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The circadian clockisanendogenous timing systemresponsible
for coordinating an organism’s biological processes with its
environment. Interlocked transcriptional feedback loops
constitute the fundamental architecture of the circadian clock.
In Arabidopsis, three feedback loops, the core loop, morning
loop and evening loop, comprise a network that is the basis
of the circadian clock. The components of these three loops
are regulated in distinct ways, including transcriptional,
post-transcriptional and posttranslational mechanisms. The
discovery of the DNA-binding and repressive activities of
TOC1 has overturned our initial concept of its function in the
circadian clock. The alternative splicing of circadian clock-
related genes plays an essential role in normal functioning
of the clock and enables organisms to sense environmental
changes. In this review, we describe the regulatory mechanisms
of the circadian clock that have been identified in Arabidopsis.

Introduction

Circadian rhythms, daily oscillations in gene expression and
activity, have been observed in almost all organisms, from cya-
nobacteria to mammals."? These rhythms are generated by an
internal timing system, the circadian clock, which integrates
environmental input to permit the organism to anticipate dawn
and dusk, to phase its biological activities to specific times of the
day, and to synchronize different physiological processes with
each other as a means of controlling essential physiological and
biochemical processes.! In Arabidopsis, multiple aspects of plant
growth and development are regulated by the circadian clock,
including photoperiod-dependent flowering time control, stem
and hypocotyl elongation, leaf movement, stomata movement
and gene expression.”> Expression of about 30% of the genes in
Arabidopsis is under circadian control.>*” Correct matching of
the periodicity of the endogenous circadian clock with local day/
night cycles enhances growth and survival, and confers advan-
tages in terms of fitness to higher plants.**1°

The molecular architecture of the circadian clock in most
organisms consists of multiple, interlocked regulatory loops
that are responsible for integrating input and generating overt
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rthythms.*'"'> The regulation of the circadian clock in Arabidopsis
has been studied extensively.’® Here, we review recent progress in
understanding the diverse regulatory mechanisms of the circa-
dian clock in Arabidopsis.

Repressive Activity of TOC1 in Regulating the Clock

In Arabidopsis, three interlocked transcriptional-translational
regulatory feedback loops have been identified, and significant
progress has been made in understanding their role in the circa-
dian clock.'*"

The best-characterized loop and the first to be identified, the
central, or core loop is comprised of two morning-expressed Myb
transcription  factors, CIRCADIANCLOCK-ASSOCIATEDI
(CCAI) and LATE ELONGATED HYPOCOTYL (LHY), and
an evening-expressed gene, TIMING OF CAB EXPRESSIONI
(TOCI). In this loop, the morning expression and functional
redundancy of CCA1/LHY represses the expression of 70CI
by directly binding to Evening Elements in the 7OCI pro-
moter region, which make up the negative arm of the core
loop in Arabidopsis.>' Conversely, the accumulation of TOCI
in the evening was initally thought to activate CCAI/LHY
through an unknown mechanism.””'® This central loop inter-
locks with the “morning” and “evening” loops, forming the
basic architecture of the plant circadian clock. In the morn-
ing-phased loop, CCAl and LHY expression increases the
expression of PSEUDO-RESPONSE REGULATOR 7 (PRR7),
PSEUDO-RESPONSE REGULATOR 9 (PRR9) and PSEUDO-
RESPONSE REGULATOR 5/NIGHT INHIBITOR (PRR5/
NI); PRR5/NI, PRR7 and PRRY subsequently downregulate
the expression of CCAI and LHY by binding to their promot-
ers.*1”?! GIGANTEA (GI), a large plant-specific protein, TOC1
and other proteins comprise the evening-phased loop.!*!42022%
Recent results have shown that EARLY FLOWERING 3 and
4 (ELF3 and ELF4), as well as LUX ARRHYTHMO (LUX,
also called PHYTOCLOCK]1), form the evening complex (EC),
which binds to the promoters of several target genes, including
those encoding LUX, ELF4, GI, TOC1 and PRRY, thereby sup-
pressing their expression.*°

Given the interplay among clock activators and repressors,
how TOCI regulates the expression of CCAI/LHY remains an
open question. Recent studies have shown that TOCI does not
function as an activator of CCAI/LHY, but rather as a general

repressor of oscillator gene expression.?'

TOC1 is a PEUDO-RESPONSE REGULATOR (PRR)

family protein with two domains: a pseudoreceiver (PR) domain
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that mediates protein interactions at the N terminus and a CCT
[CONSTANS (CO), CO-like, TOC1] domain responsible for
DNA-binding activity at the C terminus.”* TOCI is required
for normal functioning of the circadian clock in Arabidopsis.**°
Changes in TOCI rhythmic expression through chromatin
modification and transcriptional or post-translational regula-
tion can affect the functioning of the clock."#** As a regulator
of transcription, TOCI also controls the expression of a suite of
clock-related genes. Recent results have shown that TOCI acts
as a general transcriptional repressor that negatively regulates
CCAI/LHY and a group of genomic targets involved in critical
plant functions.’3? The repressive activity of 7OCI lies in its PR
domain, but it relies on the presence of a functional CCT domain
to negatively regulate its targets.

Furthermore, biochemical and molecular data show that
TOCI1 is a transcriptional repressor with DNA-binding activity.
Full-length TOC1 binds three motifs directly through its CCT
domain: TOCI morning element (TIME, TGTG), which is
part of the CO response element [TGTG(N2-N3)ATG], morn-
ing element (ME, GTGTGG) and hormone upregulated at dawn
(HUD, CATGTG).***%% The binding of TOCI to TIME, a
cis-element located in the CCAI and LHY promoters, in vivo and
in vitro indicates that TOCI binds directly to the CCAI/LHY
promoter region to repress the expression of those genes.?'

Genome-wide screening has resulted in the identification of
three additional cis-elements that are enriched in genes regu-
lated by TOC1: a G-box (CACGTG); a class I TCP bind-
ing site (GGNCCCAC), which binds TOCI through an
interaction with phytochrome interacting factors and CCALl
HIKING EXPEDITION, a suppressor of CCAI; and a GA
motif (AGARRGARRRAGADR) recognized by BASIC
PENTACYSTEINE transcription factors. 334048

The discovery of the DNA-binding and repressive activities of
TOCI1 provides a mechanism for the regulatory role of TOCI in
the central loop, and it offers an explanation for experimental data
that are inconsistent with an activating role for TOCI, such as in
the z#/ mutant in which TOCI accumulation is accompanied by
reduced LHY and CCA1 expression.’3¢4

Thus, the conclusion can be made that the suppressive activity
of TOCL is exerted either through direct binding to TIME or
similar sites located in the promoter region of its targets mediated
by its CCT domain, or by being recruited to the promoter region of
its targets by interacting with other DNA-binding proteins.?>4¢48

Fine-Tuning of Protein Activity and Degradation
in the Circadian Clock

In addition to the transcriptional regulatory feedback loops
described above, key components of the clock are subject to post-
translational control.’*5? Phosphorylation plays a pivotal role in
regulating the activity and abundance of clock components. The
abundance of some circadian clock-associated proteins, including
LHY, CASEIN KINASE 2B4 (CKB4) and XAP5 CIRCADIAN
TIMEKEEPER, is modulated by phosphorylation. The phosphor-
ylation of CCA1, mediated at least in part by CK2, is required for
its function.”®* A circadian phosphorylation pattern has also been
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observed for TOC1, PRR3, PRR5, PRR7 and PRRY, although
the responsible kinases are unknown.” Phosphorylated TOC1
and PRR3 exhibit enhanced affinity for each other, suggesting
that the regulation of TOCI stability through its competitive
interaction with PRR3 or ZEITLUPE (ZTL) is modulated by
their phosphorylation status.”%> Posttranslational degradation in
the regulation of circadian components was discovered after the
identification of ZTL, which contains both an F-box domain and
a blue light-sensing LOV domain, and which functions as part
of a Skp/Cullin/F-box (SCF) E3 ubiquitin ligase complex.>*>¢>
Degradation of TOCI and its homolog PRR5 is triggered by a
direct interaction with ZTL through the 26S proteasome.’*>"%
The interaction of GI with ZTL, which is mediated by blue light,
stabilizes both proteins and prevents ZTL from targeting its sub-
strates TOC1 and PRR5 for degradation throughout the day.”
Similarly, PRR3 binds directly to TOCI, blocking the recruit
ment of TOCI to the SCF complex via ZTL at the beginning of
the night to prevent TOC1 degradation.?”

Roles for Alternative Splicing in the Clock

Gene expression is also subject to post-transcriptional regulation
in the form of preemRNA processing, including 5' capping, 3'
polyadenylation and intron removal or splicing, which not only
affects the mature mRNA level, but is important for both tran-
scription itself and downstream mRNA metabolic events such as
mRNA export and turnover.”” Pre-mRNA splicing is an essential
step in eukaryotic gene expression that takes place within the
spliccosome. Components of the splicing complex include several
snRNPs, numerous serine/arginine-rich (SR) proteins and other
non-snRNP proteins.®*¢? The spliceosome is highly dynamic dur-
ing splicing progression, guided by consensus sequences in the pre-
mRNA to form sequential complexes.®

As in other eukaryotes, alternative splicing is an essential mech-
anism for modulating gene expression and increasing transcrip-
tome plasticity and proteome diversity in plants.**® More than
95% of the genes split by introns in humans undergo alternative
splicing.® It has been reported that about 42% of intron-contain-
ing genes in Arabidopsis are alternatively spliced; these genes are
involved in growth and development and in responses to environ-
mental changes and biotic or abiotic stress.” 7! Alternative pro-
cessing of the tobacco N gene and of Arabidopsis FCA pre-mRNA
is important in the control of disease resistance and the floral
transition.”””> Dysfunction of the plantspecific protein SR45
leads to a splicing deficiency, late flowering and an abnormal leaf
morphology.”*”

Alternative splicing is also emerging asan important mechanism
in the regulation of clock gene expression. Two CCAI transcripts,
CCAla and CCAIB, have been detected through whole-genome
sequencing and RT-PCR.“*" The alternative splicing variant of
CCAI, designated CCAIB, in which intron 4 is retained, is con-
served in at least four plant species; moreover, CCAI accumulates
under high light conditions but shows decreased accumulation
in the cold.”” Protein domain predictions for the alternatively
spliced isoforms of CCAL1 suggest that CCAI1B has a dimeriza-
tion domain, like CCAla, but that it lacks the N-terminal MYB
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motif, which is involved in DNA binding.">* The homodimeriza-
tion and heterodimerization of CCAla and LHY are important
for the ability of these proteins to regulate circadian rhythms. >8>
The splice variant CCAIP represses CCAloe and LHY activity
by competitively forming nonfunctional CCAla/CCA1f and
CCAI1B/LHY heterodimers, creating a self-regulatory circuit for
CCA1 and LHY through the alternative splicing of CCA1.5° Thus,
transcription factors can auto-regulate their expression by generat-
ing competitive inhibitors through alternative splicing.

Furthermore, the alternative splicing of CCAI is suppressed by
low temperatures.” CCAla activity is derepressed by cold because
of the significantly reduced production of CCAI1B at low tem-
peratures,®® which explains the involvement of central circadian
oscillators in freezing tolerance.?%¥” Under cold conditions, the
alternative splicing of CCA1 is suppressed. This enhances CCAla
activity, which contributes to arrhythmicity of the clock and the
induction of freezing tolerance by amplitude regulation of the
expression of C-repeat/dehydration-responsive element binding
factors and GL.* Thus, the regulation of CCALI activity by alterna-
tive splicing is important for plant adaptation to cold conditions.

Not only CCAI, but other circadian clock-related genes,
including LHY, TOCI, PRR3, PRR5, PRR7, PRRY, ZTL and GI,
undergo alternative splicing in Arabidopsis, mostly in a tempera-
ture-dependent manner.58%5

The role of PROTEIN ARGININE METHYL
TRANSFERASE 5 (A(PRMT5) in regulating the alternative
splicing of PRR9 was discovered recently.®” AcPRMTS is a type
IT protein arginine methyltransferase that methylates diverse
substrates and affects pre-mRNA splicing in a global fashion.
AtPRMTS5 methylates various nonhistone substrates, including
RNA processing factors, hnRNPs, U snRNP, AcSmD1, D3 and
AtLSm4.”° The expression of AtPRMTS5 is under the control of
the circadian clock, and mutations in AtPRMT?5 elongate the cir-
cadian period.” Mutations in Azprmt5 reduce the methylation of
AtSmD1 and AtLSm4, leading to splicing defects in hundreds of
genes that are involved in multiple processes, probably by regulat-
ing 5' splice site recognition.*?° Defects in the alternative splicing
of PRRY in atprmi5-5 lengthen the circadian period, indicating
the regulatory role of alternative splicing in the clock.®’

The involvement of splicing factors such as Ski-interacting pro-
tein (SKIP) and SPLICEOSOMAL TIMEKEEPER LOCUSI
(STIPLI) in the regulation of the circadian clock in Arabidopsis
has also been demonstrated recently.”>”* Mutations in AtSKIP
and STIPLI increase the period length of the circadian clock.
The capacity for temperature compensation is disrupted in skip-
1. AtSKIP is a conserved SN'W domain-containing protein and
confirmed component of the spliceosome that associates with the
splicing factor SR45; this is consistent with the role of SKIP in both
mammals and yeast (Prp45).6292%4% As a splicing factor, AtSKIP
exhibits splicing activity and can complement the defects in the
cell cycle, temperature sensitivity and alternative splicing seen in
the yeast mutant prp45(1-169); moreover, mutations in ArSKIP
can compromise splice site selection and alter genome-wide splic-
9296 AtSKIP is also known to play a pivotal role in the
pre-mRNA splicing of several circadian oscillator genes, including
PRR7 and PRRY, through direct pre-mRNA binding.”* Defects

ing patterns.

www.landesbioscience.com

Plant Signaling & Behavior

in the alternative splicing of PRR7 and PRR9 partially contrib-
ute to lengthening of the circadian period in the skip-/ mutant.””
STIPLI is a homolog of the spliceosomal proteins TUFTELIN-
INTERACTING PROTEINII (TFIP11) in humans and Nerlp
in yeast, which are involved in spliceosome disassembly.”>*” The
mutation of STIPLI causes less efficient splicing of most of the
introns analyzed.” The altered accumulation of circadian clock-
associated transcripts, including CCAI, LHY, PRR9, GI and
TOCI, may contribute to the long circadian period phenotype of
the stip/I mutant.”® These findings indicate the roles of the splicing
factors AtSKIP and STIPLI in regulating alternative splicing and
the period length of the circadian clock.”*%

A similar phenomenon has been discovered in other organisms.
The period gene, which encodes a key component of the circadian
oscillator in Drosophila melanogaster, generates two transcripts,
type A and type B’, in vivo, which differ by an alternatively spliced
intron in their 3-UTRs. The abundance of type A and type B’
transcripts varies in head and body tissues and is temperature-
dependent.”®” The frequency (frq) gene is a central component
of the circadian clock in Neurospora crassa.’® Two FRQ proteins,
LFRQ and SFRQ, are generated from two alternative initiation
codons in a temperature-dependent manner.'”" The relative lev-
els of the two alternatively spliced transcripts are highly thermo-
sensitive, leading to temperature-dependent changes in the FRQ
protein population, suggesting that the temperature-influenced
alternative splicing of frg pre-mRNA plays a significant role in
temperature sensing,'**1%4

Taken together, the alternative splicing of oscillator genes is
involved in the determination of circadian period length, tem-
perature perception and temperature compensation of the clock in
Drosophila, Neurospora, and Arabidopsis, suggesting that alterna-
tive splicing is a general regulatory mechanism in the clock.

The circadian clock is an important part of the interaction
between plants and their environment. Interlocked transcrip-
tional-translational feedback loops form the basis for regulation
of the clock. This basic architecture is complicated by the inter-
play of clock-associated components. Thus, dissecting the cellular,
molecular and biochemical mechanisms of the clock system is an
ongoing challenge. Much effort will be required to explore new
components associated with known factors. Though recent studies
have linked alternative splicing to the circadian clock, the role of
alternative splicing in modulating the clock are far from clear. Is
there specificity for the spliceosome, and what are the determinants
of that specificity? Are there clock-related gene-specific splicing
factors? How do the alternatively spliced isoforms of clock-related
genes (e.g., LHY, PRR7, PRR9 and TOCI) perform their func-
tions? Addressing these questions will enhance our understanding
of the circadian clock.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Dr. Jessica Habashi for critical reading of the manu-
script. This work was supported by grants from China MOST 973
projects (2012CB910900 and 2012CB114200, L.M.).

e23014-3

©2013 Landes Bioscience. Do not distribute.



References

Bell-Pedersen D, Cassone VM, Earnest DJ, Golden SS,
Hardin PE, Thomas TL, et al. Circadian rhythms from
multiple oscillators: lessons from diverse organisms.
Nat Rev Genet 2005; 6:544-56; PMID:15951747;
http://dx.doi.org/10.1038/nrg1633.

Dunlap JC, Loros JJ. The neurospora circadian system.
J Biol Rhythms 2004; 19:414-24; PMID:15534321;
heep://dx.doi.org/10.1177/0748730404269116.
Covington ME, Maloof JN, Straume M, Kay SA,
Harmer SL. Global transcriptome analysis reveals
circadian regulation of key pathways in plant growth
and development. Genome Biol 2008; 9:R130;
PMID:18710561; http://dx.doi.org/10.1186/gb-2008-
9-8-r130.

Harmer SL. The circadian system in high-
er plants. Annu Rev Plant Biol 2009; 60:357-77;
PMID:19575587; http://dx.doi.org/10.1146/annurev.
arplant.043008.092054.

McClung CR. Plant circadian rhythms. Plant Cell
2006; 18:792-803; PMID:16595397; http://dx.doi.
0rg/10.1105/tpc.106.040980.

Harmer SL, Kay SA. Microarrays: determining the bal-
ance of cellular transcription. Plant Cell 2000; 12:613-
6; PMID:10810138.

Harmer SL, Hogenesch JB, Straume M, Chang HS,
Han B, Zhu T, et al. Orchestrated transcription of key
pathways in Arabidopsis by the circadian clock. Science
2000; 290:2110-3; PMID:11118138; http://dx.doi.
org/10.1126/science.290.5499.2110.

Michael TP, Salomé PA, Yu HJ, Spencer TR, Sharp EL,
McPeek MA, et al. Enhanced fitness conferred by natu-
rally occurring variation in the circadian clock. Science
2003; 302:1049-53; PMID:14605371; http://dx.doi.
org/10.1126/science.1082971.

Gutierrez RA, Ewing RM, Cherry JM, Green PJ.
Identification of unstable transcripts in Arabidopsis by
cDNA microarray analysis: rapid decay is associated
with a group of touch- and specific clock-controlled
genes. Proc Natl Acad Sci USA 2002; 99:11513-
8; PMID:12167669; http://dx.doi.org/10.1073/
pnas.152204099.

Zhang EE, Kay SA. Clocks not winding down: unrav-
elling circadian networks. Nat Rev Mol Cell Biol
2010; 11:764-76; PMID:20966970; http://dx.doi.
0rg/10.1038/nrm2995.

Wijnen H, Young MW. Interplay of circadian clocks and
metabolic thythms. Annu Rev Genet 2006; 40:409-48;
PMID:17094740; http://dx.doi.org/10.1146/annurev.
genet.40.110405.090603.

Hamilton EE, Kay SA. SnapShot: circadian clock
proteins. Cell 2008; 135:368-¢1, e1; PMID:18957209;
heep://dx.doi.org/10.1016/j.cell.2008.09.042.
Pruneda-Paz JL, Kay SA. An expanding universe of
circadian networks in higher plants. Trends Plant
Sci 2010; 15:259-65; PMID:20382065; http://dx.doi.
org/10.1016/j.tplants.2010.03.003.

McClung CR, Gutiérrez RA. Network news: prime time
for systems biology of the plant circadian clock. Curr
Opin Genet Dev 2010; 20:588-98; PMID:20889330;
http://dx.doi.org/10.1016/j.gde.2010.08.010.

Wang ZY, Kenigsbuch D, Sun L, Harel E, Ong
MS, Tobin EM. A Myb-related transcription fac-
tor is involved in the phytochrome regulation of an
Arabidopsis Lheb gene. Plant Cell 1997; 9:491-507;
PMID:9144958.

Schaffer R, Ramsay N, Samach A, Corden S, Putterill J,
Carré IA, et al. The late elongated hypocotyl mutation
of Arabidopsis disrupts circadian rhythms and the pho-
toperiodic control of flowering. Cell 1998; 93:1219-
29; PMID:9657154; http://dx.doi.org/10.1016/
S0092-8674(00)81465-8.

Alabadi D, Yanovsky MJ, Mds P, Harmer SL, Kay
SA. Critical role for CCAl and LHY in maintain-
ing circadian rhythmicity in Arabidopsis. Curr Biol
2002; 12:757-61; PMID:12007421; http://dx.doi.
0rg/10.1016/50960-9822(02)00815-1.

e23014-4

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Mis B, Alabadi D, Yanovsky MJ, Oyama T, Kay SA.
Dual role of TOCLI in the control of circadian and
photomorphogenic responses in Arabidopsis. Plant Cell
2003; 15:223-36; PMID:12509533; http://dx.doi.
org/10.1105/tpc.006734.

Farré EM, Harmer SL, Harmon FG, Yanovsky MJ,
Kay SA. Overlapping and distinct roles of PRR7
and PRRY in the Arabidopsis circadian clock. Curr
Biol 2005; 15:47-54; PMID:15649364; http://dx.doi.
org/10.1016/j.cub.2004.12.067.

Nakamichi N, Kiba T, Henriques R, Mizuno T,
Chua NH, Sakakibara H. PSEUDO-RESPONSE
REGULATORS 9, 7, and 5 are transcriptional repres-
sors in the Arabidopsis circadian clock. Plant Cell
2010; 22:594-605; PMID:20233950; http://dx.doi.
0rg/10.1105/tpc.109.072892.

Yamashino T, Ito S, Niwa Y, Kunihiro A, Nakamichi N,
Mizuno T. Involvement of Arabidopsis clock-associated
pseudo-response regulators in diurnal oscillations of
gene expression in the presence of environmental
time cues. Plant Cell Physiol 2008; 49:1839-50;
PMID:19015137;  http://dx.doi.org/10.1093/pcp/
penl65.

Mis P, Yanovsky MJ. Time for circadian rhythms: plants
get synchronized. Curr Opin Plant Biol 2009; 12:574-
9; PMID:19709921; http://dx.doi.org/10.1016/].
pbi.2009.07.010.

Harmer S. Plant biology in the fourth dimension. Plant
Physiol 2010; 154:467-70; PMID:20921165; http://
dx.doi.org/10.1104/pp.110.161448.

Onai K, Ishiura M. PHYTOCLOCK 1 encoding
a novel GARP protein essential for the Arabidopsis
circadian clock. Genes Cells 2005; 10:963-72;
PMID:16164597; http://dx.doi.org/10.1111/j.1365-
2443.2005.00892.x.

Wang L, Fujiwara S, Somers DE. PRR5 regulates
phosphorylation, nuclear import and subnuclear local-
ization of TOCI in the Arabidopsis circadian clock.
EMBO ] 20105 29:1903-15; PMID:20407420; heep://
dx.doi.org/10.1038/emboj.2010.76.

Chow BY, Helfer A, Nusinow DA, Kay SA. ELF3
recruitment to the PRR9 promoter requires other
Evening Complex members in the Arabidopsis
circadian clock. Plant Signal Behav 2012; 7:170-
3; PMID:22307044; http://dx.doi.org/10.4161/
psb.18766.

Helfer A, Nusinow DA, Chow BY, Gehrke AR,
Bulyk ML, Kay SA. LUX ARRHYTHMO encodes
a nighttime repressor of circadian gene expression in
the Arabidopsis core clock. Curr Biol 2011; 21:126-
33; PMID:21236673; http://dx.doi.org/10.1016/j.
cub.2010.12.021.

Nusinow DA, Helfer A, Hamilton EE, King ]JJ,
Imaizumi T, Schultz TE et al. The ELF4-ELF3-
LUX complex links the circadian clock to diurnal
control of hypocotyl growth. Nature 2011; 475:398-
402; PMID:21753751; http://dx.doi.org/10.1038/
nature10182.

Hazen SP, Schultz TE Pruneda-Paz JL, Borevitz JO,
Ecker JR, Kay SA. LUX ARRHYTHMO encodes
a Myb domain protein essential for circadian
rhythms. Proc Natl Acad Sci USA 2005; 102:10387-
92; PMID:16006522; http://dx.doi.org/10.1073/
pnas.0503029102.

Herrero E, Kolmos E, Bujdoso N, Yuan Y, Wang M,
Berns MC, et al. EARLY FLOWERING4 recruitment
of EARLY FLOWERINGS3 in the nucleus sustains the
Arabidopsis circadian clock. Plant Cell 2012; 24:428-
43; PMID:22327739; htep://dx.doi.org/10.1105/
tpc.111.093807.

Pokhilko A, Ferndndez AP, Edwards KD, Southern
MM, Halliday KJ, Millar AJ. The clock gene circuit
in Arabidopsis includes a repressilator with addi-
tional feedback loops. Mol Syst Biol 2012; 8:574;
PMID:22395476; htep://dx.doi.org/10.1038/
msb.2012.6.

Plant Signaling & Behavior

32.

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Huang W, Pérez-Garcfa D, Pokhilko A, Millar AJ,
Antoshechkin I, Riechmann JL, et al. Mapping the core
of the Arabidopsis circadian clock defines the network
structure of the oscillator. Science 2012; 336:75-
9; PMID:22403178; http://dx.doi.org/10.1126/sci-
ence.1219075.

Gendron JM, Pruneda-Paz JL, Doherty CJ, Gross
AM, Kang SE, Kay SA. Arabidopsis circadian clock
protein, TOCI, is a DNA-binding transcription
factor. Proc Natl Acad Sci USA 2012; 109:3167-
72; PMID:22315425; http://dx.doi.org/10.1073/
pnas.1200355109.

Wenkel S, Turck F, Singer K, Gissot L, Le Gourrierec
J, Samach A, et al. CONSTANS and the CCAAT box
binding complex share a functionally important domain
and interact to regulate flowering of Arabidopsis. Plant
Cell 2006; 18:2971-84; PMID:17138697; http://
dx.doi.org/10.1105/tpc.106.043299.

Matsushika A, Makino S, Kojima M, Mizuno T.
Circadian waves of expression of the APRR1/TOCI1
family of pseudo-response regulators in Arabidopsis
thaliana: insight into the plant circadian clock. Plant
Cell Physiol 2000; 41:1002-12; PMID:11100772;
http://dx.doi.org/10.1093/pcp/pcd043.

Mis P, Kim WY, Somers DE, Kay SA. Targeted deg-
radation of TOC1 by ZTL modulates circadian func-
tion in Arabidopsis thaliana. Nature 2003; 426:567-
70; PMID:14654842; http://dx.doi.org/10.1038/
nature02163.

Para A, Farré EM, Imaizumi T, Pruneda-Paz JL,
Harmon FG, Kay SA. PRR3 Is a vascular regula-
tor of TOCI stability in the Arabidopsis circadian
clock. Plant Cell 2007; 19:3462-73; PMID:18055606;
http://dx.doi.org/10.1105/tpc.107.054775.

Tiwari SB, Shen Y, Chang HC, Hou Y, Harris A, Ma
SE et al. The flowering time regulator CONSTANS is
recruited to the FLOWERING LOCUS T promoter
via a unique cis-element. New Phytol 2010; 187:57-66;
PMID:20406410; http://dx.doi.org/10.1111/j.1469-
8137.2010.03251.x.

Xing Y, Fikes JD, Guarente L. Mutations in yeast
HAP2/HAP3 define a hybrid CCAAT box binding
domain. EMBO J 1993; 12:4647-55; PMID:8223474.
Més P. Circadian clock function in Arabidopsis thali-
ana: time beyond transcription. Trends Cell Biol
2008; 18:273-81; PMID:18468438; http://dx.doi.
0rg/10.1016/j.tcb.2008.03.005.

Strayer C, Oyama T, Schultz TE Raman R, Somers
DE, Més P, et al. Cloning of the Arabidopsis clock gene
TOCI, an autoregulatory response regulator homolog.
Science 2000; 289:768-71; PMID:10926537; http://
dx.doi.org/10.1126/science.289.5480.768.

Somers DE, Webb AA, Pearson M, Kay SA. The short-
period mutant, tocl-1, alters circadian clock regula-
tion of multiple outputs throughout development in
Arabidopsis thaliana. Development 1998; 125:485-94;
PMID:9425143.

Alabadi D, Oyama T, Yanovsky MJ, Harmon FG, Mds
P, Kay SA. Reciprocal regulation between TOC1 and
LHY/CCA1 within the Arabidopsis circadian clock.
Science 2001; 293:880-3; PMID:11486091; htep://
dx.doi.org/10.1126/science.1061320.

Perales M, Mds . A functional link between rhythmic
changes in chromatin structure and the Arabidopsis
biological clock. Plant Cell 2007; 19:2111-23;
PMID:17616736; heep://dx.doi.org/10.1105/
tpc.107.050807.

Michael TP, Mockler TC, Breton G, McEntee C,
Byer A, Trout JD, et al. Network discovery pipeline
elucidates conserved time-of-day-specific cis-regulatory
modules. PLoS Genet 2008; 4:e14; PMID:18248097;
http://dx.doi.org/10.1371/journal.pgen.0040014.
Pruneda-Paz JL, Breton G, Para A, Kay SA. A func-
tional genomics approach reveals CHE as a com-
ponent of the Arabidopsis circadian clock. Science
2009; 323:1481-5; PMID:19286557; htep://dx.doi.
org/10.1126/science.1167206.

Volume 8 Issue 2

Do not distribute.

I0Science.

©2013 Landes B



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Wanke D, Hohenstatt ML, Dynowski M, Bloss U,
Hecker A, Elgass K, et al. Alanine zipper-like coiled-
coil domains are necessary for homotypic dimerization
of plant GAGA-factors in the nucleus and nucleolus.
PLoS ONE 2011; 6:¢16070; PMID:21347358; http://
dx.doi.org/10.1371/journal.pone.0016070.
Yamashino T, Matsushika A, Fujimori T, Sato S, Kato
T, Tabata S, et al. A Link between circadian-controlled
bHLH factors and the APRR1/TOCI quintet in
Arabidopsis thaliana. Plant Cell Physiol 2003; 44:619-
29; PMID:12826627; http://dx.doi.org/10.1093/pcp/
pcg078.

Baudry A, Tto S, Song YH, Strait AA, Kiba T, Lu S, et
al. F-box proteins FKF1 and LKP2 act in concert with
ZEITLUPE to control Arabidopsis clock progression.
Plant Cell 20105 22:606-22; PMID:20354196; http://
dx.doi.org/10.1105/tpc.109.072843.

S, Young MW, Saez L.
Posttranscriptional and  posttranslational  regu-
lation of clock genes. ] Biol Rhythms 2004;
19:361-73;  PMID:15534317;  http://dx.doi.
org/10.1177/0748730404268111.

Mehra A, Baker CL, Loros JJ, Dunlap JC. Post-
translational modifications in circadian rhythms. Trends
Biochem Sci 2009; 34:483-90; PMID:19740663;
http://dx.doi.org/10.1016/.tibs.2009.06.006.

Guo J, Cheng P, Yuan H, Liu Y. The exosome
regulates circadian gene expression in a posttranscrip-
tional negative feedback loop. Cell 2009; 138:1236-
46; PMID:19747717; http://dx.doi.org/10.1016/j.
cell.2009.06.043.

Sugano S, Andronis C, Green RM, Wang ZY, Tobin
EM. Protein kinase CK2 interacts with and phos-

Harms E, Kivimie

phorylates the Arabidopsis circadian clock-associated
1 protein. Proc Natl Acad Sci USA 1998; 95:11020-
5; PMID:9724822;  http://dx.doi.org/10.1073/
pnas.95.18.11020.

Daniel X, Sugano S, Tobin EM. CK2 phosphoryla-
tion of CCALl is necessary for its circadian oscillator
function in Arabidopsis. Proc Natl Acad Sci USA
2004; 101:3292-7; PMID:14978263; http://dx.doi.
org/10.1073/pnas.0400163101.

Fujiwara S, Wang L, Han L, Suh SS, Salomé PA,
McClung CR, et al. Post-translational regulation of
the Arabidopsis circadian clock through selective
proteolysis and phosphorylation of pseudo-response
regulator proteins. J Biol Chem 2008; 283:23073-
83; PMID:18562312; http://dx.doi.org/10.1074/jbc.
M803471200.

Somers DE, Schultz TE, Milnamow M, Kay SA.
ZEITLUPE encodes a novel clock-associated PAS
protein from Arabidopsis. Cell 2000; 101:319-29;
PMID:10847686; http://dx.doi.org/10.1016/S0092-
8674(00)80841-7.

Kim WY, Fujiwara S, Suh SS, Kim J, Kim Y, Han L, et
al. ZEITLUPE is a circadian photoreceptor stabilized
by GIGANTEA in blue light. Nature 2007; 449:356-
60; PMID:17704763; http://dx.doi.org/10.1038/
nature06132.

Kiba T, Henriques R, Sakakibara H, Chua NH.
Targeted degradation of PSEUDO-RESPONSE
REGULATOR5 by an SCFZTL complex regu-
lates clock function and photomorphogenesis in
Arabidopsis thaliana. Plant Cell 2007; 19:2516-
30; PMID:17693530; http://dx.doi.org/10.1105/
tpc.107.053033.

Moore M]J, Proudfoot NJ. Pre-mRNA processing
reaches back to transcription and ahead to translation.
Cell 2009; 136:688-700; PMID:19239889; http://
dx.doi.org/10.1016/j.cell.2009.02.001.

Deckert J, Hartmuth K, Boehringer D, Behzadnia
N, Will CL, Kastner B, et al. Protein composition
and electron microscopy structure of affinity-purified
human spliceosomal B complexes isolated under physi-
ological conditions. Mol Cell Biol 2006; 26:5528-
43; PMID:16809785; http://dx.doi.org/10.1128/
MCB.00582-06.

www.landesbioscience.com

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Behzadnia N, Golas MM, Hartmuth K, Sander B,
Kastner B, Deckert J, et al. Composition and three-
dimensional EM structure of double affinity-puri-
fied, human presplicecosomal A complexes. EMBO J
2007; 26:1737-48; PMID:17332742; htep://dx.doi.
org/10.1038/sj.emboj.7601631.

Bessonov S, Anokhina M, Will CL, Urlaub H,
Lithrmann R. Isolation of an active step I spliceo-
some and composition of its RNP core. Nature
2008; 452:846-50; PMID:18322460; http://dx.doi.
org/10.1038/nature06842.

Wahl MC, Will CL, Lithrmann R. The spliceosome:
design principles of a dynamic RNP machine. Cell
2009; 136:701-18; PMID:19239890; htep://dx.doi.
0rg/10.1016/j.cell.2009.02.009.

Lorkovi ZJ, Wieczorek Kirk DA, Lambermon MH,
Filipowicz W. Pre-mRNA splicing in higher plants.
Trends Plant Sci 2000; 5:160-7; PMID:10740297;
htep://dx.doi.org/10.1016/51360-1385(00)01595-8.
Reddy AS. Alternative splicing of pre-messenger RNAs
in plants in the genomic era. Annu Rev Plant Biol
2007; 58:267-94; PMID:17222076; http://dx.doi.
org/10.1146/annurev.arplant.58.032806.103754.

Pan Q, Shai O, Lee L], Frey BJ, Blencowe BJ. Deep
surveying of alternative splicing complexity in the
human transcriptome by high-throughput sequencing.
Nat Genet 2008; 40:1413-5; PMID:18978789; http://
dx.doi.org/10.1038/ng.259.

Filichkin SA, Priest HD, Givan SA, Shen R, Bryant
DW, Fox SE, et al. Genome-wide mapping of alter-
native splicing in Arabidopsis thaliana. Genome Res
2010; 20:45-58; PMID:19858364; http://dx.doi.
0rg/10.1101/gr.093302.109.

Barbazuk WB, Fu Y, McGinnis KM. Genome-wide
analyses of alternative splicing in plants: opportuni-
ties and challenges. Genome Res 2008; 18:1381-
92; PMID:18669480; http://dx.doi.org/10.1101/
gr.053678.106.

lida K, Seki M, Sakurai T, Satou M, Akiyama K,
Toyoda T, et al. Genome-wide analysis of alternative
pre-mRNA splicing in Arabidopsis thaliana based
on full-length ¢cDNA sequences. Nucleic Acids Res
2004; 32:5096-103; PMID:15452276; htep://dx.doi.
org/10.1093/nar/gkh845.

Egawa C, Kobayashi F Ishibashi M, Nakamura T,
Nakamura C, Takumi S. Differential regulation of
transcript accumulation and alternative splicing of
a DREB2 homolog under abiotic stress conditions
in common wheat. Genes Genet Syst 2006; 81:77-
91; PMID:16755132; http://dx.doi.org/10.1266/
ggs.81.77.

Palusa SG, Ali GS, Reddy AS. Alternative splicing of
pre-mRNAs of Arabidopsis serine/arginine-rich pro-
teins: regulation by hormones and stresses. Plant J
2007; 49:1091-107; PMID:17319848; http://dx.doi.
0rg/10.1111/j.1365-313X.2006.03020.x.
Dinesh-Kumar SP, Baker BJ. Alternatively spliced N
resistance gene transcripts: their possible role in tobacco
mosaic virus resistance. Proc Natl Acad Sci USA
2000; 97:1908-13; PMID:10660679; http://dx.doi.
0rg/10.1073/pnas.020367497.

Jordan T, Schornack S, Lahaye T. Alternative splicing of
transcripts encoding Toll-like plant resistance proteins
- what's the functional relevance to innate immunity?
Trends Plant Sci 2002; 7:392-8; PMID:12234730;
hetp://dx.doi.org/10.1016/S1360-1385(02)023117.
Macknight R, Duroux M, Laurie R, Dijkwel P, Simpson
G, Dean C. Functional significance of the alternative
transcript processing of the Arabidopsis floral promoter
FCA. Plant Cell 2002; 14:877-88; PMID:11971142;
htep://dx.doi.org/10.1105/tpc.010456.

Quesada V, Macknight R, Dean C, Simpson GG.
Autoregulation of FCA pre-mRNA processing controls
Arabidopsis flowering time. EMBO ] 2003; 22:3142-
52; PMID:12805228; http://dx.doi.org/10.1093/
emboj/cdg305.

Plant Signaling & Behavior

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Zhang XN, Mount SM. Two alternatively spliced
isoforms of the Arabidopsis SR45 protein have distinct
roles during normal plant development. Plant Physiol
2009; 150:1450-8; PMID:19403727; http://dx.doi.
org/10.1104/pp.109.138180.

Tanabe N, Kimura A, Yoshimura K, Shigeoka S. Plant-
specific SR-related protein atSR45a interacts with
spliceosomal proteins in plant nucleus. Plant Mol Biol
2009; 70:241-52; PMID:19238562; http://dx.doi.
0rg/10.1007/s11103-009-9469-y.

Ali GS, Palusa SG, Golovkin M, Prasad J, Manley JL,
Reddy AS. Regulation of plant developmental processes
by a novel splicing factor. PLoS ONE 2007; 2:e471;
PMID:17534421; http://dx.doi.org/10.1371/journal.
pone.0000471.

Barta A, Kalyna M, Lorkovi ZJ. Plant SR proteins
and their functions. Curr Top Microbiol Immunol
2008; 326:83-102; PMID:18630748; http://dx.doi.
0rg/10.1007/978-3-540-76776-3_5.

Seo PJ, Park MJ, Lim MH, Kim SG, Lee M, Baldwin
IT, et al. A self-regulatory circuit of CIRCADIAN
CLOCK-ASSOCIATED1 underlies the circadian clock
regulation of temperature responses in Arabidopsis.
Plant Cell 2012; 24:2427-42; PMID:22715042;
http://dx.doi.org/10.1105/tpc.112.098723.

Lu SX, Knowles SM, Andronis C, Ong MS, Tobin
EM. CIRCADIAN CLOCK ASSOCIATED! and
LATE ELONGATED HYPOCOTYL function syn-
ergistically in the circadian clock of Arabidopsis. Plant
Physiol 2009; 150:834-43; PMID:19218364; http://
dx.doi.org/10.1104/pp.108.133272.

Yakir E, Hilman D, Kron I, Hassidim M, Melamed-
Book N, Green RM. Posttranslational regulation
of CIRCADIAN CLOCK ASSOCIATEDI1 in the
circadian oscillator of Arabidopsis. Plant Physiol
2009; 150:844-57; PMID:19339503; http://dx.doi.
org/10.1104/pp.109.137414.

Salomé PA, McClung CR. PSEUDO-RESPONSE
REGULATOR 7 and 9 are partially redundant genes
essential for the temperature responsiveness of the
Arabidopsis circadian clock. Plant Cell 2005; 17:791-
803; PMID:15705949; http://dx.doi.org/10.1105/
tpc.104.029504.

Nakamichi N, Kita M, Ito S, Sato E, Yamashino T,
Mizuno T. The Arabidopsis pseudo-response regula-
tors, PRR5 and PRR7, coordinately play essential
roles for circadian clock function. Plant Cell Physiol
2005; 46:609-19; PMID:15695441; http://dx.doi.
0rg/10.1093/pcp/pci061.

Espinoza C, Bieniawska Z, Hincha DK, Hannah MA.
Interactions between the circadian clock and cold-
response in Arabidopsis. Plant Signal Behav 2008;
3:593-4; PMID:19704808; http://dx.doi.org/10.4161/
psb.3.8.6340.

Espinoza C, Degenkolbe T, Caldana C, Zuther E,
Leisse A, Willmitzer L, et al. Interaction with diurnal
and circadian regulation results in dynamic meta-
bolic and transcriptional changes during cold accli-
mation in Arabidopsis. PLoS ONE 2010; 5:¢14101;
PMID:21124901; http://dx.doi.org/10.1371/journal.
pone.0014101.

Dong MA, Farré EM, Thomashow ME Circadian
clock-associated 1 and late elongated hypocotyl regu-
late expression of the C-repeat binding factor (CBF)
pathway in Arabidopsis. Proc Natl Acad Sci USA
2011; 108:7241-6; PMID:21471455; http://dx.doi.
0rg/10.1073/pnas.1103741108.

James AB, Syed NH, Bordage S, Marshall J, Nimmo
GA, Jenkins GI, et al. Alternative splicing medi-
ates responses of the Arabidopsis circadian clock
to temperature changes. Plant Cell 2012; 24:961-
81; PMID:22408072; http://dx.doi.org/10.1105/
tpc.111.093948.

Sanchez SE, Petrillo E, Beckwith EJ, Zhang X, Rugnone
ML, Hernando CE, et al. A methyl transferase links the
circadian clock to the regulation of alternative splicing.
Nature 2010; 468:112-6; PMID:20962777; htep://
dx.doi.org/10.1038/nature09470.

€23014-5

Do not distribute.

I0Science.

©2013 Landes B



90.

91.

92.

93.

94.

Deng X, Gu L, Liu C, Lu T, Lu E Lu Z, et al
Arginine methylation mediated by the Arabidopsis
homolog of PRMTS is essential for proper pre-mRNA
splicing. Proc Natl Acad Sci USA 2010; 107:19114-
9;  PMID:20956294; http://dx.doi.org/10.1073/
pnas.1009669107.

Hong S, Song HR, Lutz K, Kerstetter RA, Michael
TP, McClung CR. Type II protein arginine methyl-
transferase 5 (PRMT5) is required for circadian period
determination in Arabidopsis thaliana. Proc Natl Acad
Sci USA 20105 107:21211-6; PMID:21097700; http://
dx.doi.org/10.1073/pnas.1011987107.

Wang X, Wu E Xie Q, Wang H, Wang Y, Yue Y, et al.
SKIP is a component of the spliceosome linking alter-
native splicing and the circadian clock in Arabidopsis.
Plant Cell 2012; 24:3278-95; PMID:22942380;
http://dx.doi.org/10.1105/tpc.112.100081.

Jones MA, Williams BA, McNicol J, Simpson CG,
Brown JW, Harmer SL. Mutation of Arabidopsis
SPLICEOSOMAL  TIMEKEEPER LOCUSI1
Causes Circadian Clock Defects. Plant Cell 2012;
PMID:23110899; htep://dx.doi.org/10.1105/
tpc.112.104828.

Albers M, Diment A, Muraru M, Russell CS, Beggs
JD. Identification and characterization of Prp45p
and Prp46p, essential pre-mRNA splicing factors.
RNA 2003; 9:138-50; PMID:12554883; http://dx.doi.
0rg/10.1261/rna.2119903.

€23014-6

95.

96.

97.

98.

99.

Chen Y, Zhang L, Jones KA. SKIP counteracts
p53-mediated apoptosis via selective regulation of
p21Cipl mRNA splicing. Genes Dev 2011; 25:701-
16; PMID:21460037; http://dx.doi.org/10.1101/
¢ad 2002611,

Gahura O, Abrhdmovd K, Skruzny M, Valentovd
A, Munzarovd V, Folk P, et al. Prp45 affects Prp22
partition in spliceosomal complexes and splicing effi-
ciency of non-consensus substrates. J Cell Biochem
2009; 106:139-51; PMID:19016306; http://dx.doi.
0rg/10.1002/jcb.21989.

Tannukit S, Crabb TL, Hertel KJ, Wen X, Jans DA,
Paine ML. Identification of a novel nuclear localization
signal and speckle-targeting sequence of tuftelin-inter-
acting protein 11, a splicing factor involved in spliceo-
some disassembly. Biochem Biophys Res Commun
2009; 390:1044-50; PMID:19857462; http://dx.doi.
0rg/10.1016/j.bbrc.2009.10.111.

Cheng Y, Gvakharia B, Hardin PE. Two alternatively
spliced transcripts from the Drosophila period gene
rescue rhythms having different molecular and behav-
ioral characteristics. Mol Cell Biol 1998; 18:6505-14;
PMID:9774666.

Majercak J, Sidote D, Hardin PE, Edery I. How a
circadian clock adapts to seasonal decreases in tem-
perature and day length. Neuron 1999; 24:219-30;
PMID:10677039; http://dx.doi.org/10.1016/S0896-
6273(00)80834-X.

Plant Signaling & Behavior

100.

10

—

102.

103.

104.

Aronson BD, Johnson KA, Loros JJ, Dunlap JC.
Negative feedback defining a circadian clock: auto-
regulation of the clock gene frequency. Science
1994; 263:1578-84; PMID:8128244; http://dx.doi.
org/10.1126/science.8128244.

. Garceau NY, Liu Y, Loros JJ, Dunlap JC. Alternative

initiation of translation and time-specific phosphory-
lation yield multiple forms of the essential clock
protein  FREQUENCY. Cell 1997; 89:469-76;
PMID:9150146; http://dx.doi.org/10.1016/S0092-
8674(00)80227-5.

Colot HV, Loros JJ, Dunlap JC. Temperature-
modulated alternative splicing and promoter use in
the Circadian clock gene frequency. Mol Biol Cell
2005; 16:5563-71; PMID:16195340; http://dx.doi.
0rg/10.1091/mbc.E05-08-0756.

Diernfellner A, Colot HV, Dintsis O, Loros JJ, Dunlap
JC, Brunner M. Long and short isoforms of Neurospora
clock protein FRQ support temperature-compensated
circadian rhythms. FEBS Lett 2007; 581:5759-64;
PMID:18037381; http://dx.doi.org/10.1016/j.febs-
let.2007.11.043.

Akman OE, Locke JC, Tang S, Carré I, Millar AJ, Rand
DA. Isoform switching facilitates period control in the
Neurospora crassa circadian clock. Mol Syst Biol 2008;
4:164; PMID:18277380.

Volume 8 Issue 2

Do not distribute.

I0Science.

©2013 Landes B





