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The circadian clock synchronizes biological processes to daily cycles of light and temperature. Clock components, including
CIRCADIAN CLOCK-ASSOCIATED1 (CCA1), are also associated with cold acclimation. However, it is unknown how CCA1
activity is modulated in coordinating circadian rhythms and cold acclimation. Here, we report that self-regulation of
Arabidopsis thaliana CCA1 activity by a splice variant, CCA1b, links the clock to cold acclimation. CCA1b interferes with the
formation of CCA1a-CCA1a and LATE ELONGATED HYPOCOTYL (LHY)-LHY homodimers, as well as CCA1a-LHY
heterodimers, by forming nonfunctional heterodimers with reduced DNA binding affinity. Accordingly, the periods of
circadian rhythms were shortened in CCA1b-overexpressing transgenic plants (35S:CCA1b), as observed in the cca1 lhy
double mutant. In addition, the elongated hypocotyl and leaf petiole phenotypes of CCA1a-overexpressing transgenic plants
(35S:CCA1a) were repressed by CCA1b coexpression. Notably, low temperatures suppressed CCA1 alternative splicing and
thus reduced CCA1b production. Consequently, whereas the 35S:CCA1a transgenic plants exhibited enhanced freezing
tolerance, the 35S:CCA1b transgenic plants were sensitive to freezing, indicating that cold regulation of CCA1 alternative
splicing contributes to freezing tolerance. On the basis of these findings, we propose that dynamic self-regulation of CCA1
underlies the clock regulation of temperature responses in Arabidopsis.

INTRODUCTION

Low temperatures profoundly influence the overall growth and
development of plants, including reproductive success and crop
yields. Therefore, plants have evolved versatile strategies to
rapidly sense temperature fluctuations and activate adaptive
responses under temperature extremes. The best-understood
cold signaling mediators include a small group of C-repeat/
dehydration-responsive element binding factors (CBFs/DREBs).
These factors bind to the cis-acting elements in the promoters of
many COLD-REGULATED (COR) genes to enhance freezing
tolerance (Gilmour et al., 1998, 2000; Shinozaki and Yamaguchi-
Shinozaki, 2000).

INDUCER OF CBF EXPRESSION1 (ICE1) is a basic helix-loop-
helix transcription factor that plays a central role in the CBF cold
response pathway (Chinnusamy et al., 2003; Dong et al., 2006;
Miura et al., 2007). It binds directly to the promoter of the CBF3
gene (Chinnusamy et al., 2003). Posttranslational regulation of
the ICE1 protein facilitates rapid induction of CBF3 upon ex-
posure to cold (Dong et al., 2006; Miura et al., 2007), and the

ICE1-CBF-COR module is generally considered a major regu-
lator in eliciting freezing tolerance (Chinnusamy et al., 2004).
The circadian clock is the endogenous molecular machinery

that synchronizes biochemical, metabolic, physiological, and
behavioral cycles to daily environmental changes, such as light,
temperature, and nutrient availability, in all living organisms
(Alabadí et al., 2001; Dodd et al., 2005; Niwa et al., 2007; Más
and Yanovsky, 2009; Song et al., 2010; Thines and Harmon,
2010). The circadian clock is regulated by multiple negative
regulatory feedback loops in Arabidopsis thaliana. Coordinated
regulation of circadian oscillators and input and output genes at
various steps is essential in establishing and maintaining cir-
cadian rhythms (Mizoguchi et al., 2002; Farré et al., 2005;
Pruneda-Paz et al., 2009; Yakir et al., 2009).
Recently, evidence that the circadian clock also regulates

CBF gene expression and thus is related to freezing tolerance
has accumulated. The expression of CBF and its target genes
exhibits circadian rhythmic patterns (Harmer et al., 2000;
Franklin and Whitelam, 2007; Dong et al., 2011). In addition, cold
induction of CBF genes is dependent on the time of day (Fowler
et al., 2005). The gating effects on CBF gene expression are
abolished in CCA1-overexpressing plants, consistent with the
clock control of cold acclimation. More direct evidence that
circadian clock components contribute to cold acclimation has
recently been reported. The CCA1 transcription factor regulates
the expression of CBF genes by binding directly to the gene
promoters and thereby induces cold tolerance (Dong et al.,
2011).
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Consistent with the close relationship between temperature
responses and the circadian clock (Harmer et al., 2000; Hotta
et al., 2007; Espinoza et al., 2008), Arabidopsis plants with
mutations in clock genes exhibit altered responses to freezing
temperatures (Nakamichi et al., 2009; Espinoza et al., 2010;
Dong et al., 2011). The GIGANTEA (GI)-deficient gi-3 mutant is
susceptible to freezing (Cao et al., 2005), which is probably
caused by impaired sugar metabolism (Cao et al., 2007). Arab-
idopsis cca1-11 and lhy-21 mutants are also sensitive to freez-
ing (Espinoza et al., 2010; Dong et al., 2011). However, it is
currently unclear how low temperatures regulate CCA1 activity
in inducing freezing tolerance.

A number of known clock components are transcription fac-
tors, underscoring that gene expression regulation is a critical
part of clock control. Transcription factors are regulated at
various steps, including transcriptional, posttranscriptional, and
posttranslational controls. Dynamic dimer formation also plays
a role in regulating transcription factor activities by modulating
their functional specificities and diversities (Baxevanis and
Vinson, 1993; Izawa et al., 1993; Vinson et al., 1993).

A conceptually similar but biochemically distinct mechanism
regulating transcription factors has emerged in recent years. A
group of small proteins possesses dimerization domains, which
have limited sequence similarity to those of transcription factors,
but lacks DNA binding domains and/or transcriptional regulation
domains. Therefore, they are able to form heterodimers with
target transcription factors and attenuate their activities (Wenkel
et al., 2007; Kim et al., 2008; Hong et al., 2011; Seo et al.,
2011a). LITTLE ZIPPER proteins consisting of 67 to 105 resi-
dues contain Leu zipper motifs and interact with class III
homeodomain-Leu zipper transcription factors, inhibiting their
transcriptional regulation activities (Wenkel et al., 2007; Kim
et al., 2008). Similarly, MINI FINGER proteins interfere with Zn
finger-homeodomain transcription factors functioning in mul-
tiple hormone signaling pathways and in floral development
(Hu and Ma, 2006; Hong et al., 2011).

An additional intriguing example of competitive inhibitors is
found in the alternative splicing of transcription factor genes.
Alternative RNA splicing is thought to be a means of enhancing
the diversity of the transcriptome and proteome in eukaryotes.
However, in many cases, alternatively spliced isoforms of tran-
scription factors apparently lack the functional domains required
for transcriptional regulation, indicating that they are transcrip-
tionally nonfunctional. Notably, it has been demonstrated that
a splice variant (IDD14b) of Arabidopsis INDETERMINATE
DOMAIN14 (IDD14) transcription factor inhibits the function of
IDD14a in starch metabolism by forming heterodimers (Seo
et al., 2011b), demonstrating a distinct role for alternative
splicing in regulating transcription factor activity.

In this study, we found that alternative RNA splicing modu-
lates CCA1’s functions in clock regulation and freezing toler-
ance. A splice variant of the CCA1 transcription factor (CCA1b)
has a structural organization similar to the small competitive
inhibitors in that it has a protein domain required for dimerization
but lacks the MYB DNA binding motif. The CCA1b isoform in-
hibits CCA1a activity by forming nonfunctional heterodimers.
Interestingly, CCA1 alternative splicing is suppressed by cold,
derepressing the CCA1a transcription factor and allowing it to

be fully functional in promoting freezing tolerance in Arabi-
dopsis. This regulatory scheme would explain the disruption of
circadian rhythms accompanied by enhanced freezing tolerance
under cold conditions.

RESULTS

Alternative Pre-mRNA Splicing Produces Two
CCA1 Isoforms

A recent genome-wide comparative analysis of transcription
factors and alternatively spliced genes in Arabidopsis estimated
that ;340 transcription factor genes are alternatively spliced
(Seo et al., 2011b). After comparing the predicted protein do-
main organizations of the transcription factors and their alter-
natively spliced isoforms, we chose the CCA1 gene for further
analysis.
RT-PCR analysis detected two CCA1-specific transcripts

(Figures 1A and 1B; see Supplemental Figure 1 online). Se-
quence comparison of the two CCA1 gene transcripts, desig-
nated CCA1a and CCA1b, revealed that the CCA1b transcript is
produced by retention of the fourth intron (see Supplemental
Figure 2 online). A recent in silico analysis of plant genomes has
suggested that CCA1 alternative splicing is a conserved molec-
ular event in different plant species and the shorter splice variant
encodes a truncated CCA1 form containing the N-terminal MYB
motif (Filichkin et al., 2010). The above prediction is based on
the appearance of stop codon following the MYB-coding se-
quence region in the CCA1b transcript (Figure 1A; see Supple-
mental Figure 2 online). However, our sequence analysis of the
two CCA1 splice variants and protein domain prediction of the
CCA1 isoforms revealed that the smaller isoform, CCA1b, has
a dimerization domain like the CCA1a form but lacks the

Figure 1. Alternative Splicing of the CCA1 Gene.

(A) Genomic structure of CCA1 splice variants. White boxes indicate
untranslated regions, and black boxes indicate exons. Asterisk indicates
an in-frame stop codon. F1 and F2 are forward primers. R1 and R2 are
reverse primers (see Supplemental Table 1 online). b, base pairs.
(B) Detection of alternatively spliced transcripts. Wild-type cDNA was
subjected to RT-PCR. Sizes of the PCR products are indicated at the
bottom. RT, reverse transcription; SM, size marker.
(C) Protein structures of two CCA1 isoforms. The CCA1b isoform lacks
the MYB DNA binding domain. aa, amino acid.
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N-terminal MYB motif (Figure 1C; see Supplemental Figure 3
online), which is involved in DNA binding (Wang et al., 1997;
Daniel et al., 2004). The CCA1a and CCA1b sequences and the
type of alternative splicing are identical to those predicted in The
Arabidopsis Information Resource database.

CCA1b Interacts with CCA1a and LATE
ELONGATED HYPOCOTYL

On the basis of the domain organizations of the CCA1a and
CCA1b proteins, it was hypothesized that they would interact
with each other to form homodimers and heterodimers. To ex-
amine this hypothesis, yeast two-hybrid assays were employed,
and cell growth on selective media lacking Leu, Trp, His, and
adenine (2LWHA) and b-galactosidase (b-Gal) activities were
measured. The CCA1a and CCA1b proteins formed homo-
dimers as well as CCA1a-CCA1b heterodimers (Figures 2A and
2B). We also examined the CCA1a-CCA1b interactions by in
vitro pull-down assays using a recombinant maltose binding
protein (MBP)-CCA1a fusion protein and in vitro–translated
CCA1a and CCA1b polypeptides. The recombinant MBP-
CCA1a protein interacted efficiently with both CCA1a (Figure
2C) and CCA1b polypeptides (Figure 2D).

We next examined the CCA1a–CCA1b interactions in vivo by
bimolecular fluorescence complementation (BiFC) assays in
Arabidopsis protoplasts. Split yellow fluorescent protein (YFP)-
CCA1 fusions were coexpressed transiently in Arabidopsis
protoplasts. The fluorescence was detected exclusively in the
nucleus in all combinations of coexpression (Figure 2E), in-
dicating that CCA1a-CCA1b heterodimers as well as CCA1a-
CCA1a and CCA1b-CCA1b homodimers are formed in the
nucleus.
Since CCA1a and LATE ELONGATED HYPOCOTYL (LHY)

have partially redundant functions and form heterodimers
(Mizoguchi et al., 2002; Lu et al., 2009; Yakir et al., 2009), we
wanted to know whether CCA1b also interacted with LHY. Yeast
two-hybrid assays revealed that CCA1b interacted with LHY
(see Supplemental Figure 4A online). In addition, BiFC assays
showed that the formation of CCA1b-LHY heterodimers oc-
curred in the nucleus (see Supplemental Figure 4B online), just
like the interaction of CCA1b with CCA1a.

CCA1b Acts as a Dominant-Negative Self-Regulator

The CCA1b isoform is able to interact with the CCA1a tran-
scription factor. However, it does not have the MYB motif that

Figure 2. Formation of Homodimers and Heterodimers of CCA1a and CCA1b.

(A) Yeast coexpression assays. Cell growth of yeast transformants on selective media without Leu, Trp, His, and Ade (LWHA-) indicates positive
interactions.
(B) b-Gal activity assays in yeast cells. b-Gal activities were normalized by dividing total activity by optical cell density. Three measurements of b-Gal
activities were averaged and statistically treated using a Student’s t test (*P < 0.01). Bars indicate the SE.
(C) and (D) In vitro pull-down assays. A recombinant MBP-CCA1a fusion protein prepared in E. coli cells and in vitro–translated radiolabeled CCA1a
(;67 kD) (C) and CCA1b (;58 kD) (D) were used. Arrows indicate the positions of expected bands of CCA1a and CCA1b. MBP protein was also
included as a control in the assays. Bottom panels are parts of Coomassie blue–stained gels.
(E) BiFC assays. Partial YFP fusion constructs containing either CCA1a or CCA1b were transiently coexpressed in Arabidopsis protoplasts. Vectors
without CCA1 genes (cYFP and nYFP) were also included in the assays. Chloroplasts appear red.
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mediates DNA–protein interactions. Therefore, one plausible
hypothesis would be that CCA1b attenuates CCA1a activity by
forming CCA1a-CCA1b heterodimers. To examine this hy-
pothesis, we produced transgenic plants that overexpress either
CCA1a or CCA1b cDNA under control of the cauliflower mosaic
virus (CaMV) 35S promoter. We also obtained a CCA1-deficient
mutant in the Columbia-0 (Col-0) background (Figure 3A), which
was designated cca1-2 to distinguish it from the previously
characterized cca1-1 mutant in the Wassilewskija-2 background
(Green and Tobin, 1999).
The cca1-2 mutant did not exhibit any visible phenotypes

(Figure 3B), as has been observed in the cca1-1 mutant. The
35S:CCA1b transgenic plants were also phenotypically in-
distinguishable from Col-0 plants. By contrast, the CCA1a-
overexpressing transgenic plants (35S:CCA1a) had elongated
hypocotyls and leaf petioles at the seedling stage, as described
previously (Wang and Tobin, 1998; Lu et al., 2012). Next, we
crossed the 35S:CCA1a transgenic plants with the 35S:CCA1b
transgenic plants, resulting in 35S:CCA1a3 35S:CCA1b plants.
Interestingly, the phenotypes of the 35S:CCA1a transgenic
plants, such as long hypocotyls and leaf petioles, were re-
pressed by CCA1b coexpression (Figure 3B). Moreover, the late
flowering phenotype of the 35S:CCA1a transgenic plants was
also suppressed in the 35S:CCA1a3 35S:CCA1b plants (Figure
3C). In addition, we detected no cosuppression in the CCA1a-
and CCA1b-overexpressing plants (see Supplemental Figure 5
online). These observations indicate that the CCA1b isoform
negatively regulates CCA1a activity possibly by competitively
forming CCA1a-CCA1b heterodimers, which may have impaired
transcription factor activity.

CCA1b Competes with CCA1a and LHY for Dimer Formation

Our data suggested that CCA1b attenuates CCA1a transcrip-
tion factor activity. We next asked how CCA1b regulates CCA1a
activity. Dimer formation is known to enhance the DNA binding
affinity and specificity of CCA1a and LHY (Daniel et al., 2004; Lu
et al., 2009; Yakir et al., 2009). Therefore, it was hypothesized
that CCA1b would inhibit the activity of CCA1a and LHY by
forming nonfunctional heterodimers.
We first employed yeast three-hybrid assays, in which CCA1b

cDNA was expressed under control of a Met-suppressible pro-
moter (pMET25) in yeast cells expressing the DNA binding
domain (BD)-CCA1a/LHY fusions and the activation domain
(AD)-CCA1a/LHY fusions (Figure 4A). Cell growth assays on
selective media and b-Gal activities showed that induction of
the CCA1b expression substantially repressed the formation
of CCA1a-LHY heterodimers as well as CCA1a-CCA1a and
LHY-LHY homodimers (Figures 4B and 4C). CCA1b-mediated
competitive inhibition was also examined by BiFC assays in
Arabidopsis protoplasts. The formation of CCA1a-CCA1a,
CCA1a-LHY, and LHY-LHY dimers was strongly suppressed
by CCA1b coexpression (Figure 4D).

CCA1b Prevents CCA1a from Binding DNA

Except for the lack of the N-terminal MYB motif, the CCA1b
protein is identical to the CCA1a protein in that both have

Figure 3. Attenuation of CCA1a Activity by CCA1b.

(A) Mapping of T-DNA insertion in cca1-2 mutant. A single copy of the
T-DNA element is inserted into the fifth intron of the CCA1 gene (left
panel). Absence of CCA1 gene expression in the mutant was verified by
RT-PCR (right panel) using the indicated forward (F/CCA1a-B1) and re-
verse (R/CCA1a-B2) primers. b, base pairs.
(B) Suppression of 35S:CCA1a phenotypes by CCA1b coexpression.
Plants were grown on MS-agar plates for 3 weeks before photographs
were taken (top panel). The lengths of hypocotyls (bottom left panel) and
petioles (bottom right panel) of;30 plants were measured and averaged.
Statistical significance was determined using a Student’s t test (*P <
0.01). Bars indicate the SE.
(C) Flowering times. Five-week-old plants grown in soil were photo-
graphed (left panel). Rosette leaf numbers at bolting were counted using
30 plants and averaged for each plant genotype (right panel). Bars in-
dicate the SE (Student’s t test, *P < 0.01).
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the dimerization domain and the C-terminal region. Transient
b-glucuronidase (GUS) expression assays in Arabidopsis
protoplasts revealed that the CCA1a and CCA1b proteins
exhibit similar transcriptional regulation activities (Figures 5A
and 5B). In addition, coexpression of CCA1b did not influence
the transcriptional regulation activity of CCA1a (Figure 5B),
showing that the CCA1b inhibition of CCA1a activity does not
occur at the level of transcriptional regulation.

The CCA1 transcription factor binds directly to a conserved
CCA1 binding site (CBS), which consists of AAAAATCT and
exists in the promoters of several genes, including TIMING OF
CAB EXPRESSION1 (TOC1), CCA1 HIKING EXPEDITION (CHE ),
and CBFs (Alabadí et al., 2001; Pruneda-Paz et al., 2009; Dong
et al., 2011). Electrophoretic mobility shift assays using re-
combinant MBP-CCA1 fusion proteins produced in Escherichia
coli cells revealed that the CCA1a protein bound efficiently to
the CBS motif, but the CCA1b protein did not (Figure 5C).

Chromatin immunoprecipitation (ChIP) assays were also em-
ployed to confirm the binding of CCA1a to the CHE promoter
(Pruneda-Paz et al., 2009) using transgenic plants overexpressing
CCA1-MYC gene fusions, in which a MYC-coding sequence was

fused in frame to the 39 end of either CCA1a or CCA1b cDNA.
Quantitative real-time ChIP-PCR assays demonstrated that the
CCA1a-MYC protein bound to the gene promoters in planta,
whereas the CCA1b-MYC protein did not have any discernible
DNA binding affinity (Figure 5D). In addition, no cosuppression was
observed in the 35S:CCA1a-MYC and 35S:CCA1b-MYC trans-
genic plants (see Supplemental Figure 6 online), supporting the
dominant-negative effects of CCA1b on the CCA1a binding to
DNA.
CCA1b interacted with CCA1a but did not bind to target DNA,

suggesting that CCA1b prevents CCA1a from binding DNA. We
performed ChIP assays using 35S:CCA1a-MYC transgenic
plants that were crossed with 35S:CCA1b transgenic plants.
Binding of CCA1a to the CHE gene promoter was significantly
reduced in the 35S:CCA1a-MYC 3 35S:CCA1b plants (Figure
5E). We also produced 35S:LHY-HA transgenic plants, in which
LHY cDNA was fused in frame to a nucleotide sequence en-
coding four hemagglutinin (HA) tags and expressed under
control of the CaMV 35S promoter. The transgenic plants were
crossed with 35S:CCA1b transgenic plants. ChIP assays re-
vealed that LHY binding to the TOC1 gene promoter was also

Figure 4. Inhibition of Dimer Formation of CCA1a and LHY by CCA1b.

(A) Expression constructs used in yeast three-hybrid assays. The CCA1b cDNA was expressed under control of the Met-suppressible promoter
(pMET25-CCA1b). Gray boxes represent sequence regions containing MYB domains.
(B) and (C) Inhibition of CCA1a dimer formation by CCA1b in yeast cells. Yeast three-hybrid assays were performed, and cell growth on selective media
(-LWHM) (B) and b-Gal activities (C) were examined. Note that the CCA1b gene is not expressed on selective media without Leu, Trp, and His (-LWH)
but is expressed on selective media without Leu, Trp, His, and Met (-LWHM). In (C), b-Gal activities were measured in the presence or absence of Met.
Five measurements were averaged, and statistical significance of the measurements was determined using a Student’s t test by comparing the b-Gal
activity in the presence of Met (*P < 0.01). Bars indicate the SE.
(D) Inhibition of CCA1a-CCA1a, LHY-LHY, and CCA1a-LHY dimer formations by CCA1b in Arabidopsis protoplasts. The BiFC assays were performed
as described in Figure 2E. Each photograph is a representative of protoplasts (n > 30) that exhibit similar patterns of fluorescence signals. White arrows
indicate YFP fluorescence.

CCA1 Alternative Splicing in Cold Acclimation 2431

http://www.plantcell.org/cgi/content/full/10.1105/tpc.112.098723/DC1


Figure 5. Inhibition of DNA Binding of CCA1a by CCA1b.

(A) Reporter and effector vectors used in transient expression assays using Arabidopsis protoplasts. GAL4 transient expression assays were performed
as previously described (Miura et al., 2007). The Renilla luciferase gene was used as an internal control to normalize values in individual assays.
(B) Transcriptional regulation activities of CCA1 isoforms. ARF5M is a transcriptional activator (Miura et al., 2007) and used as positive control. Five
independent measurements of GUS activities were averaged. Statistical significance of the measurements was determined using a Student’s t test by
comparing the vector control (*P < 0.01). Bars indicate the SE.
(C) Electrophoretic mobility shift assays. Recombinant MBP-CCA1a (CCA1a) and MBP-CCA1b (CCA1b) fusion proteins and radiolabeled DNA were
used. The CBS has been described previously (Pruneda-Paz et al., 2009). MBP alone was also included as a control in the assays. Arrows indicate
protein-DNA complexes.
(D) ChIP assays. qRT-PCR primers were designed on the basis of the sequences flanking the CBS element of the CHE gene (Pruneda-Paz et al., 2009).
The nonbinding site (NB) covering the region of 926 to 1035 bp downstream of the CBS element was amplified as a negative control. Three-week-old
plants were used for the assays. Biological triplicates were averaged. The statistical significance of the measurements was determined using a Stu-
dent’s t test by comparing with the values for CBS in Col-0 plants (*P < 0.01). Bars indicate the SE.
(E) ChIP assays in 35S:CCA1a-MYC X 35S:CCA1b plants. Biological triplicates were averaged and statistically treated (t test, *P < 0.01). Bars indicate
the SE.
(F) Relative levels of CCA1a proteins. CCA1a proteins were detected immunologically using an anti-MYC antibody (top panel). Part of a Coomassie
blue–stained gel is shown (bottom panel).
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reduced in the 35S:LHY-HA 3 35S:CCA1b plants (see Sup-
plemental Figure 7 online). Levels of CCA1a and LHY proteins
and CCA1b transcripts were unaltered in the plants used for
ChIP assays (Figure 5F; see Supplemental Figure 8 online),
demonstrating that CCA1b inhibits CCA1a and LHY activities by
reducing its DNA binding affinity via the formation of non-
functional heterodimers.

Circadian Rhythms Are Altered in 35S:CCA1b
Transgenic Plants

CCA1-deficient mutants are phenotypically indistinguishable
from wild-type plants but display disturbed rhythmic expression
patterns in the clock-regulated genes (Green and Tobin, 1999;
Dong et al., 2011). Similar to the cca1-1 and cca1-11 mutants in
the Wassilewskija-2 background, the cca1-2 mutant in the Col-0
background also exhibited shortened oscillation periods (see
Supplemental Figure 9 online), suggesting that the CCA1 func-
tion is conserved in the two ecotypes.

Since CCA1b negatively regulates the CCA1a and LHY
transcription factors, the 35S:CCA1b transgenic plants were

expected to be physiologically identical to cca1 lhy mutants.
To examine this, plants grown on Murashige and Skoog (MS)-
agar plates under neutral day cycles (12 h light and 12 h dark)
for 10 d were transferred to continuous light conditions at
zeitgeber time (ZT) 0 (Figure 6A), and the rhythmic expression
patterns of clock genes, such as TOC1, LHY, and GI, were
investigated by quantitative real-time RT-PCR (qRT-PCR). The
results showed that the periods of circadian oscillations were
shortened, and the rhythmic amplitudes were also consider-
ably reduced in the 35S:CCA1b transgenic plants (Figure 6B;
see Supplemental Figure 10 online), similar to the patterns
observed in the cca1-11 lhy-21 double mutant (Lu et al., 2009).
Furthermore, the rhythmic expression pattern of circadian
clock–controlled, cold-responsive genes, such as CBFs and
a-GLUCAN WATER DIKINASE1 (GWD1)/STARCH EXCESS1
(SEX1) (Yano et al., 2005), were also considerably altered in
the 35S:CCA1b transgenic plants (Figure 6C). The rhythmic
amplitude was reduced, and its rhythmic period was also
shortened. These observations indicate that the CCA1b iso-
form antagonizes CCA1a and LHY activities in the circadian
clock.

Figure 6. Circadian Traces of TOC1, GI, GWD1/SEX1, and CBF Gene Expression in 35S:CCA1b Transgenic Plants.

Plants grown on MS-agar plates under neutral day cycles (12 h light and 12 h dark) for 10 d were transferred to continuous light conditions (A). Whole
plants were harvested at ZT points up to 96 h, and gene transcript levels of clock genes (B) and cold-responsive genes (C) were determined by qRT-
PCR. Biological triplicates were averaged. Bars indicate the SE. DAC, days after cold imbibition.
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A critical question was whether naturally produced CCA1b
proteins are sufficient to have a significant effect on CCA1a
activity. To answer this question, we first analyzed the transcript
accumulation of clock-regulated genes in CCA1b-deficient
plants (CCA1pro:CCA1a cca1-2), in which the CCA1a cDNA
was driven by the endogenous CCA1 gene promoter in the
cca1-2 mutant background. qRT-PCR assays revealed that the
periods of rhythmic oscillations of GI and LHY transcripts were
elongated in the CCA1pro:CCA1a cca1-2 plants (Figure 7A).
Levels of CCA1a transcripts in these plants were comparable to
those in Col-0 plants (see Supplemental Figure 11 online),

indicating that the elongated periods of rhythmic oscillations of
the clock gene expression are not caused by CCA1a over-
production but due to the lack of CCA1b under normal growth
conditions.
We next performed absolute quantification of CCA1a and

CCA1b transcripts by quantitative real-time PCR analysis
(Bustin, 2000; Whelan et al., 2003). Comparison of the Ct (cycle
threshold) values of CCA1a and CCA1b transcripts with the
standard curve revealed that the molar level of CCA1b tran-
scripts was ;43% of that of CCA1a transcripts at ZT4: whereas
the CCA1a transcripts were 2.597 3 10221 mol/mL total cDNA,

Figure 7. Functional Relevance of CCA1b in Circadian Rhythms.

(A) Circadian rhythms of GI and LHY gene expression in CCA1pro:CCA1a cca1-2 plants that lack functional CCA1b. In the CCA1pro:CCA1a cca1-2
plants, CCA1a expression was driven by the endogenous CCA1 promoter in the cca1-2 mutant background. Plants grown on MS-agar plates under
neutral day cycles for 10 d were transferred to continuous light conditions. Whole plants were harvested at ZT points up to 48 h, and gene transcript
levels were determined by qRT-PCR. Biological triplicates were averaged. Bars indicate the SE.
(B) Quantification of CCA1a and CCA1b transcripts. Two-week-old Col-0 plants grown on MS-agar plates were harvested at ZT4 and used for
extraction of total RNA. A series of 10-fold dilutions of the CCA1 plasmid DNA was used to draw the absolute standard curve. The regression line from
the dilution curve was used to determine the concentration of CCA1a and CCA1b. Red squares represent the absolute amount of CCA1a and CCA1b
transcripts. Ct, threshold cycle.
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theCCA1b transcripts were 1.140310221mol/mL total cDNA (Figure
7B). Time-course measurements of the relative amounts of CCA1a
and CCA1b transcripts showed that the molar ratios fluctuate within
a range of 35 to 60% (see Supplemental Figure 12 online).

Measurements of the translational efficiencies of CCA1a and
CCA1b transcripts in Arabidopsis protoplasts showed that the
two transcripts are translated at a similar level (see Supplemental
Figure 13 online). In addition, assays on the turnover rates of
CCA1a and CCA1b proteins showed that the stabilities of the
two proteins are similar to each other (see Supplemental Figure
14 online). These observations support that the relative levels
of CCA1a and CCA1b transcripts reflect those of CCA1a and
CCA1b proteins. We therefore concluded that the endoge-
nous level of CCA1b is relevant to its role in circadian clock
oscillations.

Production of CCA1b Inhibitor Is Suppressed under
Cold Conditions

We found that CCA1b inhibits transcriptionally active CCA1a
and LHY transcription factors by competitively forming non-
functional heterodimers in modulating clock-regulated genes. A
critical question was how CCA1 alternative splicing is regulated.

We measured the relative levels of CCA1a and CCA1b tran-
scripts under various growth conditions, including heat (37°C),

cold (4°C), and light-dark cycle. The levels of both CCA1a and
CCA1b transcripts were reduced to a similar degree in the dark
(Figure 8A), indicating that whereas the light-dark cycle regu-
lates CCA1 transcription, it does not influence alternative pre-
mRNA splicing. By contrast, the relative ratios of CCA1a and
CCA1b transcripts were dramatically changed under both heat
and cold conditions (Figure 8A). In heat-treated plants, the level
of CCA1a transcripts was reduced by ;40%, while that of
CCA1b transcripts was elevated threefold. Notably, the changes
in the relative transcript levels were reversed in cold-treated
plants: The level of CCA1a transcripts was elevated approxi-
mately twofold, while that of CCA1b transcripts was reduced by
more than 80% (Figure 8A).
Considering the role of CCA1 in freezing tolerance (Espinoza

et al., 2010; Dong et al., 2011), we further investigated the
pattern of CCA1 alternative splicing under cold conditions. Two-
week-old plants grown on MS-agar plates at 23°C were either
maintained at 23°C or transferred to 4°C under continuous light
conditions, and whole plants were harvested at ZT points for
2 d. qRT-PCR assays showed that both the CCA1a and CCA1b
transcripts exhibited rhythmic patterns with peaks at ZT24 in
plants grown at 23°C (Figure 8B). By contrast, the rhythmic
patterns of CCA1 transcript oscillations were disturbed when
plants were grown at 4°C. The CCA1a transcript levels were
maintained at a high level at all ZT points, whereas the rhythmic
peak of CCA1b transcripts at ZT24 disappeared completely,
indicating that alternative splicing of CCA1 is suppressed by
cold.

Suppression of CCA1 Alternative Splicing Is Required for
Freezing Tolerance

We found that CCA1 activity is regulated at the posttran-
scriptional level by alternative pre-mRNA splicing under cold
conditions. We therefore asked whether CCA1 alternative
splicing is correlated with the role of the CCA1 gene in
freezing tolerance.
CCA1-overexpressing transgenic plants and the cca1-2 mu-

tant were grown for 2 weeks on MS-agar plates and sub-
sequently incubated at 27°C for 5 h. The plants were allowed to
recover at 23°C for 1 week before surviving seedlings were
counted. Whereas the 35S:CCA1a (Col-0) transgenic plants
exhibited enhanced tolerance to freezing (Figures 9A and 9B),
consistent with previous reports (Espinoza et al., 2010; Dong
et al., 2011), the 35S:CCA1b (Col-0) transgenic and cca1-2
mutant plants were more sensitive to freezing than the Col-0
plants (Figures 9A and 9B). Freezing tolerance was further ex-
amined by electrolyte leakage assays. The temperature at 50%
electrolyte leakage (T50) was about 27°C in the Col-0 plants
(Figure 9C). By contrast, whereas the T50 was 29°C in the 35S:
CCA1a (Col-0) transgenic plants, it was25°C in the 35S:CCA1b
(Col-0) transgenic plants. In particular, the survival rate of the
35S:CCA1a cca1-2 plants, in which the CCA1a gene is driven
by the CaMV 35S promoter in the cca1-2 background, was
higher than that of the 35S:CCA1a (Col-0) transgenic plants (see
Supplemental Figure 15 online), which is explained by the neg-
ative regulation of the CCA1a activity by CCA1b in inducing
freezing tolerance.

Figure 8. Effects of Cold (4°C) on CCA1 Alternative Splicing.

(A) Effects of cold, heat, and dark on accumulation of CCA1a and
CCA1b transcripts. Two-week-old plants grown on MS-agar plates un-
der long days were subjected to heat (37°C) or cold (4°C) under con-
tinuous light conditions at ZT0, and whole plant materials were harvested
at ZT24. For dark treatments, plants were transferred to complete
darkness at ZT0, and whole plant materials were harvested at ZT24.
Transcript levels were determined by qRT-PCR. Biological triplicates
were averaged and statistically treated using a Student’s t test (*P <
0.01). Bars indicate the SE.
(B) Circadian traces of CCA1a and CCA1b transcript accumulation.
Two-week-old plants grown on MS-agar plates under long days were
transferred to cold conditions under continuous light conditions, and
whole plants were harvested at ZT points for 2 d. Transcript levels were
determined as described in (A). Bars indicate the SE.
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We next examined the transcript accumulation of clock genes
and cold-responsive genes, including GI and CBFs. Plants en-
trained to neutral day cycles (12 h light and 12 h dark) for 10 d
were transferred to continuous light conditions at either 23 or 4°C.
Whole plants were harvested at ZT points up to 48 h (see
Supplemental Figure 16A online), and the transcript levels of
clock-associated genes were determined by qRT-PCR. At 4°C,
rhythmic oscillations of clock genes diminished, which correlated
with cold acclimation (see Supplemental Figures 16A and 16B
online; Ramos et al., 2005; Bieniawska et al., 2008). Notably,
the expression of CBF and GI genes was maintained at higher
levels in the 35S:CCA1a (Col-0) transgenic plants but was
considerably lower in the 35S:CCA1b (Col-0) transgenic plants
in cold-acclimated seedlings (Figure 9D; see Supplemental
Figure 16B online), supporting that CCA1a regulates the am-
plitude of CBF and GI transcripts under cold conditions.

Together, our findings show that CCA1a activity is modulated in
a temperature-dependent manner through a self-regulatory module
provided by CCA1b. The CCA1bmodulator integrates temperature
signals into the clock, where CCA1a regulates an output pathway
containing GI and CBF genes to induce freezing tolerance.

DISCUSSION

Environmental Stress and Alternative Splicing

It is estimated that more than 95% of multiexonic genes in humans
undergo alternative splicing (Pan et al., 2008). In Arabidopsis,

;42% of intron-containing genes are alternatively spliced (Filichkin
et al., 2010). Alternative pre-mRNA splicing has evolved to over-
come the limited coding capacities of eukaryotic genomes by
producing multiple proteins from a single gene. This process en-
hances transcriptome plasticity and proteome diversity and is
therefore manifested at different developmental stages and under
various environmental conditions.
In plants, alternative splicing is often associated with envi-

ronmental stress responses (Palusa et al., 2007). It affects
a certain class of genes that is primarily involved in signal
transduction (Ner-Gaon et al., 2004; Barbazuk et al., 2008).
Transcription factor genes constitute a major group of these
genes. The wheat (Triticum aestivum) WDREB2 gene, an Arab-
idopsis DREB2 homolog, produces three different transcripts
through exon skipping under stress conditions (Egawa et al.,
2006). The three isoforms have different accumulation patterns,
and the relative ratio of the transcript isoforms is modulated via
an abscisic acid–dependent pathway under drought and salt
stresses as well as an abscisic acid–independent pathway at
low temperatures. In addition, a subgroup of MYB transcription
factor genes in Arabidopsis and rice (Oryza sativa) produces
alternatively spliced transcripts, the accumulation of which is
influenced by various stress signals. Alternative splicing of each
MYB gene results in multiple spliced isoforms and produces
putative proteins differing by the number of MYB repeats and
thus their DNA binding affinities (Li et al., 2006). The Arabidopsis
IDD14 transcription factor gene also undergoes alternative
splicing, producing IDD14a and IDD14b isoforms (Seo et al.,

Figure 9. Induction of Freezing Tolerance by CCA1a.

(A) and (B) Freezing tolerance assays. Two-week-old plants grown on MS-agar plates were incubated at 27°C for 5 h and allowed to recover at 23°C
for 1 week before photographs were taken (A). Three measurements of survival rates, each consisting of ;50 plants, were averaged (B). The statistical
significance of the measurements was determined using a Student’s t test by comparing with the value of Col-0 plants (*P < 0.01). Bars indicate the SE.
(C) Electrolyte leakage assay. Two-week-old plants grown on MS-agar plates were transferred to 4°C for 7 d under neutral day cycles and tested for
freezing tolerance. Biological triplicates were averaged. Bars indicate the SE.
(D) Expression of GI and CBF genes in CCA1-overexpressing plants. Plants grown on MS-agar plates under neutral day cycles for 10 d were transferred
to continuous light conditions at 4°C. Whole plants were harvested at ZT48, and transcript levels were determined by qRT-PCR. Biological triplicates
were averaged and statistically treated using a Student’s t test (*P < 0.01). Bars indicate the SE.
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2011b). Cold-induced intron retention produces the IDD14b
isoform, which contains a dimerization domain but lacks a DNA
binding domain. It attenuates the IDD14a activity through
physical interactions, regulating starch metabolism under cold
conditions.

Genes encoding other groups of signaling regulators are also
influenced by alternative splicing. A small group of genes
encoding putative ribokinases and C3H2C3 RING finger pro-
teins in durum wheat (Triticum durum) undergoes alternative
splicing in which a subset of introns is retained at low temper-
atures (Mastrangelo et al., 2005). Alternative splicing of genes
encoding nuclear splicing factors is also influenced by abiotic
stresses. Most of the 19 genes encoding Ser/Arg-rich proteins,
which are classified as RNA binding proteins with roles as
splicing regulators in Arabidopsis, undergo alternative splicing in
response to environmental stimuli (Isshiki et al., 2006; Palusa
et al., 2007). STABILIZED1 is a pre-mRNA splicing factor, and
the sta1-1 mutant has alterations in the alternative splicing
patterns of the COR15A gene that is influenced by cold, re-
sulting in hypersensitivity to freezing (Lee et al., 2006). It is ap-
parent that alternative splicing of specific transcription factors
and signaling regulators contributes to a broad spectrum of
abiotic stress responses in plants.

CCA1 Alternative Splicing in the Clock and
Temperature Responses

Several clock genes are known to be regulated at the post-
transcriptional level in both plants and animals (Petrillo et al.,
2011; Staiger and Green, 2011). In plants, mutations in the
PROTEIN ARGININE METHYLTRANSFERASE5 (PRMT5) gene
disrupt clock oscillations (Hong et al., 2010; Sanchez et al.,
2010). PRMT5 catalyzes symmetric dimethylation of Arg resi-
dues in splicing factors that mediate alternative splicing of PRR9
(Hong et al., 2010; Sanchez et al., 2010; Petrillo et al., 2011),
which constitutes a negative feedback loop in the central os-
cillator. Alternative splicing of clock genes is also observed in
animals. Roles of a PRMT5 homolog in the regulation of al-
ternative splicing of clock genes have been demonstrated in
Drosophila melanogaster (Sanchez et al., 2010). In addition, al-
ternative splicing of FREQUENCY (FRQ) links the clock to am-
bient temperature responses in Neurospora crassa (Liu et al.,
1997), suggesting that alternative splicing is a critical molecular
scheme of the clock function.

Here, we present experimental evidence that alternative
splicing serves as a self-regulatory scheme, in which regulation
of CCA1a activity by a splice variant, CCA1b, plays a role in
coordination of the circadian clock to cold acclimation. Di-
merization of CCA1a and LHY is particularly important for their
ability to regulate circadian rhythms (Daniel et al., 2004; Lu et al.,
2009; Yakir et al., 2009). Notably, CCA1b negatively regulates
the activities of CCA1a and LHY by competitively forming
nonfunctional heterodimers. As a result, 35S:CCA1b transgenic
plants exhibit impaired circadian rhythms, as observed in the
cca1 lhy double mutant (Lu et al., 2009). By contrast, CCA1pro:
CCA1a cca1-2 plants, which lack functional CCA1b but pos-
sess CCA1a to a level comparable to that in Col-0 plants,
showed a long period. In addition, the molar ratio of CCA1b to

CCA1a isoforms ranged from 35 to 60%, indicating that the
level of naturally produced CCA1b protein is physiologically
relevant in regulating CCA1a activity under normal growth
conditions.
Alternative splicing of CCA1 is suppressed by low temper-

atures. Therefore, CCA1b production is reduced significantly at
low temperatures, derepressing CCA1a activity. Consistent with
this finding, 35S:CCA1a (Col-0) transgenic plants were tolerant
to freezing, whereas 35S:CCA1b (Col-0) transgenic plants showed
reduced freezing tolerance. In addition, freezing tolerance was
further enhanced in 35S:CCA1a cca1-2 plants, in which CCA1b
activity is absent.
It has been reported that PRR9 and LHY undergo alternative

splicing in Arabidopsis (Sanchez et al., 2010; Seo et al., 2011b).
We found that CCA1 also undergoes alternative splicing. It is
remarkable that CCA1 alternative splicing is influenced by am-
bient temperatures, similar to that of FRQ, which links the clock
with ambient temperature responses in N. crassa (Liu et al.,
1997). More work is required to determine whether CCA1 plays
a major role in the integration of temperature signals into the
clock in plants.

Circadian Clock and Temperature Response

Light and temperature are two major determinants of circadian
rhythms in both plants and animals (Rensing and Ruoff, 2002;
Salomé and McClung, 2005; Yamashino et al., 2008). In plants,
central circadian oscillators are also involved in freezing toler-
ance responses, in addition to temperature entrainment to circa-
dian oscillations (Nakamichi et al., 2005; Salomé and McClung,
2005; Espinoza et al., 2008, 2010; Yamashino et al., 2008;
Dong et al., 2011). The circadian clock regulates the ex-
pression of a significant portion of plant genomes (Harmer
et al., 2000; Michael and McClung, 2003) and a number of
physiological events, such as stress responses, hormone re-
sponses, and secondary metabolite biosynthesis (Covington
and Harmer, 2007; Bieniawska et al., 2008; Covington et al.,
2008; Espinoza et al., 2010), suggesting that the regulation
of circadian clock components would provide an adaptive
strategy by which endogenous physiology is adjusted under
changing growth conditions, such as cold. Consistent with this
view, Arabidopsis plants having mutations in circadian clock
genes exhibit impaired cold acclimation (Cao et al., 2005;
Nakamichi et al., 2009; Espinoza et al., 2010).
It is notable that the rhythmic expression of circadian oscil-

lator genes is disrupted during cold acclimation (Ramos et al.,
2005; Bieniawska et al., 2008), indicating that the arrhythmicity
of circadian oscillation may be intimately related to freezing
tolerance. In nature, continuous cold stress is occasionally fol-
lowed by unexpected freezing shock. Therefore, plants should
establish constitutive resistance to freezing during cold accli-
mation and minimize the dependence of gene expression on the
circadian clock (Fowler et al., 2005), explaining the arrhythmicity
that occur under cold conditions.
Constitutive expression of CCA1a not only minimizes the

gating effects of the clock (Fowler et al., 2005) but also induces
CBF and GI genes to enhance freezing tolerance during cold
acclimation (Figure 9D). Because the rhythmic expression
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patterns of clock-regulated genes are attenuated during cold
acclimation (Ramos et al., 2005; Bieniawska et al., 2008), it is
likely that CCA1a regulation of the amplitude of gene expression
is critical to plant adaptation to cold conditions. It has been
known that CCA1a acts as a transcriptional repressor of several
clock genes, such as GI and TOC1, under normal growth tem-
peratures (Alabadí et al., 2001; Más and Yanovsky, 2009).
Meanwhile, it positively regulates CBF and GI genes in response
to cold stress (Dong et al., 2011; our data). These observations
suggest that the transcriptional regulation activity of CCA1a
and/or interacting proteins that affect expression of CBF and GI
transcripts would be modulated under cold conditions. Under
cold conditions, suppression of CCA1 alternative splicing en-
hances CCA1a activity, which would contribute to the ar-
rhythmicity and induction of freezing tolerance by amplitude
regulation of the expression of CBF and GI genes. We therefore
conclude that regulation of CCA1 activity by alternative splicing
is important to plant adaptation to cold conditions.

METHODS

Plant Materials and Growth Conditions

All Arabidopsis thaliana lines used were in the Col-0 background, unless
otherwise specified. Plants were grown in a controlled culture room at
23°C with a relative humidity of 55% under long days (16 h light/8 h dark)
with white light illumination (120 mmol photons/m2s) provided by fluo-
rescent FLR40D/A tubes (Osram).

The cca1-2 mutant (FLAG-141G10) in the Col-0 background was
isolated from an Arabidopsis mutant pool of T-DNA insertion lines de-
posited in the Institut National de la Recherche Agronomique (Versailles,
France). Homozygotic lines were obtained by herbicide selection for three
or more generations and by analysis of segregation ratios. Lack of CCA1
gene expression in the mutant was verified by RT-PCR.

To produce transgenic plants overexpressing CCA1a and CCA1b
genes, full-length cDNAs were subcloned into the binary pB2GW7 vector
under control of the CaMV 35S promoter (Invitrogen) through homologous
recombination of attB1 and attB2 sites (see Supplemental Table 1 online).
Agrobacterium tumefaciens–mediated Arabidopsis transformation was
performed according to a modified floral dip method (Clough and Bent,
1998). T3 transgenic plants having single T-DNA insertional events were
used in the assays.

Analysis of Gene Transcript Levels

qRT-PCR was employed to measure the transcript levels. RNA sample
preparation, reverse transcription, and quantitative PCR were performed
according to the rules recently proposed by Udvardi et al. (2008) to
provide reproducible and accurate measurements. The extraction of total
RNA samples from appropriate plant materials and RT-PCR conditions
have been described previously (Kim et al., 2008). The RNA samples were
pretreated extensively with an RNase-free DNase to remove any con-
taminating genomic DNA prior to use.

qRT-PCR reactions were performed in 96-well blocks with an Applied
Biosystems 7500 real-time PCR system using the SYBR Green I master
mix in a volume of 25 mL. The PCR primers were designed using
the Primer Express Software installed in the system and listed in
Supplemental Table 1 online. The two-step thermal cycling profile used
was 15 s at 94°C and 1 min at 68°C. An eIF4A gene (At3g13920) was
included in the reactions as an internal control to normalize the variations
in the amounts of cDNA used (Gutierrez et al., 2008). All qRT-PCR

reactions were performed in biological triplicates using RNA samples
extracted from three independent plant materials grown under identical
growth conditions. The comparative DDCT method was employed to
evaluate relative quantities of each product amplified from the samples.
The threshold cycle (CT) was automatically determined for each reaction
using the default parameters of the system. The specificity of the PCR
reactions was determined bymelt curve analysis of the amplified products
using the standard methods installed in the system.

For absolute quantification of endogenous CCA1a and CCA1b tran-
scripts, cDNAs of CCA1a and CCA1b were subcloned into the pDONR
vector (Invitrogen) through homologous recombination of attB1 and attB2
sites, and an absolute standard curve of each transcript was generated by
10-fold serial dilutions covering 10217 to 10223 mol, as previously de-
scribed (Bustin, 2000; Whelan et al., 2003). Quantitative RT-PCR was
performed using the SYBR Green I master mix (Applied Biosystems), with
CCA1a-specific primers (forward, 59-GATCTGGTTATTAAGACTCGG-
AAGCCATATAC-39; and reverse, 59-GCCTCTTTCTCTACCTTGGAGA-39)
and CCA1b-specific primers (forward, 59-GAATGTTCCTTGTGATAAG-
CCATAGAGG-39, and reverse, 59-AGGATCGTTCCACTTCCCGTCTT-39).

Yeast Two-Hybrid Assays

Yeast two-hybrid assays were performed using the BD Matchmaker
system (Clontech). The pGADT7 vector was used for GAL4 AD, and the
pGBKT7 vector was used for GAL4 BD. Yeast strain AH109 (Leu-, Trp-,
Ade-, His-), which has the chromosomally integrated reporter genes lacZ
andHIS under control of the GAL1 promoter, was used for transformation.
The PCR products were digested with EcoRI and BamHI (for CCA1a) and
NdeI and EcoRI (for CCA1b) and subcloned into the pGBKT7 and pGADT7
vectors. Transformation of AH109 cells was performed according to the
manufacturer’s instructions. Colonies obtained were streaked on medium
without His, Ade, Leu, and Trp. To confirm the results, b-Gal assays were
performed according to the system procedure.

The pBridge vector (Clontech) was used for yeast three-hybrid
screening. The CCA1a cDNA was amplified by RT-PCR (see Supplemental
Table 1 online), and the PCR product was digested with EcoRI and
BamHI and then subcloned into the pBridge vector, resulting in the BD-
CCA1a construct. The CCA1b cDNA was subcloned into the NotI and
BglII-digested pBridge vector so that its expression was controlled by
the Met-repressible pMET25 promoter. The expression constructs (BD-
CCA1a and pMET25-CCA1b in the pBridge vector and AD-CCA1a in
the pGADT7 vector) were cotransformed into AH109 cells. The colonies
were streaked on media without Leu, Trp, and His and supplemented
with or without Met.

In Vitro Pull-Down Assays

Recombinant MBP and MBP-CCA1a fusion proteins were produced in
Escherichia coli BL21-CodonPlus (DE3)-RIL strains (Stratagene) and
purified as follows. One-tenth volume of precultured cells in 5 mL of Luria-
Bertani medium was added to 500 mL of fresh Luria-Bertani medium and
cultured at 37°C until OD600 reached 0.3 to 0.6. Protein production was
induced by adding isopropyl-b-D-thiogalactopyranoside at a final con-
centration of 0.5 mM and shaking at 37°C for 5 h. The cells were harvested
and resuspended in buffer A (25 mM HEPES, pH 7.5, 20% glycerol, 1 mM
DTT, 100 mM NaCl, and 0.2 mM EDTA) containing protease inhibitor
cocktail (Sigma-Aldrich) and 1 mM PMSF. The cells were lysed using
a French press (8500 p.s.i.; one time). The lysates were sonicated twice for
30 s each and then centrifuged at 20,000g for 20 min. The supernatants
were stored at 280°C until use. The CCA1a and CCA1b cDNAs were
amplified by RT-PCR and subcloned into the pGADT7 vector. The CCA1a
and CCA1b polypeptides were labeled with 35S-Met using the TNT-
coupled reticulocyte lysate system (Promega).
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The MBP or MBP-CCA1a proteins were mixed with amylose resin
(Sigma-Aldrich) and agitated for 15 min at room temperature. The beads
were thenwashed three timeswith 13PBS buffer and one timewith buffer
A. Fivemicroliters of the 35S-labeled proteins was added, and the samples
were incubated for 2 h at 4°C. Next, the beads were washed five times
with buffer A. The bound proteins were eluted with 13 SDS-PAGE loading
buffer by boiling for 5 min at 100°C and subjected to SDS-PAGE and
autoradiography.

BiFC Assays

BiFC assays were performed by cotransfection of the CCA1a-nYFP and
CCA1b-cYFP vectors or vice versa into Arabidopsis mesophyll proto-
plasts. The expression constructs were transformed into Arabidopsis
protoplasts by polyethylene glycol-calcium transfection (Yoo et al., 2007).
The subcellular distribution of CCA1 proteins was visualized by differential
interference contrast microscopy and fluorescence microscopy. Re-
constitution of YFP fluorescence was observed using a confocal mi-
croscope with the following YFP filter setup: excitation 515 nm, 458/514
dichroic, and emission 560- to 615-nm band-pass filter.

Transcriptional Regulation Activity Assays

For transient expression assays in Arabidopsis protoplasts, several re-
porter and effector plasmids were constructed. The reporter plasmids
contain four copies of the GAL4 upstream activation sequence and the
GUS gene. To construct the p35S:CCA1 effector plasmids, the CCA1a
and CCA1b cDNAs were fused to the GAL4 BD-coding sequence and
inserted into an expression vector containing the CaMV 35S promoter.
The reporter and effector plasmids were cotransformed into Arabidopsis
protoplasts by a polyethylene glycol–mediated transformation method.
GUS activities were measured by the fluorometric method as previously
described (Jefferson et al., 1987). A CaMV 35S promoter-luciferase
construct was also cotransformed as an internal control. The luciferase
assay was performed using the Luciferase Assay System (Promega).

Electrophoretic Mobility Shift Assays

The CCA1a and CCA1b cDNAs were subcloned into the pMAL-c2X E. coli
expression vector (NEB) with an MBP-coding sequence. The MBP-CCA1
fusion proteins were purified according to the manufacturer’s instructions
using the pMAL Protein Fusion and Purification System (#E8000S; New
England BioLabs Inc.). DNA fragments were end labeled with [g-32P]dATP
using T4polynucleotide kinase. Labeledprobeswere incubatedwith;0.5mg
of purified MBP-CCA1 proteins for 30 min at 25°C in binding buffer (10 mM
Tris-HCl, pH7.6, 50mMNaCl, 1mMEDTA, 5mMDTT, and 5%glycerol). The
reaction mixtures were electrophoresed on 6% native PAGE gels. The gels
were dried on Whatman 3MM paper and exposed to x-ray films.

ChIP Assays

AnMYC-coding sequencewas fused in frame to the 39 ends of theCCA1a
and CCA1b cDNAs, and the fusions were subcloned under control of the
CaMV 35S promoter (Kim et al., 2008). The expression construct was
transformed into Arabidopsis plants. Three-week-old 35S:CCA1a-MYC
and 35S:CCA1b-MYC transgenic plants grown on half-strength MS-agar
plates were used for extraction of the total cellular extracts. Processing of
plant materials and qRT-PCR were performed as described previously
(Seo et al., 2011b). The qRT-PCR primers used have been described
previously (Pruneda-Paz et al., 2009). The primers used to amplify the
CBS-containing sequence region in the CHE promoter were, forward,
59-AAAAATCTCGACGCAACGAC-39, and reverse, 59-CATTTGGAGCG-
TGGCATAAT-39. A sequence region consisting of nucleotides 926 to

1035 downstream of the CBS element was amplified by the primer pair,
forward, 59-TGTCTCCACCAGCCTAGCTTC-39, and reverse 59-CATGG-
AATTAGGATTTCGTTATCA-39, and used as a negative control.

Freezing Tolerance Assays

Approximately 30 plants grown for 2 weeks on MS-agar plates were in-
cubated for 5 h at27°C. After incubating at 4°C for 24 h in the dark, the plants
were allowed to recover at 23°C for 1 week before surviving plants were
counted. Three independent measurements of survival rates were averaged
and statistically analyzed using a Student’s t test. Electrolyte leakage assays
were performed as previously described (Doherty et al., 2009).

Accession Numbers

Sequence data from this article can be obtained from the Arabidopsis
Genome Initiative databases under the following accession numbers:
CCA1 (At2g46830), LHY (At1g01060), TOC1 (At5g61380),GI (At1g22770),
GWD1/SEX1 (At1g10760), CBF1 (At4g25490), CBF2 (At4g25470), and
CBF3 (At4g25480).
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