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Circadian clocks are composed of transcriptional/translational feed-
back loops (TTFLs) at the cellular level. In Drosophila TTFLs, the
transcription factor dCLOCK (dCLK)/CYCLE (CYC) activates clock tar-
get gene expression, which is repressed by the physical interaction
with PERIOD (PER). Here, we show that amino acids (AA) 657-707
of dCLK, a region that is homologous to the mouse Clock exon
19-encoded region, is crucial for PER binding and E-box-dependent
transactivation in S2 cells. Consistently, in transgenic flies expressing
dCLK with an AA657-707 deletion in the Clock (CIk°"") genetic back-
ground (p{dClk-A};CIk°"), oscillation of core clock genes’ mRNAs
displayed diminished amplitude compared with control flies, and
the highly abundant dCLKA657-707 showed significantly decreased
binding to PER. Behaviorally, the p{dClk-A};CIk°“* flies exhibited ar-
rhythmic locomotor behavior in the photic entrainment condition
but showed anticipatory activities of temperature transition
and improved free-running rhythms in the temperature entrainment
condition. Surprisingly, p{dClk-A};Clk°"* flies showed pacemaker-
neuron-dependent alterations in molecular rhythms; the abundance
of dCLK target clock proteins was reduced in ventral lateral neurons
(LN,s) but not in dorsal neurons (DNs) in both entrainment condi-
tions. In p{dClk-A};CIk°"" flies, however, strong but delayed molecular
oscillations in temperature cycle-sensitive pacemaker neurons, such
as DN;s and DN,s, were correlated with delayed anticipatory ac-
tivities of temperature transition. Taken together, our study re-
veals that the LN, molecular clockwork is more sensitive than
the clockwork of DNs to dysregulation of dCLK by AA657-707 de-
letion. Therefore, we propose that the dCLK/CYC-controlled TTFL
operates differently in subsets of pacemaker neurons, which may
contribute to their specific functions.
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Circadian timing systems are composed of cell-autonomous os-
cillators that enable living organisms to anticipate environ-
mental cyclic changes, thereby orchestrating behavior and physiology
throughout the day. The cell-autonomous oscillator contains tran-
scriptional/translational feedback loops (TTFLs) composed of
positive and negative molecular components, driving the rhythmic
oscillation of gene expression with 24-h periodicity (1, 2). In Dro-
sophila, the positive components are the basic helix-loop-helix-
containing and Period-Arnt-Sim (PAS)-containing transcription
factor dCLOCK (dCLK) and CYCLE (CYC), which form a het-
erodimer and rhythmically bind to E-box sequences (CACGTC) to
activate transcription of clock genes and clock-controlled genes
(reviewed in ref. 1). In the core loop of the TTFL, dCLK/CYC
transcribes period (per) and timeless (tim) genes and the translated
PER and TIM proteins form heterodimers and translocate into
the nucleus during mid-evening. The PER/TIM heterodimers
then physically interact with the dCLK/CYC complex to inhibit
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dCLK/CY C-activated transcription. Degradation of PER and TIM
proteins by timely controlled posttranslational modifications ulti-
mately releases repression of dCLK/CYC activity, initiating a new
transcriptional cycle. In the secondary loop of the TTFL, dCLK/
CYC activates transcription of vrille (vri) and par domain protein Ie
(pdp Ig), and VRI and PDP Ie function to repress and activate
transcription of dClk, respectively, to increase the robustness of the
TTFL (3, 4). Highly conserved molecular mechanisms operate in
mammals (reviewed in ref. 5). Mouse CLK (mCLK) and brain and
muscle Amnt-like 1 (BMALL), which are the dCLK and CYC ortho-
logs, activate the transcription of genes in the negative arm of the
TTFL, including mPerl, 2, 3 and cnjptochromel, 2 (cryl, 2). Heter-
odimeric mPER/mCRY complexes subsequently enter the nucleus to
inhibit transcription of their own genes. mCLK/BMALL also tran-
scribes the genes encoding nuclear receptors Rora, b, ¢ and Rev-erba,
S, which activate and repress, respectively the expression of Brmall.
Drosophila displays bimodal peaks of locomotor activity under
a standard 12-h/12-h light/dark (LD) photic entrainment condi-
tion. Morning and evening peaks of activity occur around dawn
and dusk, respectively. In Drosophila, ~150 anatomically distinct
pacemaker neurons are located in the lateral and dorsal parts of
the brain and control respective activity peaks (6-8). The neu-
ropeptide pigment dispersing factor (PDF)-positive large ventral
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lateral neurons (ILN,s) respond to light and play a crucial role in
mediating light input from the eyes to regulate arousal, sleep, and
the startle response (9-12). Under constant dark conditions after
entrainment, morning and evening locomotor activity peaks are
controlled by morning oscillators composed of PDF-positive small
LNys (sLN,s) and evening oscillators composed of dorsal lateral
neurons (LNgs), a fifth sLN,, and some dorsal neurons (DNjs)
(6, 8, 13, reviewed in ref. 14). Besides photic cycles, 12-h/12-h high/
low temperature cycles that differ by as little as 2-3 °C can syn-
chronize Drosophila behavioral locomotor rhythms and molecular
oscillations (15-17). Different pacemakers might be responsible for
controlling morning and evening activity peaks under temperature
cycles. When photic and temperature cues are both present, LN,s
and LNgs are sensitive to photic transition, whereas DN;s, DNss,
DN3s, and lateral posterior neurons are more sensitive to temper-
ature transitions (18). In addition, blue-light photopigment CRY-
negative DN; and CRY-null DN, are known to play a prominent
role in entrainment to temperature cycles (18-21).

Physical interaction between positive and negative circadian fac-
tors is crucial for the regulation of circadian transcription (22-28).
Here, we provide evidence that a small region of dCLK [amino acids
(AA) 657-707], homologous to the peptide sequence encoded by
exon 19 of mCLK is crucial for its interaction with PER, although it
might not function as the direct binding domain. We show that a
mutant of dCLK with this region deleted (dCLK-A) exhibited re-
duced E- box—dependent transcriptional activity in S2 cells. Expres-
sion of dCLK-A in the CIk°"" genetic background (herein named
p{dClk-A};CIk®") rendered flies arrhythmic in the photic entrain-
ment condition. Surprisingly, the levels of dCLK target clock pro-
teins were significantly reduced in LN,s; in comparison, other subsets
of clock neurons, such as DNs, were less affected. In addition,
p{dClk-A};CIk*™ flies exhibited anticipatory behavior of temperature
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transition, which is correlated with strong yet delayed oscillations of
core clock proteins in temperature cycle-sensitive clock neurons,
including DN;s and DNps. Our results suggest that LN, molecular
clockwork is more sensitive than DN molecular clockwork to
dysregulation of dCLK by AA657-707 deletion. Taken together, we
propose that the dCLK/CYC-controlled TTFL operates differently
in subsets of pacemaker neurons despite the same molecular con-
stituents, thereby modulating specific functions of pacemaker neu-
rons, such as sensitivities to various entraining cues.

Results

dCLK Internally Deleted for AA657-707 (dCLK-A) Shows Reduced
Binding to PER and Transcriptional Activity in S2 Cells. To identify re-
gions of dCLK that are crucial for interaction with PER, we gen-
erated a series of dCLK internal deletion mutants (Fig. 14). We
performed coimmunoprecipitation analyses and quantified the
dCLK-PER interaction by calculating the ratio of pulled-down
PER to each immunoprecipitated dCLK variant (Fig. 1 B and C).
The dCLK variant with deletion of AA579-778 (region 10 in Fig.
1A4) manifested the most severe impairment in binding PER. Pre-
vious reports show that the AA657-707 region of dCLK enclosed in
AAS579-778 is homologous to the 51-aa segment encoded by exon
19 of mClk, which is deleted in Clock/Clock mutant mice (29, 30)
(Fig. 14). Interestingly, the C terminus of apCLK of the silk-
moth Antheraea pernyi also has a sequence homologous to the exon
19 region in mCLK, and a C-terminal truncation mutant of apCLK
complexed with apBMAL1 could not be inhibited by apPER,
suggesting the presence of an apPER binding domain in this region
(31). Thus, we evaluated whether dCLK AA657-707, which is
conserved in all three species, is the minimal region required for
PER binding. We generated a deletion mutant of dCLK lacking
AA657-707 (dCLK-A) and performed coimmunoprecipitation
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Fig. 1. dCLK subregion encompassing AA657-707 is
required for binding with PER. (A) Schematic dia-
gram illustrates the protein domains of dCLK. In the
alignment between dCLK AA657-707 and mCLK
AA514-564, black shading indicates amino acid identity
and gray shading indicates conserved substitution. bHLH,
basic helixJoop-helix. (B) S2 cells were cotransfected with
pAct-per and pMT-HA-dClk (full length, FL) or vectors
encoding internally deleted dCLK variant indicated by
the numbers 1-12, corresponding to the numbers in the
schematic diagram in A. Protein extracts (input) were
subjected to immunoprecipitation (IP) using anti-HA
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dCLK variants antibody for dCLK or normal IgG. The immune com-
plexes were analyzed by immunoblotting. (C) Relative
levels of PER pulled down with each dCLK variant are
shown. Values are the mean + SEM from three inde-

pendent experiments. (D) S2 cells were cotransfected

HA-dClk |FL mper1-V& + |+ +

with pAct-per and pMT-HA-dClk (FL) or pMT-HA-dClkA657—

ovs |- -[-[+]+]+
1P:HA-GCLK PER kL

707 (A), and immunoprecipitation was performed as

mper3-V5 E I B R B A I

described in B. (E) S2 cells were cotransfected with pMT-cyc-

HA-dCLK

Input 3FLAG-mCik | - |FL| ~

il

3F and pMT-HA-dClk (FL) or pMT-HA-dClkA657-707 (A).
Immunoprecipitation was performed with anti-FLAG

PER

IP:FLAG-mCLK

[N

mPER-VS antibody, and immune complexes were analyzed by im-

+

E cye-3FLAG | +

-, == e |FLAGMOLK

munoblotting. (F) HEK293T cells were transiently cotrans-
fected with pcDNA3-mper1-V5, pcDNA3-mper2-V/5, or

HA-dCik FL| &

mput | | e

IP:CYC-FLAG HA-dCLK

HA-dCLK

Input

“' T} mPER3-V5

pcDNA3-mper3-V/5 in combination with pCMV10-3FLAG-
mClk (FL) or pCMV10-3FLAG-mCIkA19 (A). Immunopre-
cipitation was performed with an anti-FLAG antibody,
and immune complexes were analyzed by immuno-

FmPER1-VS
Jmpera-vs

M@

- | CYC-FLAG 1

~

Lee et al.

8 9 blotting. The immunoblot is representative of three
independent experiments.
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experiments to assess its ability to interact with PER. The dCLK-A
showed severely attenuated binding to PER (Fig. 1D), suggesting
that this minimal region is required for PER binding. However,
dCLK-A retained the ability to interact with CYC (Fig. 1E).

Because AA657-707 of dCLK displays significant sequence ho-
mology to the 51-aa segment encoded by exon 19 of mClk, we next
examined whether this domain is also required for interaction be-
tween mCLK and the three mPER proteins (mPER1, mPER2, and
mPER3). We performed coimmunoprecipitation analyses between
either full-length mCLK or mCLK lacking exon 19 (mCLKA19)
and each mPER homolog in mammalian HEK293 cells (Fig. 1F).
Intriguingly, like dCLK-A, mCLKA19 exhibited impaired interac-
tion with mPER1, mPER2, and mPER3, suggesting that the bio-
chemical feature of interaction between PER and CLK is conserved
in flies and mammals.

The exon 19 region of mCLK is crucial for its transcriptional
activity (22, 32). Next, we examined whether dCLK-A displays
compromised transcriptional activity using a luciferase reporter-
based assay in S2 cells (22, 28). Transfection of full-length dCLK
increased E-box-dependent luciferase expression, whereas dCLK-A
did not significantly induce luciferase expression (Fig. S1). Given
that steady-state levels of ectopically expressed full-length dCLK and
dCLK-A were similar in S2 cells (Fig. 1 D and E), these results
suggest that dCLK-A is impaired in transcriptional activation and
that AA657-707 of dCLK is essential, not only for PER interaction
but also for transcriptional activation in S2 cells.

Next, to examine whether the AA657-707 functions as a direct
PER binding domain, we performed an in vitro binding assay using
purified GST-tagged dCLK fragments and in vitro transcribed/
translated PER (Fig. S2). GST-tagged full-length dCLK, but
not dCLK fragments AA80-448, AA579-778, AA657-707, and
AA841-956, associated with PER. To our surprise, the AA380-528
fragment strongly associated with PER, suggesting that this region
is a novel direct PER binding region (Fig. S2). Therefore, at pre-
sent, it is not clear which region of dCLK is a direct binding site for
PER, but AA657-707 of dCLK is clearly important for interacting
with PER and for dCLK transcriptional activity; moreover, this
region is homologous to the exon 19 region of mCLK.

p{dCIk-A},CIk°"* Flies Display Arrhythmic Behavior in the Photic
Entrainment Condition. To investigate the in vivo clock function
of AA657-707 of dCLK, we generated transgenic flies harboring
the dClkA657-707 transgene. Previous reports have shown that the
Wild—tfype version of this transgene fully rescues the arrhythmicity of
CIk°"* flies, which do not express functional dCLK (33, 34) (Fig. 24
and Table 1). Two independent fly lines expressing dCLKA657-707
were obtained and switched to the CIk®" genetic background
[referred to as p{dClk-A},2M;CIk°"" and p{dClk-A},4M;CIK*"].
Both p{dCik-A};CIk°" fly lines manifested arrhythmic behaviors
(Fig. 2 B and C and Table 1). Interestingly, both p{dClk-A};CIk°"
lines displayed little or no morning startled activities; however,
evening startled activities were observed, and the flies were pref-
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Fig. 2. p{dClk-A};CIk°" flies manifest abnormal locomotor behavior under
LD and constant dark (DD) conditions. The locomotor activity of p{dClk-WT};
CIk°Y* (A), p{dClk-A},2M;CIk°"* (B), p{dClk-A},4M;CIk°"* (C), and CIk°“* (D) fly
lines is shown. Each panel represents the average activity of male flies for a
given genotype during the 12-h/12-h LD cycle, followed by the DD condition.
The white vertical bars represent locomotor activity during the light phase of
the LD cycle, and the black vertical bars represent locomotor activity during
the dark phase of the LD cycle. The gray vertical bars represent locomotor
activity during the subjective light phase of the DD condition. The white
horizontal bars and black horizontal bars below each panel indicate 12-h pe-
riods of lights-on and lights-off, respectively.

erentially active during the dark phase (Fig. 2 B and C). These daily
activity patterns were highly similar to the daily activity patterns
of CIk°™ (Fig. 2D) and CIK’™ flies, neither of which expresses
functional dCLK protein (33-35). Under constant dark conditions,
the p{dClk-A},2M;CIk°"" flies showed dampened morning
and evening activity peaks with delayed phases, whereas the
p{dClk-A} , AM;CIk°™ flies did not manifest evident peaks of ac-
tivity (Fig. 2 B and C). Thus, we used the p{dClk-A} AM;CIk™™ fly
line, which showed more severe circadian behavioral defects, for
further analyses unless otherwise stated. Taken together, these data
clearly indicate that AA657-707 of dCLK is essential in generating
circadian locomotor rhythmicity in the photic entrainment condition.

Table 1. Behavioral rhythms of p{dClk-A};CIk°"" flies

Genotype Temperature, °C No.* Tau + SEM, h Rhythmicity," % Power*
w;p{dClk-WT}, 1A;Clkout 258 32 23.8+0.13 84.4 115.1
w;p{dClk-A},2M; CIk°U* 25 39 AR AR AR
w;p{dClk-A},AM;Clk°"" 25 30 AR AR AR
Clkeut 25 28 AR AR AR
w;p{dClk-WT}, 1A;Clk° 29/24% 28 23.1 £ 0.12 67.8 68.8
w;p{dClk-A},2M; CIk°U* 29/24 30 249 + 044 66.7 74.2

AR, arrhythmic.

*Total number of flies that survived until the end of the testing period.
TPercentage of flies with activity rhythms having a power value of >10 and a width value of >2.

*Measure of the strength or amplitude of the rhythm.

SFlies were kept at 25 °C and exposed to 4 d of a 12-h/12-h LD cycle, followed by 7 d of a DD condition.
#Flies were kept in constant darkness and exposed to 12-h/12-h temperature cycles of 29 °C/24 °C for 6 d, followed by

7 d of constant 24 °C.
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Fig.3. Daily oscillation of dCLK protein and mRNA levels is altered in p{dClk-A}, Gk
flies. Adult flies of the indicated genotype were collected at the indicated
times of the day (ZT). Head protein extracts were prepared and analyzed by
immunoblotting with an anti-V5 antibody (A) or by immunoprecipitation
with anti-dCLK antibody (gp208) (B). Inmune complexes were further in-
cubated in the absence (-) or presence (+) of A-phosphatase (APPase) and
immunoblotted with anti-dCLK antibody (gp208). Results of short and long
exposure (Exp) of the dCLK Western blot are shown. ns, nonspecific. (C) Total
RNA was obtained to perform quantitative real-time PCR. Relative levels of
dClk mRNA were quantified. Values represent mean + SEM from three in-
dependent experiments. Asterisks indicate statistically significant difference
between values at each time point (Student'’s t test: *P < 0.05).

p{dClk-A};CIk°"* Flies Exhibit Altered Molecular Rhythms. To delin-
eate the in vivo functions of dCLK AA657-707, we analyzed the
molecular rhythms of p{dClk-A};CIk°"" flies under a 12-h/12-h
LD cycle. In control p{dClk-WT};CIk°" flies, dCLK-WT protein
manifested daily changes in phosphorylation as reported pre-
viously (33, 36, 37) (Fig. 3.4 and B). In contrast, in p{dCIk-A};CIk°"
flies, hyperphosphorylated isoforms of dCLK were absent or di-
minished (Fig. 3 A and B). This result is consistent with the notion
that AA657-707 is required for PER binding, and consequently
recruiting DBT to induce dCLK hyperphosphorylation (28, 36-39).
Nonetheless, slight changes in mobility shift were observed from
A-phosphatase-treated dCLK-A at zeitgeber time (ZT) 2, which
suggested either that DBT recruited by PER at an attenuated
level or that other kinase(s) mediates residual phosphorylation
of dCLK-A (Fig. 3B, compare lanes 5 and 6). In agreement
with a previous report showing that hyperphosphorylated
dCLK isoforms are sensitive to degradation, levels of dCLK-A
were higher than levels of dCLK-WT (Fig. 34). Amplitude of the
daily oscillation in dClk-A mRNA levels was markedly damp-
ened compared with amplitude of the daily oscillation of dClk-WT
(Fig. 3C). This decreased amplitude was mainly because of the
increased trough levels during midday, likely resulting from down-
regulation of VRI, a repressor of dClk transcription (3) (Fig. 4C).
Together, these data demonstrate that both transcriptional and
posttranslational regulation contribute to the increased levels of
dCLK-A (Fig. 34).

To examine the molecular clockwork defects in p{dClk-A};CIk°"*
flies further, we next measured daily oscillations in the mRNA and
protein levels of dCLK target clock genes in the LD cycle. Con-
sistent with the low transcriptional activation by dCLK-A observed
in S2 cells (Fig. S1), the mRNA levels of the dCLK-CYC target
genes tim, per, and vri were significantly reduced throughout the
day in p{dCIk-A};Clk®" flies compared with the mRNA levels of
those genes in p{dClk-WT};Clk°" flies (Fig. 4 A-C). Nonetheless,
p{dClk-A};CIk°* flies showed daily oscillation of tim, per, and vri
expression, albeit with low amplitude and phase delay, implying
that dCLK-A/CYC retains residual transcriptional activity. Al-
though not statistically significant, the dCLK-CYC target gene
mRNA levels of p{dClk-A};CIk°" flies late at night (ZT24) were
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reproducibly higher than mRNA levels of p{dCIk-WT};CIk>"
flies. In addition, the rates of decrease in mRNA levels were
slower in p{dClk-A};CIk°"" flies than in control flies. These re-
sults are consistent with the notion that PER inhibition of dCLK-A/
CYC-dependent transcription is attenuated in p{dClk-A};CIk°>""
flies due to the weak association of PER and dCLK-A (Figs. 1D
and 5).

Nex)t, overall daily levels of TIM and PER proteins in p{dClk-A };Ck™"
flies were comparable to the daily levels of those proteins in
p{dClk-WT};CIk®™ flies (Fig. 4 D-G). However, moderate changes
were observed in TIM and PER cycling in p{dClk-A};CIk®™ flies.
The rate of TIM accumulation between ZT8 and ZT12 was slower
than the rate of TIM accumulation in control flies, possibly due to
low fim mRNA levels. Although TIM levels began to decrease
sharply at ZT20 in p{dClk-WT};CIk°™ flies, they were maintained at
peak levels until ZT24 in p{dClk-A};CIk°" flies (Fig. 4 D and F),
suggesting that TIM degradation is reduced in p{dCIk-A};CIk°"" flies
at night. Similarly, in p{dClk-A};Clk®™" flies, the rate of PER accu-
mulation was slow compared with the rate of PER accumulation in
p{dCllk-WT};,Clk®™ flies (Fig. 4 E and G). Moreover, whereas PER
levels had already decreased by ZT24 in p{dClk-WT};CIk" flies,
PER accumulation continued until ZT24 in p{dClk-A};CIk°*" flies
(Fig. 4G), likely due to the increased level of TIM, which protects
PER from phosphorylation and degradation (40, 41).

Next, we measured #im and per mRNA and protein levels in
constant dark conditions. In p{dClk-A};CIK°" flies, tim and per
mRNA levels were greatly reduced and the amplitudes of rhythmic
oscillation were markedly dampened (Fig. S3 A and B). The up-
swing of #im and per expression was greatly dampened during
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Fig. 4. Daily oscillation of dCLK target protein and mRNA levels is altered in
p{dClk-AY,CIk°“* flies. Adult flies of the indicated genotype were collected at
indicated times of the day. (A-C) Total RNA was obtained to perform quan-
titative real-time PCR. Relative levels of tim (A), per (B), or vri (C) mRNA were
quantified. (D and E) Head protein extracts were prepared, and Western blot
analysis was performed using anti-TIM or anti-PER antibody. O-GIcNAc trans-
ferase (OGT) served as a loading control. (F and G) Relative levels of TIM and
PER protein were determined by measuring band intensities using Image)
software (NIH). Values represent mean + SEM from three independent ex-
periments. Asterisks indicate statistically significant difference between values
at each time point (Student’s t test: *P < 0.05; **P < 0.01).

PNAS | Published online August 3, 2016 | E4907

wv
=]
=
-
wv
<
=
o

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523494113/-/DCSupplemental/pnas.201523494SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523494113/-/DCSupplemental/pnas.201523494SI.pdf?targetid=nameddest=SF3

L T

/

1\

BN AS  PNAS D)

P{dCIK-WT}:Cliet >

p{dClk-A},ClkeH

P{dCIk-WT}; Clkeut
T T

1
[zT (n]18]20]22]24] 2] 4 [18]20]22[24] 2] 4 |
oPp--
IP:
dCLK |Hﬂ '..-.“.| dCLK
T [T

|.... ’ @ @@ | PER

|..—-—- - e |TIM

1 2 3 4 5 6 7 8 9 10 11 12

- PER

dCLK

Fig. 5. Interaction between dCLK-A and PER is reduced in p{dClk-A};CIk°"t
flies. Adult flies of the indicated genotype were collected at the indicated
times of day. Head protein extracts were prepared and directly analyzed by
immunoblotting (input) or processed for immunoprecipitation with an anti-dCLK
antibody (gp208). Immune complexes were analyzed by immunoblotting with
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the subjective day, presumably due to the persistent repression of
dCLK-A/CYC by elevated levels of PER until circadian time (CT)
8 (discussed below). In p{dClk-A};CIk°" flies, TIM levels were
significantly higher than in p{dCIk-WT};CIk°"" flies during the
subjective early morning (CT4 and CT8) and slowly reached
the peak at CT20, although at a much reduced level compared
with p{dCIk-WT};Clk*™ flies (Fig. S3 C and D). Similarly, PER
levels were markedly higher with concomitant increases in hyper-
phosphorylated isoforms during the subjective early morning (CT4
and CTS8), probably due to the high levels of TIM protecting PER
from phosphorylation and degradation in p{dClk-A};CIk°™" flies
(Fig. S3 C and E). Taken together, these results suggest that quasi-
normal oscillations of PER and TIM proteins in fly heads in the LD
cycle are mainly driven by light-mediated degradation of TIM,

ZT18

which ultimately affects PER stability (42—45). Accordingly, mo-
lecular oscillations of per/tim mRNAs and proteins were rapidly
dampened in the absence of light, leading to behavioral arrhyth-
micity in constant dark conditions.

dCLK-A Shows Impaired Binding to PER and TIM in Flies. To ascertain
that the AA657-707 region of dCLK is required for PER binding in
vivo, we performed immunoprecipitation assays with fly head ex-
tracts. In control p{dClk-WT};CIk®" flies, dCLK-WT stably inter-
acted with PER at all time points tested (Fig. 5), as previously
reported (23, 28). In sharp contrast, the amount of PER pulled down
with dCLK-A was greatly reduced (Fig. 5), even though dCLK-A
levels in the input were much higher than dCLK-WT levels [Fig. 5,
immunoprecipitation (IP) and Input, second and fifth rows|. This
result indicated that the AA657-707 region is indeed required for
PER binding in flies. We previously reported that TIM com-
plements the binding between dCLK and PERACLK binding do-
main (PERACBD), a PER lacking the dCLK binding domain (28).
To explore whether TIM contributes to the binding of dCLK-A to
PER, we probed immune complexes pulled down with anti-dCLK
antibodies for the presence of TIM (Fig. 5, IP, third row). Surpris-
ingly, TIM was not detected in the dCLK-A-containing immune
complexes, indicating that AA657-707 is also important for the in-
teraction of dCLK with TIM.

The dCLK Target Clock Protein Levels Are Reduced in LN,s of p{dClk-A};
Clk°** Flies. To understand better the strong behavioral defects
of p{dClk-A};CIk®™ flies, we analyzed clock protein oscillations in
fly brain pacemaker neurons by immunohistochemistry. Inspection
of anti-PDF immunofluorescence revealed no apparent anatomical
defects in the PDF-positive neurons in p{dClk-A};CIk®™ flies
compared with the PDF-positive neurons in p{dClk-WT};Clk*"
flies (Fig. 64). TIM in p{dClk-WT};CIk°"" flies showed robust os-
cillation in terms of levels and subcellular localization in pacemaker
neurons (Fig. 64, Top). In comparison, whereas temporal staining
patterns of TIM in p{dClk-A};Clk®" flies were similar to temporal
staining patterns of control flies, we noted important differences
(Fig. 64, Bottom). Specifically, although comparable TIM signal
intensities were detected from LNgs, DNs, and other cells, TIM
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Fig. 6. TIM protein levels are significantly reduced in LNys of p{dClk-A};CIk°"" flies. Adult flies of the indicated genotype were collected at the indicated times of
day, and isolated brains were processed for whole-mount immunohistochemistry. Brains were costained for TIM (green) and PDF (red). (A) Stained images were
obtained under a 40x objective, and confocal sections were combined. a, ILNys and sLN,s; b, LNgs; ¢, DNys; d, DN3s. Confocal images were obtained under a 63x
objective (B and C), and TIM fluorescence intensity was quantified (D-F). Images are representative for each subset of pacemaker neurons. Values represent mean +
SEM (n = 16-50). Asterisks indicate statistically significant difference between values at each time point (Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001).
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signal was greatly reduced in large LN,s (ILN,s) and small LN,s
(SLN,s) in p{dCIk-A};Clk®™ flies (Fig. 64). To verify that TIM
levels were differentially affected in subsets of pacemaker neurons
in p{dClk-A};CIk°" flies, we examined TIM staining at a higher
magnification in SLN,s, ILN,s, and DNjs at 4-h intervals beginning
at ZT2 and quantified TIM signal intensity (Fig. 6 B-F). As
expected, TIM levels were greatly reduced in LN,s, with more se-
vere effects from 1LNs than sLN,s at all time points throughout the
day (Fig. 6 D and E). In contrast, TIM signal intensity in DN;s was
comparable between p{dClk-WT};CIk°" flies and p{dClk-A};Clk™™
flies, albeit with slightly attenuated TIM accumulation (Fig.
6F). To determine whether the reduced TIM staining is due to
delayed accumulation of TIM, we further analyzed TIM stain-
ing intensity at ZT24 and obtained similar results showing re-
duced TIM intensity in LNs, but not in LNgs or DN;s, of p
{dClk-A};CIK* flies (Fig. S4 A and B). Finally, to exclude the
possibility that these striking pacemaker-neuron—dependent
differences in TIM staining intensity were due to differences in
genetic background, we next examined TIM staining in the
other p{dClk-A};CIk°" transgenic fly line (2M) (Fig. S5). Both
lines of p{dClk-A};CIk°"" flies exhibited similarly reduced TIM
staining in LN,s, but not in DN;s, compared with p{dCIk-WT};CIk*™"
flies, indicating that genetic background is not the cause of the
observed phenotype.

Next, to examine whether these pacemaker-neuron-dependent
differences were specific to TIM, we scored the expression pat-
terns of PER, a state variable of the Drosophila circadian clock.
Similar to our observations of TIM expression, PER levels were
greatly reduced in sLN,s and ILN,s, but not in DNis, at all time
points tested in p{dClk-A};CIk®" flies compared with p{dClk-
WT};CIk®™ flies (Fig. 7 A-E). Finally, we examined VRI level at
ZT17, a time when VRI maintains its maximum level (4). Similar
to our observations of PER and TIM, VRI levels were greatly
reduced in LN,s but were unchanged in DN;s of p{dClk-A};CIk™™
flies compared with p{dCIk-WT};CIk°"" flies (Fig. S6). In
conclusion, all of the evaluated dCLK direct targets exhibited
similar pacemaker-neuron-dependent alterations in abundance
in p{dCIk-A};CIK°" flies. Interestingly, we sometimes observed
a slight reduction in clock protein staining intensity in LNgs of
p{dClik-A};CIK°™* flies (Figs. S5 and S6). It is possible that the
molecular clockwork in LNgs of p{dClk-A};CIk°"" flies is also
disrupted, but to a lesser extent than in LNs.

Lee et al.

p{dClk-A};CIk°"" Flies Display Anticipatory Behavior and Free-Running
Rhythms in the Temperature Entrainment Condition. DNs and DN,s
play a prominent role in entrainment to temperature cycles (18-21).
Because we found that dCLK target proteins were not reduced in
DNis of p{dClk-A};CIk°" flies (Figs. 6 and 7), we hypothesized that
quasi-normal expression of dCLK target proteins in DNs would allow
behavioral synchronization to temperature cycles in p{dClk-A};CIk"
flies, despite their severe defects in entrainment to photic cycles
(Fig. 2). Flies were kept in constant light to wipe out residual
behavioral rhythms and then in constant darkness with 12-h/12-h
temperature cycles of 29 °C/24 °C. As previously reported, the
control p{dClk-WT};CIk®" flies exhibited bimodal peaks of ac-
tivity with an anticipatory activity increase before the temperature
transition, similar to what was observed for the photic cycles (15,
19, 33) (Fig. 8 A and B). Indeed, although the p{dClk-A};CIk°"
flies did not manifest any anticipatory activity of the LD transi-
tion, they clearly exhibited anticipatory activity of the tempera-
ture transition; however, they showed a delayed phase of evening
activity compared with the control flies (Fig. 8 C and D). In-
terestingly, the locomotor activity of p{dClk-A};CIk°" flies was not
strongly suppressed during the initial exposure to constant light,
unlike the control flies, which showed substantially suppressed lo-
comotor activity (Fig. 8 4 and C). Together with the data showing
insignificant dark-to-light startle response of p{dCIk-A};CIk°"" flies
(Fig. 2 B and C), these data indicate that the light-driven masking
effects are reduced in p{dCIk-A};CIk*"" flies (46, 47).

To examine whether the delayed phase of evening locomotor
activity in p{dClk-A};CIk°™" flies is correlated with molecular
oscillations in temperature cycle-sensitive pacemaker neurons,
we performed immunohistochemical analysis with anti-PDF and
anti-TIM antibodies. In control p{dClk-WT};CIk°"* flies, TIM
levels exhibited a large amplitude of oscillation in each subset of
pacemaker neurons, with the exception of ILN,s peaking at ZT14
(Fig. 8 E-J), which is earlier than observed under photic cycle
conditions (17, 19, 21, 48). In p{dClk-A};CIk** flies, TIM levels
in both ILNys and sLN,s were greatly reduced compared with
those TIM levels in p{dClk-WT};CIk°*" flies (Fig. 8 G and H),
similar to the results obtained for the photic cycle. In sharp
contrast, TIM levels in DN;s and DNys of p{dCIk-A};CIk°"" flies
showed rhythmic oscillation at levels comparable to the TIM
levels of control p{dCIk-WT};CIk®" flies, but the oscillation
phases were delayed (Fig. 8 I and J). The alterations in the PER
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profile of p{dClk-A};CIk°" flies were similar to the alterations in
the TIM profile. Specifically, in p{dClk-WT};CIk°"" flies, PER
levels were reduced in ILN.s and sLN,s, with greater reduction in
ILN,s, but were comparable in DN;s, where they showed large
amplitudes of oscillation but with delayed phases compared with
p{dCll-WT};CIk°" flies (Fig. S7). Therefore, it is possible that
strong but delayed molecular oscillations of core clock proteins
in the temperature cycle-sensitive clock neurons drive rhythmic
locomotor activity with delayed phase in p{dClk-A};CIk°" flies.

To examine whether the temperature transition of p{dClk-A };Clk*™
flies was indeed presented by synchronized circadian clock ma-
chinery, we analyzed rhythmicity after releasing into a constant
temperature. Because the locomotion of p{dCik-A},4M;CIk°"
flies decreased greatly toward the end of the temperature cycle,
accompanied by increased mortality for unidentified reasons, we
were only able to obtain behavioral results from p{dCilk-A},
2M;CIK™ flies. Consistent with their advanced phase of evening
activity during temperature cycles, the control flies manifested a
23.1-h period in the temperature cycle and showed decreased
rhythmicity compared with the photic cycles (Fig. 9 A and C and
Table 1). Importantly, p{dClk-A}2M;CIk°" flies exhibited 67%
rhythmicity with a 24.9-h period, demonstrating that their circadian
rhythmicity was enhanced under the temperature entrainment con-
dition, which was in sharp contrast to their arrhythmic behavior
under the photic entrainment condition (Table 1). Because the flies
were entrained to temperature cycles in the dark, the switch from
constant light exposure to dark might have impinged on the clock
machinery, resulting in the improved behavioral rhythmicity (49). To
examine whether improved behavioral rhythmicity in the tempera-
ture entrainment condition in p{dClk-A},2M;CIk°* flies was due to
earlier light exposure, we performed photic entrainment behavioral
analysis by exposing the flies to 2 d of constant light before the LD
cycle (Table S1). Even with the initial exposure to continuous light
before the LD cycle, the behavioral thythmicity of p{dClk-A};CIk°"
flies was still very poor in the photic entrainment condition. Collec-
tively, we conclude that the behavioral rhythmicity of p{dClk-A};CIk*™
flies is indeed enhanced by temperature cycle entrainment.
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try. Confocal images of brains costained for TIM (green)
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neurons are shown. (G-J) TIM fluorescence intensity was
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Asterisks indicate statistically significant difference be-
tween values at each time point (Student’s t test: *P <
0.05; **P < 0.01; ***P < 0.001).

—8— dCIk-WT
—m— dClk-A

0 4 8 12 16 20 24
ZT(hr)

Discussion

In Drosophila, the cell-autonomous circadian clock is generated by
dCLK/CYC-induced transcriptional activation, followed by PER re-
pression of dCLK/CYC-dependent transcription, which constitutes
the core TTFL. Here, we show that dCLK AA657-707, which is
homologous to the region encoded by exon 19 that is absent in the
Clk/Clk mutant mouse, is essential for its interaction with PER in S2
cells and flies. Flies expressing dCLK lacking this region in the CIk®™
genetic background showed LN,-specific down-regulation of dCLK
target clock proteins and completely arrhythmic locomotor behavior
under the photic entrainment condition. On the contrary, expression
of dCLK target proteins in other pacemaker neurons, such as DN;s,
was quasi-normal, contributing to anticipatory behavior and improved
free-running rhythms under the temperature entrainment condition.

In this study, we demonstrate that AA657-707, enclosed in
AA579-778 is essential for interaction with PER (Fig. 1); however,
our data also suggest that this region may not function as a direct
PER binding domain. In vitro binding assays performed with GST-
tagged dCLK fragments showed that PER binds strongly to the
central region of dCLK encompassing AA380-528 (Fig. S2).
Nonetheless, the extent of interaction between dCLKA379-479
(region 8 in Fig. 14) or dCLKA480-578 (region 9 in Fig. 14) and
PER was increased in the immunoprecipitation analyses in S2
cells (Fig. 1 B and C). Therefore, it seems likely that the PER
interaction domain on dCLK consists of multiple contact sites
and that deletion of only some of these sites (e.g., region 8, re-
gion 9) does not eliminate the PER binding. In addition, al-
though dCLK internally deleted for PAS-A (region 4 in Fig. 14)
showed slightly reduced interaction with PER compared with
full-length dCLK, the GST-tagged PAS domain-containing
fragment (AA80-448) did not strongly associate with PER.
Presumably, the PAS region of dCLK functions in CYC in-
teraction, as in the case of mCLK and BMALL1 (50). In this
study, because we sought to examine the in vivo functional
outcomes of using (dCLK-A) in the molecular clockwork, a
mutation that showed decreased PER binding and transcrip-
tional activation, we did not further map the direct PER binding
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domain within dCLK AA380-528. Thus, future studies will be
required to delineate the direct PER binding domain on dCLK.

This study further reveals that the exon 19-encoded region of
mCLK is essential for association with mPERs in mammalian
cells (Fig. 1F). Previous studies have identified this region as the
binding site of CLOCK-interacting protein, circadian (CIPC), a
vertebrate-specific inhibitor of mCLK/BMALL (51, 52). CIPC also
promotes the phosphorylation and subsequent destabilization of
mCLK (51). In Drosophila, the association of PER via its CBD is
required for the hyperphosphorylation and subsequent destabili-
zation of dCLK (28, 36). Thus, CIPC and PER, although not
homologous in sequence, share many similarities not only in their
functions as repressors of circadian transcription but also in their
posttranslational regulation of CLK proteins. Thus, it is plausible
that PER or CIPC surfaces responsible for dCLK or mCLK in-
teraction, respectively, are homologous. Also, based on the results of
our in vitro binding assays performed with dCLK fragments, it will be
interesting to explore whether the region of mCLK homologous to
dCLK AA380-528 might function similarly as the direct binding
domain for mPERs.

Similar to mCLKA19, dCLK-A showed compromised tran-
scriptional activity in an E-box—dependent luciferase reporter assay
in S2 cells, suggesting a role of AA657-707 in dCLK/CYC-
dependent transcriptional activation (22, 32, 53) (Fig. 4 and Fig.
S1). Indeed, in p{dClk-A};CIk°" flies, tim, per, and vii mRNA levels
measured from whole heads were ~40% of the mRNA levels of
control p{dClk-WT};CIk°" flies at the peak time point, suggesting
that the transcriptional activity of the dCLK-A/CYC complex is
compromised (Fig. 4 A-C and Fig. S3 A and B). Interestingly, de-
spite the low levels of dCLK target mRNAs, including tim, per, and
vii, in p{dClk-A};CIK°®" flies compared with p{dClk-WT};Clk™™
flies, TIM and PER protein levels measured from whole heads
were comparable in the two groups of transgenic flies. However,
TIM levels were maintained at peak level during the entire dark
phase, indicating that TIM degradation was attenuated in p{dClk-
A};CIK°" flies, which may also have stabilized PER against
degradation (40-43). Inefficient TIM degradation during the dark
phase might also have rendered TIM protein still detectable at
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TIME HD:20

Fig. 9. p{dClk-A};CIk°"t flies show anticipatory
behavior and free-running rhythms in temperature
cycle entrainment. Adult p{dC/k-WT};C/k°“t and
p{dClk-A},2M;CIk°“* flies were first exposed to con-
tinuous light for 2 d and entrained to a 12-h/12-h
temperature cycle of 29 °C/24 °C in the dark for 6 d,
followed by exposure to a constant temperature of
24 °C for 6 d. (A and B) Double-plotted actograms
exhibit locomotor activity during the temperature
cycle and at a constant temperature. The vertical black
bars in each row represent fly activity. The red and
blue horizontal bars indicate the thermo-phase and
cryo-phase, respectively. (C and D) Daily activity pro-
files of each fly genotype. The gray vertical bars rep-
resent locomotor activity during the thermo-phase,
and the black vertical bars represent locomotor ac-
tivity during the cryo-phase of the temperature cycle.
The dark gray vertical bars represent locomotor ac-
tivity during the subjective thermo-phase.

4 h after lights-on (Fig. 4D). Given that TIM and dCLK-A binding
was also reduced in p{dClk-A};Clk®" flies (Fig. 5), we propose that
robust light-independent TIM degradation might occur when TIM
is in the PER/TIM/dCLK/CYC tetramer complex. It is possible that
in p{dCIk-A};CIk°" flies, newly translated PER/TIM accumulates
without the degradation normally seen in p{dClk-WT};CIk°" flies to
maintain steady-state levels of PER/TIM during the dark period.
The attenuated degradation of PER/TIM likely explains the mi-
nor differences in protein levels despite pronounced differences in
mRNA levels between p{dClk-WT};CIk®" and p{dClk-A};Clk™"
flies. Nonetheless, light-dependent degradation of TIM seems to be
intact in p{dClk-A};CIk®" flies, driving normal cycles in the abun-
dance of TIM and PER during the photic cycle (Fig. 4). In the
constant dark condition, however, TIM and PER accumulate more
during the subjective day, leading to much dampened amplitudes
of tim and per mRNA cycling, which ultimately result in behav-
ioral arrhythmicity (Fig. S3). Together with the result that no
rhythmic locomotor behaviors are observed in the LD cycle in
p{dClk-A};CIk°™" flies (Fig. 2), these results support the notion
that the molecular oscillation of core clock proteins is necessary
but not sufficient for behavioral rhythmicity. Given that dCLK/CYC
activates not only the expression of core clock genes but also the
expression of clock-controlled genes, it is possible that clock-
controlled output genes are down-regulated, leading to behav-
ioral arrhythmicity in p{dClk-A};CIK°™ flies.

An unanticipated aspect of our research is that dCLK-A would
differentially perturb the molecular clockwork in pacemaker-
neuron subpopulations (Figs. 6 and 7). In p{dClk-A};CIk*™" flies,
dCLK target clock proteins, such as PER, TIM, and VRI, displayed
pacemaker-neuron—dependent alterations (i.e., expression was re-
duced in LNs but not significantly in LNgs and DNs in both photic
and temperature cycles) (Figs. 6-8 and Figs. S4-S7). At the be-
havioral level, the p{dClk-A};CIk°*" flies exhibited no morning and
evening anticipation and arrhythmic free-running activity in the
photic entrainment condition; however, they showed anticipatory
behavior and improved free-running rhythms in the temperature
entrainment condition (Figs. 2 and 9). Thus, the robust molecular
oscillations in LNgs and DNs of p{dClk-A};CIk°" flies can generate
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behavioral rhythmicity in temperature entrainment conditions, but
not in photic entrainment conditions. Importantly, previous reports
demonstrate that DN;-generated evening activity is suppressed by
high-intensity light (20, 54) and enhanced by warm temperature
(20). Therefore, it might be that DN-generated rhythmic outputs
are suppressed in p{dClk-A};CIk°" flies, resulting in arrhythmic
behaviors under the standard (high-intensity light) photic entrain-
ment condition used in this study. It is also important to note that
several lines of evidence support the idea that DNs play important
roles to control circadian behaviors in temperature entrainment
conditions (18-21). Consistently, in p{dClk-A};CIk°" flies, rela-
tively intact molecular clockwork in DNs deduced from strong ex-
pression of dCLK target genes entrains to the temperature cycle,
but with phase delay, and generates the delayed anticipatory be-
havior of temperature transition, ultimately contributing to im-
proved free-running rhythms compared with the rhythms under
photic cycle entrainment conditions.

Given that dCLK-A showed reduced transactivation of dCLK
target genes, we investigated whether reduction in transcriptional
activity such as seen in p{dCIk-A};Clk®" flies might have lesser
effects on locomotor behavior in temperature cycles than in photic
cycles. Flies harboring CIk™, a hypomorphic allele of dClk, show
compromised dCLK activity and levels leading to behavioral
arrhythmicity under photic conditions, albeit with persistent but
reduced amplitudes in PER and TIM molecular rhythms (55). Thus,
we compared circadian locomotor behaviors of Clk™ in the photic
and temperature entrainment conditions. Unlike p{dClk-A};CIk*"
flies, Clk™ flies displayed no anticipatory activity of temperature
transition and showed arrhythmicity under both entrainment
conditions (Fig. S8). This observation suggests that the reduction
in transcriptional activity of dCLK itself does not necessarily
impose less of an effect on behavioral rhythms in temperature
cycles than in photic cycles. Nonetheless, the possibility remains
that the extent of the reduction in transcriptional activity of Clk*"
is greater than the extent of the reduction in transcriptional ac-
tivity of dCLK-A, leading to arrhythmic behavior under photic
and temperature cycle conditions.

In p{dClk-A};CIKk°" flies, the LN,-specific reduction in dCLK
target protein expression likely resulted from compromised
transcription, because all of the evaluated dCLK target proteins
in separate loops of the TTFL (e.g., TIM, PER, VRI) displayed
reduced expression in LNys. What would lead to these pacemaker-
neuron—dependent alterations in clock protein abundances in
p{dCli-A};CIK°™ flies? Given that the AA657-707 region of
dCLK may play roles in interactions with multiple factors, it is
tempting to speculate that cell type-specific circadian transcrip-
tional activation occurs via the engagement of cell type-specific
transcriptional coactivators and/or other transcription factors
through this domain. Interestingly, in tissue-specific circadian tran-
scription programs, context-dependent transcription factors recruit
the dCLK/CYC complexes to actively transcribed genes by binding to
target enhancer elements (56). Our results further suggest that al-
though dCLK/CYC plays a central role in circadian transcription, the
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exact functional architecture of dCLK/CYC-containing transcrip-
tional complexes is cell type-specific. Our current hypothesis is
that LN,-specific coactivators and/or transcription factors are re-
quired for dCLK/CYC-dependent transcriptional activation in
LN;s and that these associations are mediated through the
AA657-707 domain of dCLK. In contrast, factors associated via
dCLK AA657-707 might not be required for circadian transcrip-
tion in LNgs and DNs, or the association between factors and
dCLK might involve other regions of dCLK in those neurons.
Future studies will be required to address the mechanisms un-
derlying cell-specific circadian transcription.

Animals exhibit direct light-induced responses called masking.
In positive masking, dim light increases activity, and in negative
masking, bright light suppresses activity (46, 47). Our results
showed that p{dClk-A};CIk°" flies exhibited reduced responses to
both masking effects, because the lights-on/off transition-induced
startle response was very weak (or absent), and the suppression of
activity induced by constant light exposure was insignificant (Figs. 2
and 8). The role of dCLK in light-mediated responses has been
reported previously (35, 55, 57, 58). Given that dCLK-A exhibited
robust defect in LN,s in our study, intact dCLK in light-sensitive
LN,s might be more relevant for masking responses. Interestingly,
Clk/Clk mice show reduced masking in responses to light (59-61).
Taken together, these data suggest that light-induced direct be-
havioral responses in Drosophila and mice might use a similar
underlying mechanism.

In summary, our results demonstrate that the AA657-707 region
of dCLK and the region encoded by exon 19 of mCLK are essential for
PER interaction and circadian transactivation. The p{dClk-A};CIk®™
flies manifested more pronounced defects in standard photic
cycle-induced circadian behavior, which was accompanied by
more severe perturbations in molecular clockwork in LNs than
in DNs. Based on these intriguing observations, we propose that
the dCLK/CYC-controlled TTFL operates differently depending
on the cellular context, which likely endows pacemaker neurons
with distinct circadian attributes, such as varying sensitivity to
light- and temperature-entraining cues.

Materials and Methods

All materials and methods used in this study are detailed in S/ Materials and
Methods. Materials include plasmids, fly strains, and antibodies. Methods
include generation of dClkA657-707-expressing transgenic flies, behavioral
analyses, quantitative real-time PCR, immunoblotting, immunofluorescence
analysis, and in vitro binding assays.
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