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Drosophila ubiquitin-specific peptidase
14 stabilizes the PERIOD protein by
regulating a ubiquitin ligase SLIMB

Check for updates

SoWho Kang 1,2,8, Jung-Eun Park3,8, Soonhyuck Ok3,4, Minhui Um3,4, Hyeonjeong Son3,4,
Seunghee Byun 3, Nayoung Park3, Su Jin Lee3, Thị Xuân Thùy Trần3, Gyeongmin Kim3,
Jeonghun Yeom 5, Kyunggon Kim5,6, Eun Young Kim 1,2 & Min-Ji Kang 3,7

The circadian clock orchestrates behavior and physiology through the oscillation of key clock proteins
like PERIOD (PER). Here, we investigate the role of ubiquitin-specific peptidase 14 (USP14) in
modulatingPERstability andcircadian rhythms inDrosophila.Wefind that overexpressionofUSP14 in
clock cells reduces PER protein levels without altering its mRNA levels whereas USP14 knockdown
increasesPERprotein levels, suggesting that USP14 regulatesPERpost-translationally. Interestingly,
despite these alterations in PER levels, neither USP14 overexpression nor knockdown significantly
impacts circadian behavioral rhythms, likely because of slight effects on PER levels in small ventral
lateral neurons (sLNvs). Further analysis shows that USP14 physically interacts with Supernumerary
Limbs (SLIMB), a protein involved in PERdegradation.Moreover, reducing slimb expressionmitigates
the effects of USP14 on PER protein stability. Mass spectrometry identifies two ubiquitination sites on
PER (Lys1117 and Lys1118) critical for its degradation. Expression of PER1117A, 1118A mutant in per01

background impairs circadian rhythmstrength. In conclusion, this studydemonstrates thatDrosophila
USP14 indirectly modulates PER protein stability by affecting SLIMB and highlights the critical role of
specific ubiquitination sites on PER in maintaining circadian rhythms.

Circadian rhythms are endogenous oscillations of behavior and physiology
with a period length of approximately 24 h. These rhythms are observed in
most organisms and are driven by circadian clocks1,2. The circadian clock
functions at the cellular level through a transcription-translation feedback
loop involving mutually interacting positive and negative elements. In
Drosophila, the positive components of themajor feedback loop include the
transcriptional activators CLOCK (CLK) and CYCLE (CYC), whereas the
negative components are the transcriptional repressors PERIOD (PER) and
TIMELESS (TIM). CLK and CYC form a heteromeric complex to activate
the E-box-mediated transcription of per and tim; in a feedback connection,
PER and TIM form complexes in the cytosol and translocate to the nucleus
at a specific time of day to inhibit the transcriptional activity of the CLK/
CYC complex. Among the clock proteins, the oscillation in PER protein

levels primarily determines the duration (period) and phase of the circadian
cycle3. The turnover of PER is regulated by post-translational modification;
specifically, PER is phosphorylated by Doubletime (DBT)/Casein Kinase 1ε
(CK1ε)4,5, ubiquitinated by E3 ubiquitin ligase Supernumerary Limbs
(SLIMB), and subsequently degraded by the 26S proteasome6–8. The
degradation of PER releases the repression of the CLK/CYC complex,
thereby initiating a new cycle of transcriptional activation.

The ubiquitin-proteasome system (UPS), one of the principal protein
quality control systems, is implicated in the regulation of circadian rhythms
in various organisms, including mammals, Drosophila, and
Neurospora6,7,9–12. FWD1, theNeurospora homolog of SLIMB, regulates the
degradation of the circadian clock protein FREQUENCY, while β-TRCP,
the mammalian homolog of SLIMB, targets mammalian PER (mPER) for
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degradation. Moreover, a recent study suggests that maintaining a balance
between ubiquitination and deubiquitination is crucial for regulating the
stability of clock proteins13. According to these findings, USP14 (a deubi-
quitinase) and β-TRCP function in opposition to regulating the stability of
themPER protein, as evidenced by disrupted behavior rhythms observed in
β-TRCP1/2 mutant mice. However, the exact mechanism of PER degra-
dation by SLIMB in Drosophila remains unknown.

To investigate the role for deubiquitinase in Drosophila, we analyzed
the impact of USP14 on the stability of PER in Drosophila. Overexpressing
USP14 in clock cells downregulated the levels of the PER protein without
affecting TIM, the other main clock protein. In addition, we demonstrated
that USP14 stabilized SLIMB, which is required for USP14 to regulate the
stability of PER. We also identified the putative ubiquitination residues in
PER through mass spectrometry and found that mutations in the lysine
residue to alanine at positions 1117 and 1118 rendered the protein resistant
to USP14-mediated protein degradation. These results collectively indicate
that Drosophila USP14 regulates the degradation of PER.

Results
USP14 overexpression in clock cells reduces PER levels
In mammals, the degradation of mPER is regulated by a balance between
ubiquitination and deubiquitination processes13. To explore whether Dro-
sophilaUSP14 is involved in the degradation of circadian clock proteins, we
overexpressed USP14 in clock cells using the tim (UAS)-gal4 driver. Flies
were entrained under a standard 12 h/12 h light/dark (LD) cycle, where the
zeitgeber time 0 (ZT0) corresponds to light-on and the zeitgeber time 12
(ZT12) to light-off. In control flies (tim>lacZ), newly synthesized PER was
detected from ZT12 and reached peak levels by ZT24, followed by its
degradation early in the day (Fgs. 1a, b). Notably, in USP14-overexpressing
flies, PER levels were consistently lower throughout the day compared to
controls. Interestingly, TIM protein levels remained unaffected between
control and USP14-overexpressing flies (Fig. 1a, c). To determine whether
USP14 influences the transcription of the per and tim genes, we measured
themRNA levels under the same conditions.No significant differenceswere
observed between control and USP14-overexpressing flies (Fig. 1d, e),
suggesting that USP14 primarily affects PER stability at the post-
translational level rather than at the transcriptional level.

We next investigated whether USP14 overexpression impacts circa-
dian rhythm by performing a circadian locomotor activity analysis (Fig. 1f
and Supplementary Table 2). USP14 overexpression led to a statistically
significant but minimal shortening of the circadian period compared to
control flies (tim>lacZ), and the parental lines, questioning the biological
significance of this effect. USP14 overexpression did not alter circadian
rhythmicity of locomotor activity.

The Drosophila circadian network, which orchestrates daily rhythms,
comprises pacemaker neurons, including the small and large lateral ventral
neurons (sLNvs and lLNvs), lateral dorsal neurons (LNds), and posterior
dorsal neurons 1 (DN1ps)

14–19. Among these, the sLNvs are crucial for
governing free-running rhythms20. To further assess the effect of USP14 on
PER protein dynamics within pacemaker neurons, we measured PER
protein levels in sLNvs throughout the day under constant darkness (DD)
conditions. Both control and USP14-overexpressing flies displayed strong
PERoscillation in the sLNvs (Fig. 1g, h). AlthoughPER levels in the sLNvs of
USP14 overexpressing flies were slightly reduced at CT28, they were com-
parable to control levels during the rest of the day (Fig. 1g, h). This may
explain why circadian rhythms remained largely unaffected in USP14
overexpressing flies, despite the significant reduction in PER levels observed
in whole-head extracts (Fig. 1a, b). To understand the discrepancy between
PER levels in whole-head extracts and sLNvs, we performed immunos-
taining of the retina, as a significant portion of the whole-head extract
originates from the eyes. Consistent with the immunoblotting results
(Fig. 1b), PER intensities in the retina were markedly reduced in USP14-
overexpressing flies compared to controls (Supplementary fig. 1). This
suggests that the observed significant reduction in whole-head PER levels
was primarily driven by changes in the retina.

USP14 knockdown in clock cells increases PER levels
Given that USP14 overexpression reduced PER levels, we investigated
whether endogenous USP14 regulates PER stability by knocking down
USP14 in clock cells using the tim (UAS)-gal4 driver. Under standard LD
conditions, PER levels in USP14 knocked down (KD) flies were slightly
elevated compared to control flies, an effect opposite to that observed with
USP14 overexpression (Fig. 2a, b). The effective knockdown of Usp14
mRNA in USP14 KD flies was verified through quantitative real-time RT-
PCR (Fig. 2c).

To determine whether the altered PER levels in USP14 KD flies affect
circadian rhythm, we performed circadian locomotor activity analysis.
Similar to USP14 overexpression, USP14 knockdown did not result in
significant changes in either circadian period or rhythmicity when com-
pared to parental lines and the control (tim>d2) flies (Fig. 2d and Supple-
mentary Table 2).

To further correlate the PER dynamics with circadian locomotor
activity, we examined PER levels in sLNvs under the DD condition. Both
control and USP14 KD flies exhibited strong PER oscillation in sLNvs
neurons (Fig. 2e, f). However, PER levels in sLNvs of USP14 KD flies were
modestly higher than those in controls throughout most of the day. The
relatively small increase in PER levels in USP14 KD flies likely explains the
lack of dramatic changes in circadian behavior. Nonetheless, the opposing
effects observed in PER levels with USP14 overexpression and knockdown
indicate that USP14 is involved in the regulation of PER stability.

USP14 regulates the stability of SLIMB
Our results showed that the overexpression of a deubiquitinating enzyme
decreased PER levels, while its knockdown increased PER levels
(Figs. 1 and 2). This led us to hypothesize that the role of USP14 in PER
stability might not be direct. Alternatively, USP14 might regulate the sta-
bility of a specific protein that is responsible for degrading PER. To inves-
tigate this hypothesis, we first focused on SLIMB, a member of the F-box/
WD40 protein family within the ubiquitin ligase SCF complex that controls
the degradation of hyperphosphorylated PER6,7. We gradually increased
USP14 levels in Drosophila S2 cells and then examined the stability of the
SLIMB protein. We found that SLIMB protein levels increased with
increasing levels of USP14 (Fig. 3a, b). To further determine the function of
USP14 on SLIMB stability, we performed chase experiments using cyclo-
heximide (CHX) to inhibit de novo protein synthesis. Our observation
indicates that the degradation rate of SLIMB was delayed when USP14 was
overexpressed (Fig. 3c, d).We also found thatUSP14 and SLIMBphysically
interacted, as determined by co-immunoprecipitation assays (Fig. 3e).
Consistently, the ubiquitin-mediated protein degradation of SLIMB was
reduced by USP14 overexpression (Fig. 3f). The phosphorylation of PER
leads to its rapid degradation by the ubiquitin-proteasome pathway7;
therefore, to mimic the animal clock, we induced the expression of dbt-V5
using the copper-inducible metallothionein (pMT) promoter that triggers
the phosphorylation of PER. Similar to native PER protein mobility
(Fig. 1a), the exposure of CuSO4 in Drosophila S2 cells led to a progressive
decrease in PER mobility (Fig. 3g). Considering that USP14 indirectly
regulates the protein degradation of PER through SLIMB,we then tested the
stability of PER in the absence of SLIMB. To knock down the slimb gene in
Drosophila S2 cells, we incubated the cells with a double-stranded RNA
(dsRNA) against slimb, which resulted in an approximately 60%decrease in
slimbmRNA levels as compared to control cells (Fig. 3h). Notably, the effect
of USP14 on wild-type PER protein stability almost disappeared in slimb
knockdown S2 cells (Fig. 3g, i), indicating that USP14 accelerates the
degradation of the PER protein by enhancing the stability of SLIMB.

Identification of ubiquitination residue in the PER protein and its
significance
To gain a more comprehensive understanding of the molecular
mechanisms through which USP14 drives the degradation of the PER
protein, we conducted mass spectrometry analyses to identify the post-
translational modifications of PER. Head extracts at ZT20 were prepared
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fromUSP14-overexpressing flies and processed for immunoprecipitation
followed by mass spectrometry (Fig. 4a). Consequently, we found three
putative ubiquitination residues—K53, K1117, and K1118—in the PER
protein. To determine whether those residues are required for the ubi-
quitination of PER, we generated various mutant constructs of PER:
single mutant (PERK53A, PERK1117A, and PERK1118A), double mutant
(PERK53A, K1117A, PERK53A, K1118A, and PERK1117A, K1118A), and triple mutant
(PERK53A, K1117A, K1118A). When we tested the stability of PER mutant pro-
teins, we found that the double mutation of the Lys-1117 and Lys-1118
residues into Ala rendered the PER protein resistant to protein degra-
dation (Fig. 4b, c), which is validated using a chase experiment. The PER
mutant with mutations at Lys-1117 and Lys-1118 residues exhibited
greater resistance to protein degradation compared to the wild-type PER
following DBT phosphorylation for 6 h (Fig. 4d, e). This suggests that
these residues could potentially be targeted for ubiquitin conjugation.

Consistently, the increased expression of SLIMB did not have a sig-
nificant impact on the levels of PERK1117A, K1118A mutants, although there
was a slight decrease. However, the levels of wild-type PER were
noticeably reduced when SLIMB was co-expressed (Fig. 4f, g). To
determine whether USP14 is involved in the stability of PER via the
K1117 and K1118 residues, we co-expressed USP14 in combination with
the PERWT or PERK1117A, K1118A mutants. The co-expression of UPS14 with
PERWT accelerated the protein degradation of PERWT, similar to that of
the native PER protein in fly heads (Fig. 1a). Furthermore, while USP14
affected the protein stability of wild-type PER, the effect of USP14 on
PER protein stability was abolished in the PERK1117A, K1118A mutant pro-
tein (Fig. 4h).

Finally, to evaluate the significance of the ubiquitination sites
identified in PER, we expressed either wild-type PER (PERWT) or PER
mutant (PERK1117A, K1118A) using the tim (UAS)-gal4 driver in a per-null

Fig. 1 | Daily oscillation of PER protein is altered in USP14-overexpressing flies.
(a) Control (tim>lacZ) and USP14 OE (tim>Usp14-HA) flies were collected at the
indicated times of the day (ZT). Head extracts were analyzed by immunoblotting
with antibodies against PER, TIM, or α-Tub. (b and c) Quantification of PER (b) and
TIM (c) protein levels was performed using the ImageJ software (NIH). All band
intensities were normalized by the value of α-Tub band intensity. Values indicate
mean ± SEM. p-values were obtained using Student’s t-tests. *p < 0.05, **p < 0.01.
(d and e) Relative mRNA levels of period (d) and timeless (e) were determined by
quantitative real-time PCR. All values were normalized by the values of rp49. (f)

Free-running periods and rhythmicity (inside the bar) of the indicated genotype of
flies are shown. Values indicate mean ± SEM (n = 16 ~ 62). p-values were obtained
using one-wayANOVA followed by Tukey’s comparisons test. *p < 0.05, **p < 0.01,
and ****p < 0.0001. (g) Brains of the control and USP14 OE flies were dissected at
the indicated times of DD and stained with anti-PER (green) and anti-PDF (red)
antibodies. Representative images of sLNvs are shown (scale bar: 10 μm). (h)
Quantification of the PER fluorescence intensities of sLNvs. Values indicate
mean ± SEM (n = 42 ~ 55). p-values were obtained using the Mann–Whitney test at
each time point. *p < 0.05 and ****p < 0.0001.
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background. We first analyzed molecular rhythms by performing wes-
tern blotting analysis with head extracts. PERWT levels began to accu-
mulate early in the night, peaking in the late night to early morning,
before being degraded (Fig. 5a). This rhythmic accumulation is also
evident in the quantitation graph (Fig. 5b). In contrast, PERK1117A, K1118A

did not exhibit robust rhythms in protein levels. Specifically, the
hyperphosphorylated isoforms of PER persisted (Fig. 5a), leading to
significantly dampened molecular oscillations (Fig. 5b). This impaired
degradation of hyperphosphorylated PERK1117A, K1118A is consistent with
our findings in S2 cells (Fig. 4c). To further investigate the functional
consequences of these mutations, we conducted circadian behavior
analysis. Expression of PERWT under the tim (UAS)-gal4 driver suc-
cessfully rescued the arrhythmic phenotype of per01 flies, although it
slightly lengthened the circadian period to approximately 25.3 h. This
lengthened periodicity could result from the elevated expression levels of
PERWT under the tim (UAS)-gal4 driver compared to natural PER
expression levels in wild-type flies. In contrast, flies expressing PERK1117A,

K1118A exhibited statistically significant shortening of the period by
24.9 ± 0.21 h (Fig. 5d and Supplementary Table 2), although we do not
consider it biologically significant. However, PERK1117A, K1118A did not
effectively restore rhythmicity or rhythm strength compared to PERWT

(Fig. 5c, e and Supplementary Table 2). Immunostaining of the sLNvs
revealed pronounced oscillations of PERWT (left, Fig. 5f, g), whereas the
oscillation amplitude of PERK1117A, K1118A was markedly reduced, with
consistently higher levels than PERWT (right, Fig. 5f, g). These molecular
rhythmic defects correlate with the impaired circadian behavior observed
in PERK1117A,K1118A-expressing flies. Collectively, these results highlight the

critical role of K1117 and K1118 residues in regulating PER protein
stability and emphasize their importance in the maintenance of circadian
rhythms in Drosophila.

Discussion
The daily oscillation of PER protein levels is crucial for maintaining circa-
dian rhythms inDrosophila, which is primarily governed by UPS-mediated
regulation. The balance between ubiquitination and deubiquitination
influences the physiological levels and functionality of proteins. The inter-
play between these processes has a substantial effect on the repetitive pat-
terns of protein accumulation within the clock mechanism and establishes
these post-translational modifications as a fundamental element in the
rhythmic nature of the circadian clock. Herein, we suggest a relationship
between clock protein PER, ubiquitinase SLIMB, anddeubiquitinaseUSP14
in Drosophila. Unlike mammals, Drosophila USP14 did not have a direct
effect on the PER protein. Alternatively, it enhanced the stability of SLIMB,
thereby influencing PER function.

Our findings indicate that the overexpression of USP14 reduces PER
levels inwhole-head extracts (Fig. 1b). A reduction of repressor protein PER
could theoretically derepress CLK-CYC, leading to increased levels of per
and timmRNA.However, our results demonstratednodifference inper and
timmRNA levels between control and USP14-overexpressing flies. CLK is
present in limiting amounts and PER levels are significantly higher than
those of CLK21. Thus, we reasoned that even a reduced amount of PERmay
still sufficiently repress CLK-CYC activity.

Although western blotting analysis of whole-head extracts revealed
significant alterations in PER levels with USP14manipulation, the impact on

Fig. 2 | Knockdown ofUSP14 slightly shortens the free-running period and alters
the daily oscillation of PER in clock neurons. (a) Adult flies of the indicated
genotypes were harvested at the indicated ZT, and head extracts were prepared for
immunoblotting with antibodies against PER or α-Tub. (b) The protein level of PER
in representative images was quantified. These experiments were conducted at least
in triplicate. Values indicate mean ± SEM. p-values were obtained using Student’s t-
tests. *p < 0.05. (c) The levels ofUsp14mRNAwere quantitated in control (tim > d2)
and USP14 KD (tim > d2, Usp14 Ri) flies through real-time quantitative RT-PCR.
Values indicate mean ± SEM. p-values were obtained using Student’s t-tests.

**p < 0.05 (d) Free-running periods and rhythmicity (inside the bar) indicated
genotype of flies are shown. Error bars indicate mean ± SEM (n = 29 ~ 37). p-values
were obtained using the one-way ANOVA followed by Tukey’s comparisons test.
****p < 0.0001. (e) Brains of the control and USP14 KD flies were dissected at
indicated times of DD and stained with anti-PER (green) and anti-PDF (red)
antibodies. Representative images of sLNvs are shown (scale bar: 10 μm). (f)
Quantification of the PER fluorescence intensities of sLNvs. Values indicate
mean ± SEM (n = 54 ~ 74). p-values were obtained using the Mann–Whitney test at
each time point. **p < 0.01 and ****p < 0.0001.
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circadian rhythms wasminimal, likely resulting from limited effects in sLNvs.
Despite subtle alterations in PER levels within sLNvs following USP14
overexpression or knockdown, the consistent direction of PER stability
changes underscored the role of USP14. However, these modest PER
changes did not significantly affect circadian locomotor behavior, suggesting
that although USP14 influenced PER stability, its effect may not be sufficient
to noticeably alter circadian rhythms. Further sensitization by down-
regulating Usp14 in heterozygous slimb00295 loss of function mutants also
failed to significantly affect circadian rhythms (Supplementary Fig. 2 and
Supplementary Table 2).We hypothesize that SLIMB levels in clock neurons,

including sLNvs, were sufficiently high to degrade PER, making USP14
manipulation less impactful on circadian rhythms compared to other cells.

As mentioned above, mPER degradation is mediated by two pro-
teins: USP14 and β-TRCP, an ortholog of Drosophila SLIMB13. Notably,
although USP14 functions as a deubiquitinating enzyme for the PER
protein, the effect of USP14 in PER protein degradation differs between
mice and flies, as mouse USP14 stabilizes the mPER protein whereas
Drosophila USP14 accelerates PER protein degradation. The USP14
protein is highly conserved across species and has two conserved
domains, UBQ and Peptidase_C19. Therefore, it is interesting that

Fig. 3 | Drosophila USP14 stabilized SLIMB protein. a Immunoblotting of the
SLIMB protein according to increasing levels of USP14. b The normalized band
intensities of the gels were quantified, and the data are shown in the graph. c SLIMB
degradation was delayed by the overexpression of Usp14. HA-tagged SLIMB and Myc-
tagged Usp14 were transiently cotransfected into S2 cells. Then, chase experiments
were performed at the indicated time points after the addition of 1 μg/mL cyclohex-
imide (CHX) at time zero. α-Tub was used as a loading control. d Quantification
of SLIMB-3HA signals in (c) normalized to those of endogenous α-tubulin. e Co-
immunoprecipitation of USP14 and SLIMB. Drosophila S2 cells were transfected with
indicated plasmids, and whole-cell lysates were subjected to co-immunoprecipitation.
f Effect of USP14 overexpression on ubiquitin-mediated degradation of SLIMB. USP14
fused with EGFP and three HA-tagged SLIMB were overexpressed in S2 cells and then

incubated with 5 μMof proteasome inhibitor (MG132) for 12 h before lysis. Whole-cell
lysates were subjected to immunoprecipitation with an anti-HA antibody, followed by
immunoblotting with an anti-EGFP, anti-HA, and anti-ubiquitin antibody. g–i dsRNA
against slimb was incubated on days 1 and 3. At day 4, dsRNA-treated S2 cells were
transfected with the indicated plasmids. DBTwas induced by adding 500 μMCuSO4 for
the indicated times. Proteins (g) or RNA (h) were extracted and subjected to immu-
noblotting (g) or RT-qPCR (h). (h) The levels of slimb mRNA were quantitated in
control (-) and slimb knockdown S2 cells. (i) Normalized PER levels at steady state (0 h
after CuSO4 treatment) according to slimb knockdown. Notably, the effect of USP14
overexpression in wild-type PER protein degradation almost disappeared in slmb-
downregulated S2 cells. p-values were determined using Student’s t-test.
*p < 0.05, **p < 0.01.
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mouse USP14 and Drosophila USP14 have opposing effects on PER
protein degradation. This discrepancy may be explained from an evo-
lutionary standpoint as follows. In Drosophila, USP14 controls the sta-
bility of SLIMB, and SLIMB ubiquitinates PER; in other words,
Drosophila USP14 goes through two steps to modulate PER protein
stability. In contrast, mouse USP14 directly enhances the stability of PER.
Moreover, the stability of mPER in mammals is directly regulated in the

opposite direction by β-TRCP. Therefore, it is possible that during
evolution, mammals evolved a direct way to more efficiently control the
degradation of PER using two separate proteins (i.e., USP14 and β-
TRCP) rather than going through two hurdles as in Drosophila.

In conclusion, our study demonstrates that USP14 regulates the
degradation of the PER protein through SLIMB stabilization in Drosophila
(Fig. 6).

Fig. 4 | Identification of ubiquitination residues in PER. a Schematic of the
identification process of ubiquitination residues in Drosophila PER. Proteins were
extracted from the fly heads at ZT20, and PERwas isolated by immunoprecipitation.
The purified PER proteins were used for the analysis of post-translational mod-
ifications bymass spectrometry, which revealed three putative Lys residues required
for ubiquitin attachment. b, c S2 cells were co-transfected with the indicated plas-
mids, and DBT was induced by adding 500 μM CuSO4 for the indicated times.
c Quantification of PERWT and PERK1117A,K1118A signals in (b) normalized to those of
endogenous α-Tubulin. d Western blotting shows that PERK1117A,K1118A were

longer-lived compared to PERWT after pre-treatment with 500 μMCuSO4. eGraphs
show the rate of PER degradation. The PER level at 0 h chase in each panel of (d) was
set to 1. f Anti-PER western blotting. Upon SLIMB overexpression, the levels of
PERWT decreased, but the effect of SLIMB on PER stability was suppressed in
PERK1117A, K1118A. g The normalized band intensities of gels in (f) were quantified and
shown as a graph. (h) The impact of USP14 on PERWT was not observed in PERK1117A,

K1118A. The experimental condition closely resembles condition (b). p-values were
determined using Student’s t-test. *p < 0.05, **p < 0.01.
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Materials and Methods
Fly strains
All Drosophila stocks were raised on standard BDSC cornmeal con-
taining 1.6% yeast, 0.9% soy flour, 6.7% cornmeal, 1% agar, and 7% light
corn syrup at 25 °C. Genes in clock cells were misexpressed using the
standard Gal4/UAS systems22. The generation of Tim (UAS)-gal4 flies has
been previously described23. UAS-USP14-HA (F001032) and UAS-lacZ
(BDSC1776) lines were obtained from Bloomington stock center and
FlyORF, respectively.

Circadian rhythm analysis
Locomotor activity of individual flies was determined using the Drosophila
ActivityMonitoring System (Trikinetics,Waltham,MA,USA).Youngmale
flies in glass tubes containing 2% agar and 5% sucrose were exposed to a
12 L:12Dcycle for four days andwere thenmaintained inDD for sevendays

at 25 °C. The locomotor data analysis was performed using the FaasX
software (Fly Activity Analysis Suite for Mac OS X), which was generously
provided by Dr. Francois Rouyer (Centre National de la Recherche Scien-
tifique, France). Periods were calculated for each fly using χ2 periodogram
analysis, and the data were pooled to obtain an average value. Power was
calculatedbyquantifying the relative strengthof the rhythmduringDD, and
individual flies with a power of 10 or greater and a width of two or greater
were considered rhythmic. Actograms exhibited double-plotted locomotor
activities throughout the experimental period and were acquired using the
Actogram J software24.

Plasmids and S2 cell culture
The act-gal4, uas-Usp14-HA, uas-egfp, pAct-per-V5, and pMT-dbt-V5
plasmids have been described previously7,23,25. PER mutants (K53A,
K1117A, andK1118A)were generated using theQuickChange site-directed

Fig. 5 | Oscillation amplitude of the PER mutant proteins is reduced compared
to that of wild-type PER. a Flies expressing PERWT (w,per01;tim>perWT) and
PERK1117A, K1118A (w,per01;tim > perK1117A,K1118A) were collected at the indicated times of
the day (ZT). Head extracts were analyzed by immunoblotting with antibodies against
PER or α-Tub. bComparison of the levels of PER proteins between those presented in
(a). Quantification of PER protein levels was performed using the ImageJ software
(NIH). All band intensities were normalized by the value of α-Tub band intensity.
Values indicate mean ± SEM. p-values were obtained using Student’s t-tests. *p < 0.05.
The levels of mutant PER protein (PERK1117A, K1118A) were not significantly different
throughout the day. c The locomotor activities of per01 (w,per01;tim >+), PERWT

(w,per01;tim>perWT), and PERK1117A,K1118A (w,per01;tim>perK1117A,K1118A) flies are shown.
Each panel represents the actogram of male flies for a given genotype during the

12 h/12 h LD cycle, followed by seven consecutive days of DD. The dotted red lines
connect the evening peaks for each day of the experiments. d Free-running period and
rhythmicity (inside the bar) of PERWT and PERK1117A,K1118A

flies are shown. Error bars
indicate mean ± SEM. p-values were obtained using the Mann–Whitney test;
*p < 0.05. e Power of the rhythm strength of PERWT and PERK1117A,K1118A

flies are
shown. Error bars indicate mean ± SEM. p-values were obtained using the Student’s t-
test; ****p < 0.0001. f, g Brains of the PERWT and PERK1117A,K1118A

flies were dissected at
the indicated times of DD and stained with anti-PER (green) and anti-PDF (red)
antibodies. Representative images of sLNvs are shown (scale bar: 10 μm).
g Quantification of the PER fluorescence intensities of sLNvs. Values represent
mean ± SEM (n = 18 – 42). Asterisks indicate statistically significant differences
between values at each time point using the Mann–Whitney test. ****p < 0.0001.
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mutagenesis kit (Stratagene, San Diego, CA, USA). The sequences of the
mutants were verified through DNA sequencing. Drosophila S2 cells were
grown in Schneider’s Drosophila medium (Invitrogen, 21720, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (Invitrogen, 16000-
044) and 0.5% penicillin/streptomycin (Invitrogen, 15140-122). For trans-
fection, the Effectene reagent was used following the manufacturer’s pro-
tocol (Qiagen, Germany). To knock down genes, dsRNA was generated
following the protocols of flyrnai.org. The following oligonucleotide
sequences were used to generate T7-promoter–containing amplicons:
slimb-R 5’-TAATACGACTCACTATAGGGAGCTCATCGAACGCAAG
GTG-3’ and slimb-S 5’- TAATACGACTCACTATAGGGTGCGCACGA
ATTCACAGCTA-3’. For RNAi in cultured cells, we followed a previously
described protocol26 using two rounds of incubationwith 20 µg of dsRNAat
days 1 and 3 to enhance knockdown efficiency. On day 4, the described
cDNAs were transfected using the Effectene reagent.

Immunoblotting and immunoprecipitation
DrosophilaS2 cellswere lysedusingmodifiedRIPAbuffer (50mMTris-HCl
at pH 7.5, 150mMNaCl, 1%NP-40, and 0.25% sodiumdeoxycholate) with
a protease inhibitor cocktail (Roche) and PhosSTOP. For immunoblotting
of thefly heads, the headswere collected by freezing at the indicated times in
LD and were lysed using lysis buffer (10mMHEPES at pH 7.5, 5 mMTris-
HCl at pH 7.5, 50mM KCl, 10% glycerol, 2.5 mM EDTA, 5mM dithio-
threitol, and 0.2% Triton X-100) with a protease inhibitor cocktail (Roche).
After centrifugation at 15,700 × g for 10min, proteins in the supernatant
were separated using SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane (Merck Millipore, Billerica, MA, USA). The anti-
bodies used in this study are listed in S1 Table.

Cycloheximide protein stability assay
DrosophilaS2 cells expressing the indicated geneswere treatedwith 1 μg/mL
or 10 μg/mL cycloheximide (Sigma-Aldrich), and cells were harvested at the
indicated timepoints.Cell lysateswere obtainedusingmodifiedRIPAbuffer
(50mM Tris-HCl at pH 7.5, 150mMNaCl, 1% NP-40, and 0.25% sodium
deoxycholate) with a protease inhibitor cocktail (Roche) and PhosSTOP
and were subsequently subjected to immunoblotting.

Immunohistochemistry
The fly heads were cut open, fixed in 2% formaldehyde, and washed with
PAXD buffer (1 × PBS, 5% BSA, 0.03% sodium deoxycholate, and 0.03%
TritonX-100)27. Thefixedheadswere dissected, and the isolated brainswere
permeabilized in 1%PBT for 20min and then blocked in PAXD containing

5% horse serum for 1 h. The following primary antibodies were directly
added to the mixtures at a 1:200 dilution: anti-PDF antibody (C7) (DSHB,
Iowa City, IA, USA) and anti-PER antibody (Rb1)23. The brains were
washedwithPAXDand incubated overnight with secondary antibodies in a
blocking solution at 4 °C. The following secondary antibodieswere used at a
1:200 dilution: goat anti-rabbit Alexa-488 (Thermo Fisher Scientific, Wal-
tham, MA, USA) and goat anti-mouse Alexa-555 (Thermo Fisher Scien-
tific). The immunostained brain samples were washed with PAXD,
incubated in 0.1M phosphate buffer containing 50% glycerol for 30min,
and mounted using a mounting medium. Confocal images were obtained
using the LSM 800 confocal microscope (Carl Zeiss, Germany) and were
processed using the Zen software (ZEN Digital Imaging for Light Micro-
scopy, Carl Zeiss). For signal quantification, the pixel intensity of each cell
was determined using the ImageJ software (NIH, Bethesda, MD, USA).

Real-time RT-PCR
Total RNA was isolated from flies using TRIzol reagent (Invitrogen, USA),
and 100 ng of total RNA was used for reverse transcription with the
ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan). Quantitative PCRwas
performed for 40 cycles using the TOPreal qPCR 2× PreMIX (SYBR Green
with high ROX) on a LightCycler® 480 Real-time PCR system. The fol-
lowing primer sequences were used: per_F 5′-AACATGCTGCTCGTCA
TCTG, per_R 5′-GAACTTGGGGCTCTTCTGTG, tim_F 5’-CAAGA
GCGTGGTGGAGTACA, tim_R 5’-TCTCAGCAGCAGCAGACAGT,
rp49_F 5’-AGATCGTGAAGAAGGCACCAAG, rp49-R 5’-CACCAGGA
ACTTCTTGAATCCGG, slimb_F 5’-CGTCAATGTGGTGGACTTTG,
and slimb_R 5’- CGCACGAATTCACAGCTAGA.

Cryosection
Flyheadswere embedded inoptimal cutting temperature (OCT) compound
and snap-frozen using dry ice. Sections were cut at a thickness of 10 µm
using a cryostat set at -25 °C and transferred to Superfrost Plus slides for
drying. The slides were then fixed with 4% formaldehyde in PBS for 20min
andpermeabilized in0.3%PBT for 20min. Immunostainingwasperformed
using an anti-PER antibody at a 1:200 dilution, followed by a secondary goat
anti-rabbit Alexa-405 antibody at a 1:500 dilution. Confocal images were
acquired using an LSM 710 confocal microscope (Carl Zeiss, Germany).

On-bead trypsin digestion
The bead pellet from immunoprecipitation was suspended with a 5% SDS
buffer with 50mM ammonium bicarbonate. To reduce disulfide bonds,
dithiothreitol was added to a final concentration of 20mM, and the samples

Fig. 6 | Working model of the study results. PER undergoes phosphorylation by Doubletime (DBT). a Once phosphorylated, PER is targeted by SLIMB for proteasomal
degradation. b In this process, elevated levels of the USP14 protein enhance the stability of SLIMB, resulting in the accelerated degradation of PER.
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were incubated at 95 °C and 1000 rpm for 10min. Subsequently, a final
concentration of 40mM iodoacetamide was added, and the samples were
incubated in the dark at 25 °C for 30min. The samples were acidified by
adding a 10-fold dilution of 12% phosphoric acid. The acidified samples
were then added to 500 µL of Suspension Trap digestion (S-Trap) binding
buffer (90%methanol and 100mMTriethylammonium bicarbonate buffer
[TEAB] [pH 7.55]). The S-Trap spin column (ProtiFi, Long Island, New
York, USA) was then used to perform centrifugation at 4000 × g for 30 s.
After washing the spin column with 150 µL of S-trap binding buffer and
centrifuging at 4000 × g for 30 s, the washing step was repeated twice.
Finally, the spin columnwas transferred to a new 1.5mL sample tube, and a
trypsin/Lys-C Mix with a protein to Trypsin/Lys-C mixture ratio of 100:1
(Promega,Madison,WI, USA) dissolved in 50mMTEABwas added to the
S-trap spin column. The column containing Trypsin/Lys-C was incubated
at 37 °C for 16 h without shaking28. Peptide elution was performed thrice,
first by adding 40 µL of 50mM TEAB, centrifuging at 1000 × g for 1min,
and then by adding 40 µL of 0.2% formic acid, followed by centrifugation at
1000 × g for 1min. In the final elution step, 40 µL of 0.2% formic acid and
50% acetonitrile were added, and the sample was centrifuged at 4000 × g for
1min to elute the peptides. The eluted peptides were dried using an eva-
porator combined with a cold trap and stored at -80 °C until use.

LC-MS analysis and database search
The peptide mixture for each sample set was reconstituted in 0.1% formic
acid, and peptide separation was performed using the Ultimate3000 RSLC
system coupled with a Q Exactive HFx mass spectrometer (Thermo Fisher
Scientific). The liquid chromatography gradient and data-dependent
acquisition-MS options followed previously published methods29. The
resulting acquiredMS spectrawere searchedusing SequestHTonProteome
discoverer (version 2.3, Thermo Scientific, USA) against the SwissProt
Drosophila melanogaster proteome sequence database (Taxon ID 7227)
using variable modification at lysine residues with di-glycine modification.
Label-free quantities of eachdi-glycine attachedpeptide of the target protein
were extracted and used for further analysis.

Statistics and Reproducibility
At least three independent biological replicates were analyzed, and the
results are presented as themean ± SEM. Statistical analyseswere conducted
using GraphPad Prism 10 (GraphPad, SanDiego, CA, USA). A Student’s t-
test was used for comparisons between two groups, while comparisons
among three or more groups were performed using a one-way ANOVA
followed by Tukey’s multiple comparisons test or the Mann–Whitney test.
A P-value of <0.05 was considered statistically significant.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request. Uncropped gel images are
presented in Supplementary Fig. 3, and the source data for all figures in this
study are included in Supplementary Data.
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