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The circadian clock organizes the physiology and behavior of organisms to their daily environmental rhythms. The central circadian
timekeeping mechanism in eukaryotic cells is the transcriptional-translational feedback loop (TTFL). In the Drosophila TTFL, the
transcription factors CLOCK (CLK) and CYCLE (CYC) play crucial roles in activating expression of core clock genes and clock-controlled
genes. Many signaling pathways converge on the CLK/CYC complex and regulate its activity to fine-tune the cellular oscillator to environmental time cues. We aimed to identify factors that regulate CLK by performing tandem affinity purification combined with mass
spectrometry using Drosophila S2 cells that stably express HA/FLAG-tagged CLK and V5-tagged CYC. We identified SNF4A␥, a homolog
of mammalian AMP-activated protein kinase ␥ (AMPK␥), as a factor that copurified with HA/FLAG-tagged CLK. The AMPK holoenzyme
composed of a catalytic subunit AMPK␣ and two regulatory subunits, AMPK␤ and AMPK␥, directly phosphorylated purified CLK in
vitro. Locomotor behavior analysis in Drosophila revealed that knockdown of each AMPK subunit in pacemaker neurons induced
arrhythmicity and long periods. Knockdown of AMPK␤ reduced CLK levels in pacemaker neurons, and thereby reduced pre-mRNA and
protein levels of CLK downstream core clock genes, such as period and vrille. Finally, overexpression of CLK reversed the long-period
phenotype that resulted from AMPK␤ knockdown. Thus, we conclude that AMPK, a central regulator of cellular energy metabolism,
regulates the Drosophila circadian clock by stabilizing CLK and activating CLK/CYC-dependent transcription.
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Significance Statement
Regulation of the circadian transcription factors CLK and CYC is fundamental to synchronize the core clock with environmental
changes. Here, we show that the AMPK␥ subunit of AMPK, a central regulator of cellular metabolism, copurifies with the CLK/CYC
complex in Drosophila S2 cells. Furthermore, the AMPK holoenzyme directly phosphorylates CLK in vitro. This study demonstrates that AMPK activity regulates the core clock in Drosophila by activating CLK, which enhances circadian transcription. In
mammals, AMPK affects the core clock by downregulating circadian repressor proteins. It is intriguing to note that AMPK activity
is required for core clock regulation through circadian transcription enhancement, whereas the target of AMPK action is different
in Drosophila and mammals (positive vs negative element, respectively).

Introduction
The circadian clock allows living organisms to manifest daily
rhythms in physiology and behavior by synchronizing internal
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processes with rhythmic environmental changes. In eukaryotes,
the cell-autonomous circadian clock operates via transcriptionaltranslational feedback loops (TTFLs) composed of core clock
proteins. In Drosophila, CLOCK (CLK) and CYCLE (CYC) activate the transcription of period ( per) and timeless (tim), and PER
and TIM proteins, in turn, repress their own transcription in the
core loop. CLK and CYC also activate the transcription of vrille
(vri) and the PAR domain protein 1 gene (Pdp1). VRI and
PDP1 repress and activate the transcription of Clk, which enhances the robustness of the interlocked feedback loop. CLOCK-
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WORK ORANGE (CWO), another downstream target of CLK/
CYC, works cooperatively with PER to increase the amplitude of oscillation (Hardin, 2011). A similar mechanism operates in mammals with CLK/BMAL1 as the master circadian
transcription factors and PER1, PER2, and PER3, and CRYPTOCHROME1 and 2 (CRY1, CRY2) as the transcriptional repressors in the core loop. Nuclear receptors RORa and REB-erb␣,
which are induced by CLK/BMAL1, activate and inhibit the expression of BMAL1, respectively, to form an interlocked feedback
loop (Partch et al., 2014).
In the Drosophila melanogaster brain, ⬃150 pacemaker neurons strongly express the core clock genes and drive the locomotor activity rhythms (Helfrich-Förster, 2005). The pacemaker
neurons form clusters, and each cluster performs a specific function that determines activity profiles in response to the environmental inputs. The dorsal neurons are DN1as, DN1ps, DN2s, and
DN3s. The lateral clusters are the ventrally located neurons
(LNvs), including the large lateral ventral neurons (lLNvs), the
small lateral ventral neurons (sLNvs), the fifth LNv, and the lateral
dorsal neurons (LNds). Among the pacemaker neurons, the
sLNvs are crucial for rhythmic behavior under constant conditions (Helfrich-Förster, 1998; Renn et al., 1999; Nitabach et al.,
2002). Further, sLNvs project dorsally and terminate in the vicinity of DN1s and DN2s and express peptide dispersing factor
(PDF), a neuropeptide that allows sLNvs to coordinate pacemaker neurons to maintain synchrony (Renn et al., 1999; Lin et
al., 2004; Helfrich-Förster et al., 2007)
Because CLK is the rate-limiting component of TTFL, maintaining the appropriate CLK activity and level is crucial for circadian rhythm generation. Increasing the transcription activation
potency of CLK increases the speed of the circadian clock
(Kadener et al., 2008; Lee et al., 2014), and flies harboring the
hypomorphic allele Clk ar that has reduced CLK transcription activity do not exhibit circadian rhythms (Allada et al., 2003). The
phosphorylation pattern of CLK also has daily rhythms that
tightly couple with the rhythms of activity and stability. Early day
and late night hyperphosphorylation is primarily driven by the D.
melanogaster kinase DOUBLETIME (DBT), which phosphorylates PER and is the homolog of the mammalian casein kinase I
␦/, reduces CLK stability, and correlates with reduced transcriptional activity (Kim and Edery, 2006; Yu et al., 2006; Menet et al.,
2010). Consistently, dephosphorylation of CLK by protein phosphatase 2A (PP2A) induces stabilization and enhances transcriptional activity (Kim and Edery, 2006; Andreazza et al., 2015).
NEMO, another kinase that phosphorylates PER, has also been
shown to destabilize CLK in flies (Yu et al., 2011; Szabó et al.,
2013), but casein kinase 2 (CK2) is recruited onto CLK during
late night but makes CLK stable and inactive (Szabó et al., 2013).
During mid-day when CLK retains high transcriptional activity,
CLK is present in the medium to hypophosphorylated isoforms.
This mid-day specific phosphorylation occurs on the 16 Ser/Thr
residues by yet unidentified kinases (Lee et al., 2014) and maintains the appropriate levels and transcriptional activity of CLK,
which is crucial to synchronize animal behavior to the temperature cycle.
In this study, we aimed to isolate proteins that interact with
CLK/CYC to understand how CLK/CYC activity is regulated. D.
melanogaster S2 cells that stably expressed FLAG/HA epitopetagged CLK and V5 epitope-tagged CYC were used for tandem
affinity purification (TAP) followed by mass spectrometry (MS)
analysis. We identified SNF4A␥, the regulatory subunit of the
AMP-activated protein kinase (AMPK) holoenzyme, as a protein
that interacts with CLK/CYC. Downregulation of each subunit of

the AMPK holoenzyme in pacemaker cells significantly altered
circadian locomotor behavior, indicating that the enzymatic
activity of AMPK is required for normal circadian clock function. Moreover, the AMPK holoenzyme directly phosphorylated GST-tagged CLK proteins in vitro. Because CLK protein
levels were reduced in clock cells and because the ectopic expression of CLK rescued the period-lengthening defect of the
AMPK␤ subunit knockdown, we concluded that the major
cellular energy sensor AMPK affects the core clock by stabilizing CLK in D. melanogaster.

Materials and Methods
Plasmids. To generate the pMT-Clk-HA/FLAG plasmid, the Clk open
reading frame was amplified from the SK(⫺)/Clk plasmid (Lee et al.,
1999) and cloned into a pMT-HA/FLAG expression vector carrying a
hygromycin resistance cassette (Kusch et al., 2004). The SNF4A␥ open
reading frame was PCR-amplified from cDNA that had been reversetranscribed in a manner that excluded the stop codon from total RNA
extracted from fly heads, and the PCR product was subcloned into the
pMT-V5-His vector (Invitrogen). The PCR primers used were 5⬘ATTGGTACCATGCATGGAATAACACACCT-3⬘ and 5⬘-ATTTCTAGA
TTFACTAACCAACGCCATTT-3⬘; the SNF4A␥ sequences are underlined. The pMT-cyc-V5 and pMT-HA-Clk plasmids were described previously (Kim and Edery, 2006).
TAP. D. melanogaster S2 cells were cotransfected with 9.5 g each of
the pMT-Clk-HA/FLAG and pMT-cyc-V5 plasmids using calcium phosphate (Invitrogen) according to the manufacturer’s protocol. Stable
transgenic S2 cell lines harboring the pMT-Clk-HA/FLAG and pMTcyc-V5 plasmids were selected by culturing in a hygromycin-containing
medium. Stable transgenic S2 cells were expanded in a 2 L suspension
culture, and CLK-HA/FLAG and CYC-V5 expression was induced by the
addition of CuSO4 to a final concentration of 500 M. After a 1 d induction, the cells were harvested, and proteins were extracted in lysis buffer
[50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.4% (v/v) NP-40, 1.5 mM
MgCl2, 5% glycerol, 1 mM EDTA, 1 mM DTT, 1 mM Na3VO4, 2.5 mM NaF,
and a freshly added protease inhibitor mixture (Sigma-Aldrich)]. Protein
extracts were incubated with 0.6 ml of EZview Red anti-FLAG M2 affinity
gel (Sigma-Aldrich, RRID:AB_2616449) overnight at 4°C with rotation.
The gel was then washed three times with lysis buffer and eluted using the
3⫻ FLAG peptide (1.5 mg/ml). The eluate was diluted with lysis buffer
and incubated with EZview Red anti-HA affinity gel (Sigma-Aldrich,
RRID:AB_10109562) for 3 h at 4°C with rotation. The gel was then
washed three times with lysis buffer and eluted using the 2HA peptide
(1 mg/ml). The final eluate was used for MS analysis (DiatechKorea).
Nano-liquid chromatography (LC)-MS/MS analysis. Proteins in the eluate were separated by SDS-PAGE and stained with Coomassie Brilliant
Blue. Protein bands were excised from the gel, and the gel pieces were
vortexed in 50% acetonitrile (ACN) containing 50 mM NH4HCO3 until
the stain was completely removed. The gel pieces were then dehydrated in
100% ACN and vacuum-dried for 20 min using a SpeedVac. For in-gel
digestion, the disulfide bridges were reduced with 10 mM DTT in 50 mM
NH4HCO3 for 45 min at 56°C, and then the cysteines were alkylated with
55 mM iodoacetamide in 50 mM NH4HCO3 for 30 min in the dark.
Finally, each gel piece was treated with 12.5 ng/l sequencing-grade
modified trypsin (Promega) in 50 mM NH4HCO3 buffer, pH 7.8, at 37°C
overnight. Following digestion, tryptic peptides were extracted with 5%
formic acid in 50% ACN at room temperature for 20 min. The supernatants were collected and dried using a SpeedVac. The samples were resuspended in 0.1% formic acid and purified and concentrated using C18
ZipTips (Millipore) before MS analysis. The samples were loaded onto a
fused silica microcapillary column (12 cm ⫻ 75 m) packed with C18
reversed-phase resin (5 m, 200 Å). LC was conducted using a linear
gradient: a 3%– 40% gradient of solvent B (0.1% formic acid in ACN) in
solvent A (0.1% formic acid in distilled water) with a flow rate of 250
nl/min for 60 min. The column was directly connected to an LTQ linear
ion-trap MS (ThermoFinnigan) equipped with a nano-electrospray ion
source. Each full MS scan was followed by five MS/MS scans of the most
intense to the fifth-most intense peaks of the full MS scan. The repeat
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count of peaks for dynamic exclusion was 1, with a 30 s repeat duration.
The dynamic exclusion duration was set to 180 s, and the width of exclusion mass was ⫾1.5 Da. The list size of dynamic exclusion was 50. The
acquired LC-ESI-MS/MS fragment spectra were searched for in the BioWorksBrowser (version Rev. 3.3.1 SP1, Thermo Fisher Scientific, RRID:
SCR_014594) with the SEQUEST search engine against the D.
melanogaster database at National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). The following search conditions were
used: trypsin enzyme, up to two missed cleavages permitted, peptide
tolerance of ⫾2 amu, a mass error of ⫾1 amu on the fragment ions, and
fixed modifications of carbamidomethylation of cysteines (57 Da) and
oxidation of methionines (16 Da).
Fly strains. The following fly strains were used: w 1118 (BDSC, BL5905),
cyc 01 (Rutila et al., 1998), Clk out (Lee et al., 2014), Clk jrk (Allada et al.,
1998), dcr2;tim(UAS)-Gal4 (Kim et al., 2012), UAS-Clk (Zhao et al.,
2003), pdf-Gal4 (Park et al., 2000), tub-Gal80 ts;tim(UAS)-Gal4 (Kim et
al., 2012), UAS-AMPK␣ Ri-1 (VDRC1827), UAS-AMPK␣ Ri-2
(NIG3051R-1), UAS-AMPK␤ Ri-1 (NIG8057R-2), UAS-AMPK␤ Ri-2
(NIG8057R-4), UAS-AMPK␥ Ri-1 (NIG17299R-3), UAS-AMPK␥ Ri2 (NIG17299R-1), UAS-GFP.nls (BDSC, BL4776), and UAS-mCD8::
GFP (BDSC, BL5130). pdf-Gal4 was crossed to UAS-dicer2/FM6 to generate dcr2;pdf-Gal4. For AMPK subunit knockdown, driver flies [e.g.,
dcr2;actin-Gal4, dcr2;tim(UAS)-Gal4, dcr2;pdf-Gal4, and tub-Gal80 ts;
tim(UAS)-Gal4] were crossed to UAS-AMPK RNAi flies. UAS-RNAi
flies used in this study were in the w 1118 genetic background. Driver flies
were crossed to w 1118 flies and served as experimental heterozygous controls (marked as actin⬎d2, tim⬎d2, pdf⬎d2, and tim,G80 ts⬎d2, respectively). None of the fly strains was backcrossed to w 1118 flies.
Behavioral analysis. The locomotor activity of individual flies was determined using the Drosophila Activity Monitoring system (Trikinetics).
Young male adult flies were exposed to 12 h of light and 12 h of dark (LD)
for 4 d and then were maintained in constant darkness (DD) for 7 d at the
indicated temperatures. The locomotor data analysis was performed using FaasX software (Fly Activity Analysis Suite for MacOSX), which was
generously provided by Francois Rouyer (Centre National de la Recherche Scientifique, France). Periods were calculated for each fly using  2
periodogram analysis, and data were pooled to obtain an average value.
Power was calculated by quantifying the relative strength of the rhythm
during DD. Individual flies with a power ⱖ10 and a width ⱖ2 were
considered rhythmic. Actograms represent the double-plotted locomotor activities throughout the experimental period and were acquired using Actogram J software (Schmid et al., 2011).
qRT-PCR. qRT-PCR was performed as described previously (Lee et al.,
2016). Total RNA was extracted from fly heads using QIAzol reagent
(QIAGEN). Total RNA (1 g) was reverse-transcribed using an oligo(dT) 20 primer (for mRNA) or a random hexamer primer (for premRNA) and PrimeScript RTase (TaKaRa). Real-time PCR was
performed using Rotor Gene 6000 (QIAGEN) with SYBR Premix Ex Taq
(Tli RNaseH Plus, TaKaRa). The following primers were used: ampk␣
forward, 5⬘-CCGGCAAGTTCTCGAAGAT-3⬘; ampk␣ reverse, 5⬘-GAG
TAAGGCTCTCCATGATGAC-3⬘; ampk␤ forward, 5⬘-GTGACCAAC
TATGCGGAGAA-3⬘; ampk␤ reverse, 5⬘-AGCGGTGTATCCTTGTTG
AG-3⬘; ampk␥ forward, 5⬘-ATCGAGGACATACCCGAAGA-3⬘; ampk␥
reverse, 5⬘-GTCTGGTCGTGCTGGTTATT-3⬘; per forward, 5⬘-GT
GAGAGCGAGAGCGAGTGT-3⬘; per reverse, 5⬘-TATGTAAGCTGC
CTGCCCAA-3⬘; vri forward, 5⬘-CAAGCAGGATAATCCCAGCAA-3⬘;
and vri reverse, 5⬘-ACAGATTTCAAGATCAAACGTGGA-3⬘. Noncycling mRNA encoding cbp20 was used to normalize gene expression
with the following primers: cbp20 forward, 5⬘-GTATAAGAAGACGCCCTGC-3⬘; and cbp20 reverse, 5⬘-TTCACAAATCTCATGGCCG-3⬘.
The data were analyzed using Rotor Gene 6000 software, and the relative
mRNA levels were quantified using the 2 ⫺⌬⌬Ct method in which ⌬⌬Ct ⫽
[(Ct target ⫺ Ct cbp20) at ZTx] ⫺ [(Ct target ⫺ Ct cbp20) at ZT4].
Western blotting and immunoprecipitation. For Western blotting, protein extracts were prepared in HEMG lysis buffer [10 mM HEPES, pH 7.5,
5 mM Tris-HCl, pH 7.5, 50 mM KCl, 10% glycerol, 0.1% Triton X-100, 1
mM EDTA, and 1 mM DTT] with freshly added protease inhibitor mixture (Sigma-Aldrich), 1 mM Na3VO4, and 1 mM NaF. To detect dCLK,
protein extracts were prepared in RIPA lysis buffer [25 mM Tris-HCl, pH
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7.5, 50 mM NaCl, 0.5% sodium deoxycholate, 0.5% NP-40, and 0.1%
SDS] and were briefly sonicated (Kim and Edery, 2006). Protein extracts
were resolved by SDS-PAGE with the indicated polyacrylamide percentage or on 3%– 8% Tris-acetate Criterion gels (for CLK). Primary
antibodies were used at the following dilutions: anti-CLK (gp208),
1:2000; anti-V5 (Invitrogen, RRID:AB_159298), 1:2000; anti-HA
(Roche Diagnostics, RRID:AB_514505), 1:2000; anti-PER (Rb1),
1:2000; anti-TIM (Rb1), 1:2000; and anti-AMPK␣ (AbD Serotec,
RRID:AB_1604624), 1:2000. Band intensity was quantified using ImageJ software (RRID:SCR_003070).
For immunoprecipitation, protein extracts were prepared in
modified-RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%
NP-40, and 0.25% sodium deoxycholate) and were briefly sonicated.
Then, 3 l of anti-V5 (Invitrogen, RRID:AB_159298) or anti-HA (Roche
Diagnostics, RRID:AB_514506) was added to the extract depending on
the target protein and incubated overnight at 4°C with end-over-end
rotation. Normal rabbit IgG (Santa Cruz Biotechnology) was used as a
negative control. Finally, 20 l of Gamma Bind-Sepharose beads (GE
Healthcare) was added, and the mixture was further incubated for 3 h at
4°C with end-over-end rotation. The immune complexes were then
eluted from the beads using SDS-PAGE sample buffer.
Immunostaining. Immunostaining was performed as previously described (Lee et al., 2016). Briefly, fly heads were fixed in 4% PFA and
washed with 0.5% Triton X-100 (PBT). The fixed heads were dissected,
the isolated brains were permeabilized in 1% PBT for 20 min, and then
blocked in 0.5% PBT containing 5% horse serum for 30 min. The following primary antibodies were added to the mixtures directly: anti-PDF
antibody (C7) (Cyran et al., 2005), diluted 1:200; anti-VRI (gp2) (Glossop et al., 2003), diluted 1:1000; anti-PER (Rb1) (Kim et al., 2012), diluted 1:200; and anti-CLK (gp50) (Houl et al., 2006), diluted 1:200. The
brains were washed with PBT and incubated with secondary antibodies
in a blocking solution overnight at 4°C. The following secondary antibodies were used at 1:200 dilution: goat anti-rabbit Alexa-488 (Thermo
Fisher Scientific, RRID:AB_143165), goat anti-mouse Alexa-555 (Thermo
Fisher Scientific, RRID:AB_141780), and goat anti-mouse Alexa-633
(Thermo Fisher Scientific, RRID:AB_2535718). Stained brain samples
were washed with PBT, incubated in 0.1 M phosphate buffer containing
50% glycerol for 30 min, and mounted using a mounting medium. Confocal images were obtained using an LSM 710 confocal microscope (Carl
Zeiss) and processed using the Zen software (ZEN Digital Imaging for
Light Microscopy, Carl Zeiss, RRID:SCR_013672). For signal quantification, the pixel intensity of each cell was determined using ImageJ software. Briefly, the level of background staining was measured in the field
surrounding the cluster of clock neurons and subtracted from the pixel
intensities determined for the clock neuronal cells. The final intensity was
the average of at least five brains for each genotype.
In vitro kinase assay. GST-tagged recombinant CLK proteins were purified from Escherichia coli BL21 cells, which were transformed with
pGEX4T-1-dClk, using the MagneGST protein purification system (Promega). Briefly, E. coli pellets were lysed with lysis buffer (MagneGST cell
lysis reagent, Promega) containing 1 mg/ml lysozyme (Sigma-Aldrich),
RNase-free DNase, and 5 mM DTT added fresh. MagneGST particles
were equilibrated with lysis buffer and incubated with the lysates for 3 h
at 4°C with rotation. Magnetic particles with bound GST-tagged CLK
were collected using a magnetic stand and were then washed with lysis
buffer three times. Protein was eluted with a 50 mM Tris-HCl, pH 8.1,
buffer containing 50 mM glutathione.
The in vitro kinase assay was performed with 1 g of purified GSTCLK as the substrate and 50 ng active AMPK holoenzyme (Millipore) in
20 mM HEPES, pH 7.5, 10 mM MgCl2, 1 mM DTT, 6.25 mM
␤-glycerophosphate, 1.25 mM EGTA, and 0.125 mM cold ATP (or with 12
Ci ␥- 32P-ATP for the radioactive assay) in the presence or absence of
0.15 mM AMP at 30°C for 20 min. The samples were resolved by SDSPAGE and then transferred to a PVDF membrane. The membrane was
stained with Ponceau S, and phosphorylation of the substrate was visualized by autoradiography.
Statistical analysis. Statistical analysis was performed using Prism
version 7.0 software (GraphPad; RRID:SCR_002798). Significant differences between groups were determined using the Student’s t test, one-
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Figure 1. Confirmation of the interaction between AMPK␥ and CLK by reciprocal coimmunoprecipitation. A, S2 cells that stably expressed TAP-tagged CLK and V5-tagged CYC were treated with
(⫹) or without (⫺) 500 M CuSO4 (final concentration). Then, 24 h after induction, protein extracts were analyzed by immunoblotting. The expression of TAP-tagged CLK and V5-tagged CYC
induced expression of endogenous PER and TIM proteins as shown on Western blots probed with anti-PER antibody (Rb1) and anti-TIM antibody (Rb1). B, C, S2 cells were transiently transfected with
pMT-HA-Clk and pMT-SNF4A␥-V5, and expression of HA-CLK and AMPK␥-V5 was induced by the addition of 500 M CuSO4. Then, 24 h after induction, protein extracts were analyzed directly by
immunoblotting (Input) or subjected to immunoprecipitation (IP) with anti-HA antibody, anti-V5 antibody, or anti-normal IgG antibody as a negative control.

way ANOVA, or two-way ANOVA followed by the Tukey’s test or the
Dunnett’s test as indicated in the figure legends.

Results

TAP analysis identified AMPK␥ as a protein that interacts
with CLK
To identify proteins that interact with CLK, we performed TAP
with extracts from S2 cells that stably expressed HA/FLAG tandemly tagged CLK (TAP-tagged CLK) and V5-tagged CYC. We
reasoned that because most CLK, if not all, functions as a heterodimer with CYC, coexpression of CYC with CLK would increase the formation of functionally intact CLK-CYC complexes.
To determine whether CLK/CYC activity was affected by the tags,
PER and TIM protein levels were measured in stable S2 cells. As
reported previously (Saez and Young, 1996), the PER and TIM
proteins were not detectable in stable S2 cells without the induction of CLK and CYC (Fig. 1A). However, 24 h after induction,
PER and TIM protein expression was enhanced and detectable,
indicating that the epitope-tagged CLK and CYC were functional
and able to activate transcription (Fig. 1A).
We next purified TAP-tagged CLK and the associated proteins
from total protein lysates of S2 cells, and identified the associated
proteins by LC-MS/MS. In addition to CLK and CYC, the core
clock proteins, including TIM, PER, DBT, and Supernumerary
Limb, were among the top-hit identified proteins (data not
shown), indicating that TAP successfully recovered the functional CLK/CYC complex. Among the associated proteins that
were identified, we focused on SNF4A␥, which encodes the ␥
regulatory subunit of AMPK and is an ortholog of mammalian
Prkag1, Prkag2, and Prkag3. SNF4A␥ is henceforth referred to as
AMPK␥ (Pan and Hardie, 2002). The interaction between CLK
and AMPK␥ was verified by immunoprecipitation; ectopically
expressed HA-tagged CLK and V5-tagged AMPK␥ were coimmunoprecipitated from S2 cells in a reciprocal manner (Fig.
1 B, C).
Knockdown of expression of each AMPK subunit altered
circadian locomotor rhythms in Drosophila
AMPK functions as a holoenzyme consisting of a catalytic subunit (␣ subunit) and two regulatory subunits (␤ and ␥ subunits).
In mammals, the ␣ subunit is encoded by two isoforms, the ␤

subunit is encoded by two isoforms, and the ␥ subunit is encoded
by three isoforms. In contrast, in Drosophila, each subunit is encoded by one isoform; snf1A encodes the ␣ subunit, alicorn encodes the ␤ subunit, and snf4A␥ encodes the ␥ subunit (Pan and
Hardie, 2002). To examine the in vivo relevance of the interaction
between the AMPK␥ subunit and CLK, we analyzed the locomotor behavior of flies in which expression of each AMPK subunit
was downregulated in timeless-expressing cells using a binary
GAL4/UAS system (Brand and Perrimon, 1993) To enhance the
RNA interference efficiencies, we coexpressed the UAS-dicer2
(UAS-d2) transgene. The circadian locomotor rhythms of knockdown flies were compared with two lines of control flies, timGal4;d2 crossed to w 1118 (tim⬎d2) and UAS-AMPK Ri (Table 1).
During the LD cycle, control flies exhibited a typical bimodal
locomotor activity at times that demonstrated anticipation of the
light-on and light-off periods (Fig. 2A, top), which subsequently
persisted under DD (Fig. 2A, bottom). Control flies exhibited
23.7–24.5 h period with 30%–98% rhythmicity depending on the
lines. In AMPK␣ knockdown (tim⬎d2, AMPK␣ Ri-1 and
tim⬎d2, AMPK␣ Ri-2, named AMPK␣ Ri-1 and AMPK␣ Ri-2,
respectively) and AMPK␤ knockdown (tim⬎d2, AMPK␤ Ri-1
and tim⬎d2, AMPK␤ Ri-2, named AMPK␤ Ri-1 and AMPK␤
Ri-2, respectively) flies, the morning peak was similar to the peak
in the control flies during the LD cycle, but the phase of the
evening locomotor peak was slightly delayed (Fig. 2B, top). Consistent with a long periodicity, both morning and evening locomotor activities were delayed under DD (Fig. 2B, bottom). The
phase of evening locomotor activities was slightly advanced in
AMPK␥ knockdown (tim⬎d2, AMPK␥ Ri-1 and tim⬎d2,
AMPK␥ Ri-2, named AMPK␥ Ri-1 and AMPK␥ Ri-2, respectively) flies under the LD cycle (Fig. 2B, top), and bimodal locomotor activity was absent under DD (Fig. 2B, bottom). AMPK␣
Ri-1 and AMPK␣ Ri-2 flies exhibited a ⬃1.5-h-long period with
significantly reduced rhythmicity compared with control flies.
AMPK␤ Ri-1 flies exhibited a 1-h-long period with strong rhythmicity, and the AMPK␤ Ri-2 flies exhibited a 2.5-h-long period
with slightly reduced rhythmicity compared with control flies.
AMPK␥ Ri-1 and AMPK␥ Ri-2 flies were arrhythmic, indicating
that knockdown of AMPK␥ led to the most pronounced phenotype among the AMPK subunit knockdown flies.
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Table 1. Behavior analysis of AMPK subunit knockdown fliesa
Genotype

Temperature (°C)

Numberb

Rhythmicityc (%)

Tau

Powerd

tim⬎dicer2
UAS-AMPK␣Ri⫺1e
tim⬎dicer2, AMPK␣Ri⫺1
UAS-AMPK␣Ri⫺2f
tim⬎dicer2, AMPK␣Ri⫺2
UAS-AMPK␤Ri⫺1g
tim⬎dicer2, AMPK␤Ri⫺1
UAS-AMPK␤Ri⫺2h
tim⬎dicer2, AMPK␤Ri⫺2
UAS-AMPK␥Ri⫺1i
tim⬎dicer2, AMPK␥Ri⫺1
UAS-AMPK␥Ri⫺2j
tim⬎dicer2, AMPK␥Ri⫺2
tub-G80 ts, tim ⬎ dicer2
tub-G80 ts, tim ⬎ dicer2
tub-G80 ts, tim ⬎ dicer2, AMPK␣Ri⫺2
tub-G80 ts, tim ⬎ dicer2, AMPK␣Ri⫺2
tub-G80 ts, tim ⬎ dicer2, AMPK␤Ri⫺2
tub-G80 ts, tim ⬎ dicer2, AMPK␤Ri⫺2
tub-G80 ts, tim ⬎ dicer2, AMPK␥Ri⫺2
tub-G80 ts, tim ⬎ dicer2, AMPK␥Ri⫺2
pdf⬎dicer2
pdf⬎dicer2, AMPK␤Ri⫺2
pdf⬎dicer2, Clk
pdf⬎dicer2, AMPK␤Ri⫺2, Clk

25
25
25
25
25
25
25
25
25
25
25
25
25
18
29
18
29
18
29
18
29
25
25
25
25

32
47
31
45
32
48
32
47
32
39
31
41
29
31
30
30
29
31
15
31
13
30
31
30
14

93.8
91.5
45.2
55.6
9.7
75
90.6
97.9
84.4
89.7
3.2
29.3
0
80.6
96.7
56.7
86.2
54.8
100
45.2
15.4
93.3
93.5
73.3
64.3

24.3 ⫾ 0.07
23.7 ⫾ 0.05
25.9 ⫾ 0.2k,l
24.1 ⫾ 0.05
25.5 ⫾ 0.23k,l
24.2 ⫾ 0.07
25.3 ⫾ 0.45
23.7 ⫾ 0.03
26.8 ⫾ 0.15k,l
24.5 ⫾ 0.07
Arrhythmic
24.2 ⫾ 0.07
Arrhythmic
23.8 ⫾ 0.1
23.2 ⫾ 0.41
24.1 ⫾ 0.15
24.5 ⫾ 0.06m
24.2 ⫾ 0.26
25.1 ⫾ 0.11m
24.3 ⫾ 0.09
23.5 ⫾ 0.25m
24.5 ⫾ 0.09
26.8 ⫾ 0.18n
23.5 ⫾ 0.22n
24 ⫾ 0.74n

106.7 ⫾ 7.84
144 ⫾ 9.37
42.2 ⫾ 5.45
113.9 ⫾ 10.69
75.3 ⫾ 14.27
147.6 ⫾ 12.96
161 ⫾ 14.38
274.5 ⫾ 11.51
180.5 ⫾ 11.96
132 ⫾ 10.26
NA
90.4 ⫾ 14.5
NA
94.6 ⫾ 7.09
206.2 ⫾ 13.32
86.2 ⫾ 7.45
180.2 ⫾ 15.34
94.9 ⫾ 8.85
188.7 ⫾ 13.7
76.2 ⫾ 6.63
50.2 ⫾ 4.55
156 ⫾ 12.84
127.7 ⫾ 8.7
109 ⫾ 10.65
77.3 ⫾ 11.47

a

Flies were maintained at the indicated temperatures and exposed to 4 d of 12 h:12 h LD followed by 6 – 8 d of DD.
Total number of flies that survived until the end of the testing period.
c
Percentage of flies with activity rhythms exhibiting a power value ⱖ10 and a width value ⱖ2.
d
Relative measure of the robustness of the rhythm.
e
VDRC1827.
f
NIG3051R-1.
g
NIG8057R-2.
h
NIG8057R-4.
i
NIG17299R-3.
j
NIG17299R-1.
k
Significantly different from the UAS-Ri control under the same conditions (one-way ANOVA, Tukey’s test, p ⬍ 0.05).
l
Significantly different from the tim⬎dcr2 control under the same conditions (one-way ANOVA, Tukey’s test, p ⬍ 0.05).
m
Significantly different from the 18°C case in the same genetic background (Student’s t test, p ⬍ 0.05).
n
Two-way ANOVA showed significant differences in the AMPK␤ knockdown (F(1,84) ⫽ 26.23, p ⫽ 1.83 ⫻ 10 ⫺6), Clk overexpression (F(1,84) ⫽ 120.03, p ⫽ 5.40 ⫻ 10 ⫺18), and interaction (F(1,84) ⫽ 37.20, p ⫽ 2.95 ⫻ 10 ⫺8).
b

The total daily locomotor activity counts of most knockdown
flies did not exhibit significant reduction compared with parental
UAS-AMPK Ri control flies, although those of AMPK␣ Ri-1 and
AMPK␤ Ri-1 flies were reduced (Fig. 2C). Because the reduction
was observed in some, but not all, lines of knockdown flies and
the extent of reduction was not severe, we reasoned that downregulation of AMPK only in timeless-expressing cells did not lead
to gross locomotor defects, whereas a previous report showed
that pan-neuronal AMPK␥ inactivation leads to severe locomotor defects (Nagarkar-Jaiswal et al., 2017).
Reduced expression of AMPK␣, AMPK␤, and AMPK␥
mRNA was verified in AMPK␣ Ri-2, AMPK␤ Ri-2, and AMPK␥
Ri-2 flies, respectively, by real-time qRT-PCR (Fig. 2D–F ). The
mRNA levels of the AMPK␣, ␤, and ␥ subunits did not exhibit
diurnal oscillations in control flies and were significantly reduced
in each knockdown fly at both ZT8 and ZT20. The AMPK␣ protein level was not reduced in whole-head extracts of AMPK␣ Ri
flies, probably because gene knockdown in AMPK␣ Ri flies was
limited to tim-expressing cells (data not shown). Nonetheless,
reduction of AMPK␣ protein level was confirmed in AMPK␣
knockdown larvae, in which expression of AMPK␣ Ri-1 or
AMPK␣ Ri-2 was driven by actin-Gal4 (Fig. 2G,H ).

AMPK subunit downregulation affected sLNv integrity and
per expression in clock neurons
To understand the circadian rhythm defects in AMPK subunit
knockdown flies, we inspected PDF neurons, which play major
roles in maintaining locomotor rhythms (Helfrich-Förster, 1998;
Renn et al., 1999; Nitabach et al., 2002). In AMPK␥ Ri-2 flies,
which showed the most severe rhythm defects compared with
AMPK␣ or AMPK␤ Ri-2 flies, PDF immunostaining at ZT2 revealed that the neurites that project dorsally from the sLNv to
DNs were missing, whereas these neurites were present and produced a strong signal in control flies (Fig. 3A). The morphology
of the neurites that projected dorsally from the sLNv was somewhat defective in AMPK␣ Ri-2 flies, but not in AMPK␤ Ri-2 flies
(Fig. 3A). To investigate whether the absence of PDF-stained
dorsally projecting neurites was a consequence of low PDF expression or loss of sLNv neurons, we observed LNv neurons directly using the reporter protein nls-GFP, which allows
visualization of the soma, and mCD8::GFP, which allows visualization of neurites under the control of the pdf-Gal4 driver. Although strong GFP signals were observed in the lLNvs of control
and AMPK␥ Ri-2 flies, the GFP signals in the sLNvs of AMPK␥
Ri-2 flies were very weak or absent compared with the signals in
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Figure 2. Circadian locomotor behaviors were altered in AMPK subunit knockdown flies. A, B, Daily activity profiles of young adult male flies on the last day of LD (top) representing a given
genotype: tim-Gal4⬎UAS-dicer2 (tim⬎d2), tim-Gal4⬎UAS-dicer2, UAS-AMPK␣ Ri-1 (tim⬎d2, AMPK␣ Ri-1), tim-Gal4⬎UAS-dicer2, UAS-AMPK␣ Ri-2 (tim⬎d2, AMPK␣ Ri-2), tim-Gal4⬎UASdicer2, UAS-AMPK␤ Ri-1 (tim⬎d2, AMPK␤ Ri-1), tim-Gal4⬎UAS-dicer2, UAS-AMPK␤ Ri-2 (tim⬎d2, AMPK␤ Ri-2), tim-Gal4⬎UAS-dicer2, UAS-AMPK␥ Ri-1 (tim⬎d2, AMPK␥ Ri-1), timGal4⬎UAS-dicer2, UAS-AMPK␥ Ri-2 (tim⬎d2, AMPK␥ Ri-2) are shown. Bottom, Actograms of flies during 5–7 consecutive days of DD. To better visualize the rhythmic behavior, each row in an
actogram was double-plotted. Light gray bars represent day-time activity. Dark gray bars represent subjective day-time activity. Black bars represent night-time and subjective night-time activity.
Hatched horizontal bar represents subjective day. Black horizontal bar represents subjective night. ZT, Zeitgeber time. ZT0 is light-on time. CT, Circadian time. CT0 is subjective day start time. C, Total
number of beam crossings of the single fly during the last day of LD was calculated and averaged for each given genotype of flies. Values indicate mean ⫾ SEM. Statistically significant differences
in the total activity counts between UAS-AMPK Ri control flies and knockdown flies (Student’s t test): *p ⬍ 0.05; **p ⬍ 0.01. D–F, Flies from the following strains were collected at ZT8 and ZT20:
tim⬎d2; tim⬎d2, AMPK␣ Ri-2; tim⬎d2, AMPK␤ Ri-2; and tim⬎d2, AMPK␥ Ri-2. Total RNA was extracted, and mRNA levels of AMPK␣ (D), AMPK␤ (E), and AMPK␥ (F) were quantified using real-time
qRT-PCR. The mRNA levels in tim⬎d2 at ZT8 were set to 1, and the other values were normalized to these values. Values indicate mean ⫾ SEM of three independent (Figure legend continues.)
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Figure 3. AMPK␥ Ri flies lack sLNvs and dorsal projections from sLNvs. A, Brains from the following fly strains were dissected at ZT2 and stained with anti-PDF (C7): tim⬎d2; tim⬎d2,
AMPK␣ Ri-2; tim⬎d2, AMPK␤ Ri-2; tim⬎d2; AMPK␥ Ri-2; pdf⬎nls-GFP; pdf⬎nls-GFP, AMPK␥ Ri-2; pdf⬎mCD8::GFP; pdf⬎mCD8::GFP, AMPK␥ Ri-2. Cell bodies (B) or neurites (B) of LNvs were
visualized by nls-GFP or mCD8::GFP expression under the control of pdf-Gal4. C, POT, Posterior optic tract. Arrowheads indicate dorsally projecting neurites from sLNv.

the control flies (Fig. 3B). In addition, dorsally projecting neurites that expressed mCD8::GFP were clearly visible in control
flies but were absent in AMPK␥ Ri-2 flies (Fig. 3C). Thus, knockdown of AMPK␥ severely impaired the neuronal integrity of sLNv
neurons but not lLNv neurons. Previous reports have shown that
the anticipation of light-on and light-off during LD is primarily
controlled by lLNv neuronal activity (Cusumano et al., 2009;
Sheeba et al., 2010). Further, it has been shown that sLNv neurons
are required to synchronize the clock neuronal network to maintain the circadian rhythmicity under DD (Renn et al., 1999; Peng
et al., 2003; Lin et al., 2004). In AMPK␥ Ri flies, quasi-normal
daily locomotor activity during LD and complete loss of rhythmicity under DD could be attributed to intact lLNv neurons and
impaired sLNv neurons.
The morphological defects observed in the sLNvs of AMPK␥
Ri-2 flies led us to examine whether the circadian behavior phenotypes manifested by AMPK downregulation are caused by developmental effects. To test this, we used the TARGET system
with tubulin-Gal80 ts (McGuire et al., 2004). Flies were raised at
the permissive temperature (18°C) at which Gal80 ts inhibited
expression of UAS-AMPK Ri. Then, locomotor behavior analysis
was conducted at the permissive temperature and the restrictive
temperature (29°C). At 29°C, Gal80 ts does not function and Gal4
activates the expression of UAS-AMPK Ri. In control flies, the
4
(Figure legend continued.) experiments. Student’s t test: *p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍
0.001; ****p ⬍ 0.0001. G, Protein extracts were prepared from larvae of the indicated genotypes at ZT8 and ZT20 and were analyzed by immunoblotting with anti-AMPK␣ antibody.
␤-Tubulin served as the loading control. A representative image from three independent experiments is shown. H, Quantification of AMPK␣ protein levels was performed with ImageJ.
The AMPK␣ level in actin⬎d2 at ZT8 was set to 1, and the other values were normalized to this
value. Values indicate mean ⫾ SEM of three independent experiments. One-way ANOVA with
Tukey’s test: *p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍ 0.001.

period was shortened by ⬃0.6 h with enhanced rhythmicity at
29°C compared with the period and rhythmicity at 18°C, although the period difference was not statistically significant
(Table 1). The periods in AMPK␣ Ri-2, AMPK␤ Ri-2, and
AMPK␥ Ri-2 flies were ⬃24 h at 18°C. At 29°C, the periods in
AMPK␣ Ri-2 and AMPK␤ Ri-2 flies were lengthened by ⬃0.5 h
and ⬃1 h, respectively, and rhythmicity was enhanced, whereas
the period in AMPK␥ Ri-2 flies was shortened by ⬃0.8 h and
rhythmicity was greatly reduced. The period alterations between
18°C and 29°C in AMPK␣ Ri-2, AMPK␤ Ri-2, and AMPK␥ Ri-2
flies were statistically significant. Thus, behavioral analysis demonstrates that the depletion of AMPK␣ and AMPK␤ subunits in
adult flies in an acute manner appears to be sufficient to lengthen
the period, and depletion of the AMPK␥ subunit sufficient to
reduce rhythmicity. Compared with life-long knockdowns, we
observed weaker effects on period and rhythmicity, probably because the duration of AMPK Ri expression was shorter; and
thereby, the knockdown efficiency was lower. These data indicate
that the circadian rhythm phenotypes manifested by downregulation of AMPK subunits are due to active requirements in clock
cells and not to secondary effects on development.
Next, we performed PER immunostaining at ZT2 in control
and AMPK subunit knockdown flies (Fig. 4A–D). PER-stained
sLNvs were missing in AMPK␣ Ri-2 and AMPK␥ Ri-2 flies, and
the dorsally projecting neurites from the sLNvs were absent in
AMPK␥ Ri-2 flies and were fragmented in AMPK␣ Ri-2 flies. On
the other hand, sLNvs and the dorsally projecting neurites from
the sLNvs were intact in the AMPK␤ Ri-2 flies. PER levels were
quantified in lLNvs, LNds, and DN1s (Fig. 4E–G). In all AMPK
subunit knockdown flies, PER levels were reduced in lLNvs, LNds,
and DN1s compared with control flies, although some differences
were not statistically significant. It appears that the morphological defects in the sLNvs were most severe in the ␥ knockdown,
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Figure 4. PER levels were reduced in pacemaker neurons of AMPK subunit knockdown flies. A, B, C, D, BrainsfromfliesoftheindicatedgenotypesweredissectedatZT2andstainedwithanti-PER(Rb1,
green)andanti-PDF(C7,red)antibodies.ThedorsallyprojectingneuritesfromsLNvs(arrowheads)showedmorphologicaldefects(B)orweremissing(D).E,F,G,PERfluorescenceintensitiesinlLNv,LNd,andDN1
neurons were quantified. Values indicate mean ⫾ SEM (n ⫽ 11–35). One-way ANOVA with Tukey’s test: *p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍ 0.001; ****p ⬍ 0.0001).
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Figure 5. Transcription of CLK-target core clock gene is reduced in AMPK␤ Ri flies. A, B, Flies of the indicated genotype were collected during LD and total RNA was isolated. Pre-mRNA levels of
per (A) and vri (B) were quantified using real-time qRT-PCR. The pre-mRNA levels in tim⬎d2 at ZT4 were set to 1, and the other values were normalized to these values. Values indicate mean ⫾ SEM
of three independent experiments. *p ⬍ 0.05 (Student’s t test). C, D, Flies of the indicated genotypes were collected at ZT2 (C) and ZT17 (D) during LD. The brains were stained with anti-PER (Rb1,
green), anti-VRI (gp2, green), and anti-PDF (red) antibodies. Representative images of sLNvs and LNds from two independent experiments are shown. PER and VRI fluorescence intensities were
quantified. Values indicate mean ⫾ SEM (n ⫽ 16 –56). *p ⬍ 0.05 (Student’s t test). ***p ⬍ 0.001 (Student’s t test).

then the ␣ knockdown, and were the least severe in the ␤ knockdown; thus, the highly arrhythmic locomotor behaviors in the ␣
and ␥ Ri flies were likely caused by damaged sLNvs. Nonetheless,
reduced PER levels in clock neurons were observed in all three
AMPK subunit knockdown flies. Our data suggest that AMPK
enzymatic activity is required to maintain the integrity and cellular oscillator function of sLNv neurons. Because sLNvs are required for synchronizing circadian neural network for locomotor
rhythm, we decided to use the AMPK␤ knockdown flies containing intact sLNvs to further examine the biochemical function of
AMPK in the cellular oscillator.
AMPK␤ knockdown reduced CLK-driven transcription by
reducing CLK levels
Intriguingly, sLNvs and dorsal projecting neurites are missing in
Clk and cyc mutants (Blau and Young, 1999; Park et al., 2000;
Allada et al., 2003), phenocopying the situation when AMPK␣ or
AMPK␥ was downregulated (Fig. 3). In addition, because AMPK
interacted with CLK (Fig. 1), we reasoned that CLK/CYC activity
may be affected in AMPK subunit knockdown flies. To examine
whether CLK/CYC-mediated transcription was affected in
AMPK␤ subunit knockdown flies, we determined the pre-mRNA
levels of per and vri, which are core clock genes that are targeted
by CLK/CYC (Fig. 5 A, B). It has been established that pre-mRNA
levels can be used as a read-out of transcription (Menet et al.,
2010; Luo et al., 2012). Both per and vri pre-mRNA levels were
reduced in AMPK␤ subunit knockdown flies, indicating that
downregulation of AMPK␤ reduced CLK/CYC-dependent transcription. Next, we performed immunostaining to examine PER
and VRI protein levels at their peak time points: that is, ZT2, and
ZT17, respectively, in sLNvs and LNds (Fig. 5C,D). Consistent
with the reduction in CLK/CYC-dependent transcription, we
found that PER and VRI protein levels were reduced. The re-

duced PER and VRI protein levels may have impeded the pace of
the circadian clock in AMPK␤ Ri-2 flies.
To determine whether AMPK directly phosphorylates CLK,
we performed an in vitro kinase assay using purified AMPK holoenzyme and bacterially expressed GST-tagged CLK as the substrate. We found that AMPK phosphorylates CLK and that the
phosphorylation was greatly enhanced by the addition of AMP
(Fig. 6A). To assess how AMPK-mediated phosphorylation
affects CLK, we examined daily CLK profiles. Hyperphosphorylated isoforms of CLK were observed in the early-day and
late-night periods (ZT4, ZT20, and ZT23.8), and hypophosphorylated isoforms of CLK were observed during mid-day (ZT8 to
ZT16) (Fig. 6B). A side-by-side comparison of CLK showed no
significant differences in phosphorylation pattern in control and
AMPK␤ Ri-2 flies. In addition, CLK protein levels in whole-head
extracts from control and AMPK␤ knockdown flies were similar
throughout the day (Fig. 6C). Nevertheless, we reasoned that the
effect of AMPK on CLK protein may be different in clock cells,
and we tested this by immunostaining. Indeed, CLK levels were
lower in sLNvs and LNds in AMPK␤ knockdown flies than in
control flies (Fig. 6D). Moreover, both PER and CLK levels
in sLNvs were lower in flies in which AMPK␤ was downregulated
in an acute manner via the Gal80 ts TARGET system than in control flies (Fig. 6E). Collectively, these observations indicate that
AMPK-mediated phosphorylation stabilizes CLK in pacemaker
neurons and enhances expression of CLK/CYC target genes.
Expression of CLK rescued the arrhythmicity caused by the
AMPK␤ knockdown
If AMPK downregulation slowed the clock by affecting CLK levels, overexpression of CLK may rescue the circadian locomotor
rhythm defect caused by AMPK␤ knockdown. Because overexpression of Clk in combination with the tim-GAL4 driver is de-
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Figure 6. AMPK directly phosphorylated CLK in vitro and stabilized CLK in clock neurons. A, GST-CLK and GST purified from E. coli were incubated with AMPK holoenzyme and ␥- 32P-ATP
with increasing amounts of AMP. The samples were then subjected to SDS-PAGE, and the proteins were transferred to PVDF membranes. Following Ponceau S staining, phosphorylation
of GST-CLK and GST was visualized by autoradiography. B, Protein extracts from the heads of control (Ct) and AMPK␤ knockdown flies (Ri) were prepared at the indicated ZT and were
analyzed by immunoblotting with anti-CLK (gp208) antibody. Actin served as the loading control. C, Relative levels of CLK were determined by measuring band intensities using ImageJ
software. Values indicate mean ⫾ SEM (n ⫽ 3). D, Flies of the indicated genotypes were collected at ZT24 during LD, and the brains were stained with antibodies to CLK (gp50, green)
and PDF (C7, red). Representative images of sLNvs and LNds from two independent experiments are shown. CLK fluorescence intensities were quantified. Values indicate mean ⫾ SEM
(n ⫽ 24 –53). Statistically significant differences between control and AMPK␤ Ri flies (Student’s t test): **p ⬍ 0.01; ***p ⬍ 0.001; ****p ⬍ 0.0001. E, Flies of the indicated genotypes
were collected at ZT2 at 29°C. The brains were costained with antibodies to CLK (gp50, green) and PDF (C7, red) or PER (Rb1, green) and PDF (C7, red). Representative images of sLNvs are
shown. CLK and PER fluorescence intensities were quantified. Values indicate mean ⫾ SEM (n ⫽ 24 –37). Statistically significant differences between control and AMPK␤ Ri flies
(Student’s t test): **p ⬍ 0.01; ***p ⬍ 0.001.

velopmentally lethal (Zhao et al., 2003), we expressed UAS-Clk
under control of the pdf-GAL4 driver. We confirmed overexpression of CLK by immunostaining sLNvs (Fig. 7 A, B).
Knockdown of AMPK␤ by the pdf-GAL4 driver in LNvs was
sufficient to cause long periods similar to the AMPK␤ knockdown in the tim-expressing cells and to downregulate CLK
levels in sLNvs (Table 1; Fig. 7D). Overexpression of CLK
suppressed the long-period phenotype of the AMPK␤ knockdown and restored the 24 h period (Fig. 7C). These results
indicate that the key mechanism underlying the circadian locomotor defect caused by AMPK␤ knockdown in flies is
downregulation of CLK levels.

Discussion
Daily rhythmic environmental changes entrain the circadian
clock system of an organism to manifest the appropriate physiology and behavior on a circadian time-scale. In eukaryotes, oscillation of gene expression driven by circadian transcription
factors is the basic framework for the cell-autonomous oscillator
(for reviews, see Dunlap and Loros, 2004; Hardin, 2005; Takahashi, 2017). Thus, regulation of circadian transcription factors is
fundamental to synchronizing the clock system with environmental changes. Here, we report that the AMPK␥ subunit copu-

rified with CLK in Drosophila S2 cells and that AMPK activity is
required for circadian locomotor rhythms because it enhances
CLK-dependent transcriptional activation in the core clock neurons of Drosophila.
AMPK functions as a holoenzyme consisting of a catalytic ␣
subunit and two regulatory subunits, ␤ and ␥. In mammals, full
activation of AMPK occurs upon phosphorylation of Thr172
(analogous to Thr184 in Drosophila) of the ␣ subunit by upstream kinases, such as LKB and CAMKK2, which are activated
by energy stress and an increase in the intracellular Ca 2⫹ level,
respectively (for review, see Ross et al., 2016; Garcia and Shaw,
2017). AMP binding to the ␥ subunit prolongs Thr172 phosphorylation of the ␣ subunit, thereby enhancing AMPK activity (Xiao
et al., 2011; Gowans et al., 2013). The ␤ subunit plays a stochiometric and stabilizing role in the trimeric complex by binding the
␣ and ␥ subunits in a 1:1:1 ratio (Woods et al., 1996). Binding of
a novel AMPK-activating compound to the AMPK␤ subunit
protects the AMPK␣ subunit Thr172 from dephosphorylation,
indicating that the AMPK␤ subunit also regulates the phosphorylation status of AMPK␣ (Göransson et al., 2007; Sanders
et al., 2007). Consistently, mutant mice lacking AMPK␤1 exhibit severe brain abnormalities caused by reduced AMPK
activity (Dasgupta and Milbrandt, 2009). Consequently, in
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Figure 7. Expression of Clk rescued the long period and arrhythmicity induced by AMPK␤ knockdown. A, B, Flies of the indicated genotypes were collected at ZT2 during LD. The brains
were stained with anti-CLK (gp50, green) and anti-PDF (red) antibodies. Representative images of sLNvs are shown. CLK fluorescence intensities were quantified. Values indicate mean ⫾
SEM (n ⫽ 18 –21). One-way ANOVA with Dunnett’s test: *p ⬍ 0.05; ****p ⬍ 0.0001. C, Graph represents the period lengths in pdf⬎d2 and pdf⬎d2, AMPK␤ Ri flies without (⫺) or with
(⫹) Clk overexpression by pdf-Gal4 driver. Values indicate mean ⫾ SEM. Two-way ANOVA showed significant differences in the AMPK␤ knockdown (F(1,84) ⫽ 26.23, p ⫽ 1.83 ⫻ 10 ⫺6),
Clk overexpression (F(1,84) ⫽ 120.03, p ⫽ 5.40 ⫻ 10 ⫺18), and interaction (F(1,84) ⫽ 37.20, p ⫽ 2.95 ⫻ 10 ⫺8). D, Daily activity profiles of young adult male flies of the indicated
genotypes on the last day of LD (top) and on the first day of DD (middle) are shown. Bottom, Actograms of flies during 7 consecutive days of DD. To better visualize the rhythmic behavior,
each row in an actogram was double-plotted. Light gray bars represent day-time activity. Dark gray bars represent subjective day-time activity. Black bars represent night-time and
subjective night-time activity. Hatched horizontal bar represents subjective day. Black horizontal bar represents subjective night. ZT, Zeitgeber time. ZT0 is light-on time. CT, Circadian
time. CT0 is subjective day start time.

this study, we reasoned that downregulation of expression of
each AMPK subunit would reduce the activity of the AMPK
holoenzyme. Our results showed that knockdown of each
AMPK subunit produced circadian locomotor rhythm defects,
supporting the notion that AMPK activity is required for the
circadian rhythm in Drosophila.
In mammals, AMPK affects the core clock by regulating circadian repressor proteins. AMPK phosphorylates mCRY1 and
mCRY2, which stimulates their interaction with F-box/LRRrepeat protein 3 (FBXL3), an E3 ligase, leading to degradation of
CRY (Lamia et al., 2009). AMPK has also been shown to phosphorylate serine 389 of CKI, which enhances CKI enzymatic
activity and degradation of mPER2 (Um et al., 2011). Collectively, in mammals, AMPK destabilizes circadian repressor proteins and induces derepression of CLK/BMAL1-dependent
transcription. The role of AMPK in regulating expression of clock
genes was reported in skeletal muscle cells following treatment
with 5-aminoimidazole-4-carboxamide ribonucleotide, a stimulator of AMPK activity, albeit the detailed molecular mechanism
was not provided (Vieira et al., 2008).
In this study, we propose that, in Drosophila, AMPK regulates
the core clock by increasing the activity and level of CLK. This

proposition is based on several observations. First, if AMPK
phosphorylates and destabilizes CRY as in mammals, then downregulation of AMPK subunits would result in increased CRY levels in Drosophila. However, previous studies have shown that
overexpression of cry under the control of a tim-GAL4 or a pdfGAL4 driver did not affect behavioral rhythms in Drosophila
(Dissel et al., 2004; Collins et al., 2006). Thus, AMPK does not
appear to affect the core clock by regulating CRY stability in
Drosophila. Second, per and vri pre-mRNA levels were lower in
AMPK␤ knockdown flies than in control flies (Fig. 5), indicating
that CLK/CYC-dependent transcription requires AMPK activity
(Menet et al., 2010; Luo et al., 2012; Andreazza et al., 2015). We
also showed that PER and VRI protein levels were lower in pacemaker neurons of AMPK␤ knockdown flies than in the control
flies, which is consistent with our pre-mRNA results. Furthermore, rescue of locomotor behavior in AMPK␤ knockdown flies
by LNv-specific CLK expression strongly supports the notion that
compromised CLK/CYC transcription underlies the circadian
rhythm defect that occurs when AMPK is downregulated. Third,
we showed that purified CLK protein is directly phosphorylated
by AMPK in an AMP-dependent manner using the in vitro kinase
assay (Fig. 6A). To identify the AMPK phosphorylation site(s) on
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CLK, we searched candidate phosphosites using Scansite 4.0
(https://scansite4.mit.edu/4.0/#scanProtein). We mutated 10
Ser/Thr residues in CLK to alanine and used the in vitro kinase
assay to evaluate phosphorylation of these CLK mutants. We did
not observe any significant differences in the phosphorylation of
these mutants compared with WT CLK (data not shown), perhaps because the predicted phosphosites were not the actual
phosphosites or because alteration of a single residue is not
enough to affect the degree of phosphorylation in vitro. Further
studies are needed to determine the AMPK phosphorylation
site(s) in CLK. Finally, the impaired integrity of the sLNvs and the
dorsal projections observed in AMPK␣ and AMPK␥ Ri flies
matched the phenotype of flies with reduced CLK and CYC activities (Fig. 3; and see below). Thus, we conclude that AMPK
regulates the core clock in Drosophila by activating CLK, a positive component of the clock. It is intriguing to note that, while the
target of AMPK action is different in Drosophila and mammals
(positive element vs negative element, respectively), the outcome
is in the same direction (i.e., the enhancement of circadian
transcription). Nonetheless, there is also possibility that other
circadian clock protein(s) are affected by AMPK and regulate
circadian rhythm.
Downregulation of the AMPK␣ or the AMPK␥ subunit in
tim-expressing cells led to arrhythmicity accompanied with the
disruption of sLNv cell bodies and dorsally projecting neurites. It
has been shown that sLNvs and dorsally projecting neurites are
absent when CLK and CYC activities are compromised in Clk Jrk,
Clk ar, Clk out, and cyc 0 mutants (Blau and Young, 1999; Park et al.,
2000; Allada et al., 2003). In addition, it has recently been shown
that overexpression of the dominant negative form of microtubule star, which encodes a catalytic subunit of PP2A, in timexpressing cells induces morphological defects in sLNvs
(Andreazza et al., 2015). Although the authors of the study did
not discuss the possible underlying mechanism, because PP2A
controls the phosphorylation status of CLK, which is critical for
CLK stability and activity, dysregulation of CLK may underlie the
defects in the sLNvs in the microtubule star mutant (Kim and
Edery, 2006; Andreazza et al., 2015). Furthermore, VRI, the
downstream target of CLK/CYC, controls the accumulation of
the neuropeptide PDF in a post-transcriptional manner (Blau
and Young, 1999; Gunawardhana and Hardin, 2017). Thus, dysregulation of CLK/CYC activity may underlie the impaired integrity of sLNvs in AMPK␣ and AMPK␥ Ri flies, which is consistent
with the observation that CLK is required for sLNv development
and integrity (Lerner et al., 2015). Interestingly, transcriptome
analysis revealed that Clk expression is reduced in human epileptogenic tissue, and a reduction in Clk expression contributes to
malformation of the dendritic spine. These data suggest that CLK
transcriptional activity is required for neuronal structural integrity (Li et al., 2017).
ATP levels and Ca 2⫹ levels, which are upstream signals of
AMPK, have been shown to display daily rhythms in several tissues and organisms (Yamazaki et al., 1994; Ikeda et al., 2003;
Enoki et al., 2012; Fustin et al., 2012; Goya et al., 2016). AMPK
activity has also been shown to exhibit a daily rhythm in the
hypothalamus, retina, liver, and fibroblasts in a cell-autonomous
manner (Um et al., 2011; Barnea et al., 2012; Huang et al., 2015).
The differences in the active phases and regulatory mechanisms
in the tissues and cells suggest that daily AMPK rhythms may be
controlled in a tissue- and cell-specific manner. We also sought to
explore whether AMPK activity might show daily rhythm, coupled with regulation of CLK levels in Drosophila. Nonetheless, the

mRNA levels of the AMPK␣, ␤, and ␥ subunits did not show
diurnal oscillations (Fig. 2D–F, compare ZT8 and ZT20). Because
the available anti-AMPK␣ antibody does not work in the immunostaining assay, Western blot analysis of whole fly head extracts
was performed; no rhythms in daily AMPK␣ protein levels were
observed (data not shown). However, the possibility that
AMPK␣ levels oscillate in a cell-specific manner cannot be ruled
out. Regarding AMPK activity, a widely used AMPK␣ Thr172
phosphospecific antibody could not reliably determine the phosphorylation status of Drosophila AMPK␣ Thr184 (data not
shown). Thus, currently, it is not elucidated whether the daily
rhythmic AMPK activity and/or levels are coupled to regulate
rhythmic CLK/CYC-dependent transcription in a daily basis in
Drosophila. Nevertheless, pronounced acute metabolic stress or
an increase in the intracellular Ca 2⫹ level can induce AMPK
activation and enhance CLK/CYC-dependent transcription to
reset the phase.
In Drosophila, the crosstalk mechanism between nutrients,
energy metabolism, and the core clock has been elucidated. The
nutrient signal regulator AKT and the TOR-S6K pathway determine the circadian period by regulating shaggy/glycogen synthase kinase 3␤, thereby regulating nuclear entry of TIM (Zheng
and Sehgal, 2010). O-GlcNAc modification of PER, which may be
under the control of cellular glucose metabolism, sets the circadian period by regulating nuclear entry of PER (Kim et al., 2012;
Kaasik et al., 2013). In this study, we showed that AMPK, which is
sensitive to the AMP/ATP ratio and the internal Ca 2⫹ concentration, regulates the circadian rhythm by regulating the level and
activity of CLK.
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