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Data quantification

The same dendritic segments (~5-20 wm in length; see Figs 2 and 3) were identified from
three-dimensional image stacks taken from both views with high image quality (ratio of
signal to background noise >4:1). These randomly chosen segments are probably mostly
from different parent cells because of the high density of labelled neurons (>33 cells per
6,000 um?). The number and location of dendritic protrusions (protrusion length was
more than one-third of dendritic shaft diameter) were identified in each view without
prior knowledge of the animal’s age, the interval between views or the order of the views.
The total number of spines (N) was pooled from dendritic segments of different animals.
Data throughout the text are presented as means = s.d.

Filopodia were identified as long thin structures (generally larger than twice the average
spine length, ratio of head diameter to neck diameter <1.2:1 and ratio of length to neck
diameter >3:1). The remaining protrusions were classified as spines. Three-dimensional
stacks were used to ensure that tissue movements and rotation between imaging intervals
did not influence spine identification. Spines or filopodia were considered the same
between two views on the basis of their spatial relationship to adjacent landmarks and their
relative position to immediately adjacent spines (Figs 2 and 3). Spines in the second view
were considered different if they were more than 0.7 pm from their expected positions
based on the first view.

We chose 0.7 pm as a cut-off distance because apparent spine position can shift by up to
~0.3 pm in either direction along the axis of dendritic shafts owing to changes in spine
morphology, slight tissue rotation and movements related to brain pulsation. We estimate
the imaging resolution of our two-photon microscope (60 X , numerical aperture 0.9, at
920 nm) to be ~0.7 pm. We found no significant changes in adult spine stability with three
different cut-off distances (0.5, 0.7 and 0.9 pm), showing that our conclusion of spine
stability is not dependent on minor changes in these criteria. Even though slight rotations
of shafts and protrusions could either obscure existing spines (suggesting spine
elimination) or reveal previously hidden spines (suggesting spine addition), such
rotational artefacts would only underestimate the amount of stability observed.

For quantification of changes in spine morphology, we minimized the possibility of
rotational artefacts by preselecting from three-dimensional image stacks only spines
parallel to the imaging plane in both views. Dendrites containing saturated pixels were
excluded. Imaging software (NIH ImageJ) was used to measure the spine length and head
diameter of identical spines between views. The edges of spines were detected with a Sobel
detector algorithm (Image]).

Curve fitting was done with the user-defined fitting function on Igor
Pro (WaveMetrics, Lake Oswego, Oregon, USA). The single-exponential function was
fitted to the data by using the built-in iterative Levenberg-Marquardt function to
minimize x>.
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Circadian clocks drive rhythmic behaviour in animals and are
regulated by transcriptional feedback loops'’. For example, the
Drosophila proteins Clock (Clk) and Cycle (Cyc) activate tran-
scription of period (per) and timeless (tim). Per and Tim then
associate, translocate to the nucleus, and repress the activity of
Clk and Cyc. However, post-translational modifications are also
critical to proper timing. Per and Tim undergo rhythmic changes
in phosphorylation', and evidence supports roles for two kinases
in this process: Doubletime (Dbt) phosphorylates Per**, whereas
Shaggy (Sgg) phosphorylates Tim’. Yet Sgg and Dbt often require
a phosphoserine in their target site®’, and analysis of Per
phosphorylation in dbt mutants>® suggests a role for other
kinases. Here we show that the catalytic subunit of Drosophila
casein kinase 2 (CK2a) is expressed predominantly in the
cytoplasm of key circadian pacemaker neurons. CK2a mutant
flies show lengthened circadian period, decreased CK2 activity,
and delayed nuclear entry of Per. These effects are probably
direct, as CK2a specifically phosphorylates Per in vitro. We
propose that CK2 is an evolutionary link between the divergent
circadian systems of animals, plants and fungi.

To identify new components of circadian clocks, we screened
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about 2,000 ethylmethane-sulphonate (EMS)-mutagenized per®
(short-period allele of per) lines for circadian behavioural defects.
A dominant mutant, Timekeeper (Tik), was identified. Tik homo-
zygotes do not live to adulthood. Tik heterozygotes exhibited
behavioural rhythms approximately 1.5h longer than per® (Table
1). In a per™ or per’ (long-period allele of per) background, Tik
lengthened the period of the behavioural rhythm by 3 h, reflecting
an allele-specific interaction between per and Tik (Table 1). During
our studies, we identified a spontaneous partial revertant, TikR
(Table 1), and we could not separate this revertant from Tik by
recombination (0 out of 77 recombinants). TikR retains the flanking
Tik markers, roughoid, rosy and spineless, and fails to complement
the recessive lethality of Tik. The change in period in Tik mutants
(about 3h) exceeds that of nearly all heterozygous circadian
mutants in Drosophila, suggesting that it might identify a protein
of central importance in the circadian clock mechanism.

Using standard meiotic mapping and male recombination’, we
mapped Tik to a region around the centromere of chromosome 3
(Table 2; see also Methods). We were unable to identify homo-
zygous-viable Tik recombinants, nor do these recombinants comp-
lement each other for lethality, suggesting that Tik is a vital gene. We
searched the non-recombinant interval for candidate genes, and
initially focused on a candidate serine-threonine kinase, the cata-
lytic o-subunit of casein kinase 2 (CK2a)"°. Sequencing of the CK2«
coding region from the wild-type parental strain and the initial Tik
mutant identified two sequence changes, both resulting in coding
changes: Met161Lys and Glul65Asp. The change from the non-
charged Met 161 to the charged Lys occurs near the catalytic loop
and within a hydrophobic binding pocket for ATP'. We also
sequenced the TikR mutant that we proposed was a new Tik
revertant allele. In addition to the two original Tik coding changes,
we identified an additional in-frame, 27-base-pair (bp) deletion
coupled to an in-frame, 6-bp insertion, resulting in a deletion of 7
amino acids (234-240) and another amino acid change (Arg242-
Glu). These mutations occur in residues that are highly conserved
with their human counterpart.

To confirm that the observed mutations were functional, we
established a biochemical assay of CK2 activity'?. CK2 was
immunoprecipitated from adult head extracts using an antibody
that recognizes the CK2 holoenzyme (two catalytic «- and two
regulatory $-subunits)"’. To verify that immunoprecipitated kinase
activity was due to CK2, we measured the activity in the presence of
heparin, a specific CK2 inhibitor. We found that 5 ug ml~" heparin
was able to reduce the activity of immunoprecipitated CK2 by about
90%, comparable to that of heparin against purified rat CK2 (data
not shown). We did not observe any significant change in CK2
activity as a function of time in a 12-h light/dark cycle (Fig. 1a). We
then measured CK2 activity in CK2a™™* and CR2«x TRR heterozy-
gotes. We found activity reductions in the CK2a "™ heterozygotes
and a return to near wild-type levels in CK2a ™™ (Fig. 1b). These
in vivo biochemical measurements demonstrate that a loss (and its
partial reversion) of CK2 enzymatic function is strongly correlated
with changes in circadian period. Thus, the effects on the circadian

Table 1 Circadian locomotor activity in Tik mutants

Genotype Period (h) = s.e.m. Rhythmic (%)
+/+ 23.6 + 0.1 95 (43)
Tikl + 26.4 + 0.1 88 (32)
TikR/ + 243+ 0.1 100 (24)
per®; + [+ 18.9 + 0.1 100 (16)
per®;Tik/ + 20.4 + 0.1 80 (15)
per' 29.6 + 0.1 100 (10)
perTikl + 325+ 0.1 84(7)

The number of flies analysed is indicated in parentheses in the final column. +, wild type; Tik,
Timekeeper, TikR, Timekeeper revertant. Rhythmic (%) refers to the percentage of flies that were
scored as rhythmic (see Methods). per® and per’ are long and short period alleles of period.
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Figure 1 Biochemical activity of wild-type and mutant CK2c. a, Diurnal regulation of
CK?2 activity. The graph displays the average of two experiments with ZT 13 set to
100. b, CK2 activity immunoprecipitated from head extracts (left panel). +, wild type;
T, Tik/ + ; R, TikR/ + . The graph shows the average of three experiments in
duplicate with wild-type set to 100%. Error bars indicate standard error of the mean
(s.e.m.). P=0.0003 for wild type compared with Tik/ + ; P= 0.003 for Tik/ +
compared with TikR/ + . The right panel shows recombinant CK2«: activity. Wild-type
(4) is normalized to 100. Error bars indicate s.e.m. from six measurements (three
experiments; P << 0.00002 for wild-type compared with Tik/ 4 ). Owing to the
difficulty of obtaining material, TikR (R) activity was determined from one experiment.

cycle associated with the CK2a "™* allele are probably due to a loss of
CK2 function and not another effect of the mutation.

To determine clearly their biochemical defects, we assayed the
activity of bacterially expressed wild-type and mutant CK2c. We
found that the recombinant CK2a"™ mutant subunit was substan-
tially less active than the wild type (Fig. 1b). We also found that the
CK2a "™ mutant had comparable catalytic activity to CK2a X,
suggestingr'ghat the reversion does not alter catalytic activity relative
to CK2a'™. Notably, the CK2a™™® protein was much less
soluble, suggesting that folding of CK2a™™® is altered in vivo,
thus blocking incorporation into the CK2 holoenzyme. As a result,
the CK2 holoenzyme in CK2a '™ heterozygotes would consist
largely of wild-type a-subunits. In this case, the period change
(about 1h) observed in these flies would be due to a reduction of
wild-type gene dosage. Consistent with this hypothesis, homozy-
gous TikR flies are not adult-viable.

If CK2« is involved directly in circadian rhythms, it should be
expressed in circadian pacemaker neurons. We performed immuno-
histochemistry on adult whole-mount dissected brains with an
antiserum directed against a CK2 peptide sequence common to

Table 2 Mapping of Tik

Marker Recombinants Map
cyc 4/459 (R) 76C
1(3)s2253 2/112 (R) TTA

ri 3/230 (R) T7E
Ten-m05309 1/142 (R)* 79E1-79E2
nrmA37 4/393 (R)* 80A1-80A2
Centromere - 80F-81F
EP3028 1/1,233 (L* 82A7?
1(3)L1233 1/896 (L)* 82B1-82B2
Ki 4/88 (L) 83D

The recombinants column indicates the number of recombinants out of the total number that were
screened. R and L in parentheses indicate that Tik maps to the right or left, respectively. The
position of EP3028 was inferred from genomic location. cyc, cycle; ri, radius incompletus; Ki,
Kinked.

*Male recombination.
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CK2o. Pigment-dispersing factor Merged

Figure 2 Drosophila CK2«x is primarily expressed in circadian pacemaker cells. g-i, Magnified images of the upper boxed area in a. The posterior brain shows
a1, Immunofluorescence of adult brain stained for CK2a and Pigment-dispersing double-labelled projections of the small lymph node to the superior protocerebrum.
factor (Pdf) at ZT 18. The large and small asterisks indicate large and small lymph Scale bars: a—¢, 100 wm; d—f, 50 pm; g—i, 50 pm. j-1, Whole-mount

nodes, respectively. d—f, Magnified images of the lower boxed area in @ showing immunofluorescence for CK2c and Pdf in third instar larval brain. The white arrows
lymph-node staining and punctate terminals of the large lymph nodes in the medulla. indicate a CK2a-positive but Pdf-negative cell body. Scale bar, 10 wm.

both fly and mammalian CK2a (anti-CK2a). Anti-CK2« specifi-  The CK2 antiserum also variably labels two cells in the dorsal brain,
cally labels the cytoplasm and axonal projections of neurons in the  but they are labelled much less intensely than the lateral neurons
lateral protocerebrum (Fig. 2a, d, g). To determine whether these  (data not shown). CK2a« is also probably expressed in the eyes, as
neurons were the well-described pacemaker lateral neurons, we CK2 activity is modestly reduced (about 20%) in eyes absent
performed double labelling with an antiserum against Pigment- mutants (data not shown). Of note, CK2« and Pdf also co-localize
dispersing factor (Pdf)'*'°. This neuropeptide is specifically loca-  to neuronal termini, indicating that CK2 may regulate directly Pdf
lized to small and large lateral neurons critical to behavioural processing or release. CK2a seems to be constitutively cytoplasmic
rhythms (Fig. 2b, e, h). Consistent with its proposed circadian as a function of the time of day (data not shown). To confirm that
role, CK2 co-localizes with Pdf in these adult neurons (Fig. 2¢, f,1).  anti-CK2a specifically recognizes CK2a, we performed single
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Figure 3 Circadian regulation of Per and Tim in CK2o: mutants. a, Western blot of Each point is the average of two to three independent experiments except for CT3 and
Per. CT indicates circadian time, where CTO is 12 h after lights off. +, wild type; T, CT15 for both Per and Tim, and CT1 for Tim alone. Error bars indicate s.e.m.

Tik, R, TikR. b, Western blot of Tim. ¢, d, Quantification of Per and Tim western blots.
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Figure 4 Nuclear entry of Per in homozygous CK2« mutants. +, wild type; T, Tik/Tik
homozygotes; R, TikR/TikR homozygotes. Homozygous larvae were reared in a 12-h
light/dark cycle. ZT, Zeitgeber time (ZT).

labelling with anti-CK2o alone and found a similarly specific
expression pattern, which is specifically blocked by 107°M
of recombinant CK2« but not by an unrelated antigen (data not
shown). Western analysis confirmed this specificity. We also found
that the CK2« antiserum labels a Pdf-negative cell in larval brains,
indicating that the observed signal is not attributable to the Pdf
signal (Fig. 2j-1). The tissue specificity of CK2a expression suggests
that it has a specific function in circadian clocks.

To ascertain CK2 function on Per and Tim, we examined their
levels and phosphorylation in heterozygotes. Flies were entrained in
a light/dark cycle and were transferred to constant darkness (DD).
During the early subgective day (circadian time, CT, 0-12) levels of
Per in the CK2a™™ mutants are increased and show delayed
disappearance (Fig. 3a). Furthermore, there seems to be a modest
increase in less-phosphorylated forms of Per. During the subjective
night, Per phosphorylation and to a lesser extent accumulation are
delayed relative to wild type. An increase in the level of Per and Tim
in CK2a: ™ mutants is delayed by approximately 3 h relative to wild
type, consistent with the period-lengthening effect of CK2c ™™
mutants (Fig. 3c and Table 1). Disappearance of Tim is also more
strongly affected than accumulation in CK2a " mutants (Fig. 3b,
d). The Per and Tim profiles of CK2a "** heterozygotes are largely
unchanged, consistent with its heterozygous behavioural and bio-
chemical phenotypes.

To examine the phenotype of homozygous CK2a mutants, we
performed immunofluorescence for Per in third-instar larval
brains. Consistent with previous studies we found that Per staining
in wild-type larvae is predominantly nuclear by Zeitgeber time (ZT)
21 (Fig. 4). In CK2a™™ and CK2a"™® homozygotes, however,
Per nuclear entry is significantly delayed, with Per predominantly
cytoplasmic at ZT21. By ZT1, the Per staining pattern in the CK2c
mutants remains distinct from the wild-type nuclear pattern,
appearing to be present in both cytoplasmic and nuclear compart-
ments. These data demonstrate a strong effect of CK2aw on Per
nuclear entry and are consistent with the cytoplasmic expression of
CK2a. Furthermore, we did not observe significant differences
between CK2a "™ and CK2a: "™, consistent with biochemical data
on recombinant proteins (Fig. 3b) and their recessive lethality.
These data support our model that CK2a:"™F is a strong loss-of-
function allele, lacking the strong dominant behavioural and
biochemical effects of CK2a "™,

Previous studies have shown that CK2 phosphorylates Per and
Tim in vitro, suggesting direct effects of CK2 (ref. 17). Consistent
with previous reports, we found that bacterially expressed and
purified CK2«a can phosphorylate Per in vitro (Fig. 5a). Notably,
this effect is specific, as we do not observe significant phosphoryl-
ation of the circadian transcription factor Cyc. We also found that
Tim (amino acids 1-1159) is phosphorylated by CK2a to a lesser
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Figure 5 Phosphorylation by CK2«: is period-specific. a, /n vitro phosphorylation by
CK2c: of bacterially expressed and purified Per (left panel). The right panel shows
Coomassie-stained Per as a loading control. Per varies from 0.125 to 0.5 ug. b, In
vitro phosphorylation by CK2a of bacterially expressed and purified Cyc (left panel).
The right panel shows Coomassie-stained Cyc as a loading control. Cyc varies from
0.25 to 0.5 ug. Numbers represent relative molecular mass ( x 10°).

extent than Per (data not shown). These data are consistent with the
direct regulation of Per and Tim by CK2.

Taken together, our analysis indicates a dedicated and direct role
of CK2 in the Drosophila circadian clock mechanism. CK2a "™ has
one of the strongest phenotypes of any heterozygous circadian
rhythm mutant. The modest nature of the biochemical defect
further supports the hypothesis that the circadian clock is highly
sensitive to CK2 activity. The CK2a expression pattern (Fig. 2)
indicates that it has a specific role in circadian rhythms. Its
localization to neuronal termini raises the possibility that CK2
links the clock to circadian outputs.

We favour the model that CK2 directly phosphorylates Per and
Tim in vivo, promoting their transition to the nucleus. The evidence
for this pattern is compelling for Per. Allele-specific interactions
between per and CK2« alleles support the model of a direct
interaction. It has been shown that CK2 can phosphorylate both
Per and Tim in vitro'”. By comparison with protein kinases A and C,
CK2 is much more specific, as demonstrated by the paucity of other
>?P_labelled proteins in the immunoprecipitate'’. We have also
shown that CK2 can specifically phosphorylate Per in vitro
(Fig. 5). Given the cytoplasmic expression of CK2«, this phos-
phorylation may serve as a signal for nuclear entry and subsequent
degradation, explaining the dela_zled nuclear entry and disappear-
ance of these proteins in CK2c "™ mutants.

This study also establishes an evolutionary connection between
animal, plant and fungal circadian systems—genetic studies have
revealed clock components in plants (Arabidopsis) and fungi (Neu-
rospora). These studies suggest that clocks have arisen several times
in evolution'®; however, studies in both Arabidopsis and Neurospora
have linked CK2 to circadian timekeeping'®'. CK2 is therefore a
gene involved in circadian rhythms that is shared between all three
phylogenetic kingdoms. Indeed, the fly enzyme (amino acids 7—
322) shares 77% and 72% identity with the Arabidopsis and
Neurospora enzymes, respectively. We propose that the conserved
role for CK2 is driven by the need to avoid mutagenic ultraviolet
light. CK2 has a pivotal role in the response to ultraviolet radiation
from yeast to humans***. Consistent with this model, crypto-
chromes, components of plant and animal circadian systems, are
homologous to ultraviolet-dependent DNA repair enzymes>. Given
this strong conservation, the circadian role of mammalian CK2a
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homologues should be of great interest.

Note added in proof: Recent work from E R. Jackson and others
demonstrates a role for the @-subunit of CK2 in Drosophila
circadian rhythms. U

Methods

Drosophila genetics

per®; ry°” flies were used for mutagenesis and as controls for identifying mutations®*. Fly
stocks are from Bloomington Stock Center. Initial mapping with roughoid (ru), spineless
(ss) and claret (ca) identified approximately 10% recombination between ryw’ and Tik.
Scoring of flanking markers indicated that Tik mapped to the left of ry. Further mapping of
informative recombinants is summarized in Table 2. Uninformative meiotic
recombination experiments are as follows: Y257 (79C; 0 out of 313),1(3)L7251 (79F; 0 out
of 211), 1(3)J1E6 (82A; 0 out of 111). We were unable to find deficiencies that failed to
complement the circadian or lethal phenotypes.

Circadian locomotor activity analysis

Flies were entrained for 2-5 days in 12-h light/dark conditions, and locomotor activity
behaviour was monitored subsequently in constant darkness for 6-8 days as described
previously using Trikinetics locomotor activity monitors®. We performed x” periodogram
analysis (o = 0.01) of locomotor activity using the ClockLab software package
(Actimetrics). Flies whose x * statistic exceeded the significance line by 5 were judged to be
significantly rhythmic, and were used for period calculations.

Bacterial expression and recombinant protein purification

Wild-type and mutant CK2« coding regions were amplified (Pfu turbo; Stratagene) from
genomic DNA, subcloned into pET-30(a), expressed in BL21, and purified using Hisand S
tags (Novagen). We confirmed the presence or absence of mutations by sequencing. Per
was amplified by polymerase chain reaction (PCR) (Pfu turbo; Stratagene), subcloned
into pQE-80L (Qiagen), expressed in DH5a, and purified using a His tag, following the
manufacturer’s instructions. His-tagged Per adds a further 32 amino acids to the amino-
terminus, which does not contain any consensus CK2 sites. Per phosphorylation

results were confirmed by testing two independent clones. Expression of glutathione
S-transferase (GST)-Tim(1-1159) and GST-Cyc (also known as dBmal) was performed as
in ref. 5.

CK2 activity assays

Fly head extracts were prepared® and normalized to the same protein concentration by
Bradford assay. Immunoprecipitation was performed'” with a CK2 antibody that
recognizes the Drosophila holoenzyme (anti-CK2H)", with the following changes: 40 pl
beads, 500 pl extraction buffer washes, 0.5 pl anti-CK2, and 150 pl of extract was added (5—
8 mgml™"). The mixture was incubated end-over-end for 4 h. Beads were washed twice for
5min then once with 500 pl CK2 assay buffer (50 mM Tris, pH 8.5, 100 mM NaCl, 10 mM
MgCl,). Beads were then incubated with 25 pl CKII activity assay buffer, 1 mgml ™"
biotinylated peptide containing an optimized CK2 target site, [biotin]-RRREEETEEE-
[OH] (Princeton BioMolecules), 0.1 mM ATP, 0.6 ul [y->*P]ATP. This reaction was
incubated end-over-end at room temperature for 10 min. For recombinant CK2a, 25 pl
CK2 assay buffer (50 mM Tris, pH 8.5, 100 mM NaCl, 10 mM MgCl,, I mgml !
biotinylated peptide, 1.5 pl [y-**P]ATP) was incubated for 30 min at room temperature
with 2.5 pg recombinant protein. We added 15 pl of 7.5M guanidine-HCl to stop the
reaction. A total of 25 pl supernatant from the reaction was transferred to a SAM? biotin-
capture membrane (Promega) until dry. Each membrane was washed individually using a
6-well culture plate at room temperature as follows: 5 ml of 1 M NaCl four times for 1 min;
5ml of 1 M NaCl with 1% phosphoric acid twice for 1 min; 5 ml of water once for 1 min;
and 95% alcohol once for 15s.

For Per, Tim and Cyc in vitro kinase reactions, 100 pl CK2 kinase assay buffer (50 mM
Tris, pH 8.5, 100 mM NaCl, 10 mM MgCl,, 0.5 ul ['y—azP]ATP) containing recombinant
protein was incubated at room temperature for 10 min. We used 0.2 pg CK2o for each
assay, and we used 0.1-0.5 pg of Per and Cyc. After the kinase reaction, the proteins were
precipitated by tricarboxylic acid to remove free nucleotide, and boiled in X 2 SDS gel
loading buffer.

Immunohistochemistry

Adult and larval brains were fixed and stained for whole-mount immunofluorescence®’
with the following exceptions: 10% donkey normal serum and no bovine serum albumin
were used for blocking and antibody incubations, primary antibody incubations were
=24h, and only secondary (not tertiary) antibodies were used. Affinity purified
antibodies were diluted to 1.7-8.5 ug ml ™! (rabbit anti-CK2a (StressGen); 1:100-200 rat
anti-Pdf**, 1:100-300 Cy3-labelled donkey anti-rabbit, and/or 1:100-300 fluorescein
isothiocyanate-donkey anti-rat (Jackson ImmunoResearch)). Rabbit anti-Per antiserum
was diluted 1:4,000 after pre-incubation with per’ embryos. Tissues were mounted in
Fluoromount-G (Southern Biotechnology) or 80% glycerol in PBS. Preparations were
imaged on a Leica laser scanning confocal microscope (optical sections every 1-1.5 pm)
and images were processed with Adobe Photoshop. Filter settings and laser strengths were
chosen to minimize detection of green emission in the red channel in double labels. Also,
for some preparations, the two channels were collected separately, using only the
appropriate excitation wavelength to avoid cross-excitation. All results were qualitatively
verified with single-labelling experiments.
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Western blotting

Quantification of western blotting® was performed on scanned autoradiographs and
densitometry was performed using Scion Image. Equal loading and transfer was
confirmed using Ponceau-$ staining of membranes.
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