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Casein kinase1 (CK1) plays crucial roles in regulating growth and development via phosphorylating various substrates
throughout the eukaryote kingdom. Blue light is crucial for normal growth of both plants and animals, and blue light receptor
cryptochrome2 (CRY2) undergoes blue light-dependent phosphorylation and degradation in planta. To study the function of
plant CK1s, systematic genetic analysis showed that deficiency of two paralogous Arabidopsis thaliana CK1s, CK1.3 and
CK1.4, caused shortened hypocotyls, especially under blue light, while overexpression of either CK1.3 or CK1.4 resulted in the
insensitive response to blue light and delayed flowering under long-day conditions. CK1.3 or CK1.4 act dependently on CRY2,
and overexpression of CK1.3 or CK1.4 significantly suppresses the hypersensitive response to blue light by CRY2
overexpression. Biochemical studies showed that CK1.3 and CK1.4 directly phosphorylate CRY2 at Ser-587 and Thr-603 in
vitro and negatively regulate CRY2 stability in planta, which are stimulated by blue light, further confirming the crucial roles of
CK1.3 and CK1.4 in blue light responses through phosphorylating CRY2. Interestingly, expression of CK1.3 and CK1.4 is
stimulated by blue light and feedback regulated by CRY2-mediated signaling. These results provide direct evidence for CRY2

phosphorylation and informative clues on the mechanisms of CRY2-mediated light responses.

INTRODUCTION

Light is important for both animals and plants throughout the life
cycle. The quality of light is perceived primarily by photo-
receptors. Cryptochromes (CRYs) are conservative blue light
sensors in all major evolutionary lineages and regulate multiple
developmental processes and the circadian clock (Ahmad and
Cashmore, 1993; Ahmad et al., 1998a; Lin et al., 1998; Lin,
2002). Arabidopsis thaliana CRY1 and CRY2 share sequence
similarity to photolyases, a family of proteins that catalyze the
repair of UV light-damaged DNA (Cashmore et al., 1999), and
mediate various light-induced responses in plants, including
hypocotyl shortening, cotyledon expansion, photoperiodic
flowering, stomatal opening, and anthocyanin production (Liu H.
et al., 2011). In addition, CRYs coordinate with other light sen-
sors to modify plant shape under different light conditions, to
control flowering time, and to promote stress resistance (Liu H.
et al., 2011).

Recent genetic and biochemical studies revealed the molec-
ular mechanism underlying how CRYs sense blue light. The N
termini of CRYs can bind flavin adenine dinucleotide and are
required for light activation of the photoreceptor activity via

1 Address correspondence to hwxue@sibs.ac.cn.

The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcell.org) is: Hong-Wei Xue (hwxue@
sibs.ac.cn).

©ISome figures in this article are displayed in color online but in black and
white in the print edition.

WOnline version contains Web-only data.
www.plantcell.org/cgi/doi/10.1105/tpc.113.114322

dimerization (Wang et al., 2001; Yang et al., 2000, 2001; Sang
et al., 2005), and the C termini of CRYs confer the light response
by regulating the downstream components (Yang et al., 2001).
On the transcriptional level, CRY2 can directly interact with
cryptochrome-interacting basic helix-loop-helix (a CRY2-interacting
protein) in a blue light-dependent manner to regulate FT ex-
pression and photoperiodic flowering (Liu et al., 2008). On the
posttranslational level, CRYs suppresses the E3 activity of
CONSTITUTIVE PHOTOMORPHOGENIC1 to prevent the deg-
radation of key downstream regulators such as LONG HYPO-
COTYLS5 (Lian et al., 2011; Liu B. et al., 2011) and CONSTANS
(CO; Zuo et al., 2011), through a blue light-dependent in-
teraction with SUPPRESSOR OF PHYTOCHROME A1 to control
blue light-mediated photomorphogenesis and photoperiodic
flowering. In addition, both CRY1 and CRY2 can be phosphor-
ylated in planta (Ahmad et al., 1998b). CRY1 exhibits auto-
phosphorylation activity in vitro, although there is no sequence
similarity with any known kinase domain (Bouly et al., 2003;
Shalitin et al., 2003), and CRY2 was hypothesized to be phos-
phorylated by some other kinases (Shalitin et al., 2002, 2003).
Arabidopsis CRY2 protein is primarily localized in the nucleus
(Guo et al., 1998; Kleiner et al., 1999), where it is subjected to
blue light-induced conformational changes and phosphoryla-
tion, nucleic body formation, and degradation by 26S protea-
some (Shalitin et al., 2002; Yu et al., 2007a, 2009). However, the
detailed mechanisms, especially which kinase is involved in
CRY2 phosphorylation and the contrary roles in both activation
and degradation of CRY2 by phosphorylation, remain unclear.
In contrast with plant cryptochromes, multiple protein kinases, in-
cluding a casein kinase 1 (CK1¢), an AMP-activated protein kinase,
a glycogen synthase kinase (GSK-3B), and a mitogen-activated
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Figure 1. CK1.3 and CK1.4 Are Expressed in Various Tissues and En-
code Active Casein Kinases.

(A) In vitro kinase assays by [y-32P]ATP autoradiography indicated that
recombinant CK1.3 and CK1.4 display CK1 activity and specifically
phosphorylate casein in vitro (top panel; BSA was used as control).
Coomassie blue (CBB) staining showed that equal quantities of protein
(10 pg; bottom panel) were loaded.

(B) gRT-PCR analysis revealed the expression of CK1.3 and CK1.4 in
stems, leaves, flowers, and seedlings. Expression level of CK1.3 or
CK1.4 in stems was set as 1.0. Error bars represent se. The experiments
were repeated three times.
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protein kinase, have been reported to phosphorylate mammalian
cryptochromes (Liu H. et al., 2011). However, the detailed mecha-
nism and effects of these phosphorylations remain unclear.

CK1, a Ser/Thr protein kinase, is multifunctional and has been
identified in most eukaryotes (Gross and Anderson, 1998). In
mammals, there are six isoforms (a, y1, ¥2, ¥3, 8, and &) of CK1
(Knippschild et al., 2005), which are involved in the regulation of
various processes, including vesicle trafficking, growth and
morphogenesis, circadian rhythms, DNA repair, and cell cycle
progression and cytokinesis (Knippschild et al., 2005). CRY
regulates the circadian system by forming a dimer of PERIOD
(PER)/CRY to repress Clock/BMAL1 transactivation (Green et al.,
2008), and both CK13 and CK1¢ are able to phosphorylate PER
and CRY proteins to modulate circadian rhythms in part by a di-
rect regulation on BMAL1-dependent transcription (Vielhaber
et al., 2000; Akashi et al., 2002; Eide et al., 2002). In addition,
CRY proteins form a complex with PER, and CK158/¢ protect
PER from degradation, leading to the nuclear accumulation of
a CRY-PER-CK13/¢ complex (Vielhaber et al., 2000; Akashi
et al., 2002). However, how CRY and CK1 interact to function
has not yet been elucidated.

Arabidopsis is a well-established model system for plant
biology. There are multiple isoforms of CK1 in Arabidopsis.
Previous studies have shown that CKL6 regulates cell-to-cell
communication (Lee et al., 2005) and modifies cell shape by
phosphorylating tubulin § (Ben-Nissan et al., 2008). In rice (Oryza
sativa), CK1 regulates Brassinosteroid signaling (Liu et al.,
2003) and Gibberellin signaling (through regulating the sta-
bility of SLENDER RICE1 by phosphorylation; Dai and Xue,
2010).

Here, we report that CK1s (CK1.3 and CK1.4) are involved in
blue light signaling through phosphorylating Arabidopsis CRY2.
Under blue light, CK1.3 and CK1.4 specifically phosphorylate
the C terminus of CRY2 to stimulate CRY2 degradation and
hence regulate blue light-mediated photomorphogenesis and
photoperiodic flowering. These results provide direct evidence
for blue light-stimulated CRY2 phosphorylation, which is crucial
for the stability of CRY2, and help illustrate the mechanisms of
CRY2-mediated blue light responses.

(C) gRT-PCR analysis revealed the induced expression of CK1.3 and
CK1.4 under blue light. Seedlings were grown under a 3 pmol/m?/s flu-
ence rate of blue light for 0.5, 1, 3, or 24 h. Expression level of CK1.3 or
CK1.4 in the dark was set as 1.0. The experiments were repeated three
times (P < 0.01, n = 3).

(D) Transient expression analysis using Arabidopsis protoplasts revealed
that both CK1.3-GFP and CK1.4-GFP fusion proteins are mainly local-
ized in the nucleus. A nucleus-localized OsMADS15-RFP fusion protein
(Zhang and Xue, 2013) was used as a positive control. Protoplasts were
observed after incubation for 9 h. Bars = 20 pm.

(E) CK1.3-GFP and CK1.4-GFP fusion proteins are accumulated in nu-
clear bodies under blue light treatment. Colocalization analysis by tran-
siently expressing CK1.3-GFP and CK1.4-GFP in Arabidopsis protoplasts
expressing CRY2-mCherry indicated the colocalization of CK1.3-GFP and
CK1.4-GFP with CRY2-mCherry (enlarged at bottom panels). Protoplasts
were exposed to blue light (10 pmol/m?/s) for 5 min before observation.
Bars = 20 pm.
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Figure 2. Identification and Phenotypic Analysis of ck71.3 and ck1.4
Mutants.

(A) A schematic of CK1.3 and CK1.4 genes. Exons (white boxes), un-
translated regions (green box), and introns (lines) are shown. T-DNA in-
sertions were located in the 5'-untranslated region, the first exon of
CK1.3, and the third exon of CK71.4 (top panel). gRT-PCR analysis
showed a deficient expression of CK1.3 or CK1.4 in the corresponding
mutants (bottom panel; the expression of the wild type [WT] was set as
1.0). Error bars represent se. The experiments were repeated three times.

RESULTS

Arabidopsis CK1.3 and CK1.4 Encode Functional CK1s

Analysis of the Arabidopsis genome identified 17 candidate
genes encoding CK1s (there are 15 in the rice genome). The
much expanded CK1 family in plants may be due to the sessile
life among the plant kingdom and suggests the important roles
of CK1s during plant growth and development. Biochemical
characterization showed that recombinant Arabidopsis CKL3
(At4g28880) and CKL4 (At4g28860) (casein kinase-like proteins;
Lee et al., 2005) from Escherichia coli are able to phosphorylate
casein (a substrate for CK1), but not BSA, in vitro (Figure 1A),
indicating they are active CK1s. Based on the kinase activity
against casein and to follow the nomenclature in mammals and
rice in the Rice Genome Annotation Project database, we des-
ignated them as CK1.3 and CK1.4 to avoid confusion. Phylo-
genetic analysis indicated that CK1.3 and CK1.4 are the two
closest isoforms (see Supplemental Figure 1 online) and share
91% identity in amino acid sequence (see Supplemental Figure
2 online).

Quantitative real-time RT-PCR (gRT-PCR) analysis revealed
the expression of CK1.3 and CK1.4 in seedlings, leaves, stems,
and flowers (Figure 1B). Further studies by observing B-glucuronidase
(GUS) staining in independent transgenic lines harboring the
CK1.3 and CK1.4 promoter-GUS gene cassette revealed that
CK1.3 and CK1.4 are expressed mainly in the seedling cotyle-
dons and rosette leaves at different developmental stages,
as well as flowers and siliques (see Supplemental Figure 3
online). Interestingly, transcription of both CK7.3 and CK1.4
is regulated under blue light treatment (i.e., these genes are
rapidly induced by short blue light treatment and suppressed
under continuous blue light) (Figure 1C), which implies the
special role of CK1.3 and CK1.4 in blue light signaling.

Transient expression studies revealed the mainly nuclear lo-
calization of CK1.3-GFP (for green fluorescent protein) or
CK1.4-GFP fusion proteins in Arabidopsis protoplasts (Figure
1D; see Supplemental Figure 4A online), which is consistent with
a previous report (Akashi et al., 2002). Interestingly, blue light
treatment stimulates the nuclear localization of CK1.3 and
CK1.4, especially in nuclear bodies (Figure 1E), suggesting that
CK1.3 and CK1.4 may modify proteins with similar subcellular

(B) ck1.3-1, ck1.3-2, and ck1.4-1 seedlings presented shortened
hypocotyls under white light and blue light with various fluence rates
(3, 10, and 30 pmol/m2/s; indicated in parentheses, bars = 5 mm).
The hypocotyl lengths of 7-d-old seedlings were measured and
statistically analyzed (*P < 0.05; **P < 0.01). Error bars represent sb
(n > 30).

(C) Transgenic plants harboring the aMIR-CK1.3/CK1.4 construct in the
ck1.4-1 background showed significantly shortened hypocotyls under
blue light conditions in comparison to the wild type or ck1.4-1 mutant;
however, transformation with aMIR-CK1.3/CK1.4 in CRY2ox did not af-
fect the shortened hypocotyls. Blue light intensity (3 or 30 ymol/m?/s) is
indicated in parentheses. Hypocotyl lengths of 7-d-old seedlings were
measured and statistically analyzed (*P < 0.05; **P < 0.01). Error bars
represent sp (n > 30).
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Figure 3. Enhanced Overexpression of CK1.3 or CK1.4 Results in
Shortened Hypocotyls and Delayed Flowering.

(A) Overexpression of CK1.3 or CK1.4 in wild-type (WT) plants resulted in
longer hypocotyls under white light (50 pmol/m?/s) and blue light with
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localization. This was further confirmed by transient expression
analysis through transforming CK1.3-mCherry or CK1.4-mCherry
into tobacco (Nicotiana benthamiana) leaves (see Supplemental
Figure 4B online).

Knockout Mutants ck1.3-1, ck1.3-2, and ck1.4-1 Are
Hypersensitive to Blue Light Irradiation, and Overexpression
of CK1.3 or CK1.4 Results in Delayed Flowering under
Long Days

To dissect the physiological roles of CK1.3 and CK1.4, three
putative mutants, including ck1.3-1 (SALK_016571), ck1.3-2
(SALK_110494), and ck1.4-1 (SALK_043954) (Figure 2A, top
panel), were identified from the T-DNA insertion database of the
Salk Institute (Alonso et al., 2003). The T-DNA insertions were
confirmed by PCR amplification using primers located in the
T-DNA and flanked genomic DNA (see Supplemental Figure 5
online), and gRT-PCR analysis of the homozygous lines re-
vealed the deficient transcription of CK7.3 and CK1.4 (Figure 2A,
bottom panel), confirming the ck1.3-1, ck1.3-2, and ck1.4-1
knockout mutants.

As expressions of CK1.3 and CK1.4 are induced by blue light,
seedling growth under various light conditions were first ob-
served. All three mutants exhibited shortened hypocotyls under
both white and blue light in comparison to those of wild-type
seedlings (Figure 2B, top panel). Further analysis showed that
ck1.3-1, ck1.3-2, and ck1.4-1 exhibited hypersensitive responses
to blue light irradiation and presented significantly shortened
hypocotyls under blue light at various fluence rates (3, 10, and
30 umol/m?/s; Figure 2B, bottom panel). In addition, transgenic
plants with suppressed expression of CK1.3 (the expression of
CK1.4 is not altered) showed shortened hypocotyls (see
Supplemental Figures 6A and 6B online), as did the transgenic
plants transformed with aMIR-CK1.3/CK1.4 (an artificial microRNA
targeting both CK71.3 and CK1.4) in the ck1.4-1 background

various fluence rates (5, 10, and 20 pmol/m?2/s; bottom panel). Hypocotyl
lengths of 7-d-old seedlings were measured and statistically analyzed
(P < 0.05; bottom panel). Error bars represent so (n > 30). Light in-
tensity with different various fluence rates (umol/m?/s) is indicated in
parentheses.

(B) Observation of 35-d-old adult plants revealed the delayed flowering
of CK1.30x and CK1.4ox plants compared with the wild type (left panel).
The flowering times were recorded when bolting with inflorescences
(~1 cm high) was observed and were statistically analyzed (**P < 0.01).
Error bars represent sp (n > 15).

(C) Complementary expression of CK1.3 and CK1. 4 driven by their own
native promoters rescued the defective expression of CK1.3 and CK1.4
in the ck1.3-1 and ck1.4-1 mutants. The relative transcription levels of
CK1.3 and CK1.4 were detected by gRT-PCR using ACTIN7 as an in-
ternal positive reference. The expression level of CK1.3 or CK1.4 in wild-
type seedling was set as 1.0. The data are presented as the average =
se. The experiments were repeated three times.

(D) Complementary expression of CK7.3 and CK1.4 rescued the normal
hypocotyl elongation of the ck7.3-1 and ck1.4-1 mutants. The data are
presented as average = st (**P < 0.01). The experiments were repeated
three times.
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Figure 4. CK1.3 and CK1.4 Act Dependently on CRY2 in Blue Light
Signaling.

(A) Analysis of the hypocotyl lengths of wild-type (WT), ck1.3-1, ck1.4-1,
ck1.3-1 cry2, ck1.4-1 cry2, ck1.3-1 CRY2ox, and ck1.4-1 CRY2ox
seedlings grown under dark, white light, or blue light for 7 d showed that
deficiency of CK1.3 or CK1.4 did not affect the elongated hypocotyls of
cry2 or the shortened hypocotyls resulting from CRY2 overexpression
(CRY20x). Hypocotyl lengths were measured and statistically analyzed
(*P < 0.05). Error bars represent sp (n > 30).

(B) Overexpression of CK1.3 (left) or CK1.4 (right) in CRY20x seedlings.
The relative transcription level of CK7.3 and CK1.4 in CRY20x seedlings
was detected by gRT-PCR using ACTIN7 as an internal positive control.
Expression level of CK1.3 or CK1.4 in wild-type seedlings was set as 1.0.
The data are presented as the average * se. The experiments were re-
peated three times.

(C) Overexpression of CK1.3 or CK1.4 in CRY2o0x partially suppresses
the shortened hypocotyls under blue light. Hypocotyl lengths of 7-d-old
seedlings were measured and statistically analyzed (P < 0.01). Error
bars represent sp (n > 30).

(because CK1.3 and CK1.4 are located close to each other on the
same chromosome, it is hard to obtain a double mutant; thus,
an artificial microRNA strategy was employed). gRT-PCR analysis
confirmed the suppressed expression of CK1.3 in transgenic lines
(@MIR-CK1.3/CK1.4 in ck1.4-1; see Supplemental Figure 6C on-
line), and suppressed expression of both CK71.3 and CK1.4 re-
sulted in more significantly suppressed hypocotyl elongation
under blue light than either the wild type or ck1.4-1 (Figure 2C),
indicating that CK7.3 and CK1.4 have redundant functions and
exhibit a dose effect in response to blue light. However, when
aMIR-CK1.3/CK1.4 was introduced into the CRY20x back-
ground (see Supplemental Figure 6D online), no significant dif-
ference was observed, suggesting that CK1.3 and CK1.4 function
dependently on CRY2.

Overexpression of CK1.3 or CK1.4 (referred to as CK1.30x or
CK1.40x; see Supplemental Figure 7A online) in wild-type plants
resulted in longer hypocotyls under white and blue light (Figure
3A), further demonstrating the negative effect of CK1.3 and
CK1.4 on hypocotyl elongation under blue light. In addition,
CK1.30x or CK1.40x lines showed delayed flowering under long-
day (LD) conditions, with more rosette leaves when bolting
(Figure 3B; see Supplemental Figure 7B online), but not under
short-day (SD) photoperiod conditions (see Supplemental Figures
7C and 7D online).

Previous studies showed that the expression of the florigen
gene FT is regulated by CRY2 in an LD-specific manner (Lin
et al., 1998; Zuo et al., 2011) and CO mediates the blue light
signal (Song et al., 2012). Consistent with this observation, qRT-
PCR analysis revealed that overexpression of either CK1.3 or
CK1.4 resulted in significantly reduced FT transcription before
dark (Zeitgeber time 13 h [ZT13], 13 h after light-on in a
16-h-light/8-h-dark cycle) and an additional peak at ZT4
(see Supplemental Figure 7E online). In addition, overexpression
of either CK1.3 or CK1.4 caused reduced CO expression at
ZT13 (see Supplemental Figure 7F online). The altered expres-
sion of CO and FT, especially the reduced FT expression at
dawn, might account for the delayed photoperiodic flowering of
the CK1.3ox and CK1.4o0x lines.

As expected, complementary expression of CK1.3 or CK1.4
driven by their own native promoter rescued the defective ex-
pression of CK1.3 or CK1.4 in ck1.3-1 or ck1.4-1, respectively
(Figure 3C), and recovered the hypocotyl elongation (Figure 3D),
confirming the negative effects of CK1.3 and CK1.4 on blue
light-mediated photomorphogenesis.

CRY2 Is Genetically Epistatic to CK1.3 and CK1.4

CK1.3/4 expression is induced by blue light, and altered CK1.3/4
expression resulted in blue light-related growth changes. Con-
sidering that CRY2 serves as an important blue light receptor (Lin
et al., 1998), the genetic relationship between CK1.3/4 and CRY2

(D) Phenotypic observations of 4-week-old wild-type, CRY20x, and
CRY2ox plants overexpressing CK1.3 or CK1.4 showed that the short-
ened petiole of CRY20x under short-day conditions (9 h light/15 h dark)
was suppressed by overexpression of CK1.3 or CK1.4. Bar = 2 cm.
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was then studied. Double mutants ck1.3-1 cry2 and ck1.4-1 cry2
were generated by a genetic cross, and comparison of hypocotyl
growth showed that under white and blue light, ck1.3-1 cry2
and ck1.4-1 cry2 double mutants exhibited longer hypo-
cotyls, which was similar to cry2 (Figure 4A). A deficiency
of CK1.3 or CK1.4 under CRY2 overexpression (ck1.3-1
CRY2o0x or ck1.4-1 CRY20x, aMIR-CK1.3/CK1.4 in CRY20x)
still presented the short hypocotyls, which was similar to
CRY2o0x (Figures 2C and 4A), suggesting that CRY2 is neces-
sary for CK1.3/4 function and CK1.3/4 may act dependently on
CRY2.

CRY2 plays important roles in regulating photoperiodic flow-
ering, which was also examined under altered CK1.3/4. The cry2
mutant showed delayed flowering especially under LD con-
ditions, which is similar to the phenotype observed in ck1.3-1
cry2 or ck1.4-1 cry2 double mutants. However, in contrast with
the hypersensitive response to blue light of seedlings, CRY20x
lines took a similar number of days to flower under either LD or
SD conditions, while neither the single mutants (ck7.3-1, ck1.3-2,
or ck1.4-1) nor the aMIR-CK1.3/CK1.4 (ck1.4-1) transgenic
lines exhibited any differences in flowering time compared with
the wild type (see Supplemental Figures 8A to 8D online). These
results suggest that wild-type plants may harbor enough CRY2
to sense the change of blue light and adapt to the environment
for the floral transition to occur, and more CRY2 does not
stimulate this process but may suppress hypocotyl and petiole
elongation through different downstream events (Figures 2C and
4D).

In addition, overexpression of CK71.3 or CK1.4 in CRY20x
seedlings (Figure 4B) suppressed the shortened hypocotyl
phenotype under blue light (Figure 4C) and the shortened petiole
phenotype of CRY20x rosette leaves under SD conditions (Fig-
ure 4D), further confirming that CRY2 is genetically epistatic to

(A) In vitro GST pull-down assay revealed the interaction of CK1.3 and
CK1.4 proteins with CRY2 under dark or blue light exposure (10 ypmol/
m?/s). The quantitative assay of the input proteins is shown. GST was
used as a negative control (bottom panel). GST-CK1.3 and GST-
CK1.4 were expressed and purified from E. coli and His-CRY2 from
insect cells. CK1.3, CK1.4, and CRY2 were detected by a His tag
antibody (top panel) or a GST tag antibody (bottom panel), re-
spectively. Positions of CK1.3, CK1.4, and CRY2 are highlighted by
arrowheads.

(B) and (C) In vitro kinase assay indicated that phosphorylation of CRY2
by CK1.3 (B) and CK1.4 (C) is stimulated by blue light exposure. All the
reactions were initiated by adding kinases under red light and then
transferred to dark or blue light (10 pmol/m?/s) for 3 h. Kinase activity was
detected by [y-32P]JATP autoradiography (top panels), and equal input of
His-CK1.3, His-CK1.4, and His-CRY2 (10 p.g) was shown by Coomassie
blue staining (bottom panels).

(D) In vitro kinase assay by [y-32P]ATP autoradiography revealed that
CK1.3 and CK1.4 rapidly phosphorylated CRY2 under blue light (top
panel). Purified recombinant His-CRY2 protein from insect cells was
used for the assay, and all reactions were initiated by adding CK1.3 or
CK1.4 under red light before blue light exposure. Blue light (10 umol/m?/s)
treatment was applied for 0, 5, 10, 15, or 30 min. The input of His-CRY2,
His-CK1.3, and His-CK1.4 were detected by Coomassie blue staining
(bottom panel).
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Figure 6. CK1.3 and CK1.4 Stimulate the Blue Light-Dependent Degradation of CRY2.

(A) In vivo assay revealed rescued/suppressed CRY2 phosphorylation under CK1.3 or CK1.4 deficiency. Seven-day-old seedlings under red light
(referred to published methods; Shalitin et al., 2002) were incubated with 200 wCi [*2P]H;PO, overnight and then exposed to blue light (6 u mol/m?/s) for
15 min. Seedlings (1 g) were collected to extract crude protein for immunoprecipitation and autoradiography (left panel). The relative CRY2 phos-
phorylation level was calculated by comparing the signal strength of the CRY2 band (right panel; calculated by the Tanon Gis 1D program). The quantity

of CRY2 in CK1.30x was set as 1.0.



CK1.3/4 and that CK1.3/4 functions as negative regulators of
blue light responses.

CK1.3 and CK1.4 Interact with and Phosphorylate CRY2 to
Stimulate CRY2 Degradation

CRY2 undergoes blue light-dependent phosphorylation in the
nucleus (Shalitin et al., 2002). Whether CK1.3/4 could directly
phosphorylate CRY2 was then investigated using purified re-
combinant His-CRY2 (from Baculovirus-infected insect cells),
glutathione S-transferase (GST), GST-CK1.3, and GST-CK1.4
(from E. coli). The pull-down assay showed that both GST-
CK1.3 and GST-CK1.4 were coprecipitated with His-CRY2 in
the dark or under constant blue light (GST as negative control;
Figure 5A). However, we failed to detect the in vivo CRY2-CK1.3
or CRY2-CK1.4 interactions by coimmunoprecipitation after
numerous attempts, which may be due to the transient and
weak interaction between CRY2 and CK1.3 or CK1.4. Indeed,
similar phenomena (weak interaction between kinases and sub-
strates) were reported in other studies on kinases, confirming the
transient “kiss-and-run” nature of the enzyme-substrate inter-
actions in vivo (Gudesblat et al., 2012; Pusch et al., 2012).
CRY2 is a highly phosphorylated protein after exposure to
blue light (Kleiner et al., 1999; Yu et al., 2007b), and analysis
showed that both CK1.3 and CK1.4 could phosphorylate CRY2
in vitro, relatively weakly in the dark but much enhanced after
exposure to blue light, revealing a blue light-stimulated phos-
phorylation by CK1.3 and CK1.4 (Figures 5B and 5C). Addi-
tionally, the blue light-stimulated phosphorylation of CRY2 could
be observed within 5 min (Figure 5D), processing as quickly as
occurs in planta. Considering the blue light-independent in-
teraction of CK1.3/4 with CRY2, revealed by the pull-down as-
say, it is hypothesized that blue light might activate CRY2 to
unfold the sites subjected to phosphorylation by CK1.
Previous studies showed that CRY2 proteins become local-
ized in nuclear bodies to undergo the ubiquitin-26S proteasome
degradation when exposed to blue light. Indeed, subcellular
localization analysis using Arabidopsis protoplasts confirmed
that CRY2-mCherry fusion protein is localized in nuclear bodies
under blue light and is colocalized with CK1.3-GFP or CK1.4-
GFP (Figure 1E). Transient expression analysis through co-
transforming CRY2-GFP with CK1.3-mCherry or CK1.4-mCherry
into tobacco leaves further confirmed this result (see Supplemental
Figure 4B online). These results further support the hypothesis

CK1s Regulate CRY2 by Phosphorylation 2625

that interaction with CK1.3/CK1.4 may be involved in the regu-
lation of CRY2 degradation under blue light.

CRY2 undergoes blue light-dependent degradation mainly
through phosphorylation. Indeed, in vivo assay of CRY2 protein
by immunoprecipitation revealed the reduced/suppressed CRY2
phosphorylation under CK1.3 or CK1.4 deficiency (Figure 6A),
and observations using CRY2o0x plants showed that ~10 min is
required for CRY2 to be fully phosphorylated and ~60 min for
CRY2 to be completely degraded (Figure 6B). By contrast,
overexpression of CK1.3 (Figure 6A) or CK1.4 (Figure 6C) re-
sulted in the significantly accelerated degradation of CRY2 un-
der the same conditions. Interestingly, overexpression of CK1.3
or CK1.4 did not enhance the phosphorylation or reduce the
quantity of CRY2 under dark conditions, indicating that CK1.3
and CK1.4 stimulate CRY2 degradation in a blue light-dependent
manner. Consistently, CRY2 degradation was significantly reduced
in ck1.3-1 or ck1.4-1 when exposed to blue light (10 umol/m?/s;
Figure 6D).

In addition, similar to the reduced CRY2 degradation in ck1.3-1
or ck1.4-1, treatment with the widely used CK1-specific inhibitor
IC261 almost completely blocked CRY2 proteolysis and ex-
tended the half-life of CRY2 (Figure 6E), further confirming the
negative role of CK1 in CRY2 stability.

Phosphorylation of Ser-587 and Thr-603 Is Crucial for
CRY2 Function

Several candidate CK1 phosphorylation sites were predicted at
the C terminus of CRY2 (CCT2) and the C terminus of CRY1
(CCT1) (Figure 7A; for details, see Supplemental Table 1 online)
by computational analysis (http://scansite.mit.edu/motifscan_seq.
phtml); indeed, an in vitro kinase assay indicated that both CK1.3
and CK1.4 can phosphorylate CCT2 (Figure 7B).

Detailed analysis showed that many Ser and Thr are located in
the CCT2 domain, possibly contributing to CRY2 phosphoryla-
tion. Amino acids Ser-575, Ser-587, Thr-603, and Ser570-
575 (abbreviated as *Ser-575) were then selected and point
mutated to Ala to examine the exact phosphorylation sites of
CK1.3 or CK1.4. An in vitro kinase assay showed that single
mutation of Ser-575, Ser-587, and Thr-603 did not significantly
change the phosphorylation status of CCT2, while mutation of
both Ser-587 and Thr-603 evidently reduced this phosphoryla-
tion (Figure 7C), indicating that these two sites may be the sites
that are phosphorylated by CK1.3 or CK1.4.

Figure 6. (continued).

(B) and (C) Protein gel blot analysis revealed a significant increase of CRY2 degradation when exposed to blue light (10 pmol/m?/s) under enhanced
expression of CK1.3 (B) or CK1.4 (C). Equal amounts of proteins (~10 ng) were used for blotting (confirmed by Coomassie blue [CBB] staining). The
relative protein level was calculated by comparing the signal strength of the CRY2 band to the ribulose-1,5-bis-phosphate carboxylase/oxygenase band
in the Coomassie blue PAGE gel (right panels; calculated by the Tanon Gis 1D program). The quantity at time “0” was set as 1.0, similarly in (D) and (E).
(D) Protein gel blot analysis (left panel) revealed that CRY2 degradation was significantly reduced in ck1.3-1 or ck1.4-1 when exposed to blue light
(10 umol/m?/s). Equal amounts of proteins (~10 ug) were used for blotting (confirmed by the similar intensities of a nonspecific band).

(E) Compared with the degradation of CRY2 under blue light (10 ypmol/m2/s; 5, 10, 15, 30, and 60 min after dark-blue light transition), IC261 treatment
(50 pM) significantly suppressed CRY2 degradation. Equal amounts of proteins (~10 w.g) were used for blotting (confirmed by Coomassie blue staining).

DMSO was used as a control.
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Figure 7. Phosphorylation of Ser-587 and Thr-603 by CK1.3 and CK1.4 Suppresses CRY2-Mediated Photomorphogenesis.

(A) Presence of multiple candidate CK1 phosphorylation sites in the C terminus of CRY2 and CCT2, including Ser570-575, Ser-587, and Thr-603
(highlighted by red circles). Prediction analysis was performed via integrating two programs (http://www.cbs.dtu.dk/services/NetPhosK and http://
scansite.mit.edu/motifscan_seq.phtml). Lys-590 and Lys-607 are two candidate ubiquitination sites in CCT2 (not in CCT1; i.e., the C terminus of CRY1).
The same amino acids are indicated with a dark-blue background, and highlighted (consensus), and similar amino acids are indicated with a light-blue
background.
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The physiological function of CK1 by modifying CRY2 in
planta was further studied by producing different phosphor-
ylated states for CRY2. The dephosphorylated state of CRY2,
CRY2$er587AIa’ CRY2Thr603AIa, CRY?2Ser587AlaThr603Ala (abbreviated
as CRY2”4), and constitutively phosphorylated mimic CRY2,
CRY28er587Asp' CRY2Thr603Asp, and CRY2Ser587AspThr603Asp (ab_
breviated as CRY2PP) were transformed into wild-type plants,
respectively (Figure 7D). Analysis of the transgenic plants
showed that compared with CRY20x seedlings, CRY25er587Ala,
CRY2Thr803Ala and CRY244 exhibited similar hypocotyls elon-
gation under blue light and flowering time under LD conditions;
by contrast, CRY2Ser587Asp  CRY2Th603Asp and CRY2PP showed
elongated hypocotyls and much delayed flowering (Figures 7E
and 7F). These results indicate that CRY2 phosphorylated by
CK1.3 or CK1.4 at Ser-587 and Thr-603 is unstable in planta and
demonstrate the crucial roles of CK1.3 and CK1.4 in regulating
CRY2 stability through phosphorylation.

Protein gel blot analysis showed that mutation of Ser587Ala
and Thr603Ala in CRY2 resulted in a significant decrease of
CRY2 phosphorylation, when exposed to blue light (Figure 7G),
suggesting that Ser-587 and Thr-603 are two important sites
responsible for blue light-induced CRY2 phosphorylation by
CK1. 3 and CK1.4. In addition, of the phosphorylation mimicry
transgenic plants, CRY2PPox, the CRY2 protein level is very low
in the dark and unstable when exposed to blue light, compared
with CRY20x or CRY24%0x (see Supplemental Figure 9 online).
Combined with the delayed and enhanced CRY2 degradation in
ck1.3-1/ck1.4-1 mutants or CK1.30x/CK1.40x lines, it is con-
cluded that CK1.3/CK1.4 promotes CRY2 degradation through
phosphorylation in planta. However, considering the enhanced
degradation of CRY2 harboring mutations of Ser587Ala and
Thr603Ala, which results in the suppressed phosphorylation of
CRY2, other modifications (including phosphorylation at other
sites) may exist and induce CRY2 degradation; further studies
will help dissect the detailed mechanisms. Considering the role
of CCT2 in binding downstream factors, it is also possible that
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mutations of Ser-587 and Thr-603 might lead to conformational
changes and block its interaction with other proteins/factors.
How CK1.3 and CK1.4 functions in this regulation requires fur-
ther investigation.

DISCUSSION

Arabidopsis CK1s Regulate Blue Light Signaling by
Stimulating CRY2 Degradation

How CRYs, which are conservative light receptors for eukar-
yotes, are posttranslationally regulated through phosphorylation
is still unclear, and the related kinases remain to be identified. In
mouse livers, nutrient-responsive adenosine monophosphate-
activated protein kinase can phosphorylate and destabilize
mouse CRY1, revealing the interaction between nutrition and
circadian rhythm (Lamia et al., 2009). Arabidopsis CRY1 exhibits
autophosphorylation activity in vitro (Bouly et al., 2003; Shalitin
et al., 2003), which is different from CRY2 (Shalitin et al., 2002,
2003). In addition, Arabidopsis CRY1 and CRY2 can be phos-
phorylated by phytochrome A-associated kinase activity in vitro
and exhibit a red light responsive manner (Ahmad et al., 1998b).
Although in vivo studies demonstrated that both CRY1 and
CRY2 undergo blue light-dependent phosphorylation (Shalitin
et al., 2002, 2003), how CRY2 is phosphorylated to mediate the
blue light signaling remains unclear. Our studies demonstrate
that CK1 is involved in blue light signaling through stimulating
the degradation of CRY2.

Recent studies revealed that CRY2 protein accumulates in the
dark and is subjected to rapid and blue light-stimulated phos-
phorylation and degradation by 26S proteasome in the nucleus
(Kleiner et al., 1999; Shalitin et al., 2002; Yu et al., 2007a; Yu
et al.,, 2009). Localization of CK1.3 and CK1.4 in the nucleus,
especially in the nuclear bodies after blue light illumination, may
contribute to the blue light-induced CRY2 degradation by
phosphorylation.

Figure 7. (continued).

(B) Kinase activity assay by [y-32P]ATP autoradiography indicated that CK1.3 and CK1.4 phosphorylated CCT2 in vitro (top panel). Purified recombinant
His-CCT2 fusion protein was used for the assay. Input of His-CCT2 was detected by Coomassie blue staining (bottom panel). Arrows indicate the
positions of CK1.3 and CK1.4 or CCT2, respectively.

(C) Kinase assay by [y-32P]JATP autoradiography indicated that Ser-587 and Thr-603 are the phosphorylation sites of CK1.3 and CK1.4 in vitro (top
panels). Purified recombinant 6XHis-CCT2s (Ser575Ala, Ser587Ala, Thr603Ala, Ser587Ala Thr603Ala, and Ser570-575Ala as *Ser575Ala) proteins were
used for the assay. Input of 6XHis-CCT2 was detected with an antibody against His-tag (bottom panel). No S, no substrate.

(D) gRT-PCR analysis confirmed the expression of CRY2 (different versions, including dephosphorylated status Ser587Ala, Thr603Ala, and AA
[Ser587Ala and Thr603Ala] and constitutively phosphorylated status Ser587Asp, Thr603Asp, and DD [Ser587Asp and Thr603Asp]) in transgenic lines.
ACTIN7 was used as a positive internal reference. The data are presented as the average * se. The experiments were repeated three times. WT, the wild
type.

(E) Growth of 7-d-old seedlings of wild-type, CRY2ovx, and seedlings overexpressing different point-mutated CRY2s under blue light (left panel,
representative images are shown, bar = 5 mm). Hypocotyl lengths were measured and statistically analyzed (**P < 0.01; right panel). Error bars represent
sp (n > 15).

(F) Growth of 40-d-old plants of wild-type, CRY20x, cry2 mutant, and transgenic seedlings as described in (E) under LD conditions (left panel;
representative images are shown). Days of flowering were measured and statistically analyzed (**P < 0.01; right panel). Error bars represent sp (n > 15).
(G) Protein gel blot analysis revealed that mutations at Ser587Ala and Thr603Ala resulted in a significant decrease of CRY2 phosphorylation when
exposed to blue light. Seven-day-old etiolated seedlings of CRY20x or CRY2 Ser587AlaThr603Alagy |ines were exposed to blue light (10 wmol/m?2/s) and
used for protein extraction. Equal amounts of proteins (~10 pg) were used for blotting (confirmed by Ponceau S staining; bottom panel). Rubisco,
ribulose-1,5-bisphosphate carboxylase/oxygenase.
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Figure 8. Expression of CK1.3 and CK1.4 Is Mediated by CRY2 and
a Hypothetical Model of How CK1s Are Involved in CRY2-Mediated Blue
Light Signaling.

(A) gRT-PCR analysis revealed that the expression of CK1.3 (top panel)
or CK1.4 (bottom panel) is rapidly induced under blue light (3 pmol/m?/s
fluence rate) for 15, 30, and 60 min in a CRY2 overexpression back-
ground. In addition, expression of CK7.3 and CK1.4 were reduced in cry2
mutant, and there was no significant change in either cry7 mutant or
CRY10x (CK1.4 expression was reduced in cry1). ACTIN7 was used as
a positive internal reference. Expression of CK1.3 or CK1.4 in the wild
type (WT) under blue light condition (3 pmol/m?/s fluence rate) for 0, 15,
30, and 60 min was set as 1.0. Statistical analysis indicated the signifi-
cant differences (*P < 0.05; **P < 0.01). The experiments were repeated
three times.

(B) Hypothetical model of the role of CK1.3 and CK1.4 in CRY2-mediated
blue light signaling. As an important blue light receptor, the resting
CRY2 under dark is activated by blue light and undergoes confor-
mational changes to expand the active motif to bind downstream
partners, including CIBs and SUPPRESSOR OF PHYTOCHROME
As-CONSTITUTIVE PHOTOMORPHOGENIC1, to confer the blue light
responses. At the same time, expression of CK1.3 and CK1.4 is rapidly
induced in a CRY2-dependent manner. The conformational change of
CRY2 may expose the candidate phosphorylation sites, Ser-587 and
Thr-603, recognized by CK1.3 and CK1.4, which results in blue light-
stimulated CRY2 degradation through phosphorylation. The exquisite
regulation of expression of CK1s and CRY2 degradation reveals the
complex and finely controlled blue light signaling.

Considering that CK1.3 and CK1.4 stimulate CRY2 degrada-
tion in a blue light-dependent manner, while it is difficult to detect
the transient CK1.3/4-CYR2 interaction in vivo, it is suggested
that CK1.3 and CK1.4 are necessary for the blue light-dependent
degradation of CRY2, and other factors may be involved in the
CK1.3/4-stimulated degradation of CRY2 (for example, additional
interacting E3 ligases). In addition, the induced expression of
CK1.3 and CK1.4 by blue light may contribute to the rapid
phosphorylation of CRY2 under blue light.

Two major CK1 phosphorylation sites, Ser-587 and Thr-603,
at the C terminus of CRY2, are crucial for the phosphorylation
and function of CRY2. In addition, it is interesting to note that the
expression of CK1.3 and CK1.4 is induced by blue light rapidly,
while it is suppressed by continuous blue light. CRY2, rather
than CRY1, is the major receptor mediating blue light-regulated
expression of CK1.3 and CK1.4 (Figure 8A). Combined with
these results, a model is proposed to illustrate the mechanism
of how CK1.3/4 regulates blue light signaling (Figure 8B). In the
dark, unphosphorylated CRY2 resides at the nucleus in a resting
state, which might be maintained by PP7 phosphatase (Mgller
et al., 2003); when exposed to blue light, CRY2 exhibits an open
conformation and gains activity to extend the active motif
(NC80) (Yu et al., 2007b) to bind the downstream signaling
components, resulting in activated blue light signaling. At the
same time, the increasing CK1.3 and CK1.4 activity confers
phosphorylation of CRY2 at Ser-587 and Thr-603 and stimulates
the ubiquitin-26S proteasome degradation of CRY2. In addition,
continuous blue light exposure suppresses the expression
of CK1.3 and CK1.4, which results in restoration of CRY2,
revealing the molecular mechanism of how CRY2 quantity is
regulated by the light-dark cycle. CRY2 is only accumulated
under an LD photoperiod, and the feedback regulation of CK1.3/
4 may help to restrict Arabidopsis, an LD plant. Whether CK1
and PP7 phosphatase are two competing factor that function as
a switch to regulate the phosphorylation status of CRY2 requires
further investigation.

In addition to the Ser-587 and Thr-603 at the CCT2 domain,
which are crucial for CRY2 phosphorylation (mutations of these
result in reduced phosphorylation), other phosphorylation sites
of CRY2 may exist and regulate CRY2 degradation. Under blue
light exposure, the CCT2 domain, precisely the NC80 motif (Yang
et al., 2001; Yu et al., 2007b), is released to bind downstream
factors to confer the blue light responses. It is possible that Ser-587
and Thr-603 might play roles in this process through regulating
the conformational change of CCT2 by phosphorylation. Addi-
tionally, we noticed that there are two candidate ubiquitinated
Lys residues (Lys-590 and Lys-608, close to CK1 phosphory-
lation sites) in CCT2 but not in CCT1 (Figure 7A). Whether the
phosphorylation of Ser-587 and Thr-603 leads to stimulated
ubiquitination at Lys-590 and Lys-608 of CRY2 requires further
investigation.

CK1 is a multifunctional protein kinase involved in various
signaling pathways throughout the plant and animal kingdoms,
and CRYs exist in almost all evolutionary clades. In addition to
CCT2, our preliminary results showed that both CK1.3 and
CK1.4 could also phosphorylate the C terminus of CRY1, sug-
gesting that CRY1 and CRY2 might share similar posttranslational
regulation, although they do show distinct characteristics: CRY2



can be trans-phosphorylated and degraded, while CRY1 is stable
and shows autophosphorylation activity. This study expands our
knowledge of CRY regulation and will be helpful for studies of the
underlying mechanisms in mammals.

Circadian Regulation of CK1.3 and CK1.4 Coordinated with
CRY2 Accumulation

The rigorous regulation of the dose and activity of CRY2 by
CK1.3 and CK1.4 is crucial for sensing blue light, regulating
photomorphogenesis, and the floral transition. In addition to CRY2-
mediated induction, the expression of CK1.3 and CK1.4 shows
a pattern reminiscent of a circadian rhythm (see Supplemental
Figure 10A online), suggesting that CK1.3 and CK1.4 may ex-
ecute their role through a specific pattern. Indeed, both CK1.3
and CK1.4 show a high expression peak before dark under LD
conditions (see Supplemental Figure 10B online), similar to the
expression pattern of FT, indicating that the expression of CK1.3
and CK1.4 is strictly regulated by a circadian rhythm.

Previous studies showed that blue light-dependent degra-
dation leads to an oscillation in the quantity of CRY2, which only
occurs under LD conditions, contributing to the strict control
of photoperiodic flowering (Mockler et al., 1999). Expression of
CK1.3 and CK1.4 is consistent with the observations that CRY2
protein accumulates under continuous blue light and that short-
term blue light under SD conditions cannot maintain sufficient
CRY?2 levels. The feedback regulation of CK1.3 and CK1.4 by
CRY2 will promote studies of how downstream components,
especially the CRY2 partners, regulate the expression of CK1.3
and CK1.4, which may facilitate the understanding of underlying
mechanisms of CRY2 modulation and blue light signaling.

Both CK1.3 and CK1.4 possess autophosphorylation activity
(Figures 5B to 5D and 7B), which is also detected in many types
of protein kinases. Further studies of how the activity of CK1s is
regulated will help elucidate the upstream regulatory mechanism
of CK1.

METHODS

Plant Materials, Growth Conditions, and Measurement of
Hypocotyl Lengths

Arabidopsis thaliana and tobacco (Nicotiana benthamiana) plants were
grown in soil under 16 h light/8 h dark in a phytotron at 22°C under white
light. Arabidopsis ecotype Columbia-0 was used in the experiments as the
wild-type control. Seeds of the wild type, various mutants, and transgenic
lines were surface sterilized and sown on plates containing Murashige and
Skoog (MS) medium (Duchefe Biochemie). After stratification at 4°C for
4 d, the plates were incubated under LD conditions (16 h light/8 h dark,
22°C).

The seedlings’ hypocotyl lengths were measured 7 d after germi-
nation under different light conditions, including white light (15 ymol/
m2/s), far-red light (5 umol/m2/s), red light (5 ymol/m2/s), blue light
(10 pmol/m?/s), or blue light of different fluence rates (3, 10, or, 30 ymol/
m?/s), with the help of the Image J program (National Institutes of Health). A
heteroscedastic t test was performed to analyze the significant differences.
All experiments were performed in triplicate, and the data represent mean
values = sp. For statistical analysis of photoperiodic flowering, the LD
condition was set as a 16-h-light/8-h-dark cycle and SD was set as 9 h
light/15 h dark.
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Identification of ck1.3-1, ck1.3-2, and ck1.4-1 Mutants

The CK1.3 and CK1.4 genomic sequence was used to query the flanking
sequence database of the Arabidopsis mutation population (SALK; http://
signal.salk.edu/cgi-bin/tdnaexpress). T-DNA insertion mutants ck7.3-1
(SALK_016571C), ck1.3-2 (SALK_110494), and ck1.4-1 (SALK_043954C)
were obtained from the SALK collection.

A PCR-based approach was used to identify the mutants. Primers,
CK1.3-1, CK1.3-2, CK1.4-1, CK1.4-2, and LBb1 (see Supplemental
Table 2 online) were used to confirm the insertion of T-DNA and to
identify the homozygous lines. The homozygous lines were used for
further analysis.

Protein Expression and in Vitro Kinase Assay

The coding regions of CK1.3 and CK1.4 were amplified with primers
CK1.3-3, CK1.3-4, CK1.4-3, and CK1.4-4 and subcloned into vectors
pET28a (Novagen) and pGEX-4T-1 (GE Healthcare). Proteins were re-
combinantly expressed in Escherichia coli (strain BL21) by supplementing
with 1 mM isopropyl-B-D-thiogalactopyranoside (28°C, 3 h).

The coding region of CRY2 was subcloned into vector pFastBac HTB
(Invitrogen). The resultant vector was transformed into E. coli (strain
DH10Bac) for recombination of Bacmid, which was used for infection of
insect cells (Sf9) according to the Bac-to-Bac Baculovirus Expression
System (Invitrogen). The His tag protein was purified using Ni-NTA His
binding resin (Novagen) and GST tag protein by glutathione sepharose
(Novagen).

The activity assay was performed according to a previous report
(Klimczak and Cashmore, 1993) with minor modifications. The assay was
initiated by adding 6 pL of kinase solution (1 pg protein) containing re-
combinant His-CK1.3 and His-CK1.4 in a total volume of 40 p.L containing
50 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 1 mM DTT, 10 mM ATP, 10 pCi
[y-32P]JATP (NEC902A; Perkin-Elmer), and 10 ug of substrate (recombi-
nant His-CCT2, His-CCT2S575A, His-CCT2S587A His-CCT2T603A  His-
CCT2S587ATE03A  His-CCT25'575A, His-CRY2, BSA [A0332, Sangon], and
partially dephosphorylated casein [C4032; Sigma-Aldrich]). Reactions
were incubated at room temperature (25°C) for 3 h unless otherwise noted
and terminated by adding 2 SDS loading buffer. After boiling for 5 min,
the reaction products were fractionated by SDS-PAGE and transferred to
a polyvinylidene difluoride (PVDF) membrane (Perkin-Elmer) by semidry
blotting. After washing with TBST buffer (0.1 M Tris-HCI, 0.15 M NaCl, and
0.05% Tween 20, pH 7.5) three times, the blot was examined by auto-
radiography (Fujifilm FLA 9000 plus DAGE).

Primers used for constructs harboring point-mutated CCT2 protein are
listed in Supplemental Table 2.

qRT-PCR Analysis

qRT-PCR analyses were performed to examine the transcription of CK1.3
and CK1.4 in various tissues or under different light treatments or of
ck1.3-1, ck1.4-1, cry1, cry2, CRY10x, CRY20x, and transgenic CRY20x
plants overexpressing CK1.3 or CK1.4. Total RNAs were extracted from
Arabidopsis seedlings of the wild type, various mutants, and transgenic
plants growing under different conditions using TRIzol reagent (Invitrogen)
according to the manufacturer’s manual. Reverse transcription was
performed using the reverse transcription kits (Toyobo), and the re-
sultant single-strand cDNAs were used as templates for gqRT-PCR
using a SYBR Green qPCR kit (real-time PCR Master Mix; Toyobo) with
a Rotor-Gene real-time thermocycler R3000 (Corbett Research). Gradient
dilutions for each PCR product were use as templates to generate a linear
standard curve.

Primers CK1.3-1 and CK1.3-2, and CK1.4-1 and CK1.4-2 were used
to examine the expression of CK1.3 or CK1.4. The ACTIN7 gene was
amplified and used as an internal positive control. Primers FT-F and FT-R,
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and CO-F and CO-R were used to examine the expression of FT or CO,
respectively. A heteroscedastic t test was performed for statistical
analysis.

Constructs and Plant Transformation

The following vectors were constructed: pCambia1300-CK1.3pro-
GUS, pCambia1300-CK1.4pro-GUS, pCambia1301-CK1.3-antisense
(p-A-CK1.3), pBA-35S-CK1.3, pBA-35S-CK1.4, pCambia2301-CK1.3,
pCambia2301-CK1.4, pCambia2301-CK1.3-YFP, pCambia2301-CK1.4-
YFP, pHB-CRY2S5587A pHB-CRY25587D, pHB-CRY2T603A pHB-CRY2T603D,
pHB-CRY244, pHB-CRY2PP, and pCambia2300s-aMIR-CK1.3/4 (aMIR-
CK1.3/4 was generated based on pRS300). The point mutated CRY2 was
constructed using the QuickChange Il site-directed mutagenesis kit
(200524; Agilent Stratagene) and confirmed by sequencing. Primers are
listed in Supplemental Table 2 online. All constructs were introduced into
the Agrobacterium tumefaciens strain GV3101 and transformed into
Arabidopsis by the floral dip method (Clough and Bent, 1998). Transgenic
seeds were screened on MS plates containing kanamycin, hygromycin, or
glufosinate-ammonium. At least 10 independent transgenic lines were
characterized for each construct.

Construction of the Double Mutants

The following double mutants were generated: cry2 ck1.3-1, cry2 ck1.4-1,
CRY2o0x ck1.3-1, and CRY2ox ck1.4-1. The parental mutants used for
crosses are listed in Supplemental Table 3 online and the PCR primers
used for genotyping are listed in Supplemental Table 2 online.

Immunoblot Analysis

For the CRY2 degradation assay, seedlings were grown on MS medium in
the dark for 7 d and then all the seedlings were transferred to a new dish
filled with liquid MS medium containing 100 uM CHX (C7698; Sigma-
Aldrich) to block the synthesis of new proteins. For CK1 inhibitor treatment,
50 M (final concentration, DMSO as control) IC261 (10658; Sigma-Aldrich)
was added into MS. The dishes were exposed to blue light (10 ymol/m?/s)
for 0, 5, 10, 15, 30, or 60 min, and protein extraction was performed by
grinding the seedlings in liquid nitrogen. The ground tissues were re-
suspended in extraction buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl,
0.5% Tween 20, 1 mM EDTA, and 1 mM DTT) containing a protease in-
hibitor cocktail (one tablet for 50 mL, Complete 04693116001; Roche). After
addition of an equal volume of 2X sample buffer (1X sample buffer:
67.5 mM Tris-HCI, pH 6.8, 2% [w/v] SDS, 10% [w/V] glycerol, 0.01% [w/V]
bromophenol blue, and 0.1 M DTT), the samples were boiled for 5 min,
separated by 10% SDS-PAGE, and transferred to a PVDF membrane
by semidry blotting. The blots were incubated with a rabbit anti-CRY2
antiserum (1:5000) and then with a goat anti-rabbit IgG AP-conjugated
secondary antibody (1:3000; Santa Cruz Biotechnology). AP activity was
detected by the BCIP/NBT detection reagents (826858A; Invitrogen) on the
PVDF membrane. A prestained protein ladder (Thermo Scientific; 26617)
was used to mark the molecular weight of every band.

Subcellular Localization Studies of CK1.3 and CK1.4 and
Colocalization with CRY2

To express the CK1.3-GFP and CK1.4-GFP fusion proteins, the coding
regions of CK1.3 and CK1.4 were amplified with primers CK1.3-3 and
CK1.3-4, and CK1.4-3 and CK1.4-4, respectively, and subcloned into
vector pA7 (C terminus fusion). For CRY2-mCherry fusion protein, the
coding region of CRY2 was subcloned into a modified pCambia1300
containing mCherry reporter (Shaner et al., 2004). The resultant plas-
mids were transiently expressed in Arabidopsis protoplasts using the

polyethylene glycol/CaCl, method (Yoo et al., 2007). OsMADS15-red
fluorescent protein (Zhang and Xue, 2013) was used as a positive
control.

For colocalization analysis, equal amounts of CK1.3-GFP or CK1.4-GFP
and CRY2-mCherry constructs were mixed for transformation. Protoplasts
were incubated in the dark for 9 h (23°C) before observation. For blue light
treatment, incubated protoplasts were first exposed to blue light (10 pmol/
m?/s) for 5 min. Fluorescence was observed by confocal laser scanning
microscopy (Olympus FV1000).

For transient expression of fusion proteins in tobacco leaf epidermal
cells, CK1.3-mCherry and CK1.4-mCherry were subcloned into a modi-
fied pCambia1300 vector containing mCherry. The transformation was
performed according to a previous method (Van den Ackerveken et al.,
1996).

In Vitro Binding Assays

GST-CK1.3 and GST-CK1.4 proteins (5 ug) were incubated separately
with 15 pL of glutathione Sepharose 4B beads (Novagen) in 300 L
binding buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.2%
Triton X-100, 10% glycerol, 0.5 mM phenylmethylsulfonyl fluoride, and
1 mM DTT) containing 1X complete protease inhibitor cocktail at 4°C for
1 h. The beads were then washed three times with binding buffer (1 mL).
His-CRY2 proteins (5 pg) were then added, and the samples were in-
cubated on a rotating shaker at 25°C for 3 h under dark or blue light. The
beads were pelleted by centrifugation and washed five times with ice-cold
washing buffer (50 mM Tris-HCI, pH 8.0, 140 mM NaCl, 1 mM EDTA, and
0.1% Triton X-100). The washed pellet was resuspended in 2X SDS
sample buffer, and proteins were separated by SDS-PAGE and trans-
ferred to PVDF membrane for protein gel blot analysis. The prey (His-
CRY2) was detected by a mouse His-tag antibody (1:3000; Santa Cruz
Biotechnology), and equal bait (GST-CK1.3 and GST-CK1.4) input was
confirmed by a mouse GST-tag antibody (1:3000; Santa Cruz Bio-
technology).

GUS Staining Assays

Histochemical GUS assays were performed according to standard pro-
tocols (Sessions et al., 1999) with minor modifications. Tissues were
placed directly into GUS reaction buffer (0.5 mg/mL X-glucuronic acid, 10
mM EDTA, 0.1% Triton X-100, and 2 mM potassium ferri/ferrocyanide in
50 mM phosphate buffer, pH 7.0) and incubated overnight at 37°C after
vacuumization for 20 min. Stained tissues were cleared in 70% ethanol
and observed using differential interference contrast microscopy (Nikon
SMZ1500).

Phylogenetic Analysis

Sequences of homologous CK1 from Arabidopsis, rice (Oryza sativa), and
Homo sapiens were obtained from the National Center for Biotechnology
Information website (http://www.ncbi.nlm.nih.gov/) and the Rice Genome
Annotation Project (http://rice.plantbiology.msu.edu/). The conserved
domains of proteins were analyzed using the website http://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi. As all CK1 homologs have Ser/Thr
protein kinase domains, these conserved domains were used for
phylogenetic analyses. Sequence alignments were generated with
CLUSTAL_X 1.81, and the alignments were adjusted prior to construction
of the phylogenetic tree. Neighbor-joining analyses were performed using
MEGAS3.1 (Kumar et al., 2004) with the pairwise deletion option, with
a Poisson correction set for distance model and 1000 bootstrap replicates
selected.

Sequence alignments data are provided in Supplemental Data Set 1
online.
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Accession Numbers

Sequence data for the Arabidopsis genes described in this study can be
found in the Arabidopsis Genome Initiative database under the following
accession numbers: CK1.3, At4g28880; CK1.4, At4g28860; CRY2,
At1g04400; FT, At19g65480; CO, At5g15840; and ACTIN7, At5g09810. The
accession numbers of peptide sequences for phylogenetic analysis
were as follows: from H. sapiens, CK1a, NP_001020276.1; CK1g,
NP_001885.1; CK13, ABM64211.1; CK1vy, NP_071331.2; from rice, EL1,
NP_001051531; CKIl, NP_001053309; Os01g51200, BAB92346; Os01g13060,
NP_001042496; Os01g38950, NP_001043372; Os02g40860, NP_001047465;
0s029g56560, EAZ25030; Os02g17910, NP_001046556; Os05g51560,
NP_001056503; Os10g33650, NP_001064847; Os05g11140, Os01g10150,
0Os01g54100, Os01g56580, and Os07g07560 from the Rice Genome An-
notation Project; from Arabidopsis, CKL1, NP_193170; CKL2, AAY24533;
CK1.3, NP_194617; CK1.4, NP_194615; CKL5, NP_179537; CKLS6,
NP_567812; CKL7, NP_199223; CKL8, NP_199146; CKL9a, AAY24537;
CKL9b, AAY24538; CKL10, NP_188976; CKL11, AAY24540; CKL12,
NP_680447; CKL13, NP_171939; At3g03940, NP_187044.1; At3g13670,
NP_187977.1; At2g25760, NP_973532.1; At5g18190, and NP_197320.1.
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