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Abstract

Circadian rhythms are daily biological oscillations driven by an endogenous mechanism known as circadian clock. The
protein kinase CK2 is one of the few clock components that is evolutionary conserved among different taxonomic groups.
CK2 regulates the stability and nuclear localization of essential clock proteins in mammals, fungi, and insects. Two CK2
regulatory subunits, CKB3 and CKB4, have been also linked with the Arabidopsis thaliana circadian system. However, the
biological relevance and the precise mechanisms of CK2 function within the plant clockwork are not known. By using ChIP
and Double-ChlIP experiments together with in vivo luminescence assays at different temperatures, we were able to identify
a temperature-dependent function for CK2 modulating circadian period length. Our study uncovers a previously
unpredicted mechanism for CK2 antagonizing the key clock regulator CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1). CK2
activity does not alter protein accumulation or subcellular localization but interferes with CCA1 binding affinity to the
promoters of the oscillator genes. High temperatures enhance the CCA1 binding activity, which is precisely
counterbalanced by the CK2 opposing function. Altering this balance by over-expression, mutation, or pharmacological
inhibition affects the temperature compensation profile, providing a mechanism by which plants regulate circadian period
at changing temperatures. Therefore, our study establishes a new model demonstrating that two opposing and
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temperature-dependent activities (CCA1-CK2) are essential for clock temperature compensation in Arabidopsis.
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Introduction

Circadian rhythms are daily biological oscillations driven by an
endogenous mechanism known as circadian clock. The phase of the
rhythms is synchronized by environmental cues, mostly changes in
light and temperature, that occur during the 24-hour day/night cycle.
Synchronization ensures adequate timing and allows the rhythmic
activities to occur at the most appropriate phase relationships with the
environment [1-5]. In many organisms, the reciprocal regulation
among key clock genes and proteins sustains molecular oscillations
that are translated into metabolic and behavioral rhythms [6-8].
Additional mechanisms involving chromatin remodeling [9,10] and
post-translational regulation of clock components [11,12] also
contribute to circadian rhythmicity. Despite the conservation of
clock mechanisms, the actual molecular components responsible for
circadian function are not conserved among phylogenetic kingdoms.
A remarkable exception is the protein kinase CK2 (formerly casein
kinase 2) with an important function within the plant, fungi, insect
and mammalian circadian systems [13].

CK2 is an evolutionarily conserved serine/threonine protein
kinase involved in the regulation of key cellular events including
tumorigenesis, cell viability and proliferation [14]. CK2 achieves its
function by regulating more than 300 putative substrates [15]. The
CK2 holoenzyme consists of two catalytic o-subunits and two
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regulatory B-subunits forming a hetero-tetrameric (02f2) structure
[16]. On a broad sense, the regulatory CK2f subunits provide the
substrate selectivity and increase the overall catalytic activity [17,18].
Regarding the circadian function, CK2 has emerged as a conserved
molecular component modulating the subcellular localization and
stability of key clock proteins [13]. For example, CK2 regulates the
nuclear localization of the mammalian clock component BMALL
[19] and the protein stability of PERIOD2 (PER2) [20,21]. These
findings are consistent with studies in Drosophila melanogaster [22,23]
showing that CK2 regulates the subcellular distribution and stability
of the core components PERIOD (PER) and TIMELESS (TIM)
[22-24]. In plants, two of the four members of the Arabidopsis
family of CK2 regulatory subunits, CKB3 [25-27] and CKB4
[28,29] have been also functionally linked with the plant circadian
clock. CK2 phosphorylates the Arabidopsis central clock compo-
nents CIRCADIAN CLOCK-ASSOCIATED 1 (CCAl) and
LATE ELONGATED HYPOCOTYL (LHY) [26]. Furthermore,
the CCA1 phosphorylation was proposed to be important for CCA1
clock function [25]. Over-expression of CKB3 or CKB4 leads to
period shortening [27,28] and altered day-length-dependent regu-
lation of developmental outputs [27,28]. The pervasive alterations of
many clock outputs and the changes in oscillator expression
suggested that CK2 might be closely regulating the oscillator
function.
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Author Summary

Most organisms are able to rhythmically coordinate their
physiology and metabolism in consonance with the day-
night cycle. The cellular mechanism responsible for
generating the biological rhythms is known as circadian
clock. In contrast to many other biochemical reactions, the
pace of the clock does not change with temperature (i.e.
the clock does not run faster at high temperatures). This is
a property known as clock temperature compensation,
and despite its importance for circadian function, we know
few details about the mechanisms responsible for the
temperature-dependent regulation of circadian period
length. Plants, as sessile organisms, are particularly
sensible to maintaining the clock running at the proper
pace, regardless the external temperature. In our study, we
have identified that the activity of two key plant clock
components (CK2 and CCAT1) is regulated by temperature.
Notably, these temperature-dependent activities are an-
tagonisticc, and they counterbalance each other at
increasing temperatures so that the clock does not run
faster at these high temperatures. When we alter the
expression and activity of CK2 and CCA1, we observe that
the clock is not longer able to maintain the proper pace,
thus demonstrating that the balance between these two
activities is essential for clock temperature compensation
in plants.

Despite all these advances, little is known about the actual
mechanism of CK2 function within the Arabidopsis circadian clock.
In contrast, a recent study on the Neurospora crassa circadian system
has importantly advanced our knowledge of CK2 role controlling a
defining property of circadian function [30]. Indeed, to be effective
as a timing mechanism, the circadian system must be relatively
independent of temperature changes in order to avoid running
faster at higher temperatures and slower at lower temperatures [31].
This property was proposed to rely on a compensating mechanism,
which would allow the clock to buffer its period length against
changes in temperature [32]. The recent study by Mehra et al,,
assigns a role for CK2 in the mechanism underlying temperature
compensation in Neurospora. The mechanism seems to involve
CK2-mediated phosphorylation at specific sites of the period-
controlling clock protein FREQUENCY (FRQ). The CK2-
mediated phosphorylation of FRQ) targets the protein for
degradation preferentially at high temperatures, thereby contribut-
ing to temperature compensation in Neurospora [30].

Experimental data and computer modeling studies have
suggested different mechanisms contributing to temperature
compensation. One of the mechanisms include the counterbalance
of opposing biochemical functions that have similar temperature
coefficients [33]. Consistently, the contrasting effects of inter- and
intra-molecular interactions of PER were proposed as a basic
mechanism underlying temperature compensation in Drosophila
[34]. The key role of Drosophila PER was further reinforced by
natural variation studies showing that per polymorphisms might help
to fine-tune the circadian clock to different thermal environments
[35]. A more recent study has also shown that the interaction
between the Drosophila circadian photoreceptor CRYPTO-
CHROME (CRY) and the protein complex composed of PER
and TIM are also critical for temperature compensation in
Drosophila [36]. In other model organisms, the mechanisms by
which the circadian clock compensates its period length over a
range of temperatures are less well known. In the cyanobacterium
Synechococeus elongatus, the ATPase activity of the essential clock
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component KaiC was found to be temperature compensated. The
authors suggested that temperature compensation in Synechococ-
cus could be driven by this biochemical reaction [37]. In plants, the
temperature compensation of leaf movement rhythms was uncov-
ered by a quantitative genetic approach [38]. The identified genes
included the flowering time regulator FLOWERING LOCUS C [39]
and the flowering and clock-related gene GIGANTEA (GI) [40]. GI
was proposed to play a role extending the temperature range over
which rhythms can be maintained [40]. By using mutant plants and
analyzing the expression of the central clock genes CCA7 [41], and
LHY [42] and TIMING OF CAB EXPRESSION 1 (TOCI or PRRI)
[43,44], the authors also concluded that a balance between GI and
the core component LHY was important at high temperatures,
while CCA1 would preferentially function at low temperatures [40].
Although quantitative genetic studies have been a successful
approach for the identification of possible elements contributing
to temperature compensation, the mechanisms responsible for these
clock responses remain to be discovered.

Here, we provide evidence for a role of CK2 modulating
temperature responses in Arabidopsis. This function is achieved by
antagonizing the clock component CCAl. CK2 does not alter
protein accumulation or subcellular localization, as CK2 does in
other circadian systems, but affects the transcriptional activity of
CCAL. Over-expression, mutation or pharmacological inhibition
reveal that both CK2 regulatory function and CCAIl binding are
more effective at high temperatures, which provide a mechanism by
which plants buffer clock period length against temperature changes.

Results

Genetic interaction of CCA1 and CKB4 in the control of
flowering time, hypocotyl elongation, and circadian gene
expression

The circadian clock is responsible for the integration of
temporal and photic information that regulates hypocotyl
elongation [45,46] and flowering time in Arabidopsis [47-49].
Previous studies have shown similar circadian phenotypes of ccal
mutant and CKB4 over-expressing (CKB4-MYC-ox) plants [29].
We therefore explored the inverse correlation between phenotypes
and expression by conducting a genetic study in which CCAl
over-expressing (CCA1-YFP-ox) and ccal-1/lhyRNAi mutant
plants [50] were transformed with the CKB4-MYC-ox construct
[29]. We used homozygous, single insertion lines (Figure S1) to
examine hypocotyl elongation and flowering time as an indication
of clock function on these developmental outputs. Analysis of
CCA1-YFP-ox/CKB4-MYC-ox plants revealed that over-expres-
sion of CKB4 reduced the delayed flowering phenotype of CCAl-
YFP-ox plants such that flowering in CCAIl-YFP-ox/CKB4-
MYC-ox plants occurred at almost the same time than in Wild-
Type (WT) plants under both Long-Days (LgD,16 h light:8 h
dark) (Figure 1A) or Short-Days (ShD, 8 h light:16 h dark)
(Figure 1B). In contrast, the early flowering phenotype of ccal-1/
lhyRNA: mutant plants was not significantly affected by over-
expression of CKB4 (Figure S2), which indicates a non-additive
interaction and suggests that the effect of CKB4-MYC-ox might
require the functional expression of CCAI and LHY. When
hypocotyl elongation was examined under light:dark (LD) cycles,
we found that over-expression of CKB4 significantly reduced the
long hypocotyl phenotype of CCA1-YFP-ox plants under both
LgD (p-value<0.0001) or ShD (p-value<<0.0001)Figure 1C). A
similar trend was observed at different fluence rates of constant
white light (Figure 1D). Together, these results indicate that the
severity of the flowering and hypocotyl phenotypes of CCA1-YFP-
ox plants is considerably reduced by over-expression of CKB4.
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Figure 1. Genetic interaction of CCA1 and CKB4. Flowering time of plants grown under LgD (16 h light:8 h dark) (A) or ShD (8 h light:16 h dark)
(B). The number of leaves at flowering and the number of days to flowering are presented. Data is shown as means = SEM of three independent
experiments. (C) Hypocotyl lengths of seedlings grown under LgD or ShD. Data is shown as means = SEM of 15-20 seedlings. (D) Hypocotyl lengths
of seedlings under different intensities of white light (LL). Data is shown as means * SEM of 15-20 seedlings. All the experiments were performed at

least twice with similar results to those shown here.
doi:10.1371/journal.pgen.1001201.g001

As CCAl regulates the expression of the evening-expressed
clock gene 70CI [51,52], we next explored whether over-
expression of CKB4 altered the repressive function of CCAI.
Luminescence from WT, CCAI-YFP-ox, CKB4-MYC-ox and
CCAI1-YFP-ox/CKB4-MYC-ox plants expressing the 70CI
promoter fused to the luciferase (70CI:LUC) was examined under
12 h light/12 h dark (LD) conditions. As expected, 7OCI:LUC
expression in CCAI-YFP-ox plants exhibited a very reduced
amplitude compared to WT plants (Figure S3). In contrast, higher
amplitude and slightly advanced phase of TOC! promoter activity
was observed in CKB4-MYC-ox plants (Figure S3). Noticeably,
the double over-expressing CKB4 and CCAIl plants displayed
circadian waveforms very similar to those observed in WT plants
(Figure S3). Consistent with the studies of hypocotyl length and
flowering time, these results suggest that the 7OCI:LUC repression
by CCA1-YFP-ox is reduced by over-expression of CKB4. These
results are also in agreement with the notion that CKB4 interferes
with CCAI function within the circadian clock.

Molecular interaction of CCA1 and CKB4 in the nucleus
Previous studies have shown the interaction of CCAl with
CKB1, CKB2 and CKB3, three members of the CK2 regulatory
subunit family with high sequence homology to CKB4 [26]. To
examine the possible physical association of CCA1 with CKB4, we
performed in vivo co-immunoprecipitation assays using the CCAl-
YFP-ox/CKB4-MYC-ox plants. Immunoprecipitation of CCAl
with the anti-GIP antibody (#-GIP) and subsequent detection
with the anti-MYC antibody (-MYC) revealed a band with a
relative molecular mass of about 40 kDa, coincident with the
expected size of CKB4-MYC (Figure 2A, o-MYC) indicating that
CCAl and CKB4 can be found in the same protein complex in
Arabidopsis plants. The absence of signal in single CCA1-YFP-ox
extracts (Figure 2A, o-MYC) and single CKB4-MYC-ox (not
shown) revealed the specificity of the interaction. Detection using
the GFP antibody showed a protein band with a molecular mass of
110 kDa that coincided with the predicted size of the CCAL:YFP

@ PLoS Genetics | www.plosgenetics.org

fusion protein and confirmed the immunoprecipitation of CCAl
(Figure 2A, a-GFP). The interaction was also examined in plants
expressing CCAl under its own promoter (CCAlpro:CCAIl-
MYC/ccal-1) [53]. The results confirmed that CCAl and CK2
regulatory subunits are present in the same protein complex
(Figure S4) as revealed after immunoprecipitation with an
antibody to the human regulatory subunit CK2B (a-CKB)
followed by detection with the a-MYC antibody. The o-CKB
antibody efficiently recognizes the Arabidopsis CK2 regulatory
subunits (Figure S4). In agreement with previous studies showing
that CK2 phosphorylates CCAl [26], our immunoprecipitation
assays with anti-GFP and subsequent detection with an antibody
that specifically recognizes phosphorylated serine residues (o-PSer)
revealed that the pattern of CCA1 phosphorylation was increased
in CCAI1-YFP-ox/CKB4-MYC-ox plants as compared with
single CCA1-YFP-ox plants (Figure 2A, a-PSer). The data was
reinforced by two-dimensional protein gel analysis followed by
immunoblotting with the GFP antibody (Figure 2A, lower panels).
The results showed that over-expression of CKB4 enriched CCALl
spots with a lower isoelectric point, which most likely correspond
to CCAl phosphorylated isoforms. Together, these results are
consistent with previous published studies and suggest that CK2
phosphorylates CCAl most likely by direct interaction with the
CK2 regulatory subunits.

We next examined the i vivo subcellular localization of CCAl
and CKB4 interaction by exploiting Bimolecular Fluorescent
Complementation (BiFC) assays [54]. We analyzed plants over-
expressing both CKB4 fused to the C-terminal fragment of the
Yellow Fluorescent Protein (YFP) and CCALI fused to the YFP N-
terminal fragment. Confocal microscopy analysis revealed fluo-
rescent signals accumulating in the nucleus (Figure 2B, CCAl-
nYFP-ox, CKB4-cYFP-ox). As fluorescence would be only
visualized if the two fragments of YFP are in such a close
proximity that the fluorophore is reconstituted, our results reflect
the i vivo interaction of CCAl and CKB4 in the nucleus. The
subcellular localization of CCAl and CKB4 interaction is similar
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Figure 2. Molecular interaction of CCA1 and CKB4. (A) Western-blot analysis of protein extracts immunoprecipitated with anti-GFP antibody
(0-GFP) and subsequent detection of CKB4-MYC (a-MYC), CCA1-YFP (a-GFP) or phosphorylated CCA1 isoforms (CCA1-P)(a-PSer). Lower panels show
the immunoblot analysis of two-dimensional gels detecting CCA1-YFP with o-GFP. In all cases, plants were grown under LD conditions and samples
were collected at ZT3. All the experiments were performed at least twice with similar results to those shown here. (B) Confocal microscopy analysis of
seedlings over-expressing CCA1 fused to the N-terminal fragment of YFP and CKB4 fused to the C-terminal fragment (top panel). Images of CCA1
(middle panel) and CKB4 (lower panel) fused to full-length YFP are also shown. Scale bar 0.2 um.

doi:10.1371/journal.pgen.1001201.9g002

to the localization observed in plants expressing the proteins fused
to the full-length YFP. In both cases, the localization was mostly
nuclear, in speckles and homogeneous distribution throughout the
nucleoplasm for CKB4 (Figure 2B, CKB4-YFP) and mostly in
nuclear speckles for CCAl (Figure 2B, CCAI1-YFP). Similar
fluorescent signals were observed in CCAl-ox plants over-
expressing CKB4 fused to full-length YFP or in CKB4-MYC-ox
plants over-expressing CCA1 fused to full-length YFP (Figure S4).
In contrast, no evident fluorescence could be detected when BiFC
experiments were performed with plants over-expressing both
TOC1 (TOC1-nYFP-ox) and CKB4-cYFP-ox (Figure S4).

CK2 activity antagonizes CCA1 regulatory function
without affecting CCA1 protein accumulation

As phosphorylation targets many clock proteins for degradation
[55], we compared by Western-blot analysis, CCAl protein
abundance in CCAl-YFP-ox and CCAI-YFP-ox/CKB4-MYC-
ox plants over a diurnal cycle. Our results showed a very similar
pattern of CCAl accumulation in both genotypes at every time
point examined (Figure 3A-3C). Furthermore, analysis of CKB4
and CCAL protein abundance in different CCAl-YFP-ox lines
transformed with the CKB4-MYC-ox construct showed a lack of
correlation between increasing concentrations of CKB4 and
decreasing amounts of CCAl (Figure 3D). These results strongly
suggest that over-expression of CKB4 does not modulate CCAl
protein accumulation. Our previous studies have shown that
CKB4-MYC-ox plants exhibit increased CK2 activity that
correlates with the circadian phenotypes observed in CKB4-
MYC-ox plants [28]. Next we explored whether decreasing CK2
activity could alter the CCAl protein accumulation or CCAl
repressive function. As a long-term and constant depletion of CK2
activity is lethal for plants [56], the CCA1 protein abundance was
analyzed in the presence or in the absence of specific CK2 inhibitors
such as DRB (5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole)
or DMAT (2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimid-
azole) [57]. In a complementary approach, CCAIl protein
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abundance was examined in plants expressing a dominant negative
CK2 alpha subunit (CKA3-) under the control of the Dexameth-
asone (Dex) inducible promoter [56]. Our studies showed that
treatment with the inhibitors (Figure 3E) or the induction of CKA3-
by Dex (Figure 3F) did not significantly alter CCAl protein
accumulation as compared with non-treated plants. In clear
contrast, TOCI:LUC expression was markedly affected by the
decreased pattern of CK2 activity. Indeed, treatment with DMAT
or with DRB progressively reduced the amplitude and lengthened
the period of TOCI:LUC expression in a dose-dependent manner
(Figure 3G and Figure S5). Similar effects were observed after
treatment of CKA3- plants with Dex (Figure 3H) while 7OCI1:LUC
expression was not affected when W'T plants were treated with Dex
(not shown). This is noteworthy, as decreasing CK2 activity leads to
the opposite phenotypes of those observed in CKB4-MYC-ox
plants. Therefore, CK2 activity is important in controlling the
circadian waveform of TOCI:LUC expression. As CKB4-MYC-ox
reduces the severity of CCAIL repressive function on 7T0CI
expression, we reasoned that decreasing CK2 activity should have
the opposite effects. To explore this hypothesis, we examined
TOCI:LUC expression in CCA1-YFP-ox/CKA3- plants before and
after treatment with Dex. Our studies showed a very reduced
amplitude of TOCI:LUC expression in CCAl-YFP-ox/CKA3-
plants treated with Dex (Figure 3H). Therefore, and consistently
with our hypothesis, the repressive function of CCAIl appears to be
enhanced by decreasing CK2 activity. Together, these results show
that CK2 and CCA1 have opposing functions in the regulation of
TOC1T expression and suggest a possible role for CK2 antagonizing
CCAI regulatory activity.

CK2 antagonizes CCA1 binding to the promoters of its

target genes

As CK2 activity reduces the severity of CCAIL-YFP-ox
phenotypes but this effect is not due to increased degradation of
CCALl, we reasoned that CK2 might modulate CCA1 transcrip-
tional regulatory function. To explore this possibility, we examined
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Figure 3. CK2 regulates TOC7:LUC expression without altering CCA1 protein accumulation. Inmunodetection of CCA1 protein with o-GFP
in CCA1-YFP-ox (A) or CCA1-YFP-ox/CKB4-MYC-ox plants (B). Seedlings were entrained under LD cycles and samples were collected at the indicated
ZT. Quantification of CCA1-YFP protein accumulation is shown in (C). Means * SD of two independent experiments are represented relative to the
maximum value and normalized to the RUBISCO protein. (D) Western-blot analysis of CKB4-MYC (a-MYC) or CCA1-YFP (o-GFP) in CCA1-YFP-ox, CKB4-
MYC-ox and different CCA1-YFP-ox/CKB4-MYC-ox lines. Western-blot analysis of CCA1-YFP protein accumulation in CCA1-YFP-ox plants in the
presence (+) or absence of 150 uM DRB (E) or in CCA1-YFP-ox/CKA3- plants with (+) or without 1 uM Dex (F). Samples were collected at ZT3 and ZT15.
(G) TOCT:LUC luminescence in WT plants treated with DRB (0, 50, 75, 150 uM) or (H) in CKA3- and CCA1-YFP-ox/CKA3- plants in the absence or in the
presence of 1 uM Dex added at CT2 (arrow). Seedlings were entrained under LD cycles and transferred to LL prior luminescence recording. Data are
represented as means *= SEM of luminescence signals from at least 12 independent plants. All the experiments were performed at least twice with

similar results to those shown here.
doi:10.1371/journal.pgen.1001201.g003

by chromatin immunoprecipitation (ChIP) assays, the m vwo
binding of CCAl to the promoters of its target genes. CCA1 was
proposed to be part of a morning loop regulating the expression of
both morning- and evening-expressed genes [58]. However, direct
in vivo binding to oscillator genes was only demonstrated for TOC1
[52]. Our ChIP assays with CCAI-YFP-ox plants confirmed the
binding of CCA1 to the 70C! promoter (Figure S6) and also
revealed the physical association of CCA1 to the promoters of the
oscillator genes PRR7, PRR9 and LUX (LUX ARRHYTHMO)
(Figure S6). We next examined the effects of over-expressing
CKB4 by comparing the binding of CCA1 in single CCA1-YFP-
ox and double CCAI-YFP and CKB4-MYC over-expressing
plants. Our results showed that over-expression of CKB4
considerably decreased the binding of CCAI to the promoters of
the morning-expressed genes PRR7 and PRR9 (Figure 4A) as well
as the evening-expressed genes 70C! and LUX (Figure 4B).

@ PLoS Genetics | www.plosgenetics.org

Conversely, decreasing CK2 activity by treatment with DRB
(Figure 4C and 4D) or by inducing the dominant negative CK2
mutant (Figure 4E and 4F) had the opposite effect, with an evident
increment of CCALl binding to these promoters. Q-PCR analysis
revealed the significance of the binding changes (Figure S6) with p-
values<<0.001 in all cases. Furthermore, DRB treatment of CCA1-
YIP-ox/CKB4-MYC-ox plants significantly decreased the effects
of CKB4 over-expression as compared with non-treated plants
(Figure S6), suggesting that phosphorylation is indeed important
for CKB4 regulation of CCALl activity. The link between CCALI
phosphorylation and function was also reinforced in studies in
which WT and ¢cal-11 mutant plants [59] were treated with DRB.
Our results showed that treatment of WT plants expressing the
promoter of the clock-controlled gene CAB2 (CHLOROPHYLL A/
B BINDING PROTEIN 2, or LIGHT HARVESTING COMPLEX
Bl, LHCBI*I) tfused to luciferase [60] considerably lengthened
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Figure 4. CK2 antagonizes CCA1 binding to the promoters of its target genes. ChIP analysis of CCA1 binding to the promoters of the
morning-expressed genes PRR7 and PRR9 (A, C and E) or the evening-expressed genes TOCT and LUX (B, D and F). Analysis was performed in CCA1-
YFP-ox and CCA1-YFP-ox/CKB4-MYC-ox plants (A and B) or in CCA1-YFP-ox plants collected after treatment for 48 h with 150 uM DRB (+DRB) (C and
D). As a control, samples were similarly processed in the absence of DRB (-DRB). (E and F) ChIP analysis of CCA1-YFP-ox/CKA3- plants collected after
induction with 1 uM Dex for 48 h (+Dex). As a control, samples were similarly processed but in the absence of Dex (-Dex). Input DNA was used as a
control. Plants were synchronized under LD cycles and samples were collected at ZT3. In all cases, the experiments were performed at least three

times with similar results to those shown here.
doi:10.1371/journal.pgen.1001201.g004

circadian period (Figure S7). However, the effects of DRB were
considerably reduced in ccal-11 mutant plants as compared to
ccal-11 untreated plants (Figure S7). A similar trend was observed
for TOCI:LUC expression in ccal-1/lhy-11 mutant plants [61], in
which the up-regulation of 7OC! by the absence of the CCAl and
LHY repressors was not importantly affected by DRB treatment
(Figure S7). The alteration of TOCI:LUC expression in ccal-1/lhy-
1] mutant plants was more severe than the circadian phenotypes
previously described [61]. This might be due to different growth
conditions, different intensities of light different regimes of
entrainment and/or the different reporters. Together, our results
indicate that the circadian function of CK2 is mostly mediated by
CCA1/LHY, which reinforces the link between these components.
Our results also indicate that CK2 activity antagonizes CCAl
regulation of circadian gene expression by interfering with the
binding of CCAIl to the promoters of the oscillator genes. A
phosphorylation-dependent inactivation of transcriptional activity
was previously reported to be important in other circadian systems

[62].

Proper regulation of CK2 activity is important for
temperature compensation in Arabidopsis

Our results show that CK2 activity regulates TOC! expression.
As TOCI is also modulated by temperature [40], we next explored

@ PLoS Genetics | www.plosgenetics.org

whether CK2 regulatory functions were affected by temperature.
To that end, we compared the waveforms of TOCI:LUC
expression in WT, CKB4-MYC-ox and CCA1-YFP-ox/CKB4-
MYC-ox plants synchronized for 7 days under LD cycles at 22°C
and then transferred to 12°C, 22°C or 27°C. Our results showed
that over-expression of CKB4 resulted in higher amplitude and
slight advanced phase of 7OCI promoter activity at 27°C (Figure
S8), a phenotype slightly more severe but following the same trend
than that observed at 22°C (Figure S8). Analysis of TOCI:LUC
expression at 12°C revealed that CKB4-MYC-ox plants exhibited
a lower amplitude and a slightly advanced phase compared to WT
(Figure S8). The differential changes in gene expression by
temperature could be fully appreciated in Figure S9 showing
point-by-point comparisons of TOCI:LUC expression in W' and
CKB4-ox at 27°C and 12°C. These results indicate that CK2
function regulating 7OC! expression is differentially modulated by
temperature. This notion was in agreement with our pharmaco-
logical studies using the CK2 inhibitor DRB. Treatment with
DRB at 27°C resulted in a delayed phase and lower amplitude of
TOCI:LUC expression whereas at 12°C, only subtle phenotypes of
TOCI:LUC phase or amplitude were observed (Figure S10). Thus,
decreasing CK2 activity has stronger effects at high temperatures.
If CK2 regulation of TOCI expression is differentially modulated
by temperature, then the CK2 activity counteracting CCAI
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repressive function should become also most apparent at the
higher range of temperatures. Indeed, our analysis with the double
CCA1-YFP-ox/CKB4-MYC-ox plants revealed very similar
waveforms of TOCI:LUC expression in WT and CCA1-YFP-ox/
CKB4-MYC-ox plants at both 27°C and 22°C (Figure S8)
suggesting that over-expression of CKB4 efficiently reverted the
repressive function of CCALl at these temperatures. However, at
12°C, the amplitude of TOCI:LUC expression in CCA1-YFP-ox/
CKB4-MYC-ox plants was lower than in WT plants (Figure S8)
suggesting that CK2 activity interfering with CCAL repressive
function is less effective or that additional mechanisms are engaged
to regulate 70OCI expression at low temperatures. We also
observed an earlier declining phase, particularly evident at 27°C.
The mechanism behind this phenotype might rely on the direct/
indirect regulation of TOC! declining phase by CK2/CCAIl and/
or other clock components.

In view of our findings and based on previous studies assigning a
major role for CK2 in temperature compensation within the
Neurospora circadian system [30], we next examined the possible
connection between temperature compensation and CK2 activity
in Arabidopsis. As the direct effects of temperature on 70CI
expression might mask real clock period compensation, we
monitored overall clock output rates by using the morning-
expressed reporter CAB2:LUC and the evening-expressed reporter
CCR2:LUC (COLD-CIRCADIAN RHYTHM-RNA BINDING?2). We
determined the free-running period (FRP) in plants entrained at
22°Ci and then transferred to constant light at 12°C, 17°C, 22°C
or 27°C. As expected, our results showed that circadian clock
function in WT plants was temperature compensated with similar
period length at the different temperatures (Figure 5A, 5B, 5D, 5E,
and Figure S11). In CKB4-MYC-ox plants, the FRP was shorter
than that of WT plants at all temperatures examined. However,
the period shortening for CAB2:LUC (Figure 5A) and CCR2:LUC
(Figure 5D) became more severe at the higher end of the
temperature range. The temperature dependency of period
shortening was also evident when the inverse of the period (as
an indication of the oscillator rate) was plotted against temperature
(Figure 5B and 5E). The linear regression analysis showed that the
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slope was significantly deviated from zero (p-values<<0.0001) in
CKB4-MYC-ox plants but not in WT (Figure 5B and 5E). These
results were in agreement with our studies using CK2 inhibitors in
which the increased FRP could be correlated with increasing
amounts of the inhibitor (Figure 5C and 5F). Noticeably, period
lengthening was more severe at high temperatures (Figure 5C and
5F and Figure S11). Therefore, manipulation of CK2 activity by
over-expression of CKB4 or by pharmacological inhibition
modulates the temperature compensation profiles. Increased
CK2 activity leads to under-compensated clock function (z.e. the
clock runs faster at high temperatures) whereas decreased CK2
activity results in a slightly over-compensation (z.e. the clock runs
slower at high temperatures). The temperature dependent function
of CK2 is manifested by the different phenotypes of clock outputs
at various temperatures such that period compensation is not
properly achieved when CK2 activity is mis-regulated.

Temperature modulates both CK2 and CCA1 regulatory
activities

In a last part of our study, we were interested in determining the
mechanism underlying the temperature-dependent CK2 function
in the Arabidopsis circadian clock. Our results indicated that CK2
interferes with the binding of CCA1 to the promoters of its target
genes. Therefore, we next explored whether the temperature-
dependent phenotypes of CK2 could be mechanistically linked
with altered CCA1l activity. We examined by ChIP assays the
CCA1l binding activity in CCA1-YFP-ox and CCA1-YFP-ox/
CKB4-MYC-ox plants entrained at 22°C and then transferred to
12°C or 27°C. Q-PCR analysis of CCA1-YFP-ox plants revealed
significantly increased amplification at 27°C compared to 12°C
(Figure 6A and Figure S12) suggesting that CCAl binding is
regulated by temperature. Previous studies have shown that the
temperature dependence of the heat capacity is a thermodynamic
property of the majority of sequence-specific DNA-protein
interactions [63]. Compared to CCA1-YFP-ox, a much reduced
amplification was observed when CCA1-YFP-ox/CKB4-MYC-ox
plants were examined (Figure 6A), with reduced differences in

CCAl binding between 12°C and 27°C (Figure S12). These
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Figure 5. A link between CK2 and temperature compensation in Arabidopsis. Free-running periods of CAB2:LUC (A) and CCR2:LUC (D) in WT
and CKB4-MYC-ox plants entrained under LD cycles at 22°C and subsequently transferred to LL conditions at 12°C, 17°C, 22°C or 27°C. Data are
represented as means = SEM of the period estimated of approximately 12 plants (from two independent experiments). The inverse of the period
(oscillator rate) from CAB2:LUC (B) and CCR2:LUC (E) was used to extrapolate the linear regression of the temperature response. Free-running periods
for CAB2:LUC (C) and CCR2:LUC (F) of WT plants entrained under LD cycles at 22°C and subsequently transferred to LL conditions at 17°C, 22°C and
27°C. Plants were treated with 0, 75, 150, 200 uM DRB. Data are the means = SEM of the period estimated of approximately 12 plants.

doi:10.1371/journal.pgen.1001201.g005
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Figure 6. Effects of temperature and CK2 kinase function on CCA1 binding activity. (A) ChIP analysis of CCA1 binding to the promoters of
TOCT, LUX, PRR7 and PRR9 in plants entrained under LD cycles at 22°C and transferred to 12°C or 27°C. Samples were collected after 35 h under LL.
Input DNA was used as a control. Immunodetection of (B) CCA1-YFP and (C) CKB4-MYC protein accumulation in CCA1-YFP-ox/CKB4-MYC-ox plants
grown under the same conditions described in (A). Similar protein transference in each lane was verified by staining with Red Ponceau. (D) Western-
blot analysis of CCA1-YFP-ox/CKB4-MYC-ox protein extracts immunoprecipitated with anti-GFP antibody («-GFP) with subsequent detection of
phosphorylated CCA1 isoforms (CCA1-P)(a-PSer) at 12°C or 27°C. Luminescence of TOC1:LUC expression in WT and ccal-1/lhy-11 plants grown under
LD cycles at 22°C and subsequently transferred to 27°C (E) or 12°C (F). Plots are means * SEM of 12 individual seedlings. The white and solid boxes
correspond to the light and dark periods, respectively. The experiments were performed at least twice with similar results to those shown here.

doi:10.1371/journal.pgen.1001201.9006

results indicate a temperature-dependent regulation of both CCA1
binding activity and the CK2 antagonistic function. The
differences in binding cannot be attributable to changes in
CCAl and CKB4 mRNA (not shown) or protein accumulation
(Figure 6B, 6C, and Figure S12) did not vary at different
temperatures. In contrast, the CCAl phosphorylated isoforms
were considerably increased at 27°C, as revealed by the
immunoprecipitation assays with anti-GIFP antibody followed by
detection with anti-P-Ser antibody (Figure 6D). To verify that the
observed effects were not due to artefactual protein over-
expression, we performed ChIP assays with a CCAIprom:CCAI-
HA-YFP line, which expresses CCAl under its own promoter [53].
This line displays a circadian period (25.6%0.6) slightly longer
than W plants (24.3£0.1) [53]. Using this line, we confirmed the
CCAL binding to its target loci and verified a regulatory role of
temperature on this binding (Figure S12). Our conclusions were
also in agreement with studies of 7OCI:LUC-expressing double
mutant ccal-1/lhy-11 plants [61]. The results showed that the
luminescence signals damped high at 27°C (Figure 6E) indicating
that 7OC! repression was clearly alleviated by the absence of
CCALl and LHY. However, this function was not so evident at
12°C, with ¢cal-1/lky-11 plants displaying intermediate lumines-
cence signals (Figure 6F). These results also suggest that at 12°C
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and in the absence of CCAl and LHY, additional factors
contribute to TOC! repression. The previously postulated major
role for CCALl at low temperatures [40] might be reflecting the
decreased regulatory function of CK2 at the lower range of
temperatures. In consonance with this hypothesis, our studies
showed that circadian gene expression was clearly affected in
CCAl-ox and in ccal-1] mutant plants at high temperatures
(Figure S13) and the DRB effects were more severe at 27°C than
at 12°C (Figure S13). In agreement with these results, we observed
more evident effects of DRB on CCALl binding at high than at low
temperatures (Figure S14). Altogether, our results suggest that the
temperature-dependent balance between CCAl binding activity
and CK2 opposing function contributes to proper temperature
compensation in Arabidopsis.

CCA1 dephosphorylated isoforms are preferentially
bound to the promoters of the oscillator genes

Our results indicate that CK2 interferes with CCA1 function
and suggest an inverse correlation between CK2 activity and
CCALl binding. We next performed Double ChIP assays at
temperatures of maximal CCAl binding (22°C and 27°C) in an
attempt to estimate the phosphorylated CCAl fraction that is
assoclated with the promoters. We performed a double round of
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immunoprecipitation, firstly, with the o-GIP antibody to immu-
noprecipitate total CCAl protein bound to the target promoters
and secondly, with the a-PSer antibody to discriminate between
phosphorylated and dephosphorylated CCALI isoforms. By virtue
of doubling-up the immunoprecipitation round, we expected to get
PCR amplification only if CCAl phosphorylated isoforms were
preferentially bound to the target promoters (Figure S15). Our
results showed slightly above background amplification that was
observed at both 22°C or 27°C and for all the promoters
examined (Figure 7A and 7B). This corresponds to only a minimal
fraction of the total amount of CCA1l bound to the promoters, as
assayed by double round of immunoprecipitation with the anti-
GFP antibody (Figure 7A and 7B). The reliability of these results is
supported by the abundant CCAIl phosphorylated isoforms
observed at 27°C (Figure 6D) and the efficient detection of
immunoprecipitated CCA1 by the P-Ser antibody (Figure 2A and
Figure 6D). In addition, the lack of amplification in the Double
ChIP assays was not likely due to reduced efficiency of the
technique, as Double-ChIP experiments similarly processed with
o-Histone3 (o-H3) antibody followed by o-PSer immunoprecip-
itation revealed clear amplified bands in all cases (Figure 7A and
Figure S15). Together, the results confirmed and extend our
findings suggesting that the complex regulatory interplay between
CK2 and CCA1 binding activity is modulated by temperature and
contributes to proper temperature compensation within the
Arabidopsis circadian clock.

Discussion

Our results show that over-expression of CKB4 reduces the
severity of CCA1-YFP-ox phenotypes while the lack of additive
phenotypes in CKB4-MYC-ox/ccal-1/lhyRNA: plants indicates
that CKB4 and CCAL function in the same signalling pathway.
Repression of TOC!I expression in CCAl-YFP-ox plants was
alleviated by over-expression of CKB4, which assigns an
important role for CKB4 modulating one of the main feedback
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loops described in Arabidopsis [58]. Pharmacological treatment
with specific CK2 inhibitors or the use of plants expressing a CK2
inducible dominant mutant reflected the involvement of CK2
activity in this regulation, rather than a holoenzyme-independent
function of the CK2 regulatory subunit [64] . In human cells,
treatment with DRB or DMAT also results in long-period
phenotypes [19-21]. Similarly, decreased CK2 activity causes
long-period behavioral rhythms in Drosophila [22,23]. These
results highlight a remarkable conservation of CK2 circadian
function among very different organisms including plants, insects
and mammals.

Based on studies with other circadian systems, it was plausible to
assume that phosphorylation of CCAl by CK2 might mediate
changes in CCAl accumulation or subcellular localization [12].
However, our results assigned a role for CK2 in the control of
CCALl binding activity rather than protein accumulation or
localization. Our studies also revealed that CCAl regulates the
expression of morning- and evening-expressed genes most likely by
direct binding to their promoters. Therefore, by antagonizing this
binding, CK2 can precisely modulate CCAIl regulation of
circadian gene expression. The binding of CCA1 to the LIGHT-
HARVESTING CHLOROPHYLL A/B1*3 (LHCBI*3) promoter was
shown to be increased by CK2 [25,26]. However, the authors also
reported that in CKB3-ox plants, the induction of the LHCBI*1
gene was reduced compared to WT (Sugano et al., 1999). In our
studies, we observed that CK2 antagonizes CCAl binding to the
promoters of the oscillator genes. This function consistently fits
with the CKB and CCALI inverse correlation between phenotypes
and expression. Evidence that CK2 phosphorylation decreases
protein binding to target promoters was also provided for the bZIP
transcription factor HY5 [65]. Our binding analyses were
consistent with the Double-ChIP results showing that CCAI
dephosphorylated isoforms were preferentially bound to the
promoters of CCALl target genes. An altered ratio of phosphor-
ylated/dephosphorylated isoforms by increased or decreased CK2
activity is fully consistent with the circadian phenotypes observed
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Figure 7. Analysis of CCA1 isoforms bound to the promoters of the oscillator genes. (A) Double ChIP assays of CCA1 isoform binding to
the promoters of TOC1, LUX, PRR7 and PRR9 in CCA1-YFP-ox/CKB4-MYC-ox plants entrained under LD cycles at 22°C and transferred to LL conditions
at 22°C or 27°C. Samples were taken after 35 h under LL. The first immunoprecipitation was performed with o-GFP antibody followed by a second
round with a-PSer or with o-GFP. The combinations of a-H3/a-H3 antibodies or a-H3/a-Pser antibodies were used as controls. The experiments were
performed at least twice with similar results to those shown here. (B) Q-PCR analysis of CCA1 isoform binding by double ChIP assays. Data are shown
as means = SD relative to the maximum value of two independent experiments (*** p-value<<0.001).

doi:10.1371/journal.pgen.1001201.9g007
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in CKB4-MYC-ox and CCA1-YFP-ox/CKB4-MYC-ox plants. This
mbhibitory function is not exclusive of the plant circadian system as a
phosphorylation-dependent inactivation of transcriptional function
was previously reported in other circadian systems [62].

To be effective as a key mechanism of clock progression, the
interplay between CK2 and CCAIl should be in turn precisely
regulated. Indeed, we found that different temperatures affect CK2
regulatory function. The higher amplitude of 7OC1:LUC expression
in CKB4-MYC-ox plants was mostly observed at 22°C and 27°C
while the activating function of CK2 on 7OC! expression was not so
clearly observed at 12°C. The lower amplitude of TOCI:LUC
expression in CKB4-MYC-ox plants at 12°C is difficult to explain,
but denotes that a different mechanism is engaged at low
temperatures and emphasizes the complexity of the temperature
response within the Arabidopsis circadian network. This notion is
reinforced by the results showing that CK2 also phosphorylates
LHY [26]. Thus, it is possible that the previously described role of
LHY-GI in clock temperature compensation [40] might be also
regulated by CK2. Notably, CCA1l binding activity appeared to be
also modulated by temperature in CCAl-ox plants. Despite the
lower binding at 12°C, CCAL is stll able to repress 7OCI
expression at 12°C as evidenced by our luminescence assays.
Furthermore, CK2 activity might also have a residual function as it
was able to interfere with CCAl binding. Therefore, there is a
parallelism between the temperature regulation of CCAl binding
and CK2 activity. We proposed that the dynamic regulation of these
activities by temperature is important for clock function, as altering
the functional expression by over-expression, mutation or pharma-
cological inhibition deregulates the temperature-dependent modu-
lation of gene expression.

Unlike the temperature dependency of most biological and
biochemical activities, the circadian clock sustains period length
over a range of constantly maintained temperatures [66]. When
we examined clock outputs, we found that the temperature
compensation profiles were altered in CKB4-MYC-ox plants
compared to those observed in WT. A simple explanation would
be that CK2 activity might be compromised only when CKB4
abundance is increased above physiological limits. However,
decreased CK2 activity by pharmacological inhibitors also led to
altered temperature compensation. Additionally, CKB4 protein
abundance did not vary between 12°Ci and 27°C. Together, these
findings indicate that CK2 contributes to proper temperature
responses in Arabidopsis: increased CK2 activity led to under-
compensation whereas decreased activity resulted in a slightly
over-compensated clock. This is noteworthy because previous
studies in Neurospora have also implicated CK2 in temperature
compensation [30]. Therefore, CK2 integrates a molecular clock
component with a regulatory function that is conserved among
different circadian systems. However, the specific mechanisms of
CK2 function differ among organisms. In Neurospora, the stability
of FRQ is controlled, at least in part, by a CK2-dependent
phosphorylating mechanism, which facilitates the FRQ protein
degradation preferentially at high temperatures [30]. In Arabi-
dopsis, CK2 does not affect CCAIl protein accumulation but
rather its transcriptional activity. Our results suggest that a precise
temperature regulation of CK2 and CCAIl activity shapes the
temperature compensation profile. Altering this delicate balance
by over-expression, mutation or pharmacological inhibition affects
the period compensation. In addition to the CK2-CCAl
counterbalancing loop, other loops and/or different mechanism
should also account for precise regulation of temperature
compensation. In fact, prior studies have proposed that LHY
and GI contribute to temperature compensation in Arabidopsis
[40]. Our findings focusing on CCAIl binding and CK2 activities
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add exciting insights into the mechanisms of temperature
compensation in Arabidopsis. It would be also interesting to
perform similar studies with the other three CK2 regulatory
subunits in order to highlight functional similarities or divergences
in the control of temperature compensation. Our findings are also
in line with the notion that evolution might enhance fitness under
different climate conditions without directly affecting the expres-
sion of central oscillator components but rather modulating their
activity. Circadian clock adaptation to different environments
might thus rely on key regulatory factors that modulate the
oscillator activity. Further studies using different Arabidopsis
ecotypes can provide new insights into how this regulation might
have shaped plant adaptation to different climate areas around the
globe. The parallelism in temperature dependency of CCAl and
CK2 activities and the inhibitory effect of CK2 on CCA1 function
is in agreement with a previously described model for temperature
compensation [33]. The model proposes that the temperature
independence of circadian period by the clock occurs through the
balance between two biochemical activities, each of which has a
similar temperature dependency [33]. Our studies would be also in
consonance with the notion that temperature compensation is not
only determined by central clock components but also by other
elements that function in #rans to regulate the core proteins [40]. A
recent computer modeling study has proposed that a switch-like
mechanism might regulate period sensitivity through the control of
two parameters that are a function of processes such as
phosphorylation, ubiquitination or complex formation [67]. It
would be interesting to identify a role of these regulatory processes
as key modules shaping the temperature compensation profiles.
Specifically for phosphorylation, studies in Neurospora [30] and
mammals [68] indicate that in contrast to CK2, the activities of
other kinases and clock-related phosphorylation events are
temperature-insensitive. Our study showing that the CK2 activity
antagonizes CCALI function in a temperature-dependent manner
highlights only one of the many aspects contributing to
temperature compensation. Further analysis focusing on addition-
al components and mechanisms would aid in our understanding of
the intricate interacting networks responsible for temperature
compensation in Arabidopsis and in other organisms.

Materials and Methods

Plant material, luminescence assays, flowering time, and
hypocotyl length analysis

Arabidopsis thaliana seedlings were stratified at 4°C in the dark for
3 days on Murashige and Skoog agar medium supplemented with
3% sucrose and then transferred to light:dark conditions (LD, 12 h
light:12 h hours dark) with 60 umol m %' of cool white
fluorescent light at 22°C. The list with the different plants and
constructs used in this study is shown in Table S1 and S2. For
CCA1l-ox/CKB4-ox studies, lines 9 and 14 were used (see Figure
S1 and Figure S2). For ccal/lhy/CKB4-ox studies, lines 4 and 5
were used (see Figure 3D and Figure S1). For Luminescence
analyses were performed as previously described [28]. In
experiments with CK2 inhibitors, one-week old plants were
transferred to 96-well plates containing MS medium supplemented
with the specified concentration of DRB or DMAT. Luminescence
was recorded 24 hours after the seedlings were transferred to the
plates. For Dexamethasone induction, 1 pM was added to each
well at Zeitgeber Time 2 (ZT 2). For flowering time analysis, seeds
were stratified in the dark at 4°C for 3 days on soil. Seedlings were
grown under Short-Day (ShD, 8 h light:16 h dark) or Long-Day
(16 h light:8 h dark) conditions with 60 pmol m™ %" of cool
white fluorescent light at 22°C. Flowering time was scored by
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counting the number of days and number of leaves at the time of a
1 em-high flower bolt. For hypocotyl length assays, seeds were
stratified in the dark at 4°C for 4 days on MS medium
supplemented with 3% Sucrose. Germination was induced by
exposing the seeds to white light (60 umol m™2 s™') for 6 h
followed by 18 h under darkness. Seeds were placed under ShD or
LgD conditions (60 umol m~? s™') or under continuous white
light (LL) with the specified light intensities. Hypocotyl length was
measured after seven days by using the Image J software (http://
rsb.info.nih.gov/1j/).

Western-blot and co-immunoprecipitation analysis

Western-blot assays were essentially performed as previously
described [69]. Briefly, nine day-old seedlings were ground in
liquid nitrogen and proteins were extracted in RIPA buffer
(50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40 0.1% SDS,
0.5% Sodium Deoxycholate, 0.5% Polyvinylpolypyrrolidone
(PVPP), 50 yum MG132, 10 mM NaF, 1 mM PMSF, 5 pg/ml
Leupeptin, 1 pg/ml Aprotinin, 5 ug/ml Antipain, 1 pg/ml
Pepstatin, 5 pg/ml Chymostatin). Protein concentration was
calculated using the Bradford method (Bio-Rad) and 20-60 ug of
total protein was loaded per lane. Proteins were transferred to
nitrocellulose membranes and stained with Red Ponceau following
standard protocols. Anti-MYC (clone 9E10; Sigma) and Anti-GFP
(A11122; Invitrogen) antibodies were used to detect CKB4-MYC
and CCAI1-YFP proteins, respectively. Protein accumulation was
quantified using the LAS-4000 imaging system (Fujifilm-GE
Healthcare). In experiments with CK2 inhibitors, 48 hours before
sampling, plants were transferred to medium supplemented with
150 uM of DRB, 150 uM DMAT or 1 uM Dex. For co-
immunoprecipitation assays, nine day-old seedlings were ground
in liquid nitrogen and proteins extracted in RIPA buffer. Extracts
were incubated for 4 h at 4°C with Protein G—Sepharose beads
(Amersham Biosciences) conjugated with Anti-GFP antibody.
Immunocomplexes were washed 5 times with RIPA buffer
followed by additional washing with PBS (Phosphate buffer
saline). Immunoprecipitated proteins were eluted by adding
Laemmli buffer followed by 4 min incubation at 95°C. Ant-
MYC and Anti-GFP antibodies were used to detect CKB4-MYC
and CCAL-YFP respectively. The anti-phosphoserine antibody
(Anti-PSer, 4A3, Calbiochem) was used to detect phosphorylated
1soforms of CCAL. The antibody recognizes serine-phosphorylated
residues (in a positively charged amino acid context directly
neighbouring the phosphoserine). For interaction of proteins
expressed at endogenous levels, we used a polyclonal anti-CK2B
antibody to the human CK2B regulatory subunit CK2B
(GSNK2B; Abnova). Detection of CCAl was performed with
the Anti-MYC antibody.

Two-dimensional gels and immunoblotting

For two-dimensional gels experiments, nine day-old seedlings
were ground in liquid nitrogen and proteins extracted in lysis
buffer (7 M Urea, 2 M Thiourea, 4% CHAPS, 18 mM Tris-HCI
pH 8.0, 50 um MG132, 10 mM NaF, 1 mM PMSF, 5 pg/ml
Leupeptin, 1 pg/ml Aprotinin, 5 pg/ml Antipain, 1 pg/ml
Pepstatin, 5 pg/ml Chymostatin). Protein concentration was
determined using the Bradford method (Bio-Rad) and 40 ug of
total protein was loaded onto immobilized pH gradient (IPG)
strips (7 cm, pH 3-10, Amersham Biosciences) for the first
dimension separation. Strips were rehydrated for 6 h at room
temperature and the isoelectric point focusing was performed at 30
V for 6.5 h, 500 V for 1 h, 1000 V for 1 h and 5000 V for 7 h.
Strips were subsequently equilibrated for 15 min with equilibra-
tion buffer I (50 mM Tris-HCI1 pH 8.8, 6 M Urea, 30% Glycerol,
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2% SDS, 10 mg/ml DTT) followed by a 15 min wash with
equilibration buffer II (50 mM Tris-HCI1 pH 8.8, 6 M Urea, 30%
Glycerol, 2% SDS, 25 mg/ml Iodoacetamide). For the second
dimension, strips were loaded onto SDS-PAGE 8% polyacryl-
amide gels followed by blotting to nitrocellulose membranes. Anti-
GFP antibody was used to detect CCA1-YFP protein.

Bimolecular Fluorescence Complementation (BiFC) and

confocal microscopy

Plants over-expressing both the CCAI1 protein fused to the N-
terminal fragment of the Yellow Fluorescent Protein (YFP)
(nucleotides: 1-462) and the CKB4 protein fused to the C-terminal
part of the YFP protein (nucleotides: 463-741) were grown on MS-
agar medium supplemented with 3% Sucrose under LD cycles.
Fluorescence signals of hypocotyl cells were imaged using an
Olympus Fluoview FV1000 confocal microscope using a 515 nm
argon excitation laser. CKB4-YFP-ox, CCA1-YFP-ox, TOC1-YFP-
ox, CCAl-ox/CKB4-YFP-ox, CCAl-YFP-ox/CKB4-MYC-ox,
TOC1-nYFP-ox/CKB4-cYFP-ox were similarly imaged.

ChIP and double-ChlIP assays

ChIP assays were performed essentially as previously described
[52]. Briefly, fourteen day-old seedlings were fixed in fixation
buffer (0.4 M Sucrose, 10 mM Tris-HCI pH 8.0, 1 mM
EDTA,1 mM PMSF, 1% Formaldehyde, 0.05% Triton X-100)
for 10 min, followed by addition of Glycine 0.125 M and vacuum
incubation during 10 min. Seedlings were subsequently ground in
liquid nitrogen and extracted in extraction buffer I (0.4 M Sucrose,
10 mM Tris-HCl pH 8.0, 5 mM B-mercaptocthanol, 1 mM
PMSF, 5 pg/ml Leupeptin, 1 ug/ml Aprotinin, 5 pg/ml Anti-
pain, 1 pg/ml Pepstatin, 5 pg/ml Chymostatin and 50 pm
MG132). Nuclei were then purified by centrifugation and washed
with extraction buffer II (0.25 M Sucrose, 10 mM Tris-HCI
pH 8.0, 10 mM MgCly, 1% Triton X-100, 5 mM B-mercapto-
ethanol, 1 mM PMSF, 5 ug/ml Leupeptin, 1 pug/ml Aprotinin,
5 pg/ml Antipain, 1 pg/ml Pepstatin, 5 ug/ml Chymostatin and
50 um MG132). Nuclei were resuspended in nuclei lysis buffer
(50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS, 5 pg/ml
Leupeptin, 1 pug/ml Aprotinin, 5 pg/ml Antipain, 1 pg/ml
Pepstatin, 5 ug/ml Chymostatin and 50 um MG132). Chromatin
was sonicated to approximately 500-1000 bp fragments with a
sonicator (Branch). After centrifugation, soluble chromatin was
diluted in ChIP dilution buffer (15 mM Tris-HCI pH 8.0,
150 mM NaCl, 1% Triton-X-100, 1 mM EDTA, 1 mM PMSF,
5 nug/ml Leupeptin, 1 pg/ml Aprotinin, 5 ug/ml Antipain, 1 ng/
ml Pepstatin, 5 pg/ml Chymostatin and 50 pm MG132) and
incubated overnight at 4°C with Protein G—Sepharose beads
(Amersham Biosciences) conjugated with Anti-GFP antibody.
Immunocomplexes were washed with low salt buffer (20 mM Tris-
HCI pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM
EDTA), high salt buffer (20 mM Tris-HCI pH 8.0, 500 mM
NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA), LiCl wash
buffer (10 mM Tris-HCI pH 8.0, 0.25 M LiCl, 1% NP-40, 1%
Sodium Deoxycholate, 1 mM EDTA) and 2x TE buffer (10 mM
Tris-HCI pH 8.0, 1 mM EDTA). Immunocomplexes were eluted
with 1% SDS and 0.1 M NaHCOj followed by overnight reverse
cross-link at 65°C and proteinase K treatment for 1 h at 45°C.
Immunoprecipitated DNA was isolated using the QIAquick kit
(Qiagen) following the manufacturer instructions. ChIP samples
were amplified by PCR, stained with SYBR Green (Molecular
Probes) and resolved by electrophoresis on 2% agarose gel. Images
were captured with the LAS-4000 imaging system (Fujifilm-GE
Healthcare). ChIPs were quantified by Q-PCR analysis using a 96-
well Lightcycler 480 system (Roche) with the Lightcycler 480
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software (Version 1.5.0.39, Roche). Melting peak analysis using
the LightCycler 480 Basic software module (Roche) and gel
electrophoresis confirmed that primer-dimers or other non-specific
products were not present. Crossing point (Cp) calculation was
used for quantification using the Absolute Quantification analysis
by the 2" Derivative Maximun method (LightCycler 480 Basic
software module, Roche). ChIP values for each set of primers were
normalized to Input values. Primers were designed using the
PrimerExpress 2.0 software (Applied Biosystems) with lengths of
18-25 nucleotides, PCR amplicon lengths of 80 to 180 bp, 40-60%
G:C content and melting point of 58-62°C. The list of primers
used for promoter (prom) amplification and for Q-PCR analysis is
shown in Table S3. In experiments with CK2 inhibitors or with
plants expressing the CK2 inducible mutant, 48 hours before
sampling, plants were transferred to medium supplemented with
150 uM of DRB, 150 uM DMAT or 1 uM Dex. Double-ChIP
assays [70] were performed following the ChIP procedure for
chromatin extraction and immunoprecipitation followed by one
wash with low salt buffer (20 mM Tris-HCI pH 8.0, 150 mM
NaCl, 1% Triton X-100, 0.1% SDS and 2 mM EDTA) and two
washes with TE buffer (10 mM Tris-HC1 pH 8.0, 1 mM EDTA).
Immunocomplexes were eluted using 10 mM DTT and incubat-
ing at 37°C for 30 min. Chromatin was diluted in 40 volumes of
Double-ChIP buffer (15 mM Tris-HCI pH 8.0, 150 mM NaCl,

1% Triton-X-100, 1 mM EDTA, 1 mM PMSF, 5 ug/ml
Leupeptin, 1 pg/ml Aprotinin, 5 pg/ml Antipain, 1 pg/ml
Pepstatin, 5 ug/ml Chymostatin and 50 pm MG132) and

incubated overnight at 4°C with Protein G—Sepharose beads
(Amersham Biosciences) conjugated with Anti-PSer or Anti-GFP
antibody. Immunocomplexes were washed, eluted, purified and
amplified as described for the ChIP protocol.

Statistical analysis

Statistical analyses were performed using the GraphPad Prism
software (GraphPad Software, Inc). For hypocotyl length and
flowering time experiments, two-tailed t-tests with 99% of
confidence were performed. For multiple comparisons, two-way
ANOVA followed by Bonferroni post-tests were performed;
photoperiod and genotype were considered as variables. For ChIP
quantifications, two-way ANOVA tests followed by Bonferroni
post-tests were used. Gene and genotype or temperature and
genotype were considered as variables. GraphPad Prism software
was also used to extrapolate the linear regression of the
temperature response. Profiles for bioluminescence experiments,
the estimated period length was determined by Fast Fourier
Transform/Nonlinear Least Squares method (FFT/NLLS) [71]
using a window of 96 hr of data excluding the first 24 hr to avoid
any transient effects after transferring to constant conditions.

Supporting Information

Figure S1 CKB4 and CCAI expression in different CCAl-ox/
CKB4-ox and ccal/lhy/CKB4-ox lines. (A) RT-PCR analysis of
CKB4, CCAI and ACTIN2 (ACT2) expression in WT and double
CCAl and CKB4 over-expressing plants. Lines 14 and 9 were
used for subsequent studies. (B) RT-PCR analysis of CAB4 and
ACTIN2 (ACT?2) expression in WT and in ccal-1/lhyRNAi/ CKB4-
ox plants. Lines 5 and 4 were used for subsequent studies.
Seedlings were entrained under LD cycles and samples were
collected at Zeitgeber Time 2 (Z12). (C) Immunodetection of
CKB#4 protein accumulation in ccal-1/lhyRNAi/ CKB4-ox plants.
CKB4 protein was detected using the o-MYC antibody. Seedlings
were entrained under LD cycles and samples were collected at
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Found at: doi:10.1371/journal.pgen.1001201.s001 (0.21 MB PDF)

Figure 82 Analysis of CCAl and CKB4 genetic interaction.
Flowering time of W, c¢cal-1/lhyRNAi, ccal-1/lhyRNAi/ CKB4-
MYC-ox and CKB4-MYC-ox plants grown under (A, B) Long-
Day (LgD, 16 h light:8 h dark) or (C, D) Short-Day (ShD, 8 h
light:16 h dark) conditions. Flowering time was measured as the
number of leaves at flowering or the number of days to flowering
(I-cm-high bolt). Data are shown as means * SEM of three
independent experiments. Similar results were obtained when
flowering time was examined in ccal-1/lhy-11 and ccal-1/lhy-11/
CKB4-MYC-ox plants.

Found at: doi:10.1371/journal.pgen.1001201.s002 (0.12 MB PDF)

Figure 83 Analysis of 7OC1:LUC diurnal expression in different
genetic backgrounds. 7OCI:LUC luminescence in seedlings
maintained under LD (12 h light:12 h dark) cycles. Plots represent
means = SEM of at least 12 individual seedlings. The white and
solid boxes correspond to the light and dark periods, respectively.
The experiment was performed three times with similar results to
those shown here.

Found at: doi:10.1371/journal.pgen.1001201.5003 (0.09 MB PDF)

Figure S4 Analysis of CCAl and CKB4 molecular interaction.
(A) Western-blot analysis of WT, CCAl-ox and CCAIl-
prom:CCA1-MYC/ccal-1 plants using an antibody to the human
CK2B subunit (a-CKB). The antibody efficiently recognizes the
CK2 regulatory subunits of Arabidopsis. (B) Western-blot analysis
of Co-IP experiments with plants expressing CCA1 under its own
promoter (CCAlprom:CCA1-MYC/¢ccal-I). Protein extracts were
immunoprecipitated with the o-CKB antibody followed by
detection with the a-MYC antibody. Plants were grown under
LD conditions and samples were collected at ZT1.5. Nuclear
localization analysis by confocal microscopy at ZT11 of plants
expressing (C) CCAl-ox/CKB4-YFP-ox, (D) CCAl-YFP-ox/
CKB4-MYC-ox, (E) TOC1 fused to the N-terminal fragment of
YIP (TOCI-nYFP-ox) and CKB4 fused to the C-terminal
fragment of YFP (CKB4-cYFP-ox) or (F) TOCI fused to full-
length YFP (TOC1-YFP-ox).

Found at: do1:10.1371/journal.pgen.1001201.s004 (0.40 MB PDF)

Figure 85 LEffects of the CK2 inhibitors DRB and DMAT on
TOCI:LUC expression. (A) Free-running periods estimated from
TOCI:LUC luminescence signals in WT plants under LL
conditions treated with increasing concentrations of DRB. Period
was estimated from individual seedlings plotted against their
relative amplitude errors. (B) 7OCI:LUC luminescence in WT
plants treated with increasing concentrations of DMAT. Lumi-
nescence was recorded under LD (12 h light:12 h dark) cycles.
Data are represented as means = SEM of luminescence signals
from at least 12 independent plants.

Found at: do1:10.1371/journal.pgen.1001201.5005 (0.11 MB PDF)

Figure S6 Effects of CK2 activity on the i viwo CCAl binding to
the promoters of the oscillator genes. (A) ChIP analysis of CCAl
binding to the promoters of the morning-expressed genes, PRR7
and PRR9 and the evening-expressed genes 70C! and LUX.
Analysis was performed with CCAl-YFP-ox plants entrained
under LD cycles and samples were collected at ZT3 and ZT15.
The binding regions of TOCI, LUX and PRR9 promoters contain
the Evening Element (EE) motif. No conserved motifs were
identified in the CCAIl binding region of PRR7 promoters. No
amplification was obtained with the promoter of a clock-unrelated
gene (At5g55840) or when samples were similarly processed in the
absence of antibody. The experiments were performed three times
with similar results to those shown here. Q-PCR analysis of CCAl
binding in (B) CCA1-YFP-ox and CCAl-YFP-ox/CKB4-MYC-
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ox plants; in (C) CCA1-YFP-ox with 150 uM of the CK2 inhibitor
DRB; in (D) CKA3-/CCA1-YFP-ox plants induced with 1 uM
Dexamethasone (Dex) or in (E) CCAI-YFP-ox/CKB4-MYC-ox
plants treated with 150 pM of the CK2 inhibitor DRB. Seedlings
were grown under LD cycles and collected at ZT3. Data are
presented as means = SEM relative to the input and to the
maximum value of at least three independent experiments
(*** p-value<< 0.001).

Found at: doi:10.1371/journal.pgen.1001201.s006 (0.20 MB PDF)

Figure 87 Effects of temperature and CK2 kinase function on
circadian gene expression. Bioluminescence of CAB2:LUC expres-
sion in W' (A) and c¢cal-11 mutant (B) plants in the presence or in
the absence of 100 uM DRB. Luminescence was measured in
plants entrained under LD conditions at 22°C and transferred to
LL conditions. Plots are means * SEM of 8-12 individual
seedlings. (C) Analysis of circadian period length of CAB2:LUC
expression in WT and ¢ca/-11 mutant plants in the presence or in
the absence of DRB. Estimated period length was determined as
described in Supplemental experimental procedures. (D) 70-
C1:LUC luminescence in WT and ccal-1/lhy-11 double mutant
plants in the presence or in the absence of 100 uM DRB.
Luminescence was measured in plants entrained under LD
conditions at 22°C and transferred to LL conditions. Plots are
means = SEM of 8-12 individual seedlings. The experiments were
repeated at least twice with similar results to those shown here.

Found at: doi:10.1371/journal.pgen.1001201.s007 (0.14 MB PDF)

Figure S8 Analysis of 7OCI:LUC diurnal expression under
different temperatures. Luminescence analysis of 7TOCI:LUC
expression in plants entrained under LD cycles at 22°C and
subsequently transferred to LD cycles at 27°C (A, D), 22°C (B, E)
or 12°C (C, F). Data is shown as means = SEM of at least 12
individual seedlings. The experiments were performed at least
twice with similar results to those shown here.

Found at: doi:10.1371/journal.pgen.1001201.s008 (0.13 MB PDF)

Figure 89 Analysis of TOCI:LUC diurnal expression in CKB4-
ox plants under different temperatures. Point-by-point lumines-
cence analysis of TOCI:LUC expression in plants entrained under
LD cycles at 22°C and subsequently transferred to LD cycles at
27°C (A) or 12°C (B). Data is shown as means = SEM of at least
12 individual seedlings. The experiments were performed at least
twice with similar results to those shown here.

Found at: doi:10.1371/journal.pgen.1001201.s009 (0.13 MB PDF)

Figure S10 Effects of DRB treatment on 70CI:LUC diurnal
expression at different temperatures. 7OCI:LUC luminescence in
WT plants in the presence or in the absence of 100 uM DRB at
27°C or 12°C. Luminescence was measured in plants entrained
under LD conditions at 22°C and transferred to LD cycles at 27°C
(A) or 12°C (B). Plots are means = SEM of 12 individual seedlings.
The experiments were repeated at least twice with similar results to
those shown here. The white and solid boxes correspond to the
light and dark periods, respectively.

Found at: doi:10.1371/journal.pgen.1001201.s010 (0.11 MB PDF)

Figure S11 Effects of temperature and CK2 kinase function on
the free-running period of the clock-output CAB2:LUC. Free-
running periods estimated from CAB2:LUC luminescence signals
in WT, CKB4-MYC-ox and WT plants treated with 100 uM
DRB at 12°C (A), 22°C (B) and 27°C (C). Period was estimated
from individual seedlings plotted against their relative amplitude
errors. Data come from two independent experiments with
approximately 6-12 plants per phenotype or treatment.

Found at: doi:10.1371/journal.pgen.1001201.5s011 (0.12 MB PDF)
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Figure 812 [Effects of temperature and CK2 kinase function on
CCAL binding to the promoters of the oscillator genes. Q-PCR
analysis of CCAl binding to 70C! (A), LUX (B), PRR7 (C) or
PRRY (D) promoters. CCA1-YFP-ox and CCA1-YFP-ox/CKB4-
MYC-ox plants were grown under LD cycles at 22°C and
transferred to continuous light (LL) at 12°C or 27°C. Samples
were collected after 35 h under LL conditions. Data are presented
as means = SD relative to the input and to the maximum value of
two independent experiments. (E) Q-PCR analysis of CCAI
binding to TOCI, LUX, PRR7, PRR9 and a clock unrelated gene
(At5g55840) in plants expressing CCAl under its own promoter
(CCAlpro:CCAI1-HA-YFP). Plants were grown under LD cycles
at 22°C and transferred to continuous light (LL) at 12°C or 27°C.
Samples were collected after 49.5 h under LL conditions. (F)
Western-blot analysis of CCAl protein accumulation in CCAIl-
YFP-ox plants at 12°C and 27°C. Similar protein transference in
each lane was verified by staining with Red Ponceau. The
experiments were performed twice with similar results to those
shown here (** p-value<<0.01; *** p-value<<0.001).

Found at: doi:10.1371/journal.pgen.1001201.s012 (0.17 MB PDF)

Figure S13 A role for CCAl regulating circadian gene
expression at high temperatures. 7OCI:LUC luminescence in
WT and CCAI-YFP-ox plants at 27°C (A) or 12°C (B).
TOCI:LUC luminescence in WT and CCA1-YFP-ox plants at
27°C (C) or 12°C (D) in the presence or in the absence of 100 uM
DRB. (E) CAB2:LUC luminescence in WT and ccal-11 mutant
plants at 27°C and in the presence or in the absence of 100 uM
DRB (F). Luminescence was measured in plants entrained under
LD conditions at 22°C and transferred to LL conditions at the
indicated temperatures. Plots are means = SEM of 12 individual
seedlings. The experiments were repeated at least twice with
similar results to those shown here.

Found at: doi:10.1371/journal.pgen.1001201.s013 (0.15 MB PDF)

Figure S14 Effects of temperature and CK2 kinase function on
CCAL binding to the promoters of the oscillator genes. Q-PCR
analysis of CCAl binding to 70CI, LUX, PRR7 and PRR9
promoters in plants over-expressing CCA1l in the absence (-) or in
the presence (+) of 150 uM of the CK2 inhibitor DRB. Plants were
grown under LD cycles at 22°C and transferred to continuous
light (LL) at 12°C (A) or 27°C: (B). Data are presented as means *
SD relative to the input and to the maximum value. Samples were
collected after 50 h under LL conditions.

Found at: do1:10.1371/journal.pgen.1001201.s014 (0.11 MB PDF)

Figure S15 Double ChIP analysis. (A) Schematic representation
depicting a summary of the Double-ChIP assay described in
Figure 7. A double round of immunoprecipitation (IP) was
performed. In the first round, the o-GFP antibody was used to
detect total CCA1-YFP protein bound to chromatin. In a second
round, the o-PSer antibody was used to specifically detect the
phosphorylated isoforms of CCAl (P). PCR amplification would
be obtained only if the phosphorylated CCAl isoforms are
preferentially bound to chromatin. (B) Double-ChIP assays with
the combination of a-H3/anti-PSer or a-H3/anti-H3 antibodies
Data are presented as means * SD relative to the maximum value
of two independent experiments.

Found at: doi:10.1371/journal.pgen.1001201.s015 (0.13 MB PDF)

Table S1 Plant Material used in this study.
Found at: doi:10.1371/journal.pgen.1001201.s016 (0.07 MB
DOC)

Table 82 Constructs used in this study.
Found at: doi:10.1371/journal.pgen.1001201.s017 (0.05 MB
DOC)
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Table 83 Primers used in this study.
Found at: doi:10.1371/journal.pgen.1001201.s018 (0.05 MB
DOC)

Acknowledgments

We are grateful to Dr. W. Huang for help with the experiments, Dr. R.
Green for the plants expressing the CCAl under its own promoter, Dr. G.

References

1.

20.

21.

26.

27.

Hardin PE (2005) The circadian timekeeping system of Drosophila. Curr Biol
15: R714-R722.

. Heintzen C, Liu Y, Jeffery CH (2007) The Neurospora crassa circadian clock.

Adv Genet Volume 58: 25-66.

. Ko CH, Takahashi JS (2006) Molecular components of the mammalian

circadian clock. Hum Mol Genet 15: R271-277.

. Mackey SR, Golden SS (2007) Winding up the cyanobacterial circadian clock.

Trends Microbiol 15: 381-388.

. Harmer SL (2009) The circadian system in higher plants. Annu Rev Plant Biol

60: 357-377.

. Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin PE, et al. (2005)

Circadian rhythms from multiple oscillators: lessons from diverse organisms. Nat

Rev Gen 6: 544-556.

. McClung C (2008) Comes a time. Curr Opin Plant Biol 11: 514-520.
. Wijnen H, Young MW (2006) Interplay of circadian clocks and metabolic

rhythms. Annu Rev Genet 40: 409-448.
Stratmann T, Mas P (2008) Chromatin, photoperiod and the Arabidopsis
circadian clock: A question of time. Semin Cell Dev Biol 19: 554-559.

. Nakahata Y, Grimaldi B, Sahar S, Hirayama J, Sassone-Corsi P (2007) Signaling

to the circadian clock: plasticity by chromatin remodeling. Curr Opin Cell Biol
19: 230-237.

. Mas P (2008) Circadian clock function in Arabidopsis thaliana: time beyond

transcription. Trends Cell Biol 18: 273-281.

. Mehra A, Baker CL, Loros JJ, Dunlap JC (2009) Post-translational modifications

in circadian rhythms. Trends Biochem Sci 34: 483-490.

. Mizoguchi T, Putterill J, Ohkoshi Y, Kwang WJ (2006) Kinase and phosphatase:

the cog and spring of the circadian clock. Int Rev Cytol. pp 47-72.

. Filhol O, Cochet C (2009) Protein kinase CK2 in health and disease. Cell Mol

Life Sci 66: 1830-1839.

. Meggio F, Pinna LA (2003) One-thousand-and-one substrates of protein kinase

CK2? FASEB J 17: 349-368.

. Litchfield DW (2003) Protein kinase CK2: structure, regulation and role in

cellular decisions of life and death. Biochem J 369: 1-15.

. Allende J, Allende C (1995) Protein kinases. 4. Protein kinase CK2: an enzyme

with multiple substrates and a puzzling regulation. FASEB J 9: 313-323.

. Pinna LA (2002) Protein kinase CK2: a challenge to canons. J Cell Sci 115:

3873-3878.

. Tamaru T, Hirayama J, Isojima Y, Nagai K, Norioka S, et al. (2009) CK2 alpha

phosphorylates BMALI to regulate the mammalian clock. Nat Struct Mol Biol
16: 446-448.

Maier B, Wendt S, Vanselow JT, Wallach T, Reischl S, et al. (2009) A large-
scale functional RNAIi screen reveals a role for CK2 in the mammalian circadian
clock. Genes & Dev 23: 708-718.

Tsuchiya Y, Akashi M, Matsuda M, Goto K, Miyata Y, et al. (2009)
Involvement of the Protein Kinase CK2 in the Regulation of Mammalian

Circadian Rhythms. Sci Signal 2: ra26-.

. Akten B, Jauch E, Genova GK, Kim EY, Edery I, et al. (2003) A role for CK2 in

the Drosophila circadian oscillator. Nat Neurosci 6: 251-257.

. Lin JM, Kilman VL, Keegan K, Paddock B, Emery-Le M, et al. (2001) A role

for casein kinase 2 alpha in the Drosophila circadian clock. Nature 420: 816-820.

. Meissner RA, Kilman VL, Lin JM, Allada R (2008) TIMELESS is an important

mediator of CK2 effects on circadian clock function in vivo. J Neurosci 28:
9732-9740.

. Daniel X, Sugano S, Tobin EM (2004) CK2 phosphorylation of CCAIl is

necessary for its circadian oscillator function in Arabidopsis. Proc Natl Acad Sci
USA 101: 3292-3297.

Sugano S, Andronis C, Green RM, Wang ZY, Tobin EM (1998) Protein kinase
CK2 interacts with and phosphorylates the Arabidopsis circadian clock-
associated 1 protein. Proc Natl Acad Sci USA 95: 11020-11025.

Sugano S, Andronis C, Ong MS, Green RM, Tobin EM (1999) The protein
kinase CK2 is involved in regulation of circadian rhythms in Arabidopsis. Proc

Natl Acad Sci USA 96: 12362-12366.

. Perales M, Portolés S, Mas P (2006) The proteasome-dependent degradation of

CKB4 is regulated by the Arabidopsis biological clock. Plant J 46: 849-860.

. Portolés S, Mas P (2007) Altered oscillator function affects clock resonance and is

responsible for the reduced day-length sensitivity of CKB4 over-expressing
plants. Plant J 51: 966-977.

. Mehra A, Shi M, Baker CL, Colot HV, Loros JJ, et al. (2009) A role for

CASEIN KINASE 2 in the mechanism underlying circadian temperature
compensation. Cell 137: 749-760.

@ PLoS Genetics | www.plosgenetics.org

14

Clock Temperature Compensation in Arabidopsis

Coupland for the ccal/lhy double mutant, and Dr. C. Martinez for the
CK2 dominant-negative mutant.

Author Contributions

Conceived and designed the experiments: PM. Performed the experiments:

SP. Analyzed the data: SP PM. Wrote the paper: PM.

37.

39.

40.

41.

42.

44.

46.

47.

48.

49.

50.

51.

54.

. Bruce VG, Pittendrigh CS (1956) Temperature independence in a unicellular

clock. Proc Natl Acad Sci USA 42: 676-682.
Gardner GF, Feldman JF (1981) Temperature compensation of circadian period
length in clock mutants of Neurospora crassa. Plant Physiol 68: 1244-1248.

. Hastings JW, Sweeney BM (1957) On the mechanism of temperature

independence in a biological clock. Proc Natl Acad Sci USA 43: 804-811.

. Huang ZJ, Curtin KD, Rosbash M (1995) PER protein interactions and

temperature compensation of a circadian clock in Drosophila. Science 267:
1169-1172.

Sawyer LA, Hennessy JM, Peixoto AA, Rosato E, Parkinson H, et al. (1997)
Natural variation in a Drosophila clock gene and temperature compensation.
Science 278: 2117-2120.

5. Kaushik R, Nawathean P, Busza A, Murad A, Emery P, et al. (2007) PER-TIM

interactions with the photoreceptor CRYPTOCHROME mediate circadian
temperature responses in Drosophila. PLoS Biol 5: e146. doi:10.1371/journal.
pbio.0050146.

Terauchi K, Kitayama Y, Nishiwaki T, Miwa K, Murayama Y, et al. (2007)
ATPase activity of KaiC determines the basic timing for circadian clock of
cyanobacteria. Proc Natl Acad Sci USA 104: 16377-16381.

. Edwards KD, Lynn JR, Gyula P, Nagy F, Millar AJ (2005) Natural allelic

variation in the temperature-compensation mechanisms of the Arabidopsis thaliana
circadian clock. Genetics 170: 387-400.

Edwards KD, Anderson PE, Hall A, Salathia NS, Locke JC, et al. (2006)
FLOWERING LOCUS C mediates natural variation in the high-temperature
response of the Arabidopsis circadian clock. Plant Cell 18: 639 - 650.

Gould PD, Locke JCW, Larue C, Southern MM, Davis 8], et al. (2006) The
molecular basis of temperature compensation in the Arabidopsis circadian clock.
Plant Cell 18: 1177-1187.

Wang ZY, Tobin EM (1998) Constitutive expression of the CIRCADIAN CLOCK
ASSOCIATED 1 (CCAI) gene disrupts circadian rhythms and suppresses its own
expression. Cell 93: 1207-1217.

Schaffer R, Ramsay N, Samach A, Corden S, Putterill J, et al. (1998) The late
elongated hypocotyl mutation of Arabidopsis disrupts circadian rhythms and the
photoperiodic control of flowering. Cell 93: 1219-1229.

. Matsushika A, Makino S, Kojima M, Mizuno T (2000) Circadian waves of

expression of the APRR1/TOCI family of pseudo-response regulators in
Arabidopsis thaliana: insight into the plant circadian clock. Plant Cell Physiol 41:
1002-1012.

Strayer CA, Oyama T, Schultz TF, Raman R, Somers DE, et al. (2000) Cloning
of the Arabidopsis clock gene 70CI, an autoregulatory response regulator
homolog. Science 289: 768-771.

5. Dowson-Day M]J, Millar AJ (1999) Circadian dysfunction causes aberrant

hypocotyl elongation patterns in Arabidopsis. Plant J 17: 63-71.

Nozue K, Covington MF, Duek PD, Lorrain S, Fankhauser C, et al. (2007)
Rhythmic growth explained by coincidence between internal and external cues.
Nature 448: 358-361.

Hayama R, Coupland G (2003) Shedding light on the circadian clock and the
photoperiodic control of flowering. Curr Opin Plant Biol 6: 13-19.

Carré TA (2001) Day-length perception and the photoperiodic regulation of
flowering in Arabidopsis. ] Biol Rhythms 16: 415-423.

Yanovsky MJ, Kay SA (2003) Living by the calendar: how plants know when to
flower. Nat Rev Mol Cell Biol 4: 265-275.

Alabadi D, Yanovsky MJ, Mas P, Harmer SL, Kay SA (2002) Ciritical role for
CCA1 and LHY in maintaining circadian rhythmicity in Arabidopsis. Curr Biol
12: 757-761.

Alabadi D, Oyama T, Yanovsky MJ, Harmon FG, Mas P, et al. (2001)
Reciprocal regulation between TOCI and LHY/CCAI within the Arabidopsis
circadian clock. Science 293: 880-883.

. Perales M, Mas P (2007) A functional link between rhythmic changes in

chromatin structure and the Arabidopsis biological clock. Plant Cell 19:
2111-2123.

. Yakir E, Hilman D, Kron I, Hassidim M, Melamed-Book N, et al. (2009)

Posttranslational regulation of CIRCADIAN CLOCK ASSOCIATEDI in the
circadian oscillator of Arabidopsis. Plant Physiol 150: 844-857.

Hu CD, Chinenov Y, Kerppola TK (2002) Visualization of interactions among
bZIP and Rel family proteins in living cells using Bimolecular Fluorescence
Complementation. Mol Cell 9: 789-798.

. Merrow M, Mazzotta G, Chen Z, Roenneberg T (2006) The right place at the

right time: regulation of daily timing by phosphorylation. Genes & Dev 20:
2629-2633.

November 2010 | Volume 6 | Issue 11 | 1001201



56.

57.

59.

60.

61.

62.

63.

Moreno-Romero J, Espunya MC, Platara M, Arifio ], Martinez MC (2008) A
role for protein kinase CK2 in plant development: evidence obtained using a
dominant-negative mutant. Plant J 55: 118-130.

Bretner M, Najda-Bernatowicz A, Lebska M, Muszynska G, Kilanowicz A, et al.
(2008) New inhibitors of protein kinase CK2, analogues of benzimidazole and
benzotriazole. Mol Cell Biochem 316: 87-89.

. Locke JC, Kozma-Bognar L, Gould PD, Feher B, Kevei E, et al. (2006)

Experimental validation of a predicted feedback loop in the multi-oscillator clock
of Arabidopsis thaliana. Mol Syst Biol 2: 59.

Ding Z, Doyle MR, Amasino RM, Davis SJ (2007) A complex genetic
interaction between Arabidopsis thaliana TOC1 and CCA1/LHY in driving the
circadian clock and in output regulation. Genetics 176: 1501-1510.

Millar AJ, Kay SA (1996) Integration of circadian and phototransduction
pathways in the network controlling CAB gene transcription in Arabidopsis. Proc
Natl Acad Sci USA 93: 15491-15496.

Mizoguchi T, Wheatley K, Hanzawa Y, Wright L, Mizoguchi M, et al. (2002)
LHY and CCAI are partially redundant genes required to maintain circadian
rhythms in Arabidopsis. Dev Cell 2: 629-641.

Schafmeier T, Haase A, Kaldi K, Scholz J, Fuchs M, et al. (2005)
Transcriptional Feedback of Neurospora Circadian Clock Gene by Phosphor-
ylation-Dependent Inactivation of Its Transcription Factor. Cell 122: 235-246.
Liu C-C, Richard AJ, Datta K, LiCata VJ (2008) Prevalence of Temperature-
Dependent Heat Capacity Changes in Protein-DNA Interactions. Biophysical
Journal 94: 3258-3265.

@ PLoS Genetics | www.plosgenetics.org

15

64.

66.

67.

68.

69.

70.

71.

Clock Temperature Compensation in Arabidopsis

Bibby AC, Litchfield DW (2005) The multiple personalities of the regulatory
subunit of protein kinase CK2: CK2 dependent and CK2 independent roles
reveal a secret identity for CK28. Int J Biol Sci 1: 67-79.

. Hardtke CS, Gohda K, Osterlund MT, Oyama T, Okada K, et al. (2000) HY5

stability and activity in Arabidopsis is regulated by phosphorylation in its COP1
binding domain. EMBO J 19: 4997-5006.

Rensing L, Ruoff P (2002) Temperature effect on entrainment, phase shifting,
and amplitude of circadian clocks and its molecular bases. Chronobiol Int 19:
807-864.

Hong CI, Conrad ED, Tyson JJ (2007) A proposal for robust temperature
compensation of circadian rhythms. Proc Natl Acad Sci USA 104: 1195-1200.
Isojima Y, Nakajima M, Ukai H, Fujishima H, Yamada RG, et al. (2009)
CKlepsilon/delta-dependent-phosphorylation is a temperature-insensitive, pe-
riod-determining process in the mammalian circadian clock. Proc Natl Acad Sci
USA 106: 15744-15749.

Mas P, Kim WJ, Somers DE, Kay SA (2003) Targeted degradation of TOC1 by
Z'TL modulates circadian function in Arabidopsis. Nature 426: 567-570.

Xie Z, Grotewold E (2008) Serial ChIP as a tool to investigate the co-localization
or exclusion of proteins on plant genes. Plant Methods 4: 25.

Millar AJ, Straume M, Chory J, Chua NH, Kay SA (1995) The regulation of
circadian period by phototransduction pathways in Arabidopsis. Science 267:
1163-1166.

November 2010 | Volume 6 | Issue 11 | 1001201




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


