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SUMMARY

The molecular clock relies on a delayed negative
feedback loop of transcriptional regulation to
generate oscillating gene expression. Although the
principal components of the clock are present in
all circadian neurons, different neuronal clusters
have varying effects on rhythmic behavior, suggest-
ing that the clocks they house are differently regu-
lated. Combining biochemical and genetic tech-
niques in Drosophila, we identify a phosphorylation
program native to the master pacemaker neurons
that regulates the timing of nuclear accumulation
of the Period/Timeless repressor complex. GSK-3/
SGG binds and phosphorylates Period-bound Time-
less, triggering a CK2-mediated phosphorylation
cascade. Mutations that block the hierarchical phos-
phorylation of Timeless in vitro also delay nuclear
accumulation in both tissue culture and in vivo and
predictably change rhythmic behavior. This two-
kinase phosphorylation cascade is anatomically
restricted to the eight master pacemaker neurons,
distinguishing the regulatory mechanism of the mo-
lecular clock within these neurons from the other
clocks that cooperate to govern behavioral rhyth-
micity.
INTRODUCTION

Circadian behavior is the anticipation and response to cyclic

environmental changes, such as light/dark cycles, that recur

with a period of�24 hr. Genetic studies have revealed oscillating

cell-autonomous molecular clocks that regulate a wide range of

genetic programs that underlie rhythmic behavior and control

various physiological processes (Abruzzi et al., 2011; Allen

et al., 2016; Boothroyd et al., 2007; Wijnen et al., 2006). In both

insects and vertebrates, the master regulatory clock resides in

specialized circadian centers. In Drosophila, these consist of

�150 circadian neurons, of which eight small ventral lateral neu-

rons (s-LNvs) are the dominant master pacemakers that govern

circadian rhythmicity (Helfrich-Förster, 1998; Renn et al., 1999).
This is an open access article under the CC BY-N
The molecular mechanism underlying the dominance of s-LNvs

remains unclear, because the same core clock components

are expressed in all circadian neurons. It is likely that the clock

components in the s-LNvs undergo a specialized regulation

distinct from other circadian neurons to account for their domi-

nance in circadian circuitry.

The genetic architecture of these clocks is conserved

throughout the animal kingdom and consists of a primary de-

layed negative feedback loop (Crane and Young, 2014; Young

and Kay, 2001; Zheng and Sehgal, 2012). In Drosophila, Period

(PER), Timeless (TIM), Clock (CLK), and Cycle (CYC) are the

core proteins that compose the central loop of the molecular

clock, with CLK/CYC forming a transcriptional activator complex

that regulates per and tim transcription, among thousands of

other genes (Abruzzi et al., 2011). PER and TIM form the tran-

scriptional repressor complex in the cytoplasm of pacemaker

neurons, where it accumulates for �6–8 hr until prompted to

enter the nucleus. In the nucleus, PER inhibits CLK/CYC activity

before its eventual degradation, closing the auto-regulatory loop

(Allada and Chung, 2010; Crane and Young, 2014; Hardin, 2011;

Zheng and Sehgal, 2012). This delay between PER/TIM protein

synthesis and nuclear translocation is a critical regulatory mech-

anism in maintaining the 24-hr periodicity of daily rhythmic

behavior.

Two serine/threonine kinases, glycogen synthase kinase-3

(also known as Shaggy [SGG]) and casein kinase II (CK2) have

been implicated in nuclear entry in both flies and mammals, sug-

gesting that a parallel regulatory mechanism is more broadly

used than has been previously appreciated and underlies circa-

dian rhythmicity (Akten et al., 2003; Iitaka et al., 2005; Lin et al.,

2002; Maier et al., 2009; Martinek et al., 2001). In flies, SGG

has been shown to phosphorylate TIM and PER and CK2 to

phosphorylate PER in vitro, but a lack of evidence for protein

interactions between the kinases and their targets has left unan-

swered how these kinases cooperate or integrate into themolec-

ular clock, if at all (Ko et al., 2010; Lin et al., 2005; Martinek et al.,

2001; Stoleru et al., 2007). Mutations that block SGG and

CK2 phosphorylation of PER and TIM in vitro disrupt behavioral

rhythmicity modestly, too small to measure an effect on nuclear

accumulation (Ko et al., 2010; Lin et al., 2005). Because both

SGG and CK2 are promiscuous kinases involved in a wide range

of cellular processes, in vivo changes in kinaseactivity leaveopen

the possibility that the health or overall function of the neuron is

affected, rather than any step within the molecular clock directly.
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Figure 1. SGG and CK2 Activity in the

s-LNvs Regulates Behavioral Rhythmicity

(A) SGG was overexpressed in all clock

neurons (tim-UAS-Gal4 [tUG]), both s-LNvs and

l-LNvs (pdf-Gal4), s-LNvs (R6-Gal4), or l-LNvs

(C929-Gal4) and behavioral periods measured.

(B) Behavioral period of flies overexpressing SGG

in all circadian neurons (tUG > sgg; TS/+) or all

neurons other than LNvs (tUG > sgg/pdfGal80;

TS/p80) are shown and compared to a control

(+/p80).

(C) Behavioral periods are shown for transgenic

flies expressing the tUG promoter, UAS-CK2a

(CK2a), and UAS-CK2b (CK2b) in the indicated

combinations.

(D) CK2 was overexpressed as described in (A)

and behavioral periods measured.

All values used in this figure can be found in

Table S1. All error bars represent the mean ±

SEM. CK2-overexpressing flies exhibited signifi-

cantly shorter behavioral periods than flies car-

rying only the transgene or only the driver. p <

0.001 (***), p < 0.05 (*), NS, not significant (p R

0.05).
Therefore, although SGG and CK2 influence rhythmic behavior,

the nature and extent of their involvement in the molecular clock

remains to be explored.

Additionally, anatomically restricted kinase (and mutant ki-

nase) overexpression studies have revealed differing neuronal

roles within the circadian network for different aspects of circa-

dian behavior (Grima et al., 2004; Stoleru et al., 2004, 2005;

Yao and Shafer, 2014). This would suggest that these kinases

alter the unique biochemical environments necessary to differ-

ently regulate the common clock components. We therefore

set out to test whether distinct and direct regulations of the

molecular clock underlie the identity and function of specific

neurons within the neuronal hierarchy.

In this study, we define the nuclear entry mechanism of the

molecular clock that is limited to themaster pacemaker neurons,

providing a biochemical basis for distinguishing this ‘‘master

clock’’ from other clocks. We show that SGG binds and phos-

phorylates TIM to trigger a CK2-mediated phosphorylation

cascade in vitro, which itself is dependent on the formation of

the PER-TIM complex, and identify the targeted phosphorylation

sites. Mutations that block phosphorylation of these TIM sites

in vitro delay nuclear accumulation in cultured cells and in vivo,

which tightly correlates with changes in behavioral rhythmicity.

TIM mutations that block or mimic phosphorylation also block

or override the rhythm-shortening effect of kinase overex-

pression, illustrating that the hierarchical phosphorylation mech-

anism determined in vitro regulates nuclear accumulation

in vivo. Strikingly, this nuclear translocation timing mechanism

is restricted only to the s-LNvs, suggesting that different

biochemical environments regulate molecular clocks differently

and underlie the role of the neuron within the circuitry that regu-

lates rhythmic behavior.
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RESULTS

SGG and CK2 Overexpression in s-LNvs Shortens
Rhythmic Behavior
Whereas overexpression of GSK-3/SGG in the LNvs results in

shortened behavioral rhythms (Stoleru et al., 2005) and CK2 is

expressed only in the LNvs (small and large; Figure S1), only the

s-LNvs have a highly distinct, unique role as themaster regulatory

pacemaker neurons (Helfrich-Förster, 1998; Renn et al., 1999).

Thus, we first set out to determine whether SGG and CK2 activity

distinguishes the s-LNv clock from other molecular clocks. Over-

expression of SGG in all circadian neurons or only in LNvs led to

shorter behavioral rhythmicity (Figure 1A), as previously reported

(Martinek et al., 2001; Stoleru et al., 2005). Further restriction of

SGG overexpression to s-LNvs (using R6Gal4) resulted in shorter

behavioral rhythms, but not large LNvs (l-LNVs) (using C929 Gal4;

Figure 1A). Overexpressing SGG in all circadian neurons while

simultaneously blocking it only in the LNvs restores wild-type

rhythmic behavior (Figure 1B). Together, these data indicate that

SGG activity only in the s-LNvs is critical for normal rhythmicity.

We next set out to test the role of CK2 in s-LNVs. Earlier

studies involving CK2 report that overexpression of CK2aTik

(a dominant-negative inhibitor of CK2 activity) lengthens behav-

ioral rhythmicity and delays nuclear translocation of the PER/TIM

complex (Smith et al., 2008). Counter-intuitively, overexpression

of wild-type CK2a also lengthens behavioral rhythmicity (Lin

et al., 2005). To include CK2 in our study, we first sought to

resolve this apparent conflict. Because CK2 is a tetrameric

holoenzyme composed of two different subunits, overexpress-

ing a single subunit in a non-stoichiometric manner likely inter-

feres with holoenzyme assembly and reduces kinase activity,

leading to long-period rhythmic behavior. We tested this by



Figure 2. SGG and CK2 Co-immunoprecipi-

tate with TIM

C-terminally tagged TIM-HA (T), PER-myc (P),

SGG-V5 (S) or CK2a-V5 (C), or empty plasmid (�)

was exogenously expressed in cultured S2 cells in

the indicated combinations.

(A) Immunoprecipitation of TIM using HA antibody

and of PER using myc antibody as indicated was

followed by immunoblotting. TIM, PER, and SGG

were probed with HA, myc, and V5 antibody,

respectively.

(B) Protein load controls used for immunoprecipi-

tation in (A) were similarly immunoblotted.

(C) TIM and PER immunoprecipitation and TIM,

PER, and CK2a immunoblotting was conducted

similarly to (A).

(D) Protein load controls used for immunoprecipi-

tation in (C) were immunoblotted similarly.

(E) Protein extracts from wild-type flies collected

at 2-hr intervals from ZT14 to 22 were pooled and

subjected to immunoprecipitation against TIM or

rat non-specific (NS) immunoglobulin G (IgG).

Co-immunoprecipitated proteins were detected

by immunoblotting using the indicated antibodies

(left panel). The loading control (LC) was similarly

analyzed (right panel).
overexpressing single subunits, which resulted in the expected

long-period rhythms, and then overexpressed both subunits to

produce the predicted short-period phenotype (Figure 1C).

Having resolved the conflict, we overexpressed both CK2 sub-

units in subsets of circadian neurons to find that CK2 activity in

the s-LNvs is responsible for rhythmic activity, similar to our con-

clusions from SGG overexpression (Figure 1D). Therefore SGG

and CK2 overexpression in the s-LNvs is sufficient to shorten

behavioral rhythmicity, suggesting that these kinases help distin-

guish the s-LNv molecular clock from other clocks.

SGG and CK2 Physically Interact with PER/TIM
Direct physical interaction between SGG and CK2 and compo-

nents of themolecular clockhaspreviouslybeenunexploredor re-

ported to be absent (Ko et al., 2010; Lin et al., 2005; Stoleru et al.,

2007). To determine whether SGG and CK2 act directly on the

s-LNv clock, we conducted co-immunoprecipitation (co-IP) ex-
C

periments to systematically test their inter-

actions with the repressor complex (Fig-

ure 2). First, epitope-tagged TIM, PER,

and SGG were expressed in S2 cells,

which do not express endogenous TIM

and PER. IP of TIM led to the co-IP of

both PER and SGG, when expressed

together (Figure 2A, lanes 1–4). The recip-

rocal IP of PERalso led to the co-IPof both

TIM and SGG, when expressed together

(Figure 2A, lanes 5–8). When PER was ex-

pressedwithout TIM, a reproducibly lower

amount of SGG protein was retrieved by

co-IP, as compared to cells expressing

all three proteins (Figures 2A and S2A).
This difference is not observed when TIM is immunoprecipitated

in the absence of PER. Therefore, all three proteins interact, with

SGG preferring to interact with TIM over PER. In addition, TIM

andPER levels in cells co-expressingSGGarehigher than in those

that are not, indicating that SGG stabilizes TIM and PER, possibly

through the formation of a PER-TIM-SGG complex (Figure 2B).

We similarly tested the interactions between the repressor

complex and CK2 by expressing epitope-tagged TIM, PER,

and CK2a in S2 cells. Co-IP of CK2a was equivalent with both

TIM and PER (Figure 2C, lanes 3–4 and 7–8), suggesting that

CK2 does not show a preference between the two in S2 cells.

In contrast to the protein-stabilizing effect of TIM/SGG or PER/

SGG co-expression, CK2a co-expression with TIM or PER re-

duces their abundance in whole-cell lysates (Figure 2D). This

destabilization by CK2 can be countered if PER and TIM are in

a complex, suggesting that additional regulatory mechanisms

are involved in PER/TIM destabilization.
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Figure 3. SGG and CK2 Cooperate to Phos-

phorylate the TIM ST Region

(A) Drosophila TIM protein is aligned with TIM

homologs of the indicated insect species. Resi-

dues that share identity are highlighted in gray.

(B) Alignment of D. melanogaster TIM with other

Drosophila species reveals a broader region of

conserved serine-threonines (highlighted in gray).

Serines and threonines that have been mutated to

alanines or aspartates are indicated in red font.

(C–E) Purified fragments of TIM were used in an

in vitro kinase assay and analyzed by radiography.

Coomassie stains (CSs) of the analyzed TIM

fragments are shown. (C) TIM fragment spanning

amino acids 222–577 phosphorylated by SGG is

shown. (D) TIM fragment spanning amino acids

222–325 phosphorylated by CK2 is shown. (E) TIM

fragment spanning amino acids 222–577 phos-

phorylated by CK2 is shown.

wt, wild-type; 2A, TIM S297A/T301A; 2D, TIM

S297D/T301D; 3A, T305A/S309A/S313A; 3D,

T305D/S309D/S313D; 5A, TIM2A/3A; 5D, TIM2D/

3D; 2D3A, TIM2D/3A.
Finally, we confirmed that physical interactions between TIM,

PER, SGG, and CK2 also occur in vivo (Figure 2E). Following IP

of endogenous TIM from fly heads collected over an interval of

8 hr in the dark, we observed co-IP of PER, SGG, and CK2a.

Previously, it was proposed that the TIM-SGG interaction was

mediated via the light-sensing protein Cryptochrome (CRY)

(Stoleru et al., 2007). To determine the contribution of CRY to

TIM-SGG interactions, we repeated this experiment using flies

lacking genomic cry. We found that TIM-SGG interactions

were not affected by the presence or absence of CRY (Fig-

ure S2B). Thus, TIM physically associates with SGG, CK2a,

and PER in vivo as it does in S2 cells. Therefore TIM, PER,

SGG, and CK2 can interact to accommodate a phosphorylation

mechanism of the PER/TIM repressor complex.

SGG and CK2 Drive a TIM Phosphorylation Cascade
In Vitro
No phosphorylation sites have been identified on TIM, although a

nuclear localization signal and a critical proline (and proximate

threonine) residue within TIM are involved in nuclear localization

in pacemaker cells (Jang et al., 2015; Saez et al., 2011). Because

SGG preferentially binds TIM (Figure 2), we first set out to identify

the residues it may phosphorylate. A sequence alignment of

Drosophila TIM and its homologs in three other insect species re-

vealed potential phosphorylation sites in a region of conserved

serines and threonines (Figure 3A). Aligning this region with

TIM sequences of other Drosophila species revealed a broader,

highly conserved serine/threonine-rich region that we termed the

TIM ST (Figure 3B). We therefore focused on this TIM ST as a

candidate region for SGG- and CK2-mediated regulation of nu-

clear translocation.

SGG is able to phosphorylate a TIM fragment spanning resi-

dues 222–577, a region that harbors the TIMST, in vitro (Martinek

et al., 2001). To determine whether the TIM ST is phosphory-

lated, we mutated five serine/threonine residues that formed

consecutive SGG consensus sites (S/T-X-X-X-S/T) and tested

these mutants in an in vitro kinase assay. We grouped these
360 Cell Reports 16, 357–367, July 12, 2016
serine and threonine residues into two clusters: the N-terminal

S297 and T301 residues were mutated to the phospho-null

alanine (tim2A) or to the phosphomimetic aspartate (tim2D);

the C-terminal T305, S309, and S313 were mutated similarly to

generate tim3A and tim3D; and mutations of all five residues

generated tim5A or tim5D. Mutation of all five residues (TIM5A

or TIM5D) blocked SGG phosphorylation of the TIM fragment,

relative to wild-type (Figure 3C). Mutation of the N-terminal TIM

ST sites (TIM2A or TIM2D) similarly blocked TIM phosphoryla-

tion. In contrast, mutation of the C-terminal three residues

(TIM3A or TIM3D) did not impair phosphorylation, with TIM3D

yielding similar or modestly augmented phosphorylation. Equiv-

alent amounts of the TIM protein fragments were used in the

assay, indicating that changes in phosphorylation are due to

intrinsic SGG activity. These data demonstrate that the N-termi-

nal S297/T301 residues are SGG phosphorylation sites, in vitro.

Because CK2 has also been implicated in regulating PER/TIM

nuclear accumulation (Akten et al., 2003; Lin et al., 2002), we

hypothesized that CK2 targets the C-terminal sites not phosphor-

ylated by SGG. To test this, we repeated the in vitro kinase assay

usingCK2 and found that all TIM fragmentswere phosphorylated,

with lower levels of phosphorylation of the alaninemutant proteins

and higher levels in the wild-type or aspartate mutant proteins,

suggesting that regions outside the TIM ST are also phosphory-

lated by CK2 (Figure S3). To restrict our analysis to the TIM ST,

we repeated the experiment using a TIM sub-fragment spanning

amino acids 222–325 (Figure 3D). Wild-type and alanine mutant

forms of this TIM sub-fragment were not phosphorylated by

CK2, whereas the phosphomimetic TIM5D, TIM2D, and TIM3D

sub-fragments were strongly phosphorylated. This suggests that

phosphomimetic mutations in the TIM ST can promote CK2-

dependent phosphorylation elsewhere within the sub-fragment.

Because wild-type TIM, TIM2A, and TIM3A are not phosphor-

ylated by CK2, and given that SGG phosphorylates S297 and/or

T301 (Figure 3C), we hypothesized that SGG phosphorylation of

the two N-terminal residues triggers CK2-mediated phosphory-

lation of the three C-terminal sites. To test this, we generated a



Figure 4. Mutation of TIM Phosphorylation Sites Alters Nuclear Accumulation in Cultured Cells

(A) Wild-type or mutant TIM-YFP and PER-mCherry expression induced in S2 cells using a heat shock promoter. The change in nuclear fluorescence intensity is

plotted in a.u. as a function of time (minutes). Nuclear accumulation of TIM protein (top panels) and PER protein (lower panels) was compared between TIM wt

(blue) and TIM2A or TIM3A (red).

(B) RNAi-treated cells (red) were analyzed for wild-type TIM and PER nuclear accumulation similarly to (A) and compared to non-treated cells (in blue). Nuclear

accumulation of TIM and PERwere plotted in cells depleted of SGG (left panels) or CK2a (right panels). Kinase levels in cells treated (+) or not treated (�) with RNAi

were determined by immunoblotting and compared to tubulin (Tub) load control (inset). n = 8–22 cells. All data points are the mean; shaded area

represents ± SEM.

(C) CFP and TIM-mCherry fusion protein were expressed in S2 cells using a constitutively active actin promoter and imaged. Representative images are shown.

The scale bar represents 5 mm.

(D) Nuclear accumulation of TIMwas analyzed and plotted as a ratio of nuclear and cytoplasmic TIM signal (N/C). The red line is themean N/C, ±SEM of wild-type

TIM (wt), TIM2A (2A), TIM2D (2D), TIM3A (3A), and TIM3D (3D). The gray dashed line is a reference point for the N/C mean of wild-type TIM. p < 0.05 (*).
tim2D3Amutant fragment with phosphomimetic substitutions at

the SGG sites and phospho-null substitutions at the C-terminal

sites (S297D, T301D, T305A, S309A, and S313A). In contrast

to TIM2D, which is readily phosphorylated by CK2, alanine sub-

stitutions in the C-terminal sites blocked CK2 phosphorylation of

TIM (Figure 3E). Therefore, SGG phosphorylation of TIM is

necessary for the CK2-mediated phosphorylation of the three

C-terminal residues in the TIM ST, which in turn promotes further

CK2 phosphorylation elsewhere on TIM.

SGG and CK2 Phosphorylation of TIM Promotes Nuclear
Accumulation in Cultured Cells
S2 cells expressing inducible fluorescently tagged PER and TIM

exhibit delays in nuclear entry similar to those of pacemaker neu-

rons in vivo, offering a system in which to dissect nuclear entry

with high temporal precision (Meyer et al., 2006; Saez and

Young, 1996). Using this S2 cell system, we set out to determine

the nuclear entry activity of full-length TIM mutants informed by
our in vitro data (Figure 3). We found that, in contrast to wild-type

PER/TIM, the onset of nuclear accumulation of PER/TIM2A com-

plexes (with SGG sites blocked) were significantly delayed (Fig-

ure 4A; compare minute 350 and 425). In the case of PER/TIM3A

(with CK2 sites blocked), the onset of PER/TIM nuclear accumu-

lation is not affected (Figure 4A; see minute 325). These results

suggest that SGG-mediated phosphorylation of the TIM ST is

responsible for initiating nuclear accumulation, whereas CK2-

mediated phosphorylation of the TIM ST regulates its efficiency.

We next wanted to determine the broad activity of SGG and

CK2 in PER/TIM nuclear entry. SGG and CK2 are critical for fly

development, and null alleles of these genes are lethal (Kunta-

malla et al., 2009; Ruel et al., 1993). Therefore, we introduced

RNAi to the S2-nuclear entry assay described above. RNAi

depletion of SGG in S2 cells led to a significant delay of TIM/

PER nuclear accumulation, as compared to untreated cells (Fig-

ure 4B). This result mirrors the lag in nuclear accumulation

observed with cells expressing TIM2A (Figures 4A and 4B). On
Cell Reports 16, 357–367, July 12, 2016 361



the other hand, RNAi against CK2amodestly reduced CK2a pro-

tein levels, produced no discernable effect on the timing or rate

of nuclear accumulation, and significantly increased the amount

of protein accumulating in the nucleus (Figure 4B). These results

are consistent with previous observations of TIM and PER desta-

bilization by CK2 (Lin et al., 2002; Meissner et al., 2008; Smith

et al., 2008) and our own results in S2 cells (Figure 2). Together,

these data suggest that SGG chiefly affects the onset of nuclear

accumulation, whereas CK2 helps regulate nuclear accumula-

tion as well as regulate stability of TIM and PER.

Phosphomimetic TIM Mutants Accumulate in the
Nucleus Independently of PER
Nuclear translocation of the PER/TIM complex is dependent on

the presence of both TIM and PER (Myers et al., 1996; Vosshall

et al., 1994), and a TIM-PER interaction was previously proposed

as a condition of nuclear entry (Saez and Young, 1996). It is

possible that this dimerization initiates the SGG-triggered phos-

phorylation cascade to promote nuclear accumulation. If so,

expression of a TIM phosphomimetic mutant should bypass

the need for PER expression, allowing TIM nuclear accumulation

in its absence. Using the S2-cell nuclear entry assay, which ex-

presses no endogenous TIM or PER, we expressed wild-type

or mutant forms of mCherry-fused TIM, with CFP as a nuclear

marker, and monitored TIM nuclear accumulation. Both wild-

type TIM and phospho-null mutant forms of TIM accumulated

primarily in the cytoplasm. In contrast, phosphomimetic forms

of TIM accumulated primarily in the nucleus (Figure 4C). Dou-

ble-blind analysis revealed a statistically significant increase in

nuclear accumulation of phosphomimetic TIM mutant proteins

in the absence of PER (Figure 4D). Exogenous overexpression

of SGG with TIM or PER alone did not lead to increased nuclear

accumulation (Figure S4). These results suggest that SGG-trig-

gered phosphorylation of TIM that regulates nuclear transloca-

tion is PER dependent.

SGG and CK2 Phosphorylation Sites on TIM Regulate
Behavioral Rhythmicity In Vivo
After establishing the TIM phosphorylation mechanism in vitro

and its function in nuclear translocation in cultured cells, we

nextwanted todetermine the effect of SGG-andCK2-dependent

phosphorylation of TIM in vivo. We therefore assessed the ability

of a timmini-gene (Ousley et al., 1998) carrying mutations block-

ing or mimicking SGG and CK2 phosphorylation sites to rescue

the tim0 allele (Figures 5A and 5B). Transgenic flies expressing

wild-type TIM exhibited the expected 23.5-hr behavioral rhyth-

micity. In contrast, flies expressing TIM2A or TIM3A produced

�30.5- and 27-hr-long behavioral rhythms, respectively, indi-

cating that these residues are essential for normal TIM function.

Flies expressing TIM2D exhibited normal behavioral rhythms

(�24 hr), indicative of complete rescue of the alanine form,

whereasTIM3Dflies exhibited a shorter, 19-hr behavioral rhythm.

Thus, mutations blocking TIM phosphorylation produce behav-

ioral phenotypes in adult flies that correlate well with the

observed delays in nuclear accumulation in cultured cells.

Altering PER levels in flies through transgene copy number

changes behavioral rhythmicity, whereas changes in TIM levels

do not (Ashmore et al., 2003; Baylies et al., 1987). Consistent
362 Cell Reports 16, 357–367, July 12, 2016
with these earlier findings, the behavioral phenotypes of tim

mutant transgenes were not dose dependent and were indis-

tinguishable in animals heterozygous or homozygous for these

transgenes (Figure 5B). Similarly, we could not detect phenotypic

differences among transgenes integrated at different chromo-

somal sites (data not shown). Finally, blocking phosphorylation

on TIM does not change protein levels with respect to wild-type

(Figure S5). Therefore, the phenotypes caused by the mutant

TIM proteins reflect their intrinsic activity rather than gene dosage

or positional effects caused by transgene integration.

We next sought to test whether CK2 phosphorylation of TIM is

SGG dependent in vivo, as suggested by our in vitro analysis

(Figure 3). To this end, we examined the ability of timmutant flies

to block or permit the behavioral effects of CK2 overexpression

either in all circadian neurons (Figure 5C) or just LNvs (Figure 5D).

Although CK2 overexpression shortens behavioral rhythmicity in

wild-type flies, it does not alter it in flies carryingmutations on tim

CK2 sites (tim3A or tim3D). This indicates that the CK2 sites

within the TIMST are essential and rate-limiting steps, necessary

to observe the effect on rhythmic behavior caused by CK2 over-

expression. This correlates well with the TIM-ST-dependent

phosphorylation of the TIM-ST-distal region by CK2, in vitro (Fig-

ures 2 and S2). On the other hand, the rhythm-shortening effect

of CK2 overexpression is blocked in tim2A flies but permitted in

tim2D flies. Because tim2A and tim2D mutants encode forms of

TIM that respectively block and mimic SGG phosphorylation,

these results support a mechanism in which CK2 activity is sub-

sequent to, and dependent on, SGG activity in the TIM ST.

Therefore, this dual-kinase, phosphorylation cascade is active

in vivo, mirroring our results in vitro (Figure 2).

SGG and CK2 Phosphorylation Sites on TIM Regulate
PER/TIM Nuclear Accumulation in Pacemaker Neurons
In Vivo
To test whether altered behavioral rhythmicity of adult flies is

associated with changes in nuclear accumulation in circadian

regulatory neurons, we analyzed fly brains using immunofluores-

cence microscopy. We entrained flies in a 12 hr:12 hr light-dark

cycle (zeitgeber time [ZT]), shifted them to constant darkness

(circadian time [CT]), and isolated brains from wild-type and

tim2A mutant flies at 2-hr intervals between ZT14 and CT08.

Brains were stained for TIM, PER, and pigment-dispersing factor

(PDF), and the localizations of these proteins were assessed in

the primary pacemaker neurons, the s-LNvs. In wild-type trans-

genic flies, we first observed TIM in the nucleus of s-LNvs at

ZT20 (Figures 5E and 5F). By contrast, tim2A mutant flies re-

vealed a >4-hr delay in the nuclear localization of TIM, between

ZT24 and CT02 (Figures 5E and 5F). This correlates well with the

increased period (�30.5 hr) of behavioral rhythmicity of this

mutant (Figure 5B). In the tim3A and tim3Dmutant flies, TIM pro-

teins accumulated in s-LNv nuclei with an �2-hr delay or �2-hr

advance, respectively, whereas the tim2D mutant exhibited

near-wild-type nuclear accumulation (Figure 5F). Once again,

the delays and advances in the timing of nuclear accumulation

correlate well with changes in the behavioral rhythmicity period

observed in these mutants (Figure 5B), though they do not ac-

count for the entire behavioral deficit. The slight delay or advance

in degradation of the mutant proteins accounts for the remaining



Figure 5. Mutation of TIM Phosphorylation Sites Changes Behavioral Rhythmicity and Timed Nuclear Accumulation

(A) Actograms of flies expressing transgenic tim in a tim0 genetic background. Wild-type (wt), tim2A (2A), tim2D (2D), tim3A (3A), and tim3D (3D) transgenic flies

were monitored in a 5-day light/dark cycle (LD) followed by constant darkness (DD).

(B) The behavioral period of flies described in (A) is plotted (gray bars) and compared to heterozygous flies expressing a single copy (white bars) of the corre-

sponding tim transgene.

(C and D) Behavioral periods of transgenic flies expressing wild-type or mutant tim in either a tim0 genetic background (gray bars) or using tUG (all circadian

neurons; C) or pdf-Gal4 (LNvs; D) to overexpress CK2 in a tim0 genetic background (white bars).

(E) Fly heads were collected at the indicated zeitgeber (ZT) or circadian (CT) time points. Representative images of the s-LNvs stained for PDF (blue), TIM (red),

and PER (green) are shown. The scale bar represents 5 mm.

(F) All stained fly brains were visually scored to determine whether PER/TIM staining was predominantly in the nucleus or in the cytoplasm of the s-LNvs and

valued 1 or 0, respectively. Four to ten fly brains were averaged for eachmutant (gray line) at each time point and compared to wild-type (dotted black line). Where

data points are absent, protein was not observable, indicating nuclear degradation of the proteins. Times are measured in ZT (black bar) or CT (gray bar), as

indicated. Each data point represents the mean ± SEM.

(G) Nuclear accumulation of wild-type TIM (black line) and TIM2A (gray line) was scored in the large ventral lateral neurons (l-LNv), dorsal lateral neurons (LNd), and

the three dorsal neuron clusters (DNs), as described in (F) (n = 4–8). Each data point represents the mean ± SEM.

Cell Reports 16, 357–367, July 12, 2016 363



Figure 6. Model for Regulating TIM-Medi-

ated Nuclear Entry

Model describing SGG and CK2 cooperation in

regulating the pace of the s-LNv clock. (1) TIM and

PER interaction facilitates (2) SGG-mediated

phosphorylation of the 297/301 sites within TIM,

which (3) triggers CK2-mediated phosphorylation

of the 305/309/313 sites. (4) This cascade regu-

lates the accumulation of the PER/TIM transcrip-

tional repressor complex in the nucleus of the

s-LNvs (shown in red), which governs behavioral

rhythmicity. The other circadian neurons are

shown in gray.
deficit, as shown in Figure 5F. These data suggest that SGG- and

CK2-dependent phosphorylations of TIM ST determine circa-

dian periodicity principally by affecting the timing of PER/TIM

nuclear accumulation.

The SGG/CK2-Regulated Molecular Clock Is Restricted
to the s-LNvs
We have shown that the tim mutants that block SGG and CK2

phosphorylation (tim2A and tim3A) have long behavioral rhythms

and exhibit delayed PER/TIM nuclear accumulation in the s-LNvs

(Figures 5B and 5F). Strikingly, we found that the pattern of PER/

TIM nuclear accumulation in the l-LNvs of the tim2A and tim3A

mutants was the same as wild-type (Figures 5G and S6A). These

data correlate with the shorter behavioral rhythmicity caused by

SGGandCK2overexpression ins-LNVs,butnot l-LNvs (Figure1).

Consistent with previous findings that the s-LNvs affect morning

anticipation behavior (Stoleru et al., 2005), the tim2A and tim3A

mutants exhibit a shift in the peak of morning anticipation and a

change in the range of evening anticipation with little effect on

its peak (Figure S6B). This supports our hypothesis that these

phosphorylation sites are relevant only in the s-LNvs. To explore

any further differences between neuron clusters, we also

measured the nuclear localization of TIM in the dorsal neurons

(DN1s,DN2s, andDN3s) and in dorsal lateral neurons (LNds) (Fig-

ure 5G). We observed a varying effect of tim2A as compared to

wild-type tim on nuclear entry. Whereas the l-LNvs showed the

samenuclear accumulation of TIM2Aaswild-type,DN3s showed

no nuclear accumulation at all. Within the remaining clusters, the

LNds exhibited a delay of�2 hr, whereas theDN1s andDN2s ex-

hibited a 4- to 6-hr delay. These data suggest that a mutation

affecting the nuclear translocation of the PER/TIM repressor

complex is differently effective in different neuronal contexts.

This supports the hypothesis that different neurons harbor differ-

ently regulatedmolecular clocks that converge to generate rhyth-

mic behavior. Taken together, our data present a model in which

SGG and CK2 participate in a sequential, two-step phosphoryla-

tion cascade that is required for nuclear translocation and

accumulation of the TIM/PER repressor complex. This two-step

regulatory mechanism acts specifically in the master regulatory

circadian neurons (s-LNVs) and appears to underlie the

dominance of these neurons in regulating the overall rhythmic

locomotor activity of the whole adult animal.
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Although genetic and molecular studies have shown that SGG

and CK2 play critical roles in the regulation of circadian rhyth-

micity in animal cells, the mechanism through which these two

kinases converge to exert their control has not been previously

explored (Lin et al., 2002; Martinek et al., 2001; Meissner et al.,

2008; Smith et al., 2008). In this study, we present a model that

establishes central and cooperative roles for SGG- and CK2-

dependent phosphorylation of TIM in the regulation of subcellu-

lar localization of the PER/TIM transcriptional repressor complex

(Figure 6). (1) After TIM-PER association, (2) TIM-bound SGG

acts as the priming kinase for (3) CK2 in a phosphorylation

cascade of specific TIM sites to determine (4) the timing of

PER/TIM nuclear accumulation, thereby setting the fly behav-

ioral period. This mechanism, which is only found in the master

pacemaker neurons, is required to maintain coherent 24-hr

behavioral rhythmicity.

Recently, the phospho-dependent regulation of Frequency

(FRQ) stability was distinguished from circadian activity in

Neurospora crassa (Larrondo et al., 2015). Similarly, the PER/

TIM nuclear entry mechanism we describe is distinct from the

mechanism that regulates protein stability. These two mecha-

nisms have previously been difficult to separate, because

post-translational modifications of PER that affect protein abun-

dance, such as phosphorylation and O-GlcNAcylation, also

affect nuclear entry (Kaasik et al., 2013; Kim et al., 2012; Lin

et al., 2005; Meissner et al., 2008; Smith et al., 2008). Therefore,

it is unsurprising that changes in PER expression levels alter

behavioral rhythmicity (Baylies et al., 1987). In contrast, changes

in TIM expression levels do not change behavioral rhythmicity

(Ashmore et al., 2003). Molecularly, TIM nuclear entry is PER

dependent (Saez and Young, 1996); however, we demonstrate

that phosphomimetic mutant forms of TIM can accumulate in

the nucleus without PER (Figures 4C and 4D). This suggests

that a PER-TIM interaction is required for the TIM phosphoryla-

tion events that regulate nuclear entry.

We have shown that CK2 is a part of the mechanism that reg-

ulates nuclear entry. Whereas we and others show that changes

in CK2 activity influence both nuclear translocation and protein

stability (Meissner et al., 2008; Smith et al., 2008), we also

show that mutation of specific CK2 target sites in TIM3A can



separate the effect of CK2 on nuclear entry from its effect on pro-

tein stability (Figures 4, 5, and S5). By contrast, the timUL muta-

tion, which falls within the TIM-ST-proximal 260–292 region that

is predicted to be a target for CK2 phosphorylation (Meissner

et al., 2008), stabilizes TIM but has no effect on nuclear entry

(Rothenfluh et al., 2000). The involvement of CK2 in both TIM nu-

clear translocation and TIM stability positions this kinase to

couple nuclear entry of the PER/TIM repressor complex to its

degradation, in that order. Thus, CK2 ensures that nuclear trans-

location precedes regulated degradation of the nuclear com-

plex. It will be interesting to use phospho-specific antibodies in

future immunofluorescence studies to determine in which

cellular compartment phosphorylation of the TIM ST region

occurs.

Our work also resolves whether SGG regulates TIM indirectly

through CRY, the light-sensing protein that destabilizes TIM

during the day to reset the clock (Emery et al., 1998). A lack

of evidence for a TIM-SGG interaction and the stabilization of

TIM in constant light by SGG overexpression suggest that

SGG acts on TIM through CRY (Stoleru et al., 2007). However,

several lines of evidence argue against a role for CRY in SGG-

mediated regulation of TIM. First, we demonstrate that TIM and

SGG interact independently of CRY (Figures 2 and S2); second,

cry01 flies exhibit wild-type rhythmicity (Dolezelova et al., 2007);

and third, SGG overexpression in cry01 and cry+ genetic back-

grounds show the same 3-hr reduction in behavioral rhyth-

micity (Table S1). Finally, because SGG stabilizes TIM (Fig-

ure 2B) and TIM protein oscillations are not necessary for

rhythmic behavior (Ashmore et al., 2003), it is likely that SGG

overexpression stabilizes TIM sufficiently to restore rhythmicity

to flies in constant light. Taken together, these data demon-

strate that SGG regulates TIM and the behavioral rhythm inde-

pendently of CRY.

The fact that SGG initiates a dual-kinase phosphorylation

cascade of TIM may provide clues to the coordination of non-

light-environmental inputs, such as feeding cues, to the master

regulatory neuronal clock. SGG activity is regulated by a wide

range of signaling pathways, including Wnt, receptor tyrosine

kinases, and G-protein-coupled receptors, through phosphory-

lation of its Ser9/Ser21 residues (Doble and Woodgett, 2003;

Harwood, 2001). In Drosophila, as in mammals, two essential

pathways mediating endocrine signaling and nutrient/energy

homeostasis, AKT and TOR-S6K, converge by virtue of their

common, post-translational regulation of SGG activity. Overex-

pression of either AKT or TOR-S6K alter the period length of

Drosophila circadian rhythmicity through their regulation of

SGG (Zheng and Sehgal, 2010). Thus, the specific regulatory in-

teractions between SGG and TIM identified in this study provide

a possible mechanism for directly coupling physiological signals

to phase and period responses of the circadian clock. Indeed,

the other regulated steps of the circadian clock involve protein

degradation or production, which do not offer the short time-

scale control over rhythmicity that is necessary for adjusting

behavior in response to physiological cues.

Surprisingly, the SGG/CK2-regulated mechanism we have

described, which establishes the behavioral period of the fly, ap-

pears to reside in the s-LNvs, two four-neuron clusters that ex-

press the neurotransmitter PDF. Flies that express the mutant
gene tim2A exhibit delayed nuclear entry in the s-LNvs, but not

the l-LNvs, relative to wild-type flies (Figure 5). Additionally, over-

expression of either SGG or CK2 in s-LNvs produces short-

period behavioral rhythms, but no behavioral change occurs

when overexpression is restricted to the l-LNvs (Figure 1). First,

this suggests that the l-LNvs harbor an alternate mechanism of

nuclear accumulation of the PER/TIM complex. Second, this

alternate mechanism is not affected by the slowed oscillator in

the s-LNvs. Because PDF is a critical neuropeptide in synchro-

nizing and resetting circadian neurons (Renn et al., 1999) and

l-LNvs do not express the PDF receptor (PDFR), it is not unex-

pected that the l-LNvs are not influenced by rhythmic PDF

release from the s-LNvs (Park et al., 2000; Shafer et al., 2008).

There is evidence however that the PDF+ s-LNvs project to the

DNs and LNds, some of which express the PDFR, suggesting

that there is a signaling mechanism through which the delayed

s-LNv clock slows the molecular clock in these clusters (Fig-

ure 5G; Guo et al., 2014; Im and Taghert, 2010; Seluzicki et al.,

2014; Stoleru et al., 2005; Yao and Shafer, 2014; Yasuyama

and Meinertzhagen, 2010). Indeed, a change in transcription ac-

tivity in these downstream PDF� clusters has been observed

with the overexpression of SGG kinase expression in the PDF+

s-LNvs (Stoleru et al., 2005). Although overexpression of SGG

in the PDF� clusters does not alter behavioral rhythmicity (Fig-

ure 1B), it is possible that endogenous SGG is sufficient to

mediate local regulatory mechanisms, as the extent of SGG

involvement, if any, in PDF� clusters is currently unknown.

Immunofluorescence of CK2a indicates that CK2 is expressed

in the PDF+ LNvs (Lin et al., 2002), but not in the PDF� DNs or

LNds (Figure S1). Whereas it is possible that undetected CK2

expression affects the local molecular clock in the PDF�
neurons, our ability to fully block the behavioral effect of CK2

overexpression in the PDF+ neurons through mutation of phos-

phorylation sites on TIM suggests that CK2 is unlikely to play a

major role in behavioral rhythmicity in the PDF� neurons.

Further, TIM2A and TIM3A variants are not delayed in nuclear en-

try in the l-LNvs, suggesting that the dual kinase regulatory

mechanism for nuclear entry is not present in the l-LNvs, despite

high CK2 expression levels. Therefore, given the differences in

CK2 expression in different neural clusters and CK2’s integral

role in the molecular mechanism of PER/TIM nuclear accumula-

tion, the DNs and LNds, like the l-LNvs, may control rhythmicity

through a different mechanism that is dependent on signals from

the s-LNvs. The mechanism of regulated nuclear entry that we

describe likely influences the DNs and LNds downstream of

the s-LNvs via interneuron communication (Yao and Shafer,

2014). However, these PDF� neurons may employ some of the

same components as the s-LNvs in a local context. Further

work is needed to describe local regulatory mechanisms in the

different neural clusters.

In summary, circadian rhythmic behavior is the sum product of

multiple oscillating clocks within an increasingly complex

network of pacemaker neurons. Whereas it is difficult to assign

a specific circadian behavior, such as morning activity, to spe-

cific neural clusters (Stoleru et al., 2005) given the fluid nature

of these cell identities (Im and Taghert, 2010; Rieger et al.,

2009), the hypothesis that rhythmicity is an emergent property

of differently regulated clocks within the circadian network
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appears more likely (Yao and Shafer, 2014). These earlier studies

were primarily conducted bymanipulating the expression level of

various kinases, without identifying the mechanistic conse-

quences. Our study suggests that a major difference between

these neural clusters is their unique biochemical environments,

which give rise to the different mechanisms that regulate the

local molecular clock. We describe a phospho-cluster within

TIM, regulated by a SGG-triggered CK2 phosphorylation

cascade, which in turn regulates nuclear translocation of the

PER/TIM transcriptional repressor complex. Although TIM and

PER are expressed throughout the �150 circadian neurons,

this regulatory mechanism appears to reside in the s-LNvs.

The distinct biochemistry of the s-LNvs sets the s-LNv clock

apart from other clocks as that of themaster clock that ultimately

sets the pace of fly behavioral rhythmicity.

EXPERIMENTAL PROCEDURES

Additional details concerning all experimental procedures are found in the

Supplemental Experimental Procedures.

Plasmids, S2 Cell Culture, Transfection, RNAi Treatment, and

Fluorescence Microscopy

TIM and its variants, PER, SGG, CK2a, and CFP cDNA was subcloned into

the HS-Casper (Saez and Young, 1996) and pAc5.1/V5-HisA vector plasmids

(Invitrogen) with the indicated tags fused to their C termini, using standard

cloning techniques. S2 cells were maintained in Schneider’s Medium supple-

mented with 10% FBS and transfected with Effectene (QIAGEN). RNAi

experiments were conducted as per manufacturer’s protocol (Ambion). Dou-

ble-stranded RNA (dsRNA) was generated from the first 400 base pairs or

third 400 base pairs of each target gene. S2 cells were imaged and analyzed

as previously described (Meyer et al., 2006; Syed et al., 2011). Briefly, S2

cells in chamber slides were heat shock induced to exogenously express

TIM-YFP, PER-mCherry, and free CFP. Cells were imaged using a

DeltaVision system (Applied Precision) equipped with an inverted Olympus

IX70 microscope. Imaged cells were analyzed using a locally written algo-

rithm in Matlab (Mathworks) to measure fluorescence intensity in the nuclei

and cytoplasm.

Immunoblotting, Immunoprecipitation, and Immunocytochemistry

Fly heads and S2 cells were lysed in lysis buffer, diluted, either immunoprecip-

itated or frozen, and analyzed by immunoblot as detailed in Supplemental

Experimental Procedures. Fly brains were collected, fixed, mounted, and

imaged using Leica confocal microscopy as previously described (Saez

et al., 2011).

Protein Purification and In Vitro Kinase Assay

Wild-type and TIM variant fragments were purified from bacteria using an

N-terminal glutathione S-transferase (GST) tag. Purified protein bound to

glutathione beads was used in an in vitro kinase assay and analyzed by radi-

ography as previously described (Martinek et al., 2001). Briefly, protein-bound

beads were washed with the appropriate buffer and incubated with 1 ml
32PgATP and 0.2 ml of kinase. A fraction of the protein was subsequently

analyzed by SDS-PAGE and radiography.

Transgenic Flies and Behavioral Analysis

TIM transgenic variants were generated as previously described (Ousley

et al., 1998; Rutila et al., 1998). Briefly, the tim mini-gene was cloned into

Casper4 vector, injected into embryos, and selected for P-element-based

insertion. R6-Gal4 and C929-Gal4 flies were gifts from Paul Taghert. cry01

flies were a gift from Jeff Hall. Individual flies were analyzed for locomotor

activity after light dark entrainment using the Drosophila Activity Monitor Sys-

tem IV (Trikinetics). Behavioral period was determined using ClockLab Soft-

ware (Actimetrics).
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