced evening peak and
fast pace in DD (8–10). Because PDF increases cAMP levels in
at least some PDFR-expressing neurons (8, 9, 11, 12), enhanced
cAMP levels may slow the intrinsically fast pace of some PDFRcontaining clock neurons. cAMP may then affect clock speed
only indirectly or by directly impacting the clock machinery.
A clue to this relationship came from our serendipitous observation that the period-short (perS) gene substantially improves
the arrhythmicity of pdf01 flies. perS flies have a very short circadian period (∼19 h vs. ∼24 h for wild-type flies) (13), and
PERS has a markedly shorter half-life than PER (14–18). This
suggests that the function of PDF and enhanced cAMP levels is
to slow the pace of PER degradation in PDFR-expressing clock
neurons; the intrinsically fast degradation of PERS can bypass
this regulatory step.
To examine this possibility, we mimicked the effects of PDF by
manipulating cAMP levels and PKA activity in cell culture as
well as in fly brains. PER degradation was inhibited by increasing
cAMP levels, and cAMP-mediated PKA activation also stabilized PER. Importantly, PERS was less sensitive than PER to
increases in cAMP levels. Consistent with a stabilizing role of
PDF, a light pulse caused more prominent PER degradation in
pdf-null mutant flies than in wild-type flies. These observations
indicate that PDF contributes to clock neuron synchronization
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Results
perS Improves the Rhythmicity of pdf 01 Flies. As described above,

pdf01 flies show a ∼1–2 h advanced evening peak in LD and
a comparably short period in DD before they become arrhythmic. This short period connects with our recent work showing
that perS flies have a short-lived per protein, i.e., PERS degrades
more rapidly than PER. We considered that if all circadian
oscillators had the same very short ∼19-h period of perS, this
might compensate for the oscillator asynchrony feature of pdf01
flies. To test this notion, we created double-mutant perS;;pdf01
flies, which indeed maintain a more robust short period in DD;
in other words, the perS mutation partially rescues the arrhythmicity of the pdf01 mutation (Fig. 1 and Table 1; the actograms of
representative individual flies are shown in Fig. S1). We note
that the behavioral rhythms of perS flies as well as per S;;pdf 01
flies also appear more robust than those of flies containing only
a wild-type per gene (Fig. 1). Moreover, the period of the doublemutant flies is only marginally different (∼0.5 h shorter) than
that of perS flies.
One interpretation of this partial rescue is that there is less
oscillator asynchrony in the perS background and therefore less
need for PDF to slow the pace of some fast-running oscillators
to maintain rhythmicity in DD (Discussion). The results also
have a mechanistic implication for wild-type flies: they suggest
that PDF slows the pace of circadian rhythms by enhancing
PER stability. The rapid turnover of PERS may bypass this regulatory step.
Partial Rescue of PER Oscillations in pdf 01 Neurons by perS. Although
the rhythmicity of pdf01 flies is improved by the perS mutation
(Fig. 1), it is still unclear the extent to which individual circadian
neurons are rescued at the molecular level. To address this
question, pdf 01 and perS;;pdf 01 flies were collected at circadian
time 10 (CT10) and CT22, and brains were dissected and immunostained with an anti-PER antibody. These times were chosen
because PER levels are normally low and high at CT10 and
CT22, respectively. Flies were collected during DD1 as well as
DD5. (DD1 is the first cycle in DD, whereas DD5 is the fifth, and
robust PER cycling persists within many clock neuron groups for
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Increasing cAMP and PKA Activity Stabilizes PER in S2 Cells. The
positive effect of PDF on cAMP levels in PDFR-containing
target neurons (12) suggests that an increase in cAMP levels
might enhances PER stability. To test this possibility, we turned
to the PER degradation S2 cell assay recently described. Following transcriptional activation of a heat shock per gene, the
translation inhibitor cycloheximide (CHX) is added and then PER
levels determined over a time course with anti-PER Western
blots (17). This assay was combined with the addition of forskolin
(FSK) or the addition of the cAMP analog Sp-adenosine-3′,5′cyclic monophosphorothioate triethylamine (Sp-cAMPS). FSK
activates adenylyl cyclase and has been previously used to phenocopy the effects of PDF in brain-imaging experiments (12).
Sp-cAMPS is a specific activator of cAMP-dependent protein kinases (19). The rate of PER degradation is markedly decreased by FSK addition or by adding increasing amounts of

C

D

Day

A

cs

perS

pdf01

perS;; pdf01

Fig. 1. perS ameliorates the loss of PDF. Flies were entrained in 12:12-h light–dark (LD) cycles at 25 °C for at least 3 d, and then moved to constant-dark
conditions (DD) for 6 d. The data were collected and double plotted on an actogram. Actograms are presenting the locomotive activity of following genotypes: (A) canton-S (cs); (B) perS; (C) rhythmic flies of pdf01; (D) rhythmic flies of perS;;pdf01. The mean of the period for the first 5 d in DD, the total number of
animals, and the percentages of rhythmic animals are shown in Table 1. The actograms of several single flies are shown in Fig. S1.
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at least 5 d.) To accommodate the different period lengths of the
two genotypes (Table 1), the real time points were converted as
described by Yoshii et al. (7). In brief, periods were divided by 24
to get one “hour unit”: CT10 is the 10th hour unit and CT22 is the
22nd hour unit of a cycle. Because the period of the perS;;pdf 01
genotype is about 4.5 h shorter than that of the pdf 01 genotype, six
perS;;pdf 01 cycles is roughly equal to five pdf 01 cycles. For simplicity, we examined and compared PER staining within three
groups of clock neurons: dorsal neurons 1 (DN1s), dorsal-lateral
neurons (LNds), and LNvs (includes large and small LNvs).
The normally dramatic oscillation of PER signal is significantly dampened by the fifth cycle in pdf01 DN1s and LNvs,
reflecting asynchrony and/or weaker oscillation amplitude in
these two neuronal groups. They contrast with the LNds within
which persistent strong PER cycling persists for the 5 d in DD
(Fig. 2A). This result is essentially identical to that previously
reported for TIM oscillations within pdf01 brains (7). In striking
contrast, PER oscillations are still robust in all three groups of
neurons in the perS;;pdf01 strain even in the sixth circadian day
of DD (Fig. 2B). As this cycling is indistinguishable from what
is observed for wild-type and perS flies in DD (Fig. S2) (6), it
indicates that the behavioral change reflects an alteration of
molecular oscillations within the individual clock neurons.
Given the effect of pdf01 on clock pace as well as the effect of
the perS mutation on PER turnover, the observations suggest
that PDF may decrease the rate of PER degradation within
some clock neurons.
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by up-regulating cAMP levels, activating PKA, and enhancing
PER stability in target neurons. The stronger and more rapid
degradation of PERS may allow perS neurons to maintain better
synchrony and rhythmicity without PDF.

Table 1. Activity rhythm phenotypes

A

Genotype

Period

SEM

n

R, %

pdf01
cs
perS;;pdf01
perS

22.7***
23.7
18.5***
19.1

0.2
0.1
0.1
0.1

48
42
60
33

45.8
97.6
78.3
97.0

B

Relative PER Level

Sp-cAMPS (Fig. 3A). Another cAMP analog, Rp-adenosine-3′,5′cyclic monophosphorothioate triethylamine (Rp-cAMPS), is a
specific competitive inhibitor of cAMP-dependent protein kinases (20). Rp-cAMPS has the opposite effect of FSK and SpcAMPS, and increases the rate of PER degradation (Fig. S3). The
results indicate that PER stability is enhanced by activation of
cAMP-dependent pathways including PKA and suggest that PDF
functions in part by stabilizing PER.
FSK and Sp-cAMPS activate a number of cAMP-dependent
pathways including PKA (21). This was a prime candidate in part
because Neurospora PKA phosphorylates and stabilizes the im-

Relative PER Level

Period, the average period in 5 d of DD rhythmic animals; n, total animal
numbers from three individual experiments; R, %, percentage of rhythmic
animals. ***Significantly different from their control flies that do not have
pdf01 mutation, P < 0.001, determined by Student t test.

Fig. 3. The up-regulation of cAMP in S2 cells inhibits PER degradation. PER
degradation rate was assayed in vitro using Drosophila S2 cells. The expression of per under the control of a heat shock promoter was induced
using a 37 °C heat shock for 30 min. (A) The effect of up-regulation of cAMP
on PER stability was assayed by adding cycloheximide (CHX) with or without
forskolin (FSK) and Sp-cAMPS (Sp) 2 h post induction. (B) The effect of PKA
on the stability of PER was examined by adding a PKA inhibitor PKI to the
cells to inhibit the activity of PKA after FSK induction. Total protein was
extracted at different time points after each treatment. PER was detected
using an anti-PER. β-Actin was used as loading control. The histogram below
the blots represents the mean relative intensity of the blots from three independent experiments. Error bars represent ±SEM. The triple asterisk (***)
represents P < 0.001, and “n.s.” represents no statistical significance as determined by one-way ANOVA test.
Fig. 2. Oscillation of PER in the different clock neurons of pdf01 and perS;;
pdf01 flies in DD. Pdf01 and perS;;pdf01 flies were entrained in 12:12 light–
dark (LD) cycles at 25 °C for 3 d, and then moved to DD. Relative PER levels in
DN1s, LNds, and LNvs from the brains at CT10 and CT22 were compared.
Because the periods of these flies did not maintain a period of 24 h in DD
(Table 1), their periods were divided by 24 to designate a specific one “hour
unit.” CT10 and CT22 are the 10th and 22nd “hour units,” respectively. DD1,
5, and 6 indicate the first, fifth, and sixth period cycle in DD, respectively.
Because the period of a perS;;pdf01 fly was about 4.5 h shorter than a pdf01
fly, the time length of six cycles in a perS;;pdf01 fly was roughly equivalent to
the length of five cycles in a pdf01 fly. The histograms represent the mean
relative PER intensity in the indicated neurons in pdf01 flies (A) and perS;;
pdf01 flies (B). The number of hemispheres is indicated by “n.” Error bars
represent ±SEM. The triple asterisk (***) represents P < 0.001, the double
asterisk (**) represents P < 0.01, and “n.s.” represents no statistical significance as determined by Student t test. The oscillations of PER in the clock
neurons of WT and perS flies are shown in Fig. S2.
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portant transcriptional repressor FREQUENCY (FRQ) (22),
which functions in Neurospora rhythms similarly to Drosophila
PER. To assess the role of PKA in PER stability regulation, we
combined FSK with the specific PKA inhibitor PKI(14–22). The
results show that PKI addition significantly reduces the effect of
FSK (Fig. 3B), indicating that PKA mediates a substantial fraction of the cAMP effect on PER degradation. There may be a
slight effect of PKI alone (Fig. 3B), suggesting that PKA impacts PER stability independent of PDF-mediated up-regulation
of cAMP.
Increasing cAMP Stabilizes PER in Fly Brains. To confirm and extend
this conclusion, a further PER stability assay was done in fly
clock neurons. We focused on the ventrolateral group (LNvs),
Li et al.

In Vitro Addition of PDF Stabilizes PER in Fly Brains. Because SpcAMP may exaggerate physiological levels of cAMP induced by
PDF, the assay was repeated but with the application of PDF
rather than Sp-cAMPS directly onto the dissected fly brains. The
peptide concentration was 10 μM, which is sufficient to induce
the cAMP response within circadian neurons (12).

PDF Inhibits Light-Induced PER Degradation. Light enhances the
firing rate of PDF neurons, and morning phase shifts appear to
require the l-LNvs (28, 29). Although TIM degradation is intimately connected with light-mediated phase shifts (24, 30–32),
our recent study showed that PER degradation is also relevant
(17). Given the likely positive relationship between PDF signaling
and PER stabilization, we asked whether PER disappearance
was more pronounced after a light pulse in the absence of PDF.
To this end, we assayed the effect of a light pulse at ZT18 on
PER staining intensity within the LNvs of pdf01 flies, which were
labeled with GFP. Brains were dissected and stained at ZT19
after a standard light pulse protocol, namely10 min of light and
50 min in the dark. PER staining was compared with control
brains dissected at ZT19 in the absence of a light pulse (17).
As previously described, a light pulse at ZT18 has no effect on
PER signal within the LNvs of wild-type flies (Fig. 7 A and B)
(17). In contrast, the same light pulse protocol dramatically reduced PER signal within LNvs of pdf01flies (Fig. 7 A and B). This
is consistent with the notion that light causes PDF release, which
then enhances PER stability.

Discussion
Since the original observation that pdf01 flies have a highly reliable 1–2 h advanced activity phase in LD and short period in DD
before they become arrhythmic (4, 5), it has been assumed that
PDF functions at least in part to lengthen the period of at least
some brain oscillators that run too fast in its absence. Indeed,
there is evidence in favor of this notion (6, 7), and it is likely that
the pdf01 strain arrhythmicity results from conflicts between neuronal oscillators that run too fast and others that maintain a ∼24-h
pace or may even run more slowly without PDF (7). The substantial improvement of pdf01 rhythmicity by the perS gene (Figs.
1 and 2) therefore suggests that perS endows all oscillators with
such a short period that they have a more uniform pace and
substantially reduced oscillator asynchrony without PDF.
Although there was no information on how PDF might function to lengthen the period of the fast oscillators, the effect of
perS implicates PER as a candidate molecular target. Because
PERS is known to disappear rapidly in the nighttime, this further
suggests that the PER degradation rate might be the biochemical
target of PDF period lengthening. An even more specific version

Fig. 4. Activation of PKA inhibits PER degradation in fly brains. Brains of light-insensitive cry01 flies were dissected and immunostained at ZT22 and ZT4 to
show PER degradation during that period. As controls, fly heads collected at ZT22 and ZT4 were fixed and dissected. Another group of heads were collected
and dissected at ZT22 in adult hemolymph-like media (AHL) with drugs including PKA activator Sp-cAMPS and PKA inhibitor PKI as indicated in the figure.
Brains were incubated in the AHL, with or without drugs, until ZT4 before fixed. (A) PER staining (magenta) in PDF cells (green). (Scale bar: 20 μm.) (B)
Quantification of PER signal in PDF cells. All results were normalized to the brain that had the strongest signal at ZT22. The number of hemispheres tested is
indicated by “n.” The bars in the histogram indicate the mean relative PER intensity. Each experiment was performed two to four times, and the number of
hemispheres quantified is indicated below each bar. Error bars represent ±SEM. The letters above each bar represent the statistically significant groups as
determined by one-way ANOVA, Turkey post hoc test.
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The addition of PDF dramatically stabilized PER during the
6-h incubation (Fig. 6); this effect was also inhibited by the PKA
inhibitor PKI (Fig. 6). As these clock neuron results are quite
similar to those from S2 cells (Fig. 3), they further suggest that PDF
increases cAMP levels, enhances PKA activity, and stabilizes PER.
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which controls circadian clock timing. LNvs are divided into two
subgroups based on size, large-LNvs (l-LNvs) and small-LNvs
(s-LNvs). Notably, all four s-LNvs and two of the four l-LNvs
express PDFR (23), and all eight LNvs express PDF. Although
this neuropeptide is usually an excellent marker to recognize LNvs
and also to distinguish LNv cell body size, incubation in adult
hemolymph-like saline (AHL) for the several hours required for
this experiment caused a substantial but variable decrease in
PDF signal. This made it impossible to distinguish s-LNvs from
l-LNvs in some brain samples, so all PDF cells were included as
a single group in this assay. To avoid the well-known and important effect of light on clock protein stability (17, 24, 25),
circadian-blind cry01 flies were used in these experiments; cry01
flies manifest normal PER cycling within PDF neurons (23, 26).
Flies were collected at Zeitgeber time 22 (ZT22) (10 h after
lights off and 2 h before lights on) when PER is at or near peak
levels (15, 17), and the brains were immediately dissected. They
were incubated in AHL for 6 h, corresponding to an in vivo time
of ZT4 or 4 h after lights on. PER levels at ZT4 are much lower
than their peak levels at ZT22 (15, 17). As there is rather little
per mRNA and therefore probably rather little PER synthesis
between ZT22 and ZT4 (27), it is likely that the normal decrease
in PER levels observed in vivo between ZT22 and ZT4 is due to
PER degradation.
PER staining intensity within LNvs decreased dramatically
during the 6-h in vitro incubation in AHL (Fig. 4 A and B).
Because this residual PER signal is comparable to that in LNvs
of flies dissected and directly stained at ZT4, PER degradation
occurs similarly in vitro and in vivo after ZT22 (Fig. 4B, group
B). Although we could not use FSK in this assay (the solvent
DMSO had strong effects), the addition of water-soluble SpcAMPS dramatically increased PER staining intensity at the end
of the 6-h incubation as there was no significant reduction of
PER levels within PDF neurons (Fig. 4B, group A); this effect
was inhibited by the concomitant addition of PKI (Fig. 4 A
and B). Interestingly, PERS stability was less sensitive than
PER to increases in cAMP levels (Fig. 5), suggesting that this is
why the perS flies are less sensitive to the absence of PDF (Figs.
1 and 2B).

Fig. 5. Degradation of PERS cannot be inhibited by PKA activation. Brains
of perS;;cry01 flies were immunostained using anti-PER antibody. PER signal
in PDF neurons was quantified as described in Fig. 4. (A) PER staining (magenta) in PDF cells (green). (Scale bar: 20 μm.) (B) Quantification of PER signal
in PDF cells. The histogram shows the mean relative PER intensity and the
number of hemispheres quantified. Error bars represent ±SEM. The letters
above each bar represent the statistically significant groups as determined
by one-way ANOVA, Turkey post hoc test.

of this notion follows from the PDF-mediated increases in cAMP
levels in PDFR-expressing clock neurons (12). Because PDFR is
expressed in many clock neurons, including subsets of LNvs,
LNds, and DN1s (23), this increase in cAMP may slow the pace
of PER degradation in intrinsically fast-paced PDFR-expressing
clock neurons. Indeed, the data indicate that increasing cAMP
levels and PKA activity inhibits PER degradation in cell culture
as well as in fly brains (Figs. 3, 4, and 6). Although these increases
are probably in excess of what normally occurs in response to
PDF, addition of PDF to brains in vitro has a similar effect. Because
the additions of kinase inhibitors Rp-cAMPS and PKI increased
the rate of PER degradation in S2 cells as well as in brains (Figs.
3, 4, and 6, and Fig. S3), we suggest that PDF-induced up-regulation
of cAMP level and PKA activity likely affect PER stability.
A light pulse at night caused more prominent PER degradation in pdf01 mutant flies than in wild-type flies (Fig. 7). As nighttime light also causes premature TIM degradation and a consequent advance in PER degradation in many clock neurons (17),
some of these neurons could be the intrinsically fast (22- to 23-h
period) oscillators that are impacted by PDF and experience
enhanced cAMP levels to slow their rate of PER degradation
and clock pace. These probably include the s-LNvs and the DN1s,
many of which are PDFR-positive [Fig. 2, Fig. S2, and Yoshii
et al. (7)]. Based on the behavioral phenotype of pdf01 flies in LD
and DD, the effect of PDF on PER degradation probably occurs
in the late night–early morning in a LD cycle and at the same
(subjective) time in DD. This is also the time when PER degradation is most prominent.

Interestingly, the firing rate of PDF-containing neurons, the
l-LNvs as well as the s-LNvs, is also maximal near the beginning
of the day (28, 33), in DD as well as LD; this is also the likely
time of maximal PDF release from s-LNv dorsal projections (34).
In addition, the l-LNvs promote light-mediated arousal, also
mediated at least in part by PDF (23, 29, 35). Taken together
with the fact that light has been shown to increase the firing rate
of l-LNvs in a CRY-dependent manner (28), it is likely that lights
on in the morning also potentiates the PDF-cAMP system. Note
that the end of the night–beginning of the day is the time in the
circadian cycle dominated by clock protein turnover, i.e., this is
when there is little per or tim RNA or protein synthesis. This
further supports a focus on clock protein turnover regulation at
these times.
Because the mammalian neuropeptide VIP contributes to oscillator synchrony within the SCN in a manner that resembles at
least superficially the contribution of PDF to oscillator synchrony
within the fly brain circadian network, VIP might function similarly to PDF (36). However, VIP probably connects differently
to the mammalian clock system. For example, morning light almost certainly up-regulates clock protein transcription in mammals,
for example, per1 transcription (37). Therefore, VIP-mediated upregulation of cAMP levels probably activates CREB and clock gene
transcription through CRE sites in mammalian clock gene promoters rather than influencing clock protein turnover like in flies
(38, 39).
The stabilization effect of PDF and cAMP on PER requires
PKA activity within circadian neurons (Figs. 4 and 6). The effect
could be indirect, through unknown PKA targets including other
clock proteins. However, PER is known to be directly phosphorylated by multiple kinases; they include NEMO, which stabilizes PER (16). In addition, a study in Neurospora shows that
PKA directly phosphorylates and stabilizes FRQ (22). Because
FRQ and PER have similar roles (40, 41), protein turnover in
the two clock systems may be similar beyond the shared role of
the CK1 kinase (42). Based also on the S2 cell experiments (Fig.
3), we suggest that PKA directly phosphorylates PER and enhances its stability. This could occur by inhibiting a conformational switch to a less stable structure, a possibility that also applies
to NEMO-mediated PER stabilization (16, 43, 44). PKA could
also phosphorylate other clock proteins; this is by analogy to the
known PER kinases NEMO and DOUBLETIME (DBT), which
also phosphorylate CLK (45, 46).
The more rapid intrinsic degradation of PERS may at least
partially bypass the effect of PKA phosphorylation and therefore
PDFR stimulation. This may endow all circadian neurons with a
more uniform period, which can maintain synchrony and therefore rhythmicity without PDF. The fact that PERS is less sensitive

Fig. 6. In vitro addition of PDF stabilizes PER in fly brains. Same experiment was performed as in Fig. 4, except that 10 μM PDF peptide instead of Sp-cAMPS
was added to the AHL. Brains were dissected at ZT22 in AHL with peptide and drug as indicated in the figure. The brains were incubated for 6 h until ZT4
before and fixed. (A) PER staining (magenta) in PDF cells (green). (Scale bar: 20 μm.) (B) PER signal in PDF cells was quantified. Data were analyzed as in Fig. 4.
The bars in the histogram indicate the mean relative PER intensity. The number of brain hemispheres tested in two independent experiments is indicated by
“n.” Error bars represent ±SEM. The triple asterisk (***) represents P < 0.001, and “n.s.” represents no statistical significance as determined by one-way
ANOVA, Turkey post hoc test.
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than PER to increases in cAMP levels (Fig. 5) is consistent with
this interpretation, although an earlier phase of PERS degradation might also influence this result.
One further consideration is the 0.5-h period difference between the perS and the perS;;pdf01 strains. A residual periodlengthening effect of PDF suggests that perS does not endow all
oscillators with the identical period, i.e., that there is still some
asynchrony between different perS neurons without PDF. This
may reflect an incomplete bypass of PKA by PERS or an additional effect of cAMP or PKA on other clock proteins. Nonetheless, several perS neuronal oscillators maintain a strong amplitude
without PDF (Fig. 2 and Fig. S2). Although this is commonly
taken to reflect an effect on synchrony, another possibility is
based on data indicating that PDF normally enhances oscillator
amplitude as well as synchrony; weak amplitudes may then be the
more proximal cause of behavioral arrhythmicity. With this notion in mind, we suggest that PERS-containing oscillators are
not only short period but also more robust, i.e., that the more
rapid turnover of PERS makes the clock stronger. More robust
rhythmicity is also apparent in the behavioral records of all perScontaining strains (Fig. 1). In this view, the stronger degradation
“drive” of PERS makes these oscillators more cell autonomous
and therefore less dependent on neuronal mechanisms like firing
and PDF release, which enhance oscillator synchrony and amplitude. The general notion is that discrete differences in clock
molecule properties can change the relationship of the transcriptional cycle to the circadian brain network.
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Drosophila Stocks and Plasmids. Drosophila melanogaster were reared on
standard cornmeal/agar medium supplemented with yeast. The wild-type
(Canton-S) and perS flies were described by Konopka and Benzer in 1971
(13); pdf-null mutant (pdf01) was described by Renn et al. (4), and it was
crossed with UAS-mCD8-GFP;pdf-GAL4 (47) flies to generate UAS-mCD8-GFP;
pdf-GAL4;pdf01 flies; it was also crossed with perS flies to generate perS;;
pdf01 flies; cry01 fly was described by Dolezelova et al. (48). The flies were
entrained in 12:12 LD cycles at 25 °C. For the heat shock experiment in
culture, the coding region of per with a V5 tag sequence was cloned into
a pCaSpeR-hs vector (17).
S2 Cell Transfection and In Vitro Degradation Assay. Drosophila Schneider 2
S2 (Drosophila Schneider 2) cells were maintained in insect tissue culture
medium (HyClone) with 10% (vol/vol) FBS and 1% (vol/vol) antibiotics–
antimycotics (Gibco) at 25 °C. Transfection was performed when cell confluency reached 50–70%. Cellfectin II (Invitrogen) was used according to the
previously described protocol (49). The protocol of inducing PER expression
was the same as previously described (17). S2 cells transfected with pCaSpeRhs-per were heat shocked in 37 °C water bath for 30 min. Then the plates
were put in a 25 °C incubator for 2 h. Then the cells were treated with 100
μg/mL CHX (10 mg/mL stock solution in water; Sigma-Aldrich), alone or with
20 μM FSK (50 mM stock solution in DMSO; Sigma), 150 μM Sp-cAMPS, 150
μM Rp-cAMPS (10 mM stock solution in water; Santa Cruz Biotechnology),
and 0.5 μM PKI(12–22) (1 mM stock solution in water; Invitrogen). The cells
were lysed with 300 μL of RBS buffer (45) at different time points. The lysates
were denatured in SDS buffer at 100 °C for 10 min. The total proteins were
resolved on 3–8% Tris-acetate gel (Invitrogen) and transferred to nitrocellulose membranes using the iBlot Dry Blotting (Invitrogen). The antibodies
against PER (rabbit; 1:3,000) (50) and β-Actin (mouse; 1:3,000; Sigma)
were used.
Locomotor Activity Analysis. Locomotor activity of individual male flies (aged
2–5 d) were measured with Trikinetics Activity Monitors for at least 3 d under 12:12 LD conditions followed by at least 5 d of DD at 25 °C. The group
activity were generated and analyzed with MATLAB (MathWorks) (51).
Fly Brain Immunocytochemistry. To test the effect of drugs on PER stability in
fly brains, flies were dissected in AHL (52) at room temperature. Brains were
incubated in the AHL with drugs as described above (same concentration
used in S2 cell culture) or 10 μM PDF peptide (100 μM stock in AHL) and kept
in incubator for 6 h. Then the brains were fixed and processed as the protocol previously described (53). For PER staining, a precleaned polyclonal
rabbit anti-PER by per01 fly head extract was used at a 1:50 dilution (50). For
PDF staining, a mouse anti-PDF antibody (Development Studies Hybridoma,
University of Iowa) was used at a 1:20 dilution. The secondary antibodies
were Alexa Fluor 622-conjugated anti-rabbit (for PER) and Alexa Fluor 488conjugated anti-mouse (for PDF; Molecular Probes) at 1:200 dilution. The
brains were viewed in 1.1-μm sections sequentially at 20× on a Leica SP2
confocal microscope. To compare the PER signals from different samples, the
laser intensity and other parameters of the confocal were set at the same
level during each experiment. The neuron groups in pdf01 flies were identified according to their positions in the brains. PER signals in specific neurons were quantified by with Selection Brush Tool in ImageJ.
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Fig. 7. PDF protects PER from light-induced degradation at ZT18. A 10-min
light pulse was given to flies at ZT18. Fly brains were dissected and stained at
ZT19 and compared with flies from ZT19 with no light pulse. (A) In cs flies,
PER staining (magenta) in PDF cells (green, PDF neurons immunostained
with anti-PDF antibody) with or without the light pulse at ZT18. In UASmCD8-GFP; pdf-GAL4; pdf01 flies, PER staining (magenta) in PDF cells (green,
PDF neurons were immunostained with anti-GFP) with or without a light
pulse at ZT18. (Scale bar: 20 μm.) (B) PER signal in PDF cells from both genotypes with or without a light pulse was quantified. All results were normalized to the cs brain with the highest signal intensity at ZT19. The experiment was performed twice. The bars in the histogram indicate the mean
relative PER intensity. The number of brain hemisphere tested is indicated
by “n.” Error bars represent ±SEM. The triple asterisk (***) represents P <
0.001, and “n.s.” represents no statistical significance as determined by
Student t test.
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Fig. S1. Representative actograms for individual flies. The activities of several flies of each genotype shown in Fig. 1 were measured individually. The data
were double plotted. The locomotive activity of most WT (cs) and perS flies was rhythmic. About 40% pdf01 and 80% perS;;pdf01 flies were rhythmic. The
individual actograms of both rhythmic (R) and arrhythmic (AR) are shown here.
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Fig. S2. PER oscillations in the different clock neurons of WT and perS flies in DD. The PER signals in DN1s, LNds, and LNvs from the brains of WT (cs) and perS
flies were tested with the same method as described in Fig. 2. CT10 and CT22 are the 10th and 22nd “hour units” in constant-dark condition, respectively. DD1,
5, and 6 indicate the first, fifth, and sixth period cycle in constant-dark condition, respectively. The histograms represent the mean relative PER intensity in the
indicated neurons in cs flies (A) and perS flies (B). “n” indicates the number of brain hemispheres. Error bars represent ±SEM. The triple asterisk (***) represents
P < 0.001, the double asterisk (**) represents P < 0.01, and the single asterisk (*) represents P < 0.05, as determined by Student t test.

Fig. S3. Inhibition of cAMP-dependent pathways destabilizes PER in S2 cells. To study the effect of inhibition of cAMP-dependent pathways, PER degradation
rate was assayed in S2 cells as described in Fig. 3. Cells were treated with Rp-cAMPS (Rp). The PER level at 4 h post drug application was compared with PER in
the cells treated with Sp-cAMPS (Sp). The triple asterisk (***) in the histogram represents P < 0.001 as determined by Student t test.
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