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Summary

Endogenous circadian rhythms regulate many aspects of an organism’s behavior, physiology and
development. These daily oscillations synchronize with the environment to generate robust
rhythms, resulting in enhanced fitness and growth vigor in plants. Collective studies over the years
have focused on understanding the transcription-based oscillator in Arabidopsis. Recent advances
combining mechanistic data with genome-wide approaches, have contributed significantly to a
more comprehensive understanding of the molecular interactions within the oscillator, and with
clock controlled pathways. This review focuses on the regulatory mechanisms within the
oscillator, highlighting key connections between new and existing components, and direct
mechanistic links to downstream pathways that control overt rhythms in the whole plant.

Introduction

As a result of the earth’s rotation on its axis, most organisms live in environments that
oscillate with a period of approximately 24 hours. The circadian clock is an intrinsic and
entrainable timekeeping mechanism that has evolved in organisms, allowing them to adapt
to periodic environmental fluctuations such as light and temperature [1][2]. Being a self-
sustaining mechanism, the clock is able to buffer against both subtle and extreme changes,
and persists in the absence environmental cues, which also contributes to setting the phase of
the clock[1][3]. Anticipating these cyclic changes confers an adaptive advantage since
organisms are better able to coordinate important physiological and developmental

processes to occur at optimal times during the day, thus improving fitness [4][5][6].

Eukaryotic systems share similarities in the basic architecture of the oscillator in that
interconnected negative feedback loops between species-specific components sustain robust
rhythms [1][7][8][9]. Transcription-based interactions between these components, coupled
with post-transcriptional, post-translational, and chromatin modifications are regulatory
mechanisms modulating the rhythmic properties of the oscillator [10][11]. Coordinating
oscillator function with this hierarchical regulatory topology is not only crucial for
sustaining flexible and robust rhythms but also for targeted and temporal regulation of
important biological networks.
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The influence of clock control in higher plants encompasses numerous regulatory pathways.
For example biological processes such as, the regulation of primary metabolism,
photosynthesis, the regulation of growth, hormone levels, nutrient uptake, the developmental
transition to flowering, and defense responses, are a subset of key processes regulated by the
circadian clock in Arabidopsis [1][12][13][14][15]. The pervasiveness of clock control is
further reflected in the circadian regulation of approximately one-third of the genes in
Arabidopsis [16]. Furthermore, up to 90% of the transcriptome exhibits circadian
rhythmicity under various light and temperature conditions [17]. Recent advances from the
use of genome-wide approaches and functional genomics strategies are providing crucial
insights into the underlying regulatory mechanisms within the oscillator, and direct
mechanistic connections to clock controlled processes.

Interconnected Transcriptional Circuits in the Clock Network

Historical View of the Core Oscillator Loop

In Arabidopsis, genetics and biochemical studies were instrumental in constructing the
molecular architecture of the clock. The original oscillator model was described as a
transcriptional regulatory feedback loop consisting of positive and negative interactions
between three components, two MY B domain containing transcription factors,
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL
(LHY), and a member of the PSEUDO RESPONSE REGULATOR (PRR) family TIMING
OF CAB2 EXPRESSION 1 (TOC1)[18]. Together these components were considered the
core oscillator as they determined the topological vulnerability of the network, such that loss
of function of any of the core clock genes, results in a short period clock, and
overexpression confers arrhythmicity in multiple outputs (Figure 1) [19][20][21][22].
Mechanistically, CCA1 and LHY directly repress 7OCI expression, by binding specifically
to a cis-element within its promoter known as the evening element (EE), a motif that is often
found in promoters of clock regulated evening expressed genes [18][23]. In turn TOC1 was
proposed to induce the expression of CCAZ and LHY via an unknown mechanism [18]. This
presented a simple transcription based model supported by genetic and modeling data that
was critical for robust clock performance [18][24]. However, with lack of biochemical
activity for TOCL, the direct transcriptional mechanism driving the core oscillator was a
mystery.

Revised Model of the Core Oscillator Loop

Subsequent to these studies, numerous components were added to the oscillator, and as a
result, the plant clock expanded into a complex network of interconnected feedback loops
[25]. One of the most pivotal findings in the clock field comes more than a decade later with
the characterization of TOC1 biochemical function. Collective contributions from targeted
and rigorous molecular approaches, coupled with genome-wide expression studies, and
Chromatin Immunoprecipitation followed by deep sequencing (ChlP-Seq), finally
characterized the biochemical and molecular properties of TOC1 [26][27][28]. Three back
to back studies conclusively showed that TOC1 is a DNA binding transcriptional repressor
of CCAIand LHY; indicating that the long held prediction that TOCL1 is a positive regulator
of CCAIand LHY must be revised (Figure 2) [26][27][29]. Thus, the CCA1/LHY-TOC1
core model has been updated to one based entirely on transcriptional repression [29]. In
addition to CCA1 and LHY, TOC1 also binds the promoters and inhibits the expression of
existing oscillator components, PRR5, PRR7, PRR9, LUX ARRHYTHMO (LUX),
GIGANTEA (Gl), and EARLY FLOWERING 4 (ELF4) (Figure 2) [26][27]. Transcription
factors regulate gene expression often through sequence specific DNA binding. However,
the motifs enriched in the TOCL targets share weak sequence similarity making it difficult to
propose a consensus for TOCL1 specificity. This suggests that TOC1 has the potential to
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recognize multiple cis-elements or perhaps function in combination with other transcription
factors to regulate the expression of some targets [26][27]. Therefore, genome wide
approaches such as protein binding microarrays coupled with structural analysis might
provide the needed resolution to determine whether TOCL is a site-specific DNA binding
protein.

Surprisingly, in the smallest known free-living eukaryote, the green unicellular alga
Ostreococcus tauri, homologs of CCAL and TOC1 were the only two oscillator components
identified, and together they negatively regulate each other’s expression in a feedback loop
[7]. It is therefore possible that this two-component system originally defined the core
oscillator, and was sufficient to generate robust rhythms, and modulate clock function.
Subsequently, LHY was likely added during green plant evolution as complications from
multi-cellularity arose. Indeed insights into early and diverse plant circadian systems already
suggests wide conservation and evidence for expansion of clock gene families resulting
from genome duplication events throughout evolution [30][31][32][33][34]. Therefore
contributions from comprehensive lineage specific circadian systems will be valuable to
understanding how the clock model has evolved into a complex network in plants.

Interconnected Circuits

Over the years many additional clock components have been identified and positioned
within the oscillator as phase specific (morning or evening expressed) reciprocal circuits
[25]. In a morning specific loop, CCAL and LHY are presumed to promote the expression of
two TOC1 family members, PRR9and PPR7 by directly binding to their promoters [35]
[36]. In return, PRRY, PRR7, and PRR5 function as transcriptional repressors to coregulate
the expression of CCAIand LHY (Figure 2). However the mechanism for their recruitment
to target promoters is poorly understood [35][37]. A mechanistic understanding of how
CCALl and LHY function to promote the expression of PRR9and PRR7, while directly
inhibiting the expression of all other oscillator components is unclear. Perhaps exploiting
inducible systems controlling CCAZ and LHY expression might help to determine the
precise transcriptional effect on PRR7and PRRI[38]. A candidate for transcriptional
activation of PRR9is LIGHT-REGULATED WD1 (LWD1), a clock associated protein
involved in the regulation of period length and photoperiodic flowering (Figure 1) [39][40].
LWD1 was shown to participate in a positive feedback loop with PRR9, and also indirectly
promote the expression of CCAI, LHY, PRR5and TOCI, suggesting that this component
might function predominantly as a transcriptional activator in regulating clock function
(Figure 2) [39]. In addition, based on recent microarray data LWD1 also regulates the period
length of ELF4, and might form a feedback loop with TOCL1, [39][26]. It was also suggested
that TOC1 might assist CCA1 and LHY in positively regulating PRR9 expression [41].
However, since TOCL directly inhibits the expression of CCA1, LHY and PRRY, this
interaction needs to be further examined.

Connecting another circuit to the oscillator is LUX ARRHYTHMO (LUX), also known as
PHYTOCLOCK1 (PCL1), is an evening phased component that participates in a feedback
loop with CCA1 and LHY (Figure 2) [42][43]. On the negative arm of the loop, CCA1 and
LHY directly bind to the EE motif within the LUX promoter and inhibit its expression [42]
[36]. In turn, LUX is suggested to promote the expression of CCAZand LHY by an
unknown mechanism [42]. Although LUX contains intrinsic transcription factor properties,
the binding site specificity was unknown, and as such, prevented the resolution of the
molecular interaction with CCA1 and LHY. However, a recent genome-wide approach,
Protein Binding Microarray (PBM), coupled with targeted genetic and molecular strategies
identified the LUX binding site (LBS), and demonstrated that LUX binds selectively to
PRR9 and its own promoter and inhibit their expression [44][45][46]. Together, this
revealed the first mechanistic link between two oscillator circuits, and the first example in
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plants of direct self-regulation by a clock component. It is also possible that indirect
regulation of CCAL by LUX might be mediated through its direct regulation of PRR9.

LUX belongs to a five-member gene family, for which the closest homolog, NOX (Latin
word for “night”) also known as BROTHER OF LUX ARRHYTHMO (BOA), also
participates in clock regulation [45][46][47]. NOX exhibits similar peak expression at night,
and directly binds to the CCAI promoter through the defined LUX binding site [47]. CCAl
expression is enhanced when NOX is constitutively expressed indicating that NOX is a
transcriptional activator of CCA1, which in turn directly represses NOX. The observation
that NOX also seems to promote the expression of LHY, TOCI and G/, might suggest that
this component can be classified as an activator within the oscillator [47].

Molecular Interactions and Complex Formation Underlying Oscillator Function

With the revelation that TOC1 negatively regulates the expression of CCAZand LHY;, the
mechanism of CCA1 and LHY transcriptional activation remains a critical unanswered
question to resolve the core oscillator dynamics. Efforts to address these questions might
also be complicated by the fact that CCA1, LHY, and TOC1 also regulate their own
expression, and are involved in feedback loops with other clock components [20][21][26]
[27]. 1t was proposed that TOC1 might be recruited to the CCA1 promoter through its
interaction with a TCP transcription factor, CCA1 Hiking Expedition (CHE), a direct
transcriptional repressor of CCA1 [48]. In addition, TOC1 also regulates the expression of
two other Classl TCPs (TCP11 and TCP23), and the expression of ~ 800 other targets
(>10% of all putative transcription factors), ~ 40% of which are circadian regulated,
indicating a broad role for TOC1 in the clock transcriptome, and in regulation of clock
controlled targets [26]. Characterizing the functional implications of these molecular
interactions will be critical to understanding the impact of TOC1 on clock function and
regulation.

A role for combinatorial regulation via direct protein-protein interaction is suggested for
CCALl and LHY repressor activity. For example, although CCAL and LHY are site-specific
(binds the evening element) DNA binding transcriptional repressors, the actual inhibitory
mechanism on TOC1 involves other interacting partners. In a recent study, it was shown that
CCAL1 and LHY interact with the COP10-DET1-DDB1 (CDD) complex, an evolutionarily
conserved protein complex involved in repression of photomorphogenesis in Arabidopsis
[49]. This molecular interaction, and specifically the corepressor function of DET1 (DE-
ETIOLATED 1), is necessary for CCA1 and LHY repression of TOC1 and Gl [49].
Therefore, these types of observations need to be further investigated to better understand
the pervasiveness of multi-protein regulatory complexes, and how they allow the plant to
effectively coordinate and maintain oscillator function.

Another aspect that confounds the ease of resolving mechanistic connections in the
oscillator is the lack of known functional domains for some clock genes. In a complex
network such as the circadian clock, some oscillator components likely function as
coregulators, and are recruited to DNA by other DNA binding transcription factors. For
example, together with LUX, two other clock genes EARLY FLOWERING 3 (ELF3)and
ELF4, function in a complex known as the evening complex (EC) [50][46]. ELF3 and ELF4
lack known DNA binding properties, and therefore associate to target promoters via direct
binding by LUX. As a result, ELF3 and ELF4 are also part of the regulatory machinery
influencing PRR9 as both proteins associate to the PRR9 promoter [44][51][46]. In addition,
ELF3 and ELF4 form a feedback loop with CCA1 and LHY, which inhibit their expression
through direct binding to the EE motif within their promoters [52][53][54][55]. Similar to
LUX, both ELF3 and ELF4 are also suggested to promote the expression of CCA1 and
LHY, through an indirect mechanism [54][52][53]. Furthermore, the EC functions to
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regulate two light regulated and growth promoting transcription factors, PHYTOCHROME
INTERACTING FACTOR 4 and 5 (PIF4 and PIF5) discussed in greater detail below. As
part of this multi-protein complex, the EC components physically interact with each other,
are coexpressed, and share multiple clock phenotypes. The identification of the EC complex
provides a great mechanistic example of functional concerted regulation by a subset of clock
genes in Arabidopsis.

Interestingly, CCA1 and LHY also interact in vivo, and this interaction was speculated to
function as part of a complex, possibly a “morning or daytime complex” [56]. However,
there is no current experimental or mechanistic evidence to support such a complex between
CCAL, LHY and other morning phased components, to mediate DNA binding.

Contributions from Genome-wide and High-throughput Approaches

Of the well characterized oscillator components (~20), only CCA1, LHY, Reveille8
(RVES8), CHE, LUX and NOX have been demonstrated to bind a defined cis-element in
target promoters [48][57][58][45][59][47]. It is therefore possible that direct molecular
mechanisms underlying transcriptional regulation in the clock will require discovery of
novel components and the use of integrative approaches. The saturation of forward genetics
screens, reflected in the isolation of multiple alleles in known clock genes, and the presence
of clock gene family redundancy, has limited the use of this approach. However, recent
contributions from large scale functional genomics and genome wide studies have assisted
in overcoming this limitation, and as a result significant progress have been made in
mechanistic connections within the oscillator. For example, the identification of CHE using
a large scale functional genomics approach, the identification of the LUX binding site using
a genome-wide PBM approach, and the molecular and biochemical characterization of
TOC1 using genome-wide deep sequencing ChlP-seq and microarray expression datasets,
have all made significant mechanistic connections [48][45][26][27]. Furthermore,
incorporation of creative approaches such as liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis, has also led to the discovery of novel components, and
new molecular links [59]. For example, RVES8, a MYB domain transcription factor
phylogenetically related to CCAL and LHY, functions in a positive feedback loop with
PRR5 [59]. RVES binds directly to the EE motif in PRR5 and TOC1 promoters,
subsequently promoting their expression. In turn, PRR5 is suggested to inhibit the
expression of RVES to close the loop [59][60].

The value of these studies and the approaches used are further demonstrated in the
connections made in subsequent reports. For example, subsequent to the identification of
CHE, other TCPs have recently been linked to the oscillator [61][62][26]. Although the
clock connections with input pathways are not discussed in this review, leveraging the data
from the studies described above might reveal additional direct modulators between light,
temperature and the clock.

Other Layers of Regulation within the Oscillator

Multiple examples highlighting the importance of other levels of regulation such as post-
transcriptional regulation, post-translational regulation, and chromatin remodeling, as
critical mechanisms for normal circadian rhythmicity have emerged over the years.

RNA based Regulation

Recent interactome data from Arabidopsis revealed that TOC1 interacts with at least four
genes that have been classified as RNA binding proteins (RBPs) [63]. These proteins are
rhythmically expressed, and provide putative targets for formation of a TOC1 mediated
ribonucleoprotein (RNP) complexes, thus connecting the clock to regulation of RNA
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metabolism [64]. However, the extent of post-transcriptional based regulation in the clock is
best illustrated by studies on the influence of alternative splicing on oscillator function. In
many organisms, alternative splicing of clock and output genes have been reported, and in
several examples temperature effects on alternative splicing was shown to be important [65]
[66][67][68][69]. In Arabidopsis, multiple alternatively spliced isoforms of CCAZ, LHY,
TOCI1 PRR3, PRR5, PRR7, PRR9, and G/transcripts has recently been documented (Figure
3) [68][69]. A subset of these occurrences and the effects on alternatively spliced transcript
expression appears to be sensitive to temperature changes. For example, a reduction in
temperature (20°C to 12°C or 4°C) results in accumulation of nonproductive transcripts of
LHY, PRR7, PRR3, and TOCI, and as a consequence a reduction in expression of these
genes [69]. In contrast, increase levels of CCA1, PRR9and PRR5 transcripts when the
temperature was reduced correlated with decreased accumulation of nonproductive
transcripts [69][68]. As a consequence of these alternative splicing events, nonsense
mediated mRNA decay (NMD) is triggered due to the accumulation of nonfunctional
transcripts of LHY, PRRY, PRR7, PRR5and TOCI1. These observations suggest a functional
role for RNA based regulation of oscillator components as a mechanism through which
plants are able to respond and buffer temperature fluctuations.

In addition, PROTEIN ARGININE METHYL TRANSFERASE 5 (PRMT5 also known as
DARTS5/CSUL), a conserved protein among human, Drosophila and plants, that methylates
histones, RNA binding and spliceosomal proteins, has also been linked to the regulation of
alternative splicing of key clock genes [70][71][72]. In Arabidopsis, PRMT5 regulates the
expression of CCA1, LHY, TOC1, PRR9, PRR7, and G/, and also regulates the alternative
splicing of PRRY, though no evidence for epigenetic regulation was found [71][72].
Furthermore, PRMTS5 is also regulated by the circadian clock implicating a putative
regulatory feedback loop interconnected to the oscillator [71].

Post-translational Modifications

Eukaryotic clocks are known to integrate protein-based level of regulation to assist in
sustaining robust biological rhythms [73][74]. For example, Casein Kinase 2 (CK2) is one of
the few evolutionarily conserved molecular components involved in modulating the
regulation of key clock genes in the mammalian, Drosophila, Neurospora and Arabidopsis
circadian systems [75][76][77][78][79][80]. In Arabidopsis, CK2 phosphorylates CCA1 and
LHY, and this process is considered to be important for CCA1 function, specifically the
DNA binding properties and subsequent regulation of its targets within the oscillator (Figure
3) [79][80][81]. However, CK2 appears to have both agonistic and antagonistic effects on
CCAL binding to target promoters, suggesting that the precise functional role requires
further mechanistic clarification. Perhaps the different effects of CCAL transcriptional
activity are dependent on the specific regulatory subunit of CK2 mediating the
phosphorylation event. For example, binding of CCAL to the PRRY, PRR7, TOCI, and LUX
promoters was drastically reduced when CKB4 (a regulatory subunit of CK2) was
constitutively expressed [36]. Conversely, binding of CCAL to these targets was
significantly increased when CK2 activity was decreased. Consequently, a decrease in

TOC1 expression was observed when CK2 activity was decreased, suggesting that the direct
repressive properties of CCAL is mediated by CK2 activity [36]. Interestingly, both the
regulatory function of CK2, and the binding of CCA1 to the TOC1 promoter were observed
to be more effective at higher temperatures, suggesting a mechanism for temperature
dependent protein modification in the modulating of clock function [36].

A number of key oscillator components that are subject to phosphorylation are also
regulated by subsequent ubiquitination and degradation. In Arabidopsis, LHY is
ubiquitinated by an evolutionarily conserved E3 ubiquitin ligase, SINATS (Figure 3) [82]
[83]. However, this activity is inhibited by DET1 which protects LHY from proteosome
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mediated degradation by physically interacting with SINAT5 [83]. Other components such
as TOCL, PRR3, PRR5, PRR7, PRR9 and Gl proteins are suggested to be regulated by 26S
proteosome mediated degradation, though the precise mechanism to support some of these
observations needs further investigation [84][85]. However, TOC1 and PRR5 are directly
targeted for proteosomal degradation through physical interaction with members of the E3
ubiquitin ligase Skp/Cullin/F-box (SCF) complex, (ZEITLUPE) ZTL, FLAVIN BINDING
KELCH F-BOX 1 (FKF1) and LOV KELCH PROTEIN 2 (LKP2) [86][87]. A
phosphorylation dependent TOC1-PRR3, and TOC1-PRRY5 interaction, is suggested to be
critical for regulating the ZTL-mediated degradation of TOC1 [84][88]. Mechanistically,
this molecular association involves the binding of PRR3 directly to the ZTL interacting
domain of TOCL, thus preventing ZTL-mediated degradation [89][84]. As ZTL is localized
in the cytoplasm, PRR5 directly interacts with TOC1 and promotes their localization to the
nucleus, thereby escaping degradation by ZTL [84][88][90]. The dynamics of TOC1
degradation is also modulated by a light dependent interaction between Gl and ZTL, as this
direct interaction enhances the stabilization of ZTL during the day reinforcing the
degradation of TOC1 protein [91]. Exploring genome-wide approaches such as protein
modification assays will likely provide crucial mechanistic insights to protein-based
regulation of the other oscillator components, and the functional consequence in the clock.

Rhythmic Chromatin Regulation

Compared to other eukaryotic systems, mechanistic insights for the extent and influence of
epigenetic modifications on the clock function are poorly understood in plants. In
Arabidopsis, attempts to address the role of chromatin remodeling detected a CCA1l
dependent correlation between rhythmic histone acetylation (associated with actively
transcribed genes), and histone deacetylation (associated with repressed genes), at the 70C1
promoter [92]. Maximum binding of CCA1 to the TOC1 promoter correlated with minimum
histone 3 (H3) acetylation and vice versa, and resulting in decrease accumulation of TOC1
and H3 acetylation [92]. Furthermore, when histone deacetylation (HDAC) was inhibited, an
upregulation of 7OCZ was observed, together confirming that histone modification
contributes to rhythmic regulation of 7OCI. Another oscillator component, RVES, also
plays a role in regulation of H3 acetylation and deacetylation at the 7OCI promoter [59]
[60]. Other examples of associated histone modification marks at clock gene promoters are
also observed for CCA1, LHY, TOC1 and G/[93]. Histone acetylation (H3K9Ac) and
histone dimethylation (H3K4Me2) appear to correlate with the expression of CCAI, LHY,
TOCI and G/, though the precise nature of this association in modulating clock function is
unclear [93].

In a recent study, JIMJD5 (also known as JMJD30) was shown to be involved in the
regulation of CCAL, LHY and TOC1 [94][95]. Interestingly, the human homolog KDMB8, is
also involved in clock function, and contains intrinsic histone demethylase properties [96].
Both JMJD5 and KDMS8 are able to fulfill similar molecular functions in the plant and
human circadian systems, but the enzymatic activity of IMJD5 in Arabidopsis is unknown
[94][96][97]. Therefore, it would be interesting to determine whether IMJD5 contains
histone methylase properties, and whether this activity is a conserved regulatory function in
both plant and human circadian systems. Integrating targeted circadian driven epigenome
data will contribute significantly to the discovery of important chromatin readers and
modifiers regulating oscillator components in Arabidopsis. Coherently integrating various
levels of regulatory information is absolutely crucial to understanding the underlying
mechanism of clock function, and how robust oscillator performance controls an array of
downstream pathways.
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Interconnected Outputs from the Oscillator

Considering that plants are sessile and exposed to numerous environmental conditions and
stresses, clock dependent integration of these external perturbations with downstream
physiological and developmental processes is crucial for enhanced fitness and growth. The
pervasive control by the interconnected clock network on virtually all known biological
processes in Arabidopsis is well documented [98][16]. Significantly, major advances have
been made in recent years to mechanistically connect components of the oscillator with the
modulators of some of these downstream pathways.

Direct Molecular Interactions Regulating Hypocotyl Growth

In Arabidopsis, the regulation of hypocotyl growth is influenced by the circadian clock and
numerous other external cues [99][13]. Two clock regulated transcription factors PIF4 and
PIF5 were identified as key modulators of hypocotyl growth in Arabidopsis [13][100]. PIF4
and PIF5 negatively regulate light signaling and promote growth in a mechanism that
requires the clock [101][102][103]. However, since mis-regulation of these factors did not
affect oscillator function, the precise mechanism of this interaction was poorly understood.
Recently, a rigorous genetic and molecular study resolved a direct mechanistic connection
between the oscillator and hypocotyl growth. The EC (LUX, ELF3 and ELF4)
transcriptionally represses PIF4 and PIF5 via direct binding of LUX to their promoters
(Figure 2) [103]. Consequently hypocotyl growth is inhibited in the early evening but later
in the night as this repression is relieved hypocotyl elongation occurs. This study created a
new direct link between oscillator function and hypocotyl growth [50].

Since the biological pathways underlying physiological and developmental processes are
known to intersect, genome-wide approaches are invaluable in revealing the extent and key
players modulating these connections. For example, in addition to mediating rhythmic
hypocotyl growth, recent genome-wide approaches revealed a direct role for PIF4 and PIF5
in modulating the clock control of hormone signaling, specifically auxin related pathways
[104][105].

Direct Molecular Interactions Regulating Photoperiod Flowering

Equally insightful were advances made in the clock control of photoperiodic flowering. In
Arabidopsis the onset of flowering occurs under long-day (LD) conditions, in a complex
mechanism involving the clock and other environmental stimulus [106]. While mis-
regulation of several oscillator components results in altered flowering phenotypes, the
precise molecular interaction between the clock and photoperiodic flowering is still poorly
understood [21][107][108][20]. Mechanistically, the simplified model connecting the
oscillator to photoperiod control of flowering is through GIGANTEA (Gl), and the
flowering regulators CONSTANS (CO) and FLOWERING LOCUS T (FT) [109][110].
Under LD conditions, Gl directly activates CO, and CO in turn activates FT to trigger
flowering. A light dependent complex formation between GI and FKF1 is required for
stabilization of CO and proper timing of CO expression [111]. This GI-FKF1 complex
degrades CYCLING DOF FACTOR 1 (CDF1), a key CO repressor. As a result, CO
positively regulates FT and this mechanism induces flowering. However, recent analysis of
the ectopic expression of GI showed that Gl could also directly activate FT expression to
promote flowering [112]. This direct GI-FT interaction has been observed in both
vasculature bundles and mesophy!ll tissue, whereas endogenous CO induction is known to
occur only in vascular bundles. Interestingly, though the regulatory role of spatial expression
on oscillator components has not been well studied, evidence suggests that organ, tissue and
cell specific rhythmic variations might occur frequently within the oscillator [113][114]
[115][116]. For example, in Arabidopsis, of the known clock components, only CCAL,
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LHY, PRR7, and PRR9 transcripts oscillate in both root and shoots, while the transcripts of
all other components tested oscillate only in the shoot [115]. Recent analysis indicates that
rhythms in stomatal guard cells are different from rhythms observed in surrounding
epidermal and mesophyll leaf cells [115]. For example, the rhythmic expression of Gl
exhibits a longer period, and peaks later in guard cells compared with whole leaves [115].

These studies concerning flowering and tissue specificity, suggest a critical role for Gl as the
master mediator between oscillator function and photoperiod flowering. Leveraging
modeling techniques a recent study linked Gl as a modulator of the clock response to
sucrose, making yet another important connection to the clock control of metabolism [117].
Since Gl lacks a DNA binding domain, interactome data coupled with spatial-temporal co-
expression data, will be key to gaining deeper understanding of GI function in the clock and
downstream pathways. Therefore, by combining mechanistic knowledge gained from the
oscillator studies, with genome-wide approaches, rapid progress can be made to
comprehensively map the interconnected multi-loop oscillator network in Arabidopsis.

Conclusions and Perspectives

The wealth of mechanistic information that has emerged over the years has provided insight
into the underlying regulatory mechanism of the plant clock. Future advances in plant
circadian research will be significantly influenced by multi-scale integrative approaches. For
example, spatial-temporal guided genome-wide datasets, coupled with functional genomics
approaches, will assist in overcoming the bottleneck created by transcription factor family
redundancy, promoter complexity, and saturation of forward genetics screens. Furthermore,
leveraging information from transcriptome, proteomic, and epigenomic datasets, will enable
direct molecular connections between clock components and hierarchal levels of regulation
to be mapped. Understanding at the molecular level, how the clock mechanistically controls
key biological pathways such as immunity, hormone signaling, metabolism, photosynthesis,
development and growth will also require combinatorial approaches. Ultimately, integrating
mechanistic data with systems biology approaches will allow direct molecular connections
to be established between clock function, the clock response to environmental stresses, and
the clock control of regulatory pathways. In conclusion, while the collective knowledge
gained from recent and future circadian studies will help to understand the role of the clock
in enhanced growth and fitness in Arabidopsis, this mechanistic information can potentially
be translated to other eukaryotic systems.
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Figure 1. Monitoring clock function underlying oscillator and output phenotypes

Endogenous circadian rhythms were first observed by daily leaf movement in plants.
Genetic and biochemical approaches were then instrumental in discovering the regulatory
units responsible for these rhythms. Subsequently, forward and reverse genetic approaches
were used to identify additional components and monitor clock function. A) A 24 hour (24
hr) period of diurnal cycles (12 hr light: 12 hr dark) are often used to entrain the clock, and
subsequently released to free running conditions (circadian) of continuous light. Clock gene
promoter fusions to the firefly luciferase gene (LUC) are imaged over a period of several
days to monitor altered clock phenotypes based on bioluminescence (Luminescence). B)
Alteration in clock function is reflected in rhythmic changes of the 24 hr periodicity (short,
long or arrhythmic). Loss of function (lower cased) or constitutive expression (upper cased -
overexpression) confers these changes in period. Black sinusoidal waves represent normal
circadian oscillations. Green dashed and blue dashed waves represent short and long period
phenotypes respectively. Circadian oscillations can also be abolished (arrhythmic - red
dashed lines). Alterations in clock gene expression are also reflected in changes in phase and
amplitude. C) An altered clock confers changes in clock-controlled outputs. The circadian
clock regulates hypocotyl elongation; as such loss of function or overexpression of clock
genes confers short (S) or long (L) hypocotyls. In Arabidopsis, photoperiod flowering is
dependent on day length. Long days (16 hr of light and 8 hr of dark) promote flowering, and
short days (8 hr of light and 16 hr of dark) delay flowering. Loss of function or
overexpression of clock genes confers either early flowering (EF) or late flowering (LF)
relative to wild-type (WT).
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Figure 2. A model for transcription based interactionsin the Arabidopsis clock network

In vitro and invivo assays were instrumental in validating direct molecular interactions
between oscillator components. The core of the oscillator consists of two Myb transcription
factors CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED
HYPOCOTYL (LHY), and TIMING OF CAB EXPRESSION 1 (TOC1). Other components
expressed throughout the day interconnect with the core oscillator to form multiple feedback
loops and a complex clock network. CCAL and LHY directly repress TOC1, LUX, Gl,
ELF3, ELF4, CHE, JMJDS5 (also known as JMJD30), and NOX (also known as BROTHER
OF LUX ARRHYTHMO) by binding to their promoters. In return, TOC1, LUX, GI, ELF3,
positively regulates CCAZ and LHY via an unknown mechanism. NOX directly activates
CCA1 by binding to its promoter. LUX binds to its promoter and repress its own expression
(indicated by black dashed lines). CHE and JMJDS5 function as a direct repressor of CCAL.
TOC1 inhibits the expression of CCA1, LHY, PRRY, PRR7, PRR5, LUX, ELF4, and GlI.
Sequential expression of PRR9, PRR7, and PRR5 directly inhibit the expression of CCAZ
and LHY. In turn, PRR9and PRR7 are positively regulated by CCA1 and LHY. PRR9and
PRR5 are also positively regulated by LWD1 and PRR5, respectively. For simplification,
other components that affect clock function such as PRR3, TIC, and SRR1 are not illustrated
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in the figure above. Though not illustrated in the above figure, protein-protein interactions
often occur between clock components and are an important mechanism regulating clock
function. CCA1 and LHY physically interact. TOC1 interacts with CHE and PRRS5, and
interacts with JMJD5 genetically. LUX interacts with ELF3 and ELF4 to form the evening
complex (EC). Direct mechanistic connections exist between clock components and
modulators of physiological processes. The EC regulates hypocotyl growth by directly
binding to the promoters of P/F4and PI/F5. Direct interaction between GI, CO, and FT7, and
Gl and FT7, modulates photoperiod flowering. Arrows represents transcriptional activation,
and horizontal lines represent repression. Dashed lines in grey indicate the protein and gene
associations.

Curr Biol. Author manuscript; available in PMC 2013 August 21.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Nagel and Kay

Page 20

'CK2
CCA1 'CKZ
LMY
SINATS
@PRFW e
PRR5@

W\

LAY D

N
n
Lrerary
.

G

PRMT5
W CCA1
[.jSCF
TOCH
|

—L_Iil Gene -X- Protein ubiquination

O Protein \/\J Alternative splicing

26S Proteosome-mediated Acetylation

protein degradation

' Protein phosphorylation

Current Biology

Figure 3. Multiple layers of regulation within the Oscillator

Post-transcriptional and posttranslational-based regulation are mechanisms underlying
robust clock function. Alternative splicing events have been observed for CCAZ, LHY,
TOCI1, PRR5, PRR7, PRRY, and G/. PROTEIN ARGININE METHYL TRANSFERASE 5
(PRMTH5) a protein involved in methylation of histones, RNA binding and spliceosomal
proteins, is required for the alternative splicing of PRR9. Casein Kinase2 (CK2), an
evolutionarily conserved serine/threonine protein kinase, phosphorylates both CCA1 and
LHY; and SINAT5, a E3 ubiquitin ligase is involved in the ubiquitination of LHY. PRR5
and TOC1 are specifically targeted for proteosome dependent degradation by the E3
ubiquitin ligase Skp/Cullin/F-box (SCF) complex members ZEITLUPE (ZTL), FLAVIN
BINDING KELCH F-BOX 1 (FKF1) and LOV KELCH PROTEIN 2 (LKP2). Other
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oscillator components PRR3, PRR7, PRR9, and Gl are subjected to proteosome degradation,
though the mechanism is unknown. A role for chromatin remodeling in regulating clock
gene expression and function is exist for a few oscillator components. 7OCZ expression
correlates with histone 3 (H3) acetylation (Ac). However, TOCI1, CCA1, LHY and G/
expression also correlates with H3 lysine 9 acetylation (K9Ac), and H3 lysine 4 (K4)
dimetylation (Me2), via an unknown mechanism. H3Ac, H3K9Ac, and H3K4Me?2 are all
defined as marks for gene activation. For simplicity, PRR3is not included in the above
illustration though alternative spliced transcripts have been detected for this component.
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