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A common feature of animal circadian clocks is the progressive phosphorylation of PERIOD (PER) proteins,
which is highly dependent on casein kinase I�/� (CKI�/�; termed DOUBLETIME [DBT] in Drosophila) and
ultimately leads to the rapid degradation of hyperphosphorylated isoforms via a mechanism involving the
F-box protein, �-TrCP (SLIMB in Drosophila). Here we use the Drosophila melanogaster model system, and
show that a key step in controlling the speed of the clock is phosphorylation of an N-terminal Ser (S47) by
DBT, which collaborates with other nearby phosphorylated residues to generate a high-affinity atypical
SLIMB-binding site on PER. DBT-dependent increases in the phospho-occupancy of S47 are temporally gated,
dependent on the centrally located DBT docking site on PER and partially counterbalanced by protein
phosphatase activity. We propose that the gradual DBT-mediated phosphorylation of a nonconsensus
SLIMB-binding site establishes a temporal threshold for when in a daily cycle the majority of PER proteins are
tagged for rapid degradation. Surprisingly, most of the hyperphosphorylation is unrelated to direct effects on
PER stability. We also use mass spectrometry to map phosphorylation sites on PER, leading to the
identification of a number of “phospho-clusters” that explain several of the classic per mutants.
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Circadian (≅24 h) rhythms are widespread in all king-
doms of life and are driven by cellular “clocks” or pace-
makers (for review, see Roenneberg and Merrow 2005).
These pacemakers are based on the expression of a core
set of species or tissue specific “clock” genes that are
central to rhythm generation. Much of the earlier work
led to the realization that a major feature of intracellular
clock mechanisms involves interconnected positive and
negative translational–transcriptional feedback loops that
yield cyclical gene expression in one or more of the core
clock genes (Dunlap 1999).

Despite the overwhelming success of this molecular
framework featuring rhythmic gene expression, work in
the last several years has demonstrated the importance
of post-transcriptional regulation, especially protein phos-
phorylation, in generating cellular oscillators with circa-
dian properties (Bae and Edery 2006; Merrow et al. 2006;

Gallego and Virshup 2007). Most notably, it appears that
a shared feature of all circadian systems analyzed to date
is that a major protein component functioning within the
negative limb of circadian transcription undergoes daily
cycles in phosphorylation that are central to clock pro-
gression. This was first observed for the Drosophila mel-
anogaster PERIOD (dPER) protein (Edery et al. 1994). Be-
sides dPER, major components of the clock in this sys-
tem include TIMELESS (TIM), CLOCK (dCLK), and
CYCLE (CYC) (Hardin 2005). dCLK and CYC are tran-
scription factors of the basic helix–loop–helix (bHLH)/
PAS (Per-Arnt-Sim) superfamily that heterodimerize to
stimulate the daily transcription of dper and tim, in ad-
dition to other clock and downstream genes.

Phosphorylation has been linked to regulation of dPER
stability, nucleocytoplasmic distribution, and transcrip-
tional repressor potency (Bae and Edery 2006). Newly syn-
thesized dPER is initially present as a hypophosphorylated
variant(s) in the late day/early night, progressively in-
creasing in extent of phosphorylation such that by the
late night/early day only hyperphosphorylated species
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are detected (Edery et al. 1994). The DOUBLETIME (DBT)
kinase (homolog of mammalian CKI�/�) is a key kinase
controlling the temporal program underlying dPER phos-
phorylation and stability (Kloss et al. 1998; Price et al.
1998). As the levels of TIM increase during the day it
binds dPER and somehow protects it against DBT-medi-
ated degradation (Price et al. 1995; Rothenfluh et al.
2000; Ko et al. 2002). The interaction of dPER with TIM
also stimulates but is not obligatory for nuclear localiza-
tion of both proteins (Shafer et al. 2002; Meyer et al.
2006). In the nucleus, dPER binds to dCLK and blocks its
trans-activation potential (Darlington et al. 1998; Lee et
al. 1998, 1999). During the late-night/early morning de-
clining levels of nuclear TIM somehow accelerate hyper-
phosphorylation of dPER, whereby highly phosphorylat-
ed isoforms are targeted to the 26S proteasome by the
F-box protein SLIMB (Drosophila homolog of �-TrCP)
(Grima et al. 2002; Ko et al. 2002). In general, F-box pro-
teins recognize phosphorylated substrates and are part of
larger SCF (Skp1, Cullin, F-box) E3 ligases that target
substrates to the ubiquitin–proteasome pathway (Ho et
al. 2008). Rapidly declining levels of dPER in the nucleus
severely diminish or terminate its repressor function,
initiating another round of dCLK–CYC-mediated tran-
scription. Thus, a key aspect of the temporal regulation
in dCLK–CYC activity involves the phase-specific accu-
mulation and duration of dPER in the nucleus.

The progressive phosphorylation of dPER throughout a
daily cycle and its ability to act as a transcriptional repres-
sor are dependent on a small DBT-binding domain (dPER
DBT-binding domain; dPDBD) in the central region of
dPER (Kim et al. 2007; Nawathean et al. 2007). In the
absence of the dPDBD, dPER is very stable, mainly hy-
pophosphorylated, and has weak ability to inhibit dCLK,
suggesting that the phosphorylated state of dPER also
modulates its potency as a transcriptional repressor (Na-
wathean and Rosbash 2004; Kim et al. 2007; Nawathean
et al. 2007). CKII and possibly other kinases also regulate
dPER levels, although they appear to play less significant
roles compared with DBT and might contribute in sec-
ondary pathways such as via regulating subcellular dis-
tribution. In addition to kinases, protein phosphatase 1
(PP1) and 2A (PP2A) regulate the phosphorylated state of
dPER and other clock proteins, presumably antagonizing
the destabilizing effects of phosphorylation on clock pro-
tein stability (Sathyanarayanan et al. 2004; Kim and Ed-
ery 2006; Fang et al. 2007).

A strikingly similar scenario also occurs in mammals,
whereby CKI�/� plays a major role in regulating daily
cycles in the phosphorylation and abundance of mam-
malian PERs (mPER1–3) (Gallego and Virshup 2007). The
importance of PER phosphorylation is highlighted by
studies showing that mutations in either a phosphoryla-
tion site on human PER2 or CKI� underlie several famil-
ial advanced sleep phase syndromes (FASPS) (Toh et al.
2001; Xu et al. 2005, 2007; Vanselow et al. 2006). Despite
much progress, a detailed understanding of of the phos-
phorylation events and the role of CKI�/DBT in the
phase-specific degradation of PER proteins is lacking.
Herein, we use the D. melanogaster system to deter-

mine how phosphorylation regulates the daily decline in
PER levels. Our results indicate that gradual DBT-medi-
ated increases in the phospho-occupancy of Ser47 on
dPER acts like a “throttle” by timing when in the day
the majority of dPER proteins are tagged for efficient
recognition by SLIMB, a critical event in setting the pace
of the clock. In addition, it appears that much, if not all
of the more centrally localized phosphorylation on dPER
is not directly involved in regulating stability, suggesting
that the majority of the hyperphosphorylation observed
for PER proteins is involved in other biochemical func-
tions. Finally, using mass spectrometry we show that
many of the phosphorylation sites on dPER are organized
in local “clusters” and that the classic perS(=Short) muta-
tion (Konopka and Benzer 1971) abolishes a phosphory-
lation site.

Results

Ser47 is a key determinant regulating dPER stability

We previously showed that the DBT-dependent progres-
sive phosphorylation and subsequent SLIMB-mediated
degradation of dPER can be recapitulated in cultured
Drosophila Schneider (S2) cells by expressing recombinant
dper and dbt, whereby expression of dbt is controlled by
the copper-inducible metallothionein promoter (pMT)
and that of dper by the constitutive actin5C promoter
(pAct) (Ko et al. 2002). To identify regions regulating
dPER stability we analyzed a range of deletion mutants
using this system. In one such series, we generated five
V5-tagged dPER mutants, each containing nonoverlap-
ping 100-amino-acid deletions that span the first 500
amino acid residues. Although all five dPER deletion
mutants exhibit dbt-induced increases in phosphoryla-
tion (indicated by temporal decreases in electrophoretic
mobility) that are similar to those observed for wild-type
dPER, only dPER(�2–100) proteins remained stable (Fig.
1A, lanes 5–8; data not shown; in the experiment shown,
dPER levels exhibit a noticeable decline at 12 h post-dbt
induction, whereas in most experiments this occurs
later). Our results not only indicate that amino acids
2–100 are critical for DBT-mediated degradation but also
demonstrate that global hyperphosphorylation per se is
not sufficient to trigger the rapid proteolysis of dPER.

One possibility explaining the enhanced stability of
dPER(�2–100) proteins is that amino acids 2–100 contain
sequence elements that mediate the interaction of dPER
with SLIMB. Indeed, amino acids 17–23 and amino acids
47–55 show loose similarity to the standard SLIMB/
�-TrCP consensus recognition motif of DpSG�X1 + npS
(pS, phosphorylated Ser; �, any hydrophobic amino acid;
X, any amino acid) (Supplemental Fig. S1; e.g., Fuchs et
al. 2004). A series of smaller deletions targeting these
regions focused our attention on amino acids 44–51
(Supplemental Fig. S2A). This region contains four serine
residues—S44, S45, S47, and S48—that are highly con-
served in per genes from insects, raising the possibility
that one or more of these is a phospho-determinant in
regulating dPER stability. Indeed, a dPER variant in which
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all four Ser were substituted with Ala, dPER(S44–48A),
phenocopied the enhanced stability of dPER(�44–51) (cf.
Fig. 1B and Supplemental Fig. S2A).

Single Ser-to-Ala mutants indicate that S47 and S48
play a major role in DBT-mediated dPER turnover (Fig.
1C; Supplemental Fig. S2B). In the case of S44 and S45,
we noted a small but reproducible increase in dPER sta-
bility for the double mutant (S44/45A) but not when sin-
gly evaluated (Supplemental Fig. S2B; data not shown),
suggesting minor roles. Replacing S47 with Asp (S47D)
to mimic phosphorylation accelerates the kinetics of
dPER disappearance following induction of dbt (Fig. 1D).
However, the dPER(S48D) variant is stable (Fig. 1D), sug-
gesting that S48 modulates dPER stability in a manner
independent of phosphorylation at this site. The in-
creased stability of the different dPER mutants we ana-
lyzed were confirmed by measuring degradation rates
after dbt induction by treating cells with cycloheximide
to block de novo protein synthesis (data not shown).
Although S47 is a key DBT-dependent phospho-determi-
nant in regulating dPER stability, other regions within
the first 100 amino acids make contributions. Together,
the results strongly suggest the following ranking,
beginning with the most stable dPER variants; dPER(�2–
100) > dPER(�44–51), dPER(S44–48A) > dPER(S47/48A) >
dPER(S47A) > dPER(S44/45A) > dPER(WT).

Using a TEV/TAG strategy to examine
phosphorylation in the first 100 amino acids of dPER

To enhance the detection of phosphorylation-dependent
electrophoretic mobility changes in the first 100 amino
acids of dPER we devised a strategy, which we call TEV/
TAG (Fig. 2A), whereby we expressed a dPER version
with a TEV protease site inserted at amino acid 100
(dPER/TEV100). To visualize the amino acid 1–100 frag-
ment after TEV cleavage, we used 16% Tris-glycine gels
and blotted with �-Flag antibodies, whereas 6% gels and
�-c-myc antibodies were used to monitor the larger
amino acid 101–1224 fragment. We placed TEV/TAG
sites in several different positions on dPER and other test
proteins and routinely obtain near total cleavage at the
desired site (e.g., Fig. 3; data not shown). The location for
TEV site insertion is chosen based on the prediction by
protein secondary structure analysis, suggesting a low
probability of disrupting important protein structural el-
ements and high probability of access by the TEV prote-
ase (data not shown). For dPER, we ensured that any
TEV/TAG derivative meets certain functional criteria,
like DBT-dependent hyperphosphorylation, ability to in-
hibit dCLK-dependent transcription, and interaction
with TIM (Fig. 2; data not shown).

Figure 1. Identification of N-terminal sequences required for
DBT-mediated degradation of dPER in cultured S2 cells. S2 cells
were cotransfected with wild-type or mutant variants of dper
containing plasmids (pAc-dper-V5-His [A–C] or pAc-3XFlag-
His-dper/Tev100-6Xc-myc [D]) and pMT-dbt-V5-His, and col-
lected at the indicated times (hours) post-dbt induction. dPER
variants were detected by immunoblotting in the presence of
�-V5 (A–C) or �-Flag antibodies (D).

Figure 2. Using the TEV/TAG strategy to evaluate phosphor-
ylation in the first 100 amino acids of dPER. (A) Schematic
model showing the pAc-3XFlag-His-dper/Tev100-6Xc-myc con-
struct and resulting cleavage products. (B) Extracts were pre-
pared from S2 cells expressing pAc-3XFlag-His-dper/Tev100-
6Xc-myc with (+) or without (−) coexpression of pMT-dbt-V5-
His. (Right) Extracts were subjected to TEV cleavage, incubated
with �-Flag beads, and immune complexes treated with �-phos-
phatase (+) or mock treated (−). dPER(1–100) was detected using
�-Flag antibodies. Hypo- and hyperphosphorylated isoforms are
indicated. (*) Hyperphosphorylated isoforms only detected in
the presence of induced dbt. (C) S2 cells coexpressing pAc-
3XFlag-His-dper/Tev100-6Xc-myc and pMT-dbt-V5-His were
harvested at the indicated times post-dbt induction and extracts
were either TEV-treated or mock-treated. Mock-treated extracts
were subjected to immunoblotting in the presence of �-c-myc
antibodies to detect full-length dPER (top), and TEV-treated ex-
tracts were used to detect dPER(1–100) using �-Flag antibodies
(bottom).
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Using the TEV/TAG strategy, we determined that in
our S2 cell system there is some phosphorylation within
the first 100 amino acids of dPER even in the absence of
induced DBT, although the majority is hypo- or non-
phosphorylated (Fig. 2B, lanes 1,2). The induction of DBT
greatly stimulates the “conversion” of non/hypo- to hy-
perphosphorylated isoforms (Fig. 2B, lanes 1,3), and in
addition leads to the production of novel more highly
phosphorylated isoforms (Fig. 2B, lane 3, asterisk). Phos-
phatase (�PP) treatment confirmed that the observed
slower migrating �-Flag immunoreactive bands are due
to phosphorylation (Fig. 2B, lanes 2,4). The presence of
several mobility variants (e.g., Fig. 2B, lane 3) strongly
suggests that multiple residues are phosphorylated (see
Table 2, below). Following induction of dbt the ratio of
highly phosphorylated isoforms to the non/hypophos-
phorylated version progressively increases, peaking ∼18
h post-dbt induction (Fig. 2C, cf. lanes 2 and 5). We did
not observe the accumulation of slower migrating iso-
forms of the 1–100-amino-acid fragment with longer dbt
induction periods or in the presence of proteasome in-
hibitors, suggesting that the hyperphosphorylated spe-
cies detected are maximally phosphorylated (data not
shown). As expected, decreases in the levels of the dPER
fragment containing the first 100 amino acids coincide
with the degradation kinetics of the full-length protein,
with substantial decreases by 25 h post-dbt induction
(Fig. 2C, top panel, cf. lanes 2 and 7). Our results indicate
that the DBT-dependent transition in the first 100 amino
acids of dPER from mainly hypophosphorylated to
largely maximally phosphorylated is gradual and that the
rapid decline in dPER levels occurs several hours after a

substantial fraction of the molecules attain a highly
phosphorylated state in the first 100 amino acids.

Phosphorylation of S47 is critical for SLIMB binding
to dPER

We combined the TEV/TAG strategy with SLIMB fused
to glutathione-S-transferase (GST) to identify the SLIMB-
binding region on dPER. The results clearly indicate that
amino acids 1–100 of dPER are sufficient and necessary
for binding to SLIMB (Fig. 3A). No binding was observed
with a GST-control resin (data not shown). Binding of
the 1–100 amino acid dPER fragment to SLIMB is
strongly enhanced by DBT-induced phosphorylation
(Fig. 3A, lanes 9–12). The low level of dPER–SLIMB in-
teraction detected at time 0 before dbt induction can
possibly be attributed to endogenous dbt expression or
the leakiness of the pMT promoter that drives the dbt
transgene (Fig. 3A, lanes 1,9). Although the 101–1224
amino acid fragment is responsible for much of the phos-
phorylation-mediated mobility shifts in dPER (e.g., Fig.
1A) and contains the DBT docking site (Kim et al. 2007;
Nawathean et al. 2007), it showed no detectable binding
to SLIMB (Fig. 3A, lanes 5–8), indicating that the exten-
sive global hyperphosphorylation of dPER is not suffi-
cient for SLIMB binding. Rather, there is a clear link
between DBT-mediated phosphorylation in the first 100
amino acids and the efficiency of dPER binding to SLIMB
(Fig. 3A, lanes 9–12).

Mutations in the first 100 amino acids that stabilize
dPER (e.g., S44–48A, S47A, S48A, and S48D) strongly
inhibit binding to SLIMB (Fig. 3B–D). Importantly, the

Figure 3. S47 is a key phospho-determi-
nant mediating dPER–SLIMB interactions. (A)
S2 cells coexpressing pAc-3XFlag-His-dper/
Tev100-6Xc-myc and pMT-dbt-V5-His were
collected at the indicated times post-dbt in-
duction. Extracts were either treated with
TEV to yield amino acids 1–100 or amino ac-
ids 101–1224, or mock-treated retaining the
full-length amino acids 1–1224. The top panel
shows the input used in GST-SLIMB pull-
down assays and the bottom panel shows the
bound dPER proteins. The amino acid 1–100
fragment was detected using �-Flag antibod-
ies, whereas full-length dPER and the amino
acid 101–1224 fragment were detected using
�-c-myc antibodies. Hyperphosphorylated
and hypophosphorylated dPER isoforms are
indicated as Hyper-P and Hypo-P, respec-
tively. (B–D) Extracts collected from S2 cells
expressing wild-type (WT) or mutant deriva-
tives of pAc-3XFlag-His-dper/Tev100-6Xc-
myc with (+) or without (−) induced dbt were
subjected to TEV cleavage, subjected to GST-
SLIMB pull-down assays and the amino acid
1–100 dPER fragment detected with �-Flag
antibodies. (B) Asterisk (*) denotes S44–48A
mutant hyperphosphorylated isoforms with
faster mobility as compared with wild-type
hyperphosphorylated isoforms.
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S47D mutation, which renders the full-length protein
less stable (Fig. 1D), has a much higher affinity for SLIMB
(Fig. 3D, lanes 1–4; cf. input levels to staining intensities
of bound material). For example, in the absence of induced
DBT the “hypophosphorylated” first 100 amino acids of
the dPER(S47D) variant exhibits strong binding to SLIMB,
unlike the wild-type version (Fig. 3D, lanes 1,3). None-
theless, the binding of the amino acid 1–100 fragment
from dPER(S47D) is further stimulated by exogenously
expressed DBT (Fig. 3D, lanes 3,4). Thus, although S47 is
likely to be the key phosphodeterminant in mediating
dPER–SLIMB interactions, DBT-dependent phosphoryla-
tion of other Ser/Thr residues in the first 100 amino ac-
ids of dPER also contribute. For example, the double mu-
tant S44/45A partially reduces binding to SLIMB (Fig. 3B,
lanes 2,4), consistent with its smaller effect on dPER
levels (Supplemental Fig. S2B, lanes 3,7). That other resi-
dues in the first 100 amino acids of dPER are phosphor-
ylated besides those between amino acid 44 and amino
acid 48 is evident from the DBT-dependent shift in the
mobility of the dPER(S44–48A) fragment (Fig. 3B, lane 8),
albeit resulting in isoforms with faster mobilities, al-
most certainly due to blocking phosphorylation of Ser
residues within amino acids 44–48 (see Table 2, below).
However, unlike dPER(S44–48A) we did not observe no-
ticeable alterations in the mobilities of the first 100-
amino-acid fragment derived from the dPER(S47A) and
dPER(S48A) versions following dbt induction (Fig. 3C),
indicating that under the conditions used, single changes
in the phosphorylated status of S47 do not yield notice-
able electrophoretic mobility differences (although the
status of S47 phosphorylation could affect mobility in
combination with other mutations). We obtained similar
results with regards to mutant effects on the efficiency of
SLIMB binding when evaluating full-length versions of
dPER in the absence of TEV cleavage (data not shown).

Together, the results indicate that the dPER–SLIMB
interaction is highly dependent on phosphorylation of
S47 and stimulated by other determinants such as S48
and additional phosphorylation events within the first
100 amino acids of dPER, most likely including S44 and/
or S45. As discussed below, mass spectrometry identified
numerous phosphorylated residues on dPER and on go-
ing efforts are aimed at determining the contributions of
all these phospho-residues to dPER stability. Based on the
central importance of S47 in regulating dPER abundance
and binding to SLIMB in our S2 cell culture system, herein
we mainly focused on the physiological role of this site in
the clockworks.

dPER S47 plays a key role in setting the pace
of the clock

To investigate the physiological significance of our find-
ings in whole animal systems, we generated transgenic
flies that produce tagged versions of the dPER(�2–100),
dPER(S44–48A), dPER(S47A), and dPER(S47D) proteins.
The effects of the different transgenes were examined in
the per-null wper0 (Konopka and Benzer 1971), as well as

wper+ genetic backgrounds. In addition, transgenic flies
of the same genetic background but expressing a wild-
type version of the dper transgene [herein referred to as
p{dper(WT)}] were included as controls (Kim et al. 2007;
Ko et al. 2007). At least three independent lines of each
genotype were analyzed. Flies were entrained for 4 d in 12
h:12 h LD (light/dark) cycle followed by 7 d in DD (con-
stant dark) to determine their free-running period. As
previously shown, wper0 flies expressing the wild-type
dper transgene exhibit strong rhythms with ∼24-h peri-
ods (Table 1; Kim et al. 2007; Ko et al. 2007). Whereas
p{dper(�2–100)} and p{dper(S44–48A)} transgenes failed
to rescue the arrhythmic phenotype of the wper0 mu-
tant, flies expressing p{dper(S47A)} or p{dper(S47D)}
transgenes showed high levels of rhythmicity but mani-
fested long (∼30.7 h) and short (∼22.1 h) periods, respec-
tively (Table 1; Supplemental Fig. S3). This illustrates
the physiological importance of S47 as a key phospho-
determinant in setting the pace of the Drosophila clock.
In addition, the more severe behavioral phenotypes dis-
played by p{dper(�2–100)} and p{dper(S44–48A)} flies
compared with the single S47A mutant are consistent with
results obtained in S2 cells (Figs. 1, 3), further supporting
the idea that residues nearby to S47 play supportive roles in
regulating dPER metabolism.

The different transgenes manifested similar behavioral
phenotypes in the per+ compared with those observed in
the per0 genetic background, indicating they behave in a
dominant manner (Table 1). The combined results indi-
cate that when the stability of dPER increases, the period
of the clock lengthens and at some threshold value fur-
ther increases in dPER stability are incompatible with
oscillator function leading to arrhythmia. Interestingly,
although the period is longer in the per0 compared with
per+ background for p{dper(S47A)} flies, essentially iden-
tical periods were observed in either genetic background
for flies expressing p{dper(S47D)}. This suggests that de-
spite the presence of wild-type dPER, most, if not all, the
intracellular clocks are running at the accelerated pace
set by dPER(S47D).

dPER protein and mRNA cycles reflect mutant
circadian phenotypes

To examine the dPER protein profiles of the mutants,
wper0 flies expressing wild-type or mutant dper trans-
genes were collected at different times throughout a
daily cycle and head extracts probed by immunoblotting.
As shown previously, dPER is first observed as a newly
synthesized hypophosphorylated species (fastest migrat-
ing species) at around ZT8, undergoes progressive in-
creases in phosphorylation, peaks in abundance at around
ZT20 and attains the most highly phosphorylated isoforms
around ZT4, concomitant with rapid decreases in levels
(Fig. 4A; Edery et al. 1994). As expected based on the
behavioral results, the dPER(S47A) and dPER(S47D) pro-
teins showed daily rhythms in abundance and phosphor-
ylation, but with some significant differences as com-
pared with dPER(WT) (Fig. 4A–C). In the case of the
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dPER(S47A) protein, hyperphosphorylated isoforms were
found to persist throughout the daily cycle (Fig. 4B, open
arrow). This is in sharp contrast to hyperphosphorylated
isoforms of dPER(WT) proteins that undergo sharp de-
creases in abundance beginning in the early day (e.g., Fig.
4A,B, cf. ZT12). On the other hand, hyperphosphorylated
isoforms of dPER(S47D) protein were never detected (Fig.
4C). Based on our results it is likely that hyperphos-
phorylated isoforms of dPER(S47D) are more readily de-
graded and never accumulate to detectable levels, al-
though presently we cannot rule out the possibility that
dPER(S47D) does not proceed through the entire hyper-
phosphorylation program in flies.

RNA levels of dper were attenuated in p{dper(S47A)}
flies but enhanced in p{dper(S47D)} flies (Fig. 4G–H). A likely
reason is that the more rapid clearance of dPER(S47D) from
the nucleus leads to decreased transcriptional repressor
function and premature reactivation of dCLK-mediated
transcription, whereas dPER(S47A) likely persists in the
nucleus at elevated levels for longer, repressing dCLK-
mediated transcription and hence attenuating the ampli-
tude of the dper RNA rhythm. Also, it is possible that
phosphorylation might enhance the repressor ability of
dPER (Nawathean and Rosbash 2004; Kim et al. 2007;
Nawathean et al. 2007). Similar effects on the dper RNA
abundance cycles were also observed when the mutants
were analyzed in a per+ genetic background (Fig. 4G,H),
consistent with the behavioral results (Table 1).

Neither dPER(�2–100) nor dPER(S44–48A) proteins
showed daily changes in abundance or phosphorylated state
(Fig. 4D–F). The electrophoretic mobility of dPER(S44–48A) is
higher than the most extensively phosphorylated iso-

forms that we can detect for wild-type dPER (Fig. 4D, cf.
lanes 5,6 and 1,2). Phosphatase treatment demonstrated
that dPER(S44–48A) and wild-type dPER comigrate
when dephosphorylated (data not shown), indicating that
dPER(S44–48A) is very highly phosphorylated and the
decreased mobility is not due to secondary issues, such
as altered conformation. Although the electrophoretic
mobility of dPER(�2–100) is faster because of the removal
of 100 amino acids, it also is highly phosphorylated (data
not shown). dper mRNA levels in p{dper(�2–100)} and
p{dper(S44–48A)} flies (in both wper0 and wper+ back-
ground) were essentially pegged at wild-type trough val-
ues, although some low amplitude cycling was observed
for the dper(S44–48A) RNA, especially in a per+ back-
ground (Fig. 4I,J). Thus, in both S2 cells and flies,
dPER(�2–100) and dPER(S44–48A) are very stable despite
being highly phosphorylated, and exhibit more severe
phenotypes compared with the singly S47A and S47D
mutations. In addition, based on the RNA profiles we
can infer that dPER(�2–100) and dPER(S44–48A) are ef-
fective in repressing dCLK-dependent transcriptional ac-
tivation, consistent with prior work indicating that
a more C-terminal region of dPER termed “CCID”
(CLK–CYC inhibition domain) inhibits the trans-activa-
tion potential of dCLK (Chang and Reppert 2003).

GST-SLIMB pull-down assays using fly head extracts
confirm results obtained in S2 cells

To study SLIMB–dPER interactions in flies, head ex-
tracts were prepared from transgenic flies expressing

Table 1. Locomotor activity rhythms of dper mutants and control transgenic fliesa

Genotypeb Period (h ± SEM) Powerc Rhythmicity (%)d Total fliese

w1118 23.5 ± 0.08 72.2 81.2 32
wper0; per+-HAHis (M16) 23.3 ± 0.04 85.1 96.7 30
wper0 ARf 0 0 32
wper0; per(S47A)-HAHis (M28) 30.7 ± 0.17 63.9 83.9 31
wper0; per(S47A)-HAHis (F15) 30.7 ± 0.1 107.9 100 31
wper0; per(S47D)-HAHis (M7) 22.5 ± 0.75 105.2 93.5 31
wper0; per(S47D)-HAHis (F31) 22.1 ± 0.07 92.1 100 30
wper0; per(S44–48A)-HAHis (F27) 35.5 ± 0 21 3.1 32
wper0; per(S44–48A)-HAHis (M32) AR 0 0 31
wper0; per(�2–100)-HAHis (F4) AR 0 0 28
wper0; per(�2–100)-HAHis (M34) AR 0 0 30
wper+; per(S47A)-HAHis (M28) 27.7 ± 0.14 46.5 58.6 29
wper+; per(S47A)-HAHis (F15) 27.2 ± 0.1 89.7 86.2 29
wper+; per(S47D)-HAHis (M7) 22.5 ± 0.05 69.1 69 29
wper+; per(S47D)-HAHis (F31) 22.8 ± 0.06 72.1 80.6 31
wper+; per(S44–48A)-HAHis (M13) 27 ± 0 25.8 3.1 32
wper+; per(S44–48A)-HAHis (M32) 30.5 ± 0 55.4 3.4 29
wper+; per(�2–100)-HAHis (F4) AR 0 0 30
wper+; per(�2–100)-HAHis (M34) AR 0 0 32

aFlies were kept at 25°C and exposed to 4 d of 12:12 LD cycles followed by 7 d of DD.
bIndependent transgenic lines are designated by the numbers in parenthesis.
cPower is a measure of the strength or amplitude of the rhythm in arbitrary units.
dPercentage of flies showing locomotor rhythms with a power value of �10 and a width value of �2.
eTotal number of flies that survived until the end of the experimental period.
f(AR) Arrhythmic.
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wild-type or mutant variants of dPER in the wper0 back-
ground and incubated with GST-SLIMB resins (Fig. 5). In
the case of dPER(WT) protein, binding to SLIMB is first
detected at ZT20 with gradual increases that peak at
around ZT4, despite the much lower overall levels of
dPER at ZT4 (Fig. 5A [cf. lanes 1,2 and 5,6], B [cf. lanes
3–6 and 12–15]). The enhanced binding of dPER(WT) to
SLIMB at ZT4 is consistent with the accelerated degra-
dation of dPER during the early day. Likewise, binding
of dPER(S44–48A) to SLIMB was highly inefficient at all
times in a daily cycle (Fig. 5A, lanes 7,8), even though it
is hyperphosphorylated and relatively abundant (Fig. 5A,
lanes 3,4). This further demonstrates that specific phos-
pho-determinants within S44–48, rather than global hy-
perphosphorylation, plays a critical role in underlying
highly efficient interactions between dPER and SLIMB.
Nonetheless, although binding of dPER(S44–48A) is very
low, it is above background levels observed with the con-
trol GST-resin (Fig. 5A, cf. lanes 7,8 to 11,12), suggesting
that in the absence of phosphorylation at S47, phosphor-

ylation of dPER at other sites can partly compensate and
mediate weak interactions with SLIMB.

That phosphorylation at S47 and other regions contrib-
ute to the interaction between dPER and SLIMB is fur-
ther supported by results obtained with the S47D and
S47A variants. For example, although dPER(S47D) and
dPER(WT) are both largely hypophosphorylated at ZT16,
there is noticeable binding of dPER(S47D) to SLIMB, de-
spite having substantially lower abundance compared with
dPER(WT) (Fig. 5B, cf. lanes 1 and 4, and lanes 10 and 13).
However, hyperphosphorylated isoforms of dPER(S47D)
exhibit relatively higher affinity for SLIMB compared
with less grossly phosphorylated isoforms (Fig. 5B, cf.
lanes 1,2 and 10,11). Significantly, although less exten-
sively phosphorylated isoforms of dPER(WT) can interact
with SLIMB (Fig. 5B, lanes 12,15), only the most highly
phosphorylated isoforms of dPER(S47A) proteins are ca-
pable of binding to SLIMB (Fig. 5B, lane 17). In general,
there is strong congruence with the results we obtained
using dPER variants produced in S2 cells or fly extracts.
Together, the findings indicate that the phosphorylated
status of S47 is a critical but not absolute phospho-de-
terminant modulating the affinity of SLIMB for dPER.
Phosphorylation at other sites (including S44/45 and pos-
sibly other S/T residues in the first 100 amino acids) can
partially compensate for the absence of S47 phosphory-
lation and vice versa, but the presence of all the relevant
phospho-determinants collaborate to generate a high-af-
finity binding site for SLIMB.

Figure 5. GST-SLIMB pull-down assays using fly head extracts
further support S47 as a key phospho-determinant underlying
SLIMB binding to dPER. (A,B) Head extracts were prepared and
aliquots containing equal amounts of total protein were incu-
bated with glutathione resins bound with GST-SLIMB or GST.
The relative amount of dPER-HA in the starting material (input)
and that bound to the resins (GST/GST-Sb) was visualized by
immunoblotting in the presence of �-HA antibodies.

Figure 4. Daily cycles in dper protein and RNA are altered in
dper mutant flies. Head extracts were prepared and used to de-
tect either dPER protein (A–F) or dper RNA (G–J). For the analy-
sis of dPER protein, the different transgenes were evaluated in
the wper0 genetic background, whereas the levels of dper tran-
scripts were determined in both wper0 and wper+ genetic back-
grounds. The dPER protein profiles of wild type (A,D, lanes 1,2)
and four mutants (B–F) were monitored throughout a daily cycle
by immunoblotting in the presence of �-HA. Open and closed
triangles (A,B) denote hyper- and hypophosphorylated dPER, re-
spectively. (G–J) dper mRNA profiles obtained by semiquanti-
tative RT–PCR using cbp20 for normalization. The control dper
mRNA profile (n = 4) derived from wper0;per+-HAHis flies is
shown in all four plots to facilitate comparisons with each mu-
tant profile (n = 2). The error bars shown are SEM.
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Mass spectrometric analysis identifies multiple
‘phospho-clusters’ and suggests a molecular basis
for the classic perS mutant

To better understand the dPER phosphorylation program
we used a multiprotease approach in combination with
mass spectrometry to comprehensively map dPER phos-
phorylation sites. This protocol was recently used to iden-
tify 21 serine/threonine phosphorylation sites on mouse
PER2 (mPER2) (Schlosser et al. 2005; Vanselow et al. 2006).
To identify DBT-dependent dPER phosphorylation sites,
we established a stable S2 cell line that coexpressed Flag-
tagged dPER and untagged DBT under the inducible pMT
promoter. A stable cell line that expressed dPER alone
was also generated for the purpose of differentiating
DBT-dependent phosphorylation sites from those tar-
geted by endogenous kinases in S2 cells. Nine phosphor-
ylated Ser or Thr residues on dPER were identified in the
absence of exogenously expressed DBT (Table 2). Among
them, five are proline-mediated S/T sites, suggesting a
role for CMGC kinases (Kannan and Neuwald 2004) in
the Drosophila clock. Of note, S149, S151, and S153 are
phosphorylated, consistent with prior work indicating
that these sites are potential substrates of CKII and have
a role in clock function (Lin et al. 2005). Eight of the nine
sites targeted by endogenous kinases were also found to
be phosphorylated in dPER purified from S2 cells coex-
pressing dPER and DBT. No phosphorylated tyrosine
residues, either in the absence or presence of induced

dbt, were detected, similar to mPER2 (Vanselow et al.
2006).

We identified an additional 16 S/T residues in the pres-
ence of induced recombinant DBT, strong candidates for
DBT-dependent phosphorylation sites. S47 was among
peptide fragments that were phosphorylated, but unfor-
tunately, we could not unequivocally determine the phos-
phorylated status of this residue. Nonetheless, mass
spectrometry indicates that two out of the six Ser resi-
dues between S40 and S48 of dPER are phosphorylated in
the presence of DBT (Table 2). This is consistent with
the fact that in S2 cells and flies, dPER(S44–48A) exhibits
a more severe phenotype compared with dPER(S47A).
Ongoing work is aimed at evaluating contributions from
other phospho-sites to dPER stability and binding to SLIMB.

Our mass spectral analysis also provides intriguing in-
sights into the biochemical bases for several previously
characterized per mutants (Supplemental Fig. S4). Most
notably, the classic perShort=S mutation, which yields
∼19-h behavioral rhythms (Konopka and Benzer 1971), is
an S589N mutation (Baylies et al. 1987; Yu et al. 1987).
Phosphorylation of S589 was detected in the dPER + DBT
sample but not dPER alone (Table 2). Finally, it is interest-
ing to note that many of the phosphorylated residues on
dPER are found in groups (Supplemental Fig. S4), sug-
gesting distinct roles for the different phospho-clusters.
Similar to mPER2 (Vanselow et al. 2006), most of the phos-
phorylation sites are concentrated in the central and C-
terminal half of the protein, and no sites are found in the
conserved PAS (Per-Arnt-Sim) domain. However, we did
not detect specific phosphorylated residues that are con-
served between dPER and mPER2, suggesting that al-
though phosphorylation appears to regulate mammalian
and insect PER proteins in similar manners, this might
be attained by anchoring phospho-modules to conserved
functional domains.

Daily cycles in the phospho-occupancy of S47

To better evaluate the phosphorylated state of S47, we gen-
erated phospho-specific polyclonal antibodies (�-pS47) (Fig.
6). The intensity of the immunoblotting signal obtained
using �-pS47 antibodies is greatly increased when dPER
is coexpressed with DBT (Fig. 6A, lanes 1,2), consistent
with the stimulatory effects of DBT on SLIMB binding to
dPER. The specificity of our �-pS47 antibodies was con-
firmed by demonstrating that the signal intensity is
strongly attenuated by phosphatase treatment of dPER
(Fig. 6A, lanes 2,3) and essentially abolished when prob-
ing the dPER(S47A) mutant (Fig. 6A, lanes 5,6). dPER
containing phosphorylated S47 is detected as early as 12
h post-dbt induction, but steadily increases in intensity
peaking ∼10 h later, even though total dPER protein lev-
els are lower at this later time point (Fig. 6B, cf. lanes 3,4
and 7,8). The binding efficiency of dPER to SLIMB is
roughly coincident with S47 phosphorylation (Fig. 6B),
consistent with contributions from phosphorylation of
S47, in addition to other sites.

It is noteworthy that there is relatively more phos-
phorylation of S47 at 22 h post-dbt induction compared

Table 2. Mapping phosphorylation sites on dPER produced
in Drosophila S2 cells

dPERa,b dPER + DBTc

— [S40, S42, S44, S45, S47, S48]d,e

— S59, S60
— S97
— S132
S149, S151f, S153 S149, S151, S153
S596<P>g S585, S589, S596<P>
T610<P> T610<P>
S661<P> S661<P>
— S773
— S826, S828
T883<P> S876, T883<P>, T889
S981<P>, [T980, T983, S985]h T978<P>, S981<P>
— S1103
— [S1129, S1130<P>]h

aStable cell line expressing dper under the control of pMT-in-
ducible promoter.
bdPER residues phosphorylated by endogenous kinase(s) in S2
cells.
cStable cell line expressing dPER and DBT under the control of
pMT-inducible promoter.
dTwo of the sites in the bracket are phosphorylated with S40
and S42 being less likely phosphorylated.
eAmino acids are numbered according to sequence of
dPER(amino acids 1–1224), GenBank accession number P07663.
fS151 and S153 were identified previously as putative CKII
phosphorylation sites (Lin et al. 2005).
g<P> denotes residues that are next to a proline.
hOnly one site in the bracket is phosphorylated.
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with many hours earlier (Fig. 6B, lanes 3,4). This time
frame is similar to that observed for the DBT-dependent
global phosphorylation of full-length dPER (Fig. 1A) and
more delayed compared with the conversion of the first
100-amino-acid fragment of dPER from hypo- to hyper-
phosphorylated isoforms (Fig. 2C). The later peak in S47
phospho-occupancy roughly coincides with rapid degra-
dation in dPER levels, supporting the importance of this
phospho-determinant in regulating dPER stability. It
also suggests that DBT-mediated increases in the levels
of S47 phosphorylation are relatively slow, gradually oc-
curring over many hours, and that other phosphorylation
events in the first 100 amino acids of dPER might un-
dergo more rapid increases. Intriguingly, the majority of

dPER is stably bound to DBT within 5–10 h post-dbt in-
duction (Ko et al. 2002; data not shown), much before the
peak in S47 phosphorylation. As such, the timing of
when DBT binds dPER cannot account for the kinetics
underlying the steady-state levels of phosphorylated S47.
In this regard it is noteworthy that inhibiting protein
PP1 and/or PP2A stimulates the hyperphosphorylation
and/or degradation of dPER in cultured S2 cells as well as
in flies (Sathyanarayanan et al. 2004; Fang et al. 2007).
Indeed, the addition of okadaic acid, which at the con-
centration used here preferentially inhibits PP2A activ-
ity, is accompanied by temporal increases in the amount
of dPER isoforms phosphorylated at S47 (Supplemental
Fig. S5). Thus, it appears that PP2A (and/or PP1) stabi-
lizes dPER by, at least in part, decreasing the phospho-
occupancy of S47 and likely other sites. A reasonable
model is that the balance between DBT and PP2A is a
contributing factor in the slow hours-long kinetics un-
derlying the ability of DBT to stimulate dPER binding to
SLIMB and degradation.

To evaluate S47 phosphorylation within a physiologi-
cal context we monitored its status throughout a daily
cycle in flies using our �-pS47 antibodies. Phosphoryla-
tion of S47 was first detected at around ZT21 (Fig. 6C, lane
5), soon after the time when dPER(WT) translocates to the
nucleus (Shafer et al. 2002). This time frame coincides
with the weak but initial detection of dPER–SLIMB in-
teractions in flies (Fig. 6D), confirming that S47 phos-
phorylation and SLIMB binding are temporally aligned.
pS47-containing dPER isoforms continue to accumulate
throughout the late night and peak at around ZT4, when
most dPER(WT) proteins are hyperphosphorylated and
undergoing rapid degradation (Fig. 6C). A higher resolu-
tion time course showed that strong binding of dPER to
SLIMB begins around ZT1 (Fig. 6D, lane 7) as dPER pro-
teins that are phosphorylated at S47 are also undergoing
global hyperphosphorylation (Fig. 6C, lanes 5,6). Prior work
has shown that dPER is already associated with DBT by
ZT16 (Kloss et al. 2001; data not shown), indicating that
steady-state increases in the phosphorylation of S47 do
not occur quickly after DBT engages dPER. Thus, as ob-
served in S2 cells, detectable phosphorylation of S47 be-
gins at least several hours after DBT stably binds dPER
and undergoes gradual increases in intensity that slightly
precedes but is roughly coincident with global increases
in dPER phosphorylation.

Ser47 of Drosophila PER is phosphorylated by CKI�
and DBT in vitro

To determine whether DBT can directly phosphorylate
S47, we expressed dPER(WT) tagged with Flag and c-myc
epitopes in S2 cells, immunoprecipitated the recombi-
nant dPER(WT) using �-Flag resins, and subjected the
immune complexes to in vitro kinase assays using com-
mercially available CKI� as well as recombinant DBT
purified from S2 cells. The extent of S47 phosphorylation
was evaluated using �-pS47 antibodies. Both CKI� and
DBT triggered S47 phosphorylation (Fig. 7A [lanes 2,3], B
[lane 4]), although phosphorylation by CKI� appeared to

Figure 6. Phosphospecific antibodies detect pS47-containing
isoforms of dPER in S2 cells and flies. (A) Extracts were prepared
from S2 cells expressing either a wild-type (WT) or S47A version
of pAc-3XFlag-His-dper/Tev100-6Xc-myc. In some cases cells
were cotransfected with pMT-dbt-V5-His (+), whereas this was
omitted in other cases (−). dPER proteins were immunoprecipi-
tated (IP) with �-Flag beads, treated in the absence (−�PP) or
presence (+�PP) of �-phosphatase, and analyzed by Western
blotting (WB) in the presence of the indicated antibody (left of
panel). (B, top) Cells were cotransfected with pAc-3XFlag-His-
dper-6Xc-myc and pMT-dbt-V5-His and collected at the indi-
cated times post-dbt induction. Extracts were prepared and di-
vided into three separate aliquots: (1) One aliquot was immunopre-
cipitated (IP) with �-Flag beads and analyzed by immunoblotting in
the presence of �-pS47 antibodies (top); (2) another aliquot was
directly analyzed by immunoblotting in the presence of �-c-myc
antibodies (middle); and (3) a final aliquot was subjected to
GST-SLIMB pull-down assays and bound material visualized by
immunoblotting in the presence of �-c-myc antibodies (bottom).
(C,D) Head extracts were prepared from wper0;per+-HAHis flies
collected at the indicated times (ZT). (C) dPER-HAHis-contain-
ing immune complexes recovered using �-HA beads were sub-
jected to Western blotting (WB) in the presence of the indicated
antibody (left of panel). Open and closed triangles indicate
hyper- and hypophosphorylated pS47-containing isoforms of
dPER, respectively. (D) An aliquot was directly analyzed (top),
whereas another fraction was subjected to GST-SLIMB pull-
down assays and bound material analyzed (bottom).
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be more efficient and the majority of dPER was hyper-
phosphorylated as readily observed from the slower elec-
trophoretic mobility (Fig. 7A, lanes 6,7). Phosphatase
treatment of dPER did not abrogate the ability of DBT or
CKI� to phosphorylate S47, strongly suggesting that prim-
ing by other kinases is not a prerequisite for S47 phosphor-
ylation (Fig. 7A,B). To the contrary, phosphatase-treated
dPER was more efficiently phosphorylated in our in vitro
assays using DBT or CKI�, perhaps because some dPER
sites phosphorylated by endogenous kinases in S2 cells
antagonize DBT/CKI� kinase activity on S47. Other
clock relevant kinases such as GSK3�/SHAGGY and
CKII (Martinek et al. 2001; Lin et al. 2002; Akten et al.
2003) failed to stimulate S47 phosphorylation (Fig. 7B,
lanes 1,2). Although we cannot rule out that priming at
other sites by DBT is required for S47 phosphorylation,
we tested a number of dPER variants with mutated Ser/
Thr residues in the first 100 amino acids and the effi-
ciency of in vitro phosphorylation of S47 by DBT was
similar or better compared with the control situation
(data not shown).

Phosphorylation at Ser47 requires the DBT-binding
domain of Drosophila PER

Prior mutational analysis showed that the major DBT
docking site on dPER (dPDBD) does not contribute to
DBT-dependent hyperphosphorylation by being a region

that is extensively phosphorylated (Kim et al. 2007), con-
firmed here by mass spectrometry (Table 2). Rather, it
appears that the main role of the dPDBD in regulating
dPER phosphorylation and stability is to serve as a dock-
ing site that enables stable interactions with DBT and
possibly CKII or other kinases (Kim et al. 2007; Na-
wathean et al. 2007). To explore the relationship of the
dPDBD to S47 phosphorylation we analyzed the ability of
DBT/CKI� to phosphorylate the mutant dPER(�dPDBD)
protein, using our in vitro kinase assay and extracts pre-
pared from our previously characterized transgenic flies
expressing dPER(�dPDBD) (Kim et al. 2007). Phosphory-
lation of S47 was greatly attenuated in the mutant ver-
sion of dPER (Fig. 7B, cf. lanes 8,9 and 4,5). In addition,
we did not detect phosphorylation of S47 for the dPER-
(�dPDBD) protein expressed in flies (Supplemental Fig.
S6A), and it exhibits severely impaired ability to interact
with SLIMB despite its high levels (Supplemental Fig.
S6B, lanes 7,12).

Discussion

To better understand the physiological role of phosphor-
ylation in regulating PER stability we used D. melano-
gaster as a model system. Using a range of strategies,
including mutational analysis, mass spectrometry and
phospho-specific antibodies we identified S47 as a key
phospho-determinant regulating the efficiency of SLIMB
binding to dPER. By evaluating the behavior of dPER
mutants whereby amino acid 47 is constitutively “non-
phosphorylated” (S47A) or “phosphorylated” (S47D), we
show that the phospho-occupancy of S47 is a key bio-
chemical throttle adjusting the pace of the clock. How-
ever, phosphorylation of S47 occurs within an atypical
SLIMB-binding site. Additional DBT-dependent phos-
phorylated residues, which likely include one or more
nearby Ser residues at amino acid 44/45 and possibly
others within the first 100 amino acids, collaborate with
pS47 to generate a high-affinity SLIMB-binding region on
dPER. As such, the affinity of SLIMB for dPER is propor-
tional to the degree of phospho-occupancy within an ex-
tended phosphorylation network centered on S47 that as
a unit yields a graded response in the affinity of SLIMB–
dPER interactions. Attaining a high proportion of dPER
molecules that are phosphorylated at S47 and other key
sites mediating SLIMB binding is progressive and occurs
several hours after DBT stably interacts with dPER via
the centrally located dPDBD, likely because DBT “activ-
ity” is counterbalanced by TIM and protein phosphata-
ses. We propose that the relatively slow assembly of a
high-affinity SLIMB-binding site on dPER is at least
partly “designed” to extend the time that dPER acts as a
transcriptional repressor, critical in generating transcrip-
tional feedback loops with daily time frames. Finally,
our mass spectrometry analysis identify “hot spots” for
phosphorylation, indicates that the majority of dPER
phosphorylation is unrelated to direct effects on stability
and sheds new insights into the underpinnings of several
previously characterized mutants, including the classic
perS allele.

Figure 7. Ser47 of Drosophila PER is phosphorylated by DBT
and CKI� in vitro. (A,B) Extracts were prepared from S2 cells
express-ing wild-type or �dPDBD versions of pAc-3XFlag-His-
dper/Tev100-6Xc-myc. (Left) dPER proteins were immunopre-
cipitated using �-Flag beads and subjected to in vitro kinase
assays, followed by Western blotting (WB) in the presence of the
indicated antibody. dPER containing immune complexes were
either mock-treated (−) or pretreated with �-phosphatase (+)
prior to in vitro incubation in the absence (−) or presence of the
indicated kinase.
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Temporal regulation of dPER degradation by the slow
DBT-dependent phosphorylation of a noncanonical
SLIMB-binding site

Early studies identified DpSG�X1+npS (pS, phosphorylated
Ser; �, any hydrophobic amino acid; X, any amino acid) as
the consensus motif for recognition by the �-TrCP/SLIMB
F-box protein (Fuchs et al. 2004). Phosphorylation at both
sites in this six amino acid consensus generally leads to
a high-affinity �-TrCP/SLIMB-binding site. Indeed, the
three negatively charged residues (Asp/Glu and two phos-
pho-S/T residues) are important binding contacts underly-
ing �-TrCP/substrate interactions (Wu et al. 2003). Fur-
thermore, it is thought that the presence of an Asp/Glu
at position 2 of the canonical binding domain can cir-
cumvent the need for a phospho-S/T at that position, as
is the case for Wee1A (Watanabe et al. 2004). However,
accumulating evidence indicates that �-TrCP-binding
sites can deviate from this consensus (Supplemental Fig.
S1). For example, recent work on the Ci/Gli family of
transcription factors suggests a novel class of degenerate
and weaker �-TrCP-binding sites that extend beyond the
standard six-amino-acid binding motif, especially for
those missing a Gly at the third position (Smelkinson et
al. 2007). It was suggested that for these extended �-
TrCP/SLIMB-binding motifs, significant contributions
are made by the local presence of nonpolar residues, such
as those found in the motifs for Ci, Gli, and Wee1A
(Supplemental Fig. S1). Additional phosphorylation events
at nearby regions are also thought to enhance the inher-
ently weak binding affinities of extended �-TrCP-bind-
ing sites, enabling a more graded response compared with
the standard sequence (Smelkinson et al. 2007).

The major SLIMB-dependent phospho-degron we iden-
tified [44p*Sp*SGpSSGYGG52; where p* = possible phos-
phorylation] seems to include signature elements found
in both the standard and extended �-TrCP-binding mo-
tifs. A rather unique feature of the SLIMB-binding do-
main on dPER is that it includes two SSG repeats. We
show that S47 is phosphorylated, and based on mutational
analysis and mass spectrometry, it is almost certain that
either S44 and/or S45 are phosphorylated. A physiologi-
cal role for S45 is further indicated by the perSLIH mu-
tant (S45Y) (Supplemental Fig. S4) that exhibits long pe-
riods (Hamblen et al. 1998), which based on our findings
is likely due to reduced dPER–SLIMB interactions. Al-
though changing S48 to Ala phenocopied the S47A mu-
tation, the S48D mutation did not enhance binding to
SLIMB, as was the case for S47D. Together with our re-
sults showing that S48A did not modulate phosphoryla-
tion of S47 (data not shown), the data strongly suggest
that S48 has a non-phosphorylation-dependent role as a
crucial structural element. Mass spectrometry identified
two phospho-residues in a dPER peptide from amino ac-
ids 40–48 (Table 2). Thus, there might only be two nega-
tively charged residues in the major SLIMB-binding site
on dPER. It is possible that the presence of a SSG tandem
and a Tyr at position 50 can compensate for the lack of a
third acidic residue normally found in �-TrCP-binding
sites. It is also highly probable that other, yet to be iden-

tified, DBT-dependent phosphorylation sites besides
those within the atypical SLIMB-binding site identified
here contribute to enhancing SLIMB–dPER interactions.

The presence of numerous suboptimal phospho-deter-
minants is thought to generate a graded response in the
binding efficiencies of F-box proteins to substrates (e.g.,
Nash et al. 2001). The general molecular framework is
that progressive increases in the phospho-occupancy of
multiple phosphorylated residues eventually reaches a
threshold value that drives sufficient F-box protein/sub-
strate interactions to yield desired outcomes. As such,
regulating the kinetics of phosphorylation within the phos-
pho-network mediating F-box recognition is a key deter-
minant in the timing of substrate degradation. In the case
of animal PER proteins, they undergo progressive in-
creases in global phosphorylation that occur over an
∼10-h time frame, whereby highly phosphorylated iso-
forms are associated with a rapid decline in levels (Edery
et al. 1994; Lee et al. 2001).

What accounts for the hours-long kinetics underlying
the gradual increases in phosphorylation of S47 and
likely many other DBT-dependent sites on dPER? Based
on the in vitro ability of DBT to phosphorylate S47 de-
spite phosphatase treatment of dPER (Fig. 7), we do not
believe that hierarchical phosphorylation based on prior
priming is a major component in regulating the timing of
when S47 is phosphorylated in vivo. Rather, our findings
strongly suggest that the gradual build-up in the phos-
pho-occupancy of S47 and other sites is at least partly
based on a dynamic balance between DBT-mediated phos-
phorylation and the opposing activities of TIM and protein
phosphatases. In agreement, blocking phosphatase activ-
ity strongly enhanced the abundance of phosphorylated
S47 (Supplemental Fig. S5). Recent evidence suggests
that the ability of TIM to stabilize dPER might be by
acting as a bridge that facilitates the targeting of protein
phosphatase activity toward dPER (Fang et al. 2007). In-
deed, it is likely that the strong protective function of
TIM on dPER partially overrides the destabilizing effects
of the S47D mutant as it attains peak levels comparable
with those of wild-type dPER (Fig. 4). Following this line
of reasoning, we suggest that a major reason for the ad-
vanced dper RNA and protein cycles in the S47D mutant
is that as TIM levels decline in the late night the “re-
leased” dPER(S47D) protein is no longer protected (or
less so) and undergoes accelerated nuclear clearance,
leading to an earlier disengagement from transcriptional
repression, which advances the subsequent dper RNA
and protein cycles (Fig. 4). Likewise, while this manu-
script was under review a recent report showed that the
CKI� tau mutation, which shortens rhythms in mice,
has an “asymmetrical” effect on PER protein stability,
preferentially accelerating nuclear clearance and hence
advancing the molecular oscillations underpinning the
clockworks (Meng et al. 2008). Thus, although differen-
tial phosphorylation plays a major role in setting the
intrinsic stabilites of PER proteins, additional variables,
such as phase-specific protein–protein interactions, are
critical in the “readout” from these phospho-signals.

Many of the DBT-dependent phosphorylation sites
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that we identified using mass spectrometry do not lie
within optimal CKI sites, suggesting that inefficient phos-
phorylation by DBT might also contribute to the overall
rate of progressive increases in dPER phosphorylation. It
is also possible that the strong binding of DBT to the
centrally located dPDBD, while increasing the local con-
centration of DBT, could function as a slow “time-re-
lease capsule” whereby the disengagement of DBT is
first required prior to phosphorylation of dPER residues
at more distantly located sites.

Although the phosphorylation requirements and in vivo
significance of recently identified regions on mPER1 and
mPER2 that interact with �-TrCP are not known, it is
likely to also be based on noncanonical �-TrCP-binding
sites (Supplemental Fig. S1; Eide et al. 2005; Shirogane et
al. 2005). In addition, hyperphosphorylation of mamma-
lian PER proteins requires a centrally located CKI-bind-
ing site (Lee et al. 2004; Eide et al. 2005; Shirogane et al.
2005). Therefore, mammalian PER proteins, especially
mPER1 and mPER2, are likely to be targeted by �-TrCP
to the 26S proteasome in a manner similar to that de-
scribed here for dPER. This type of mechanism might
also apply to other clock proteins such as FREQUENCY
(FRQ) in Neurospora that undergoes daily changes in
phosphorylation and stability that are remarkably simi-
lar to those observed for PER proteins (Garceau et al.
1997). In addition, the phosphorylated state of FRQ is
regulated by casein kinases, protein phosphatases, and
the rapid degradation of highly phosphorylated isoforms
is mediated by the F-box protein FWD1, a homolog of
�-TrCP (Yang et al. 2004; He and Liu 2005; Huang et al.
2007).

A systematic screen for dPER phosphorylation
sites using mass spectrometry identifies
phospho-clusters and sets the stage for understanding
some of the classic clock mutants

An interesting feature of the distribution in phosphory-
lation sites on dPER that we identified using mass spec-
trometry is that they seem to concentrate in clusters,
suggesting the presence of “phospho-modules” with dif-
ferent functions. Most of these clusters appear anchored
by proline-directed phosphorylation sites, which are phos-
phorylated by endogenous kinases expressed in S2 cells. Of
note, one such cluster is located in the dPER “short do-
main” (T585–T610). Mutations in this region result in
animals with short periods (Konopka and Benzer 1971;
Baylies et al. 1992; Rutila et al. 1992; Konopka et al.
1994). In fact, the mutated residues of two classic per
mutants that have short periods, perS (S589N, 19-h pe-
riod) and perT (G593D, 16-h period), are right in the heart
of this cluster. S589 is phosphorylated in a DBT-depen-
dent manner; and G593, when mutated, may affect phos-
phorylation at nearby S589 and/or S596. Although the
perS mutants was isolated more than 35 years ago, our
results provide the first biochemical understanding for the
short period phenotype, suggesting that phosphorylation
events in the “short domain,” some of which are DBT-
dependent, may collaboratively function to slow down

the clock. It is now becoming apparent that phosphory-
lation at different sites on PER proteins can result in dif-
ferential effects on the pace of the clockworks, whereby
some lead to faster clocks while others slow it down
(e.g., Vanselow et al. 2006). The presence of phosphory-
lated residues with opposing outcomes on the speed of
the clock can explain why mutations in CKI�/�/DBT can
yield a variety of period-altering phenotypes from short
to long, despite the fact that overall enzymatic activity is
generally reduced (Price et al. 1998; Suri et al. 2000;
Vanselow et al. 2006; Muskus et al. 2007).

A rather unanticipated finding is that the majority of
dPER phosphorylation is unrelated to direct effects on
stability. This is supported by the lack of detectable
SLIMB binding to a dPER fragment only missing the first
100 amino acids despite extensive phosphorylation as
inferred from being the region underlying the majority of
phosphorylation-dependent electrophoretic mobility shifts
and confirmed by our mass spectrometric analysis (Table
2; Supplemental Fig. S4). Other lines of evidence also
imply that a significant amount of multiphosphorylation
is not linked to direct effects on PER stability. For ex-
ample, abolishing phosphorylation at many centrally lo-
cated sites on mPER3 does not attenuate CKI-mediated
in vitro interactions with �-TrCP (Shirogane et al. 2005).
Also, a trans-dominant version of CKII reduced global
hyperphosphorylation of dPER without major effects on
its levels (Smith et al. 2008).

Thus, there are likely to be at least two functionally
distinct DBT-dependent phosphorylation programs regu-
lating different aspects of PER metabolism and activity:
one that controls �-TrCP/SLIMB binding, and another
that integrates with other kinases, such as CKII, to modu-
late nuclear entry/accumulation and/or ability to function
as a transcriptional repressor. Indeed, our mass spectro-
metric analysis of dPER identified numerous phosphor-
ylation sites in a putative nuclear localization site and
within the CCID mediating dPER inhibition of CLK-me-
diated transcription (Supplemental Fig. S4; Chang and
Reppert 2003). Variants of dPER missing the major DBT
docking site are hypophosphorylated and weak repres-
sors (Kim et al. 2007; Nawathean et al. 2007). However,
the relationship between hyperphosphorylation and re-
pressor potency is not clear, as the DBT docking site on
dPER also functions as a molecular scaffold for DBT and
perhaps CKII-mediated inhibition of CLK-dependent
transcription (Nawathean and Rosbash 2004; Yu et al.
2006; Kim et al. 2007; Nawathean et al. 2007). Nonethe-
less, it is clear that the DBT docking site is a critical
nexus for coordinating multiple phosphorylation pro-
grams. A challenge is to examine the functions of the
newly identified phosphorylation sites and dissect the
mechanisms by which they regulate dPER metabolism
and activity.

Materials and methods

Plasmids for S2 cell expression and site-directed mutagenesis

Plasmids expressing pAc-dper-V5-His and pMT-dbt-V5-His
were described in Kim et al. (2007) and Ko et al. (2002), respec-
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tively. Procedures for generating pAc-3XFlag-His-dper-6Xc-myc
and pAc-3XFlag-His-dper/Tev100-6Xc-myc are described in the
Supplemental Material. QuikChange site-directed mutagenesis
kit (Stratagene) was used to generate dper mutations using the
various vectors described above as templates (see the Supple-
mental Material for primer sequences). Procedures for generat-
ing pMT-3XFlag-His-dper, pMT-dbt, pMT-gst, and pMT-gst-
slimb plasmids are discussed in the Supplemental material.

S2 cell culture and transfection

S2 cells and DES expression medium were obtained from Invit-
rogen, and transient transfections were performed using Effec-
tene (Qiagen) according to the manufacturer’s instructions. For
each transient transfection, 0.8 µg of different dper containing
plasmids and 0.2 µg of pMT-dbt-V5-His or empty control pMT-
V5-His plasmids were used. Expression of dbt was induced by
adding 500 µM CuSO4 to the culture media 36 h after transfec-
tion. Stable cell lines expressing pMT-3XFlag-His-dper alone or
with pMT-dbt, pMT-3XFlag-His-dbt, pMT-gst, and pMT-gst-
slimb were generated using calcium phosphate transfection kit
(Invitrogen), and induction of pMT-driven expression was
achieved using 500 µM CuSO4. For experiments in which the
proteasome inhibitor MG132 (50 µM; Sigma) and cyclohexi-
mide (10 µg/mL; Sigma) were used, they were added 4 h prior to
cell harvest. These drugs were not used in the time-course ex-
periments shown.

Phosphorylation site mapping

Hygromycin-resistant stable cell lines expressing pMT-3XFlag-
His-dper alone or with pMT-dbt were established for dPER pu-
rification (see Supplemental Material for cell culture conditions
and purification procedures). Phosphorylation site mapping us-
ing mass spectrometry was performed as described in Schlosser
et al. (2005). Data analysis was essentially performed as de-
scribed previously (Schlosser et al. 2007).

Transgenic flies and locomotor activity assays

To generate transgenic flies carrying dper mutations, we used a
previously characterized vector that contains a 13.2-kb dper ge-
nomic fragment tagged with the HA epitope and multiple his-
tidine residues (10XHis) at the C-terminal (13.2per+-HAHis)
(Lee et al. 1998). A XbaI–BamHI subfragment of this vector (in-
cluding sequences encoding amino acids 1–870 of dPER) was
subcloned into pGEM7 vector (Promega). This was used as the
template for site-mutagenesis using the QuikChange Mutagen-
esis Kit (Stratagene). See the Supplemental Material for primer
sequences. Mutated dper regions were confirmed by DNA se-
quencing, and used to replace the corresponding fragment in the
13.2per+-HAHis plasmid. Injection of w1118 embryos was per-
formed by Genetic Services, Inc., and transgenic flies expressing
dper (wild-type or mutant) transgenes in w1118per+ (referred to
as wper+) and w1118per0 (wper0) backgrounds were generated as
described in Kim et al. (2007). Flies were kept at 25°C and en-
trained for at least three cycles of 12-h light:12-h dark (12:12 LD,
where zeitgeber time [ZT] 0 is the start of the light period),
followed by at least 7 d in constant dark conditions (DD) for
determination of free-running period. The measurement of fly
locomotor activity rhythms was as previously described (Kim et
al. 2007). To evaluate fly materials for Western blotting, GST-
SLIMB pull-down, or immunoprecipitation, we entrained flies at
25°C in 12:12 LD for 3 d, and collected them at the indicated ZT
on the fourth day.

Generation of S47 phosphospecific antibodies
and immunobloting

Rabbits were immunized with a 15-amino-acid peptide (amino acid
40—SGSHSSGpSSGYGGKP—amino acid 54; where p = phosphate)
(Proteintech Group, Inc.). Immunoblotting analysis was performed as
described previously (Lee et al. 1998) with modifications detailed in
the Supplemental Material.

Immunoprecipitation (IP) and phosphatase (�-PP) treatment

IP and �-PP treatment were performed as described (Lee et al. 1998)
with modifications detailed in the Supplemental Material.

GST pull-down assay and TEV enzyme cleavage

S2 cells expressing pAc-3XFlag-His-dper/Tev100-6Xc-myc vari-
ants were expressed with or without pMT-dbt-V5-His. Cells
were treated with MG132 (50 µM) and cycloheximide (10 µg/
mL) at 12 h (Fig. 3B) or at 16 h post-dbt induction (Fig. 3C,D),
and harvested 4 h later. For the time course experiment (Fig.
3A), cells were harvested at the indicated times without drug
treatment. dPER proteins were extracted using EB2 (see the
Supplemental Material). TEV cleavage was performed overnight
at 4°C according to the manufacturer’s instructions (Invitro-
gen). Mock or TEV-treated extracts were incubated with gluta-
thione beads (Pierce) bound with GST or GST-SLIMB (purified
from stable cell lines) usually for 4 h (up to overnight) at 4°C.
Bound dPER proteins were eluted with SDS sample buffer and
resolved in 6% SDS-PAGE for dPER(1–1224) and dPER(101–
1224), or 16% SDS-PAGE for dPER(1–100). To generate GST and
GST-SLIMB proteins, expression was induced from stable cell
lines for 36 h, and cells were lysed in GST lysis buffer (see the
Supplemental Material). The extracts were then incubated with
glutathione beads for 4 h at 4°C to achieve binding. GST pull-
down assays for fly extracts were performed as described for S2
cell extracts (see the Supplemental Material for extract prepa-
ration), and bound dPER was resolved using 6% SDS-PAGE.

In vitro kinase assay

S2 cells were transiently transfected with pAc-3XFlag-His-dper/
Tev100-6Xc-myc wild-type or �dPDBD variants. S2 cells were
harvested around 48 h after transfection without any drug treat-
ment and dPER proteins were extracted using EB2 (see the
Supplemental Material). After IP (see the Supplemental Mate-
rial) to obtain dPER proteins, samples were subjected to �-PP or
mock treatment. Samples were subsequently washed three times
with appropriate reaction buffers (CKI, CKII, or GSK3; New En-
gland Biolabs). Kinase assays were performed for 30 min at 30°C
using 500 U of CKI�, CKII, GSK3 (New England Biolabs), or 0.5
µg of Flag-tagged DBT purified from a stable S2 cell line express-
ing pMT-3XFlag-His-dbt (reaction were supplemented with 100
µM ATP [New England Biolabs]). Purification procedures are
detailed in the Supplemental Material. All kinases used for in
vitro phosphorylation studies were active as assayed using con-
trol substrates (data not shown).

RT–PCR

The relative dper mRNA levels were measured by semiquanti-
tative RT–PCR as described previously (Kim et al. 2007). dper
mRNA levels were normalized against noncycling cbp20 (cap-
binding protein 20) mRNA.
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