Arabidopsis circadian clock protein, TOC1, is a
DNA-binding transcription factor
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ost organisms that experience day/night cycles have a circadian clock that phases cellular processes and behavior to
speciﬁc times of day while also anticipating daily diurnal changes
to confer a ﬁtness advantage (1). The basic molecular architecture of most clocks consists of negative-feedback loops where
positive and negative components control each other’s expression to generate oscillations with an approximate 24-h period (1).
At the core of the Arabidopsis clock, CIRCADIAN CLOCKASSOCIATED 1 (CCA1) (2) and LATE ELONGATED HYPOCOTYL (LHY) (3) are morning-expressed Myb transcription
factors that directly bind the evening element (4, 5) in the promoters of evening-expressed genes and act as transcriptional
repressors. CCA1 and LHY have redundant functions (6, 7), are
often coexpressed, and make up the negative arm of the ﬁrst
described feedback loop in Arabidopsis by binding the promoter
of TIMING OF CAB EXPRESSION 1 (TOC1) (4). Genetically,
TOC1 is the positive component of this feedback loop because
CCA1/LHY morning reactivation is dependent on TOC1 (4), yet
TOC1 overexpression also results in lower CCA1/LHY expression
(8, 9), confusing our understanding of TOC1’s role in the core clock
feedback loop. TOC1 is an evening-expressed protein (10) that is
part of a ﬁve-member family called the PSEUDO-RESPONSE
REGULATORS (PRRs) that are expressed in succession from
the morning to the night in the order PRR9, PRR7, PRR5, PRR3,
and then TOC1 (11). Sequence similarity of these proteins occurs
in two domains, the pseudoreceiver (PR) domain in the N terminus and the CCT [CONSTANS (CO), CO-like, TOC1] domain
www.pnas.org/cgi/doi/10.1073/pnas.1200355109

in the C terminus (12). The PR domain allows homo- and heterooligomerization between the PRRs and bridges interactions of the
PRRs and other proteins (13–15). The CCT domain of CO, a direct transcriptional activator of FLOWERING LOCUS T, was
recently shown to bind DNA (16). This function has not been
reported for the TOC1/PRR CCT domains, although TOC1 and
the PRRs occupy regions of the CCA1/LHY promoter in ChIP
experiments (17–19). It was shown for TOC1 and hypothesized
for the PRRs that this association with chromatin could be
bridged by other DNA-binding factors, such as CCA1 Hiking
Expedition (CHE) (17, 19). The intermediate region (IR) between the PR and CCT domains of PRR5, -7, and -9 contain a
transcriptional-repression motif (19), however this motif is not
present in the IR of TOC1.
In this work we show that full-length TOC1 binds to a cis-element we have termed T1ME (TOC1 morning element), and
that the CCT domain from TOC1 or the PRRs is sufﬁcient to
bind directly to DNA. Furthermore, our results show that TOC1
acts as a general transcriptional repressor that negatively regulates CCA1/LHY and a suite of genomic targets involved in
critical plant functions. The repression activity lies in the PR
domain of TOC1 but relies on the presence of a functional CCT
domain to negatively regulate its targets. These results provide
biochemical and molecular evidence that TOC1 is part of a
previously unknown family of DNA-binding transcriptional regulators. It also completes the ﬁrst described feedback loop in the
Arabidopsis clock by linking CCA1/LHY expression to direct
DNA-binding and transcriptional regulation by TOC1.
Results
TOC1 Occupies Speciﬁc Regulatory Regions of CCA1 and LHY. Pre-

viously it was shown that TOC1 occupies a region of the CCA1
promoter that contains a TCP binding site (TBS) (17), presumably through interaction with the TCP transcription factor
CHE. To explore whether TOC1 associates with other regions of
the CCA1 genomic region, we performed ChIP using the previously described TOC1 minigene (TOC1p::TOC1:YFP) transgenic line (15). Seedlings were grown under 12-h light:12-h dark
(LD) cycles and cross-linked at zeitgeber time (ZT) 14 when the
peak of TOC1 protein accumulation occurs (15). Enrichment of
CCA1 genomic regions after immunoprecipitation with an antiGFP antibody was determined by quantitative real-time PCR
(qRT-PCR) using primers that cover the CCA1 promoter and 5′
UTR regions (Fig. 1A). Our results indicate that TOC1 occupies
three regions of the CCA1 promoter and CCA1 coding sequence
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The ﬁrst described feedback loop of the Arabidopsis circadian
clock is based on reciprocal regulation between TIMING OF CAB
EXPRESSION 1 (TOC1) and CIRCADIAN CLOCK-ASSOCIATED 1
(CCA1)/LATE ELONGATED HYPOCOTYL (LHY). CCA1 and LHY are
Myb transcription factors that bind directly to the TOC1 promoter
to negatively regulate its expression. Conversely, the activity of
TOC1 has remained less well characterized. Genetic data support
that TOC1 is necessary for the reactivation of CCA1/LHY, but there
is little description of its biochemical function. Here we show that
TOC1 occupies speciﬁc genomic regions in the CCA1 and LHY promoters. Puriﬁed TOC1 binds directly to DNA through its CCT domain, which is similar to known DNA-binding domains. Chemical
induction and transient overexpression of TOC1 in Arabidopsis
seedlings cause repression of CCA1/LHY expression, demonstrating that TOC1 can repress direct targets, and mutation or deletion
of the CCT domain prevents this repression showing that DNAbinding is necessary for TOC1 action. Furthermore, we use the
Gal4/UAS system in Arabidopsis to show that TOC1 acts as a general transcriptional repressor, and that repression activity is in
the pseudoreceiver domain of the protein. To identify the genes
regulated by TOC1 on a genomic scale, we couple TOC1 chemical
induction with microarray analysis and identify previously unexplored potential TOC1 targets and output pathways. Taken together, these results deﬁne a biochemical action for the core
clock protein TOC1 and reﬁne our perspective on how plant
clocks function.
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Fig. 1. TOC1 occupies multiple regions of the CCA1 and LHY promoters. (A)
ChIP–qRT-PCR of TOC1 minigene (TMG) at the CCA1 promoter. Values are
relative to a nontransgenic control. (B) ChIP–qRT-PCR of three areas of the
LHY genomic region. Values of the TOC1 minigene and the nontransgenic
control are calculated as percentage of the input. Relative placement of
the ampliﬁed regions is marked by black lines. (Regions: A = −866/−786,
B = −668/−589, C = −472/−365, D = −364/−274, E = −264/−171, F = −172/−85,
G = −58/+69, H = +144/+235, I = +322/+413, J = +537/+622 base pairs from
the transcriptional start site).

outside of the TBS region (E and F region) (Fig. 1A). Regions
correspond as follows: A = −866/−786, B = −668/−589, C =
−472/−365, D = −364/−274, E = −264/−171, F = −172/−85,
G = −58/+69, H = +144/+235, I = +322/+413, or J = +537/
+622 base pairs from the transcriptional start site. TOC1 is associated with a region upstream of the TBS that contains
a G-Box (CACGTG) (C and D region), a region 5′ of the G-box
region (A region), and a region near the beginning of the CCA1
coding sequence (I and J regions) (Fig. 1A). It is possible that
TOC1 is recruited to the site containing the G-box through its
interaction with phytochrome interacting factor (PIFs) or phytochrome interacting factor-like (PILs) (20), but the I/J and A
regions have no canonical cis-elements for transcription factors
that are known to interact with TOC1 (G-box or TBS). This
ﬁnding suggests that TOC1 either interacts with unknown DNAbinding factors that recruit it to these regions or that it can bind
DNA directly. Previous work showed that the LHY promoter
does not contain a TBS and is not bound by CHE in yeast onehybrid assays (17). However, genetic evidence suggests that
TOC1 also regulates the expression of LHY (4). To test whether
TOC1 can associate with the LHY promoter, we used ChIP–
qRT-PCR with primers designed to two regions of the LHY
promoter (Fig. 1B), one containing a G-box and another without
G-box or TBS that is located 5′ of the G-box in the LHY promoter (Fig. 1B). TOC1 associates at both of these locations in
the LHY promoter. These experiments provide evidence that
TOC1 can occupy the LHY promoter and indicates that TOC1 is
directly associated to multiple regions in the promoters of CCA1
and LHY.
TOC1 Binds DNA at the T1ME. To investigate whether TOC1 has
DNA-binding activity, we examined the conserved regions of
TOC1 and the PRRs and found, as expected, a high degree of
similarity within the CCT domain (Fig. 2A). The N terminus
of the CCT domains is more divergent than the C terminus (Fig.
S1) and is known, in the HAP2 protein from yeast, to bridge
interactions with other proteins (12, 21); the C-terminal portion
3168 | www.pnas.org/cgi/doi/10.1073/pnas.1200355109

Fig. 2. TOC1 and the PRRs bind DNA directly through their conserved CCT
domains. (A) ClustalW alignment of the C-terminal portions of the CCT
domains of TOC1, PRR3, -5, -7, -9, and CO are aligned with the DNA-binding
domain of AtHAP2. Stars mark amino acids that are necessary for DNA
binding in the yeast HAP2 protein; “I” marks identical amino acids between
all of the proteins (except Arginine 5, which is not conserved in PRR3); “C”
marks conservation between TOC1/PRRs and CO; and “–” marks no conservation between TOC1/PRRs and CO or AtHAP2. The arrow points to the location of the toc1-1 A to V mutation. Conservation (Cons) is plotted below.
(B) EMSA assay with full-length TOC1 incubated with a probe designed to
the J region (Fig. 1A) of the CCA1 genomic region and either no competitor
(-), 100-fold unlabeled wild-type competitor (100× WT), or 100-fold unlabeled mutant competitor (100× mut). NP, no protein. (C) EMSA with the
full-Length TOC1 protein (FL) or no protein (NP) incubated with probes from
the CCA1 promoter (CCA1pr), LHY promoter (LHYpr), or synthetic probes
containing the T1ME, ME, or HUD. (D) EMSA (J probe) with GST-tagged CCT
from TOC1 (TOC1-CCT), GST alone (GST), or no protein (NP). (E) EMSA
(J probe) with either the wild-type CCT domain of TOC1 or CCT domain with
A or ARGF mutations. (F) EMSA (J probe) with the CCT domains of TOC1,
PRR3, -5, -7, and -9. FP, free probe and J, J region of the CCA1 promoter.
Arrowheads mark shifted band.

of all CCT domains contain most of the amino acids necessary
for DNA binding previously reported for CO and the DNAbinding protein AtHAP2 (Fig. 2A) (16, 21). To test whether
TOC1 can bind DNA, puriﬁed full-length TOC1 protein was
obtained using a baculovirus-insect cell puriﬁcation system and
used to perform EMSAs. As shown in Fig. 2B, TOC1 binds to
a 60-bp probe from the J region of CCA1 (Fig. 1A) that contains
no TBS or G-box. The CO-response element was shown to be
TGTG(N2-N3)ATG (16), but the probe contains only a TGTG
motif, so we performed a competition EMSA with both wild-type
and mutant (TGTG changed to AAAA) unlabeled J probes (Fig.
2B). Fig. 2B and Fig. S2 show that the wild-type probe competes
with the labeled probe but the mutant probe does not, indicating that TOC1 binds to the TGTG motif. Interestingly, this
TGTG sequence (underlined) that we termed T1ME is part of
the previously deﬁned morning element (ME) (CCACAC or
GTGTGG) (22) and the hormone up-regulated at dawn motif
(HUD) (CACATG or CATGTG) (23), which are enriched in the
promoters of morning-phased genes. As shown in Fig. 2C, we
performed EMSAs that conﬁrmed that TOC1 binds to 60-bp
synthetic probes containing the T1ME, ME, or HUD elements.
It is known that the LHY and CCA1 promoter regions can confer
cycling (24), and the J region of the CCA1 promoter is not
necessary for the cyclic behavior of CCA1 expression. To test
whether TOC1 can bind directly to the promoters of CCA1/LHY,
probes that contain the T1ME in the CCA1 and LHY promoters
were made. TOC1 is able to bind both probes (Fig. 2C), showing
that TOC1 alone directly interacts with the promoter sequence
Gendron et al.

2.5% ethanol for 3 h starting at ZT22 in LD and collected
samples each hour. As shown in the upper left panel of Fig. 3A,
TOC1 is induced approximately sixfold by the ethanol treatment.
At the same time points, CCA1 and LHY are repressed up to
twofold, suggesting that TOC1 acts as a repressor of these genes
(Fig. 3A). We also performed the same experiments starting at
ZT6 and ZT18 in constant light conditions (LL) and completed
longer time courses (Fig. S3). TOC1 induction represses CCA1
and LHY expression under all cases except for the 1- and 7-h
time points collected at ZT19 and ZT25 (Fig. S3 B and C).
To conﬁrm that TOC1 represses CCA1 expression, a full-length
TOC1 overexpression construct was cobombarded with a CCA1::
LUC+ reporter (CCA1 promoter driving expression of ﬁrely
luciferase) into Arabidopsis seedlings. Luciferase levels were
threefold lower than the control when TOC1 is overexpressed
(Fig. 3B and Fig. S3A), conﬁrming that TOC1 can repress CCA1
expression. To test if this result is dependent on a functional CCT
DNA-binding domain, we introduced the A and ARGF mutations (Fig. 2 A and F) into the CCT domain of the full-length
TOC1 and cobombarded these with the CCA1::LUC+ reporter.
Without a functional DNA-binding domain, TOC1 is not able to
repress CCA1 at both ZT1 and ZT13 (Fig. 3B and Fig. S4A). The
expression levels of wild-type and mutant TOC1 were quantiﬁed
by qRT-PCR and conﬁrmed that the effects were not because of
differences in expression level (Fig. S4B).
To test whether TOC1 acts as a general transcriptional repressor, we used the Gal4-LexA/UAS system, which tests proteins for positive or negative transcriptional potential (26).
TOC1 represses the activity of VP16 and did not activate the
reporter on its own (Fig. 3C), showing that TOC1 is a transcriptional repressor. PRR5, -7, and -9 contain a repression motif
in the IR of the protein that is not present in TOC1, so we also
tested the three domains of TOC1 (PR, IR, and CCT) (Fig. 3C,
cartoon under plot) for transcriptional potential. The results in
Fig. 3C show that the TOC1 PR domain contains the transcriptional repression potential, supporting the idea that TOC1
does not contain the transcriptional repression motif in the IR as
was seen for PRR5, -7, and -9 (19).

in vitro. To test whether the CCT of TOC1 is the domain that
mediates direct DNA binding, the interaction between a puriﬁed
recombinant GST-tagged TOC1-CCT (TOC1-CCT) and the J
probe were tested by EMSA (Fig. 2D). The TOC1-CCT variant
binds DNA and the GST and no-protein controls showed no
DNA-binding activity. To determine if binding is speciﬁc to the
CCT domain and whether conserved amino acids are necessary
for DNA binding, two CCT-domain mutant variants were generated: a single alanine to valine (A mutation), which is found in
the toc1-1 semidominant mutant (6), and a quadruple alanine,
arginine, glycine, and phenylalanine to valine, isoleucine, valine,
and leucine (ARGF mutation), that has been shown to disrupt
DNA binding in the HAP2 DNA-binding domain (Fig. 2A) (21).
Both the A and ARGF mutant versions of the CCT domain lost
afﬁnity for the J probe (Fig. 2E), conﬁrming that the CCT domain is sufﬁcient for DNA binding and is dependent on the
ARGF conserved amino acids.
The PRR proteins have been shown to be transcriptional
repressors that associate with the CCA1/LHY promoters in ChIP
experiments (19). Based on the results obtained with the TOC1CCT domain, we investigated whether PRR-CCT domains encompass a similar DNA-binding activity. The four PRR CCT
domains bound to the J probe, with PRR3 showing weak binding
(Fig. 2F). This ﬁnding may coincide with a divergence in the
PRR3 protein sequence at the fourth conserved arginine that is
important for DNA binding in HAP2 (Fig. 2A). Taken together,
these results indicate that TOC1 and the PRRs are a family of
DNA-binding proteins and that the DNA-binding activity relies
on the CCT domain shared by these proteins.
TOC1 Acts as a Transcriptional Repressor. Because a toc1 loss-offunction mutant has low CCA1/LHY expression, it was proposed
that TOC1 is an activator of CCA1/LHY (4), but conversely
TOC1 overexpression results in low CCA1/LHY expression (8,
9). To address this discrepancy and test whether TOC1 activates
or represses CCA1/LHY, we used a published ethanol-inducible
TOC1 transgenic line (ALC::TOC1) (25). We treated both the
transgenic line and wild-type with either a mock treatment or
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Fig. 3. TOC1 acts as a general transcriptional repressor. (A) qRT-PCR of TOC1 (Left), CCA1 (Right, green), LHY (Right, red) from ALC::TOC1 induction experiment. (B) Luminescence measurements from seedlings overexpressing TOC1, toc1-1A, or toc1-1ARGF with the CCA1::LUC+ reporter collected at ZT1 in LD.
Error bars represent SD. (C) The Gal4/UAS transcriptional potential assay design is illustrated in the cartoon above the graph. The cartoon below the graph
represents the exact TOC1 protein domains used in the assay. (D) Average luminescence of 16 CCA1::LUC+ transgenic lines and 32 lines of CCA1::LUC+
transformed with TOC1-ox (Left) or PR-ox (Right) in the T1 generation. (E) Plot of period against the RAE for CCA1::LUC+ (green triangle) or CCA1::LUC+
transformed with TOC1-ox (blue diamond) or TOC1-VP64-ox (red square) in the T1 generation. The line marks RAE of 0.6, which is a high cutoff for a gene to
be considered cycling. Error bars represent SD (A–C) or SE (D).
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TOC1 Controls a Suite of Clock-Regulated Genes. To identify potential targets and output pathways controlled by TOC1, we
performed microarray analysis on RNA collected from ALC::
TOC1 and wild-type Arabidopsis mock-treated or ethanol-treated
for 3 h and collected at ZT1 in either LD or LL. We treated all
samples with 20 μM MG132 to block proteasome function and
increase TOC1 protein levels after induction. Differentially
expressed genes speciﬁc to ALC::TOC1 and ethanol treatment
and not wild-type or mock-treated were identiﬁed using LIMMA
(27). This approach controls for the general effects of ethanol on
Arabidopsis and for any gene-expression changes caused by the
ALC::TOC1 transgene before treatment.
In total, TOC1 induction caused misexpression of 2,566 genes,
with 1,254 genes up-regulated and 1,312 genes down-regulated
(Fig. 4A). Of the up-regulated genes, 570 were misregulated in
LD and 860 were misregulated in LL, with an overlap of 176
genes. Of the down-regulated genes, 580 were misregulated in
LD and 876 were misregulated in LL. There was only one gene
that overlapped between the genes that were down-regulated in
LD and those that were up-regulated in LL, and no genes were
shared between the genes that were down-regulated in LL and
up-regulated in LD, showing that there was good agreement
between the up-regulated and down-regulated genes from all
datasets. The groups of genes were then compared with genes
that were called cycling from four different microarray datasets,
two collected from plants growing under LD conditions
[LDHH_SM (28) and LDHH_ST (29)] and two collected from
plants growing under LL conditions [LL12_LDHH (5) and
LL23_LDHH (30)]. The genes that change by TOC1 induction in
LD and LL had more cycling genes in all four of the tested
datasets than would be expected by chance, showing that TOC1
regulates expression of genes with cyclic behavior (Fig. 4B).
A permutation-based z-score was calculated to compare the
phase distribution of the cycling genes that change by TOC1
3170 | www.pnas.org/cgi/doi/10.1073/pnas.1200355109
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To determine whether the PR domain can repress CCA1 expression in the absence of the CCT and IR, we overexpressed the
PR domain in a transgenic line carrying a CCA1::LUC+ reporter
construct and monitored oscillations in luciferase activity in LL
(Fig. 3D). We averaged the luciferase activity of 32 T1 lines where
either TOC1 or TOC1-PR are overexpressed, and 16 CCA1::
LUC+ control seedlings. Overexpression of the full-length TOC1
caused dampening of CCA1 expression and arrhythmia after 2 d in
LL (Fig. 3D and Fig. S5), as expected (8, 9). However, TOC1-PR
overexpression caused a shortened period in luciferase activity
(Fig. 3D and Fig. S5). This ﬁnding corresponds with previous
ﬁndings that a nonfunctional, or in this case absent, CCT domain
prevents TOC1 or the PR repression domain from negatively
regulating CCA1 expression (4, 6). Additionally, the short period
caused by PR-constitutive expression is the same as seen in the
toc1-1 semidominant mutant and toc1 loss-of-function mutants
(4), suggesting that overexpression of the PR domain alone has
the same effect on the clock as a loss-of-function mutant.
We next reversed the transcriptional polarity of TOC1 by
making a translational fusion with the strong transcriptional activation domain, VP64. We overexpressed the full-length TOC1
with (TOC1-VP64-ox) and without (TOC1-ox) the VP64 in a
CCA1::LUC+ genetic background and tracked luciferase activity
in 18 T1 generation TOC1-ox or TOC1-VP64-ox lines and 12
CCA1::LUC+ control lines. As was seen previously, most of the
TOC1 overexpression lines are arrhythmic [11 of 18 with a relative amplitude error (RAE) > 0.6] (Fig. 3E) or have a short
period call when rhythmic (RAE < 0.6), whereas the TOC1VP64-ox lines are mostly rhythmic (16 of 18 with RAE < 0.6)
with a short period (Fig. 3E). This ﬁnding shows that reversing
the transcriptional potential of TOC1 makes it behave like a lossof-function mutant and conﬁrms the importance of TOC1 repression activity to proper clock function.
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Fig. 4. TOC1 regulates a suite of clock genes and clock output genes. (A)
Venn diagrams of total number of genes either up- or down-regulated by
ethanol induction of TOC1. (B) Enrichment plots for the four experimental
datasets used to determine cycling genes. LL (blue) and LD (red) refer to the
growth conditions for the TOC1-induction experiment. The data for cycling
genes were gathered from four microarray datasets listed on the x axis.
Signiﬁcance is plotted as the negative log of the P value obtained from
Fisher’s exact test. The red line marks signiﬁcance threshold P value of 0.05
(1.30). (C) A z-score by phase for the enrichment of cycling genes that are
regulated by TOC1 induction. Red is from the LDHH_ST dataset and orange
is from the LDHH_SM dataset. (D) WebLogo representation of overrepresented
cis-elements in the promoters of the genes that are up- (CACGTGKM and
AGARRGARRRAGADR) or down- (GGCCCA) regulated in both LD and LL.

induction (Fig. 4C). The genes up-regulated and down-regulated
by TOC1 induction in LDHH entrainment show a peak of enrichment at the morning and evening light transitions for both
the LL and LD (Fig. 4C) induction conditions, with the highest
peaks before dawn or subjective dawn. There is also a peak at
dusk (LD) or subjective dusk (LL). The peaks seen during the
dawn transition may represent the direct targets of TOC1 because those targets are expected to be phased to the morning,
and the peak in the middle of the day may represent downstream
targets of the morning-expressed transcription factors that are
regulated by TOC1. The LL12 dataset shows a similar pattern of
peaks as LDHH (Fig. S6A), and the peaks in the LL23 dataset
are shifted (Fig. S6A). When all datasets are combined (Fig.
S6B), the peaks follow the same trend as the LDHH (Fig. 4C).
To look for enrichment of cis-elements we took 500 bp of the
promoter sequence from the shared up- (176 from Fig. 4A) and
down- (144 from Fig. 4A) regulated genes from our dataset.
These sequences were analyzed by three different motif-ﬁnding
software packages [MEME (31), WEEDER (32, 33), and the R
package rGADEM (34)]. Three elements were found to be
enriched in the promoters of these genes using this stringent
approach. In the down-regulated genes, a variant of the TBS
(GGGCCAT) (35) was found (Fig. 4D). In the up-regulated
genes a G-box variant (CACGTGKM) and a plant-speciﬁc GA
motif (AGARRGARRRAGADR) are enriched. The GA motif
is the cis-element for a family of DNA-binding proteins called
BASIC PENTACYSTEINES (BPCs) (36). Interestingly, three of
the four regions that we show to be occupied by TOC1 in the
CCA1 promoter contain the enriched elements. The E/F regions
contain a TBS, the C/D regions contain a G-box, the A region
contains a site similar to the AGARRGARRRAGADR element
Gendron et al.

Discussion
Since the identiﬁcation of TOC1, extensive genetic analysis has
placed TOC1 as the positive arm of the ﬁrst described feedback
loop in Arabidopsis (4, 9, 40). Using protein alignment, we show
that TOC1/PRRs have a domain similar to known DNA-binding
domains (12, 16, 21), and EMSAs show that the full-length
TOC1 interacts with DNA through its CCT domain. TOC1 can
bind a site [T1ME (TGTG)] that is part of the CO response
element [TGTG(N2-N3)ATG] (16) and also binds the ME (22)
and HUD (23) motifs (Fig. 2 B and C). We have also identiﬁed
a set of three cis-elements that are enriched in genes regulated
by TOC1 (Fig. 4D). Two of these sites are known cis-elements
(G-box and TBS) that are binding sites for TOC1 interactors
(PIFs/PILs and CHE), and the third is similar to a GA motif
(AGARRGARRRAGADR), which is recognized by the BPC
transcription factors. From our ChIP experiment, all three sites
are present in regions of the CCA1 promoter that TOC1 occupies (Fig. 1A). The enrichment of these elements in TOC1controlled genes and the presence of TOC1 near these sites
in vivo suggests that TOC1 recruitment to these elements may be
important for the regulation of TOC1 targets. In combination
with our data that a functional TOC1 DNA-binding domain is
necessary for TOC1 function (Fig. 3 B and D), it is possible that
TOC1 may heterodimerize with various transcription factors and
directly bind DNA at or near their respective cis-element. It is
easy to imagine that TOC1 is not only being recruited as a cofactor but that it participates in DNA binding with its partners
to provide speciﬁcity for different cis-elements (41). Thus, as
a monomer or homodimer TOC1 binds to the T1ME or similar
site, but as a heterodimer TOC1 may associate with different ciselements dependent on its protein interaction context. This
process could be a mechanism for altering the phase of TOC1
targets by selective interaction with proteins, the temporal expression of which overlaps with TOC1.
Gendron et al.

Genetic mutation and transgenic overexpression of TOC1 has
provided a confusing picture of the role of TOC1 in the core
loop of the clock (8, 9). It is clear from our results that TOC1
functions as a general transcriptional repressor (Fig. 3). We have
not ruled out the possibility that TOC1 may activate gene expression under speciﬁc circumstances, but our evidence shows
that TOC1 represses CCA1/LHY expression (Fig. 3 A and B) and
the activity of a general transcriptional activator, VP16 (Fig. 3C).
Additionally, mutation or deletion of the CCT shows that it is
necessary for this repression activity, demonstrating that DNAbinding is integral to its function as a repressor (Fig. 3 B and D).
Supporting this ﬁnding, mutations in the DNA-binding domain
of NF-YA (a mammalian ortholog of HAP2) behave as dominant-negative alleles (42), which explains why the toc1-1 mutation, as well as the overexpression of the PR domain, act in
a dominant-negative manner, causing the short-period phenotype of toc1 loss-of-function mutants but not lower CCA1/LHY
expression levels. These data do not dispute the genetic data that
TOC1 is necessary for CCA1/LHY reactivation; thus, it must still
be considered the positive arm of the feedback loop genetically,
maintaining the standard feedback structure of eukaryotic
clocks. How TOC1 can both repress CCA1/LHY but also be
necessary for their increase in expression in the morning is
a critical question to answer for the future. Mathematical modeling and synthetic biology have shown that a transcriptional
network of repressors can have cyclic behavior when paired with
a constitutive transcriptional activator and delay in the feedback
(43). This ﬁnding is likely to be the case in Arabidopsis, because a
toc1;prr9;prr7;prr5 quadruple mutant has high arrhythmic CCA1
expression (40).
The PRRs were shown to have a repression motif in the IR (19),
and TOC1 has a repression motif in the PR domain. It is possible
that the TOC1 PR domain bridges interaction with proteins that
contain a repressor motif, such as the PRRs (19) or CHE (17), and
that TOC1 does not have inherent repressor activity. This theory
would imply that TOC1 could activate transcription when complexed with a transcriptional activator. Recently, the mammalian
clock component LITTLE IMAGINAL DISCS (LID) was shown to
alternate between repressor and activator activity depending on its
interaction partners (44). Further oligomerization studies will enhance our understanding of how protein interaction affects the
transcriptional potential of TOC1.
As a DNA-binding transcription factor, it is likely that TOC1
does not only regulate genes directly involved in clock function
but also genes involved in output processes. We found that
TOC1 regulates a suite of genes that exhibit cycling behavior
with enrichment at dawn and dusk (Fig. 4 B and C). These genes
fall into biological categories, such as metabolism, biotic stress,
and abiotic stress, and have cis-elements that are known to be
enriched in clock-regulated genes (Fig. 4D, and Figs. S7 and S8).
These output pathways are early clues to understanding the
TOC1 transcriptional network.
The results presented in this article show that the critical clock
component, TOC1, is a transcriptional regulator that binds DNA,
and further deﬁnes TOC1 transcriptional networks that control
growth and development.
Materials and Methods
Plant Materials and Growth. Arabidopsis ecotype Colombia (Col-0) was used
for all experiments. Growth conditions and transgenic lines are described in
SI Materials and Methods.
Chromatin Immunoprecipitation. ChIP was done as described previously (17).
Primer details are described in SI Materials and Methods.
Electrophoretic Mobility Shift Assays. EMSAs were done with standard conditions provided in the Lightshift Chemiluminescent EMSA kit (Thermo
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(AAGGAGGAAGAAG or ARRGARRRAGADR) (Fig. 1A),
and we have shown direct binding through the T1ME for the
I/J region. These results suggest that there are complex transcriptional mechanisms underlying TOC1 regulation of gene
expression. The T1ME was not found to be enriched in this
dataset, but this may be expected because we have not deﬁned
the full cis-element sequence using an unbiased method, such as
protein-binding microarray or systematic evolution of ligands by
exponential enrichment. We have listed all genes that contain
a T1ME, HUD, or ME in Dataset S1, and despite not being
enriched in the dataset, the presence of these elements in a
promoter may indicate direct binding by TOC1.
To ﬁnd clock output pathways we examined genes differentially regulated by TOC1 induction at least 1.8-fold for gene
ontology (GO) enrichment in biological processes. Flow charts
of these results are presented to visualize the hierarchy of GO
categorization (Figs. S7 and S8). The down-regulated genes in
LL were enriched in two main categories: response to stimulus,
which includes stress, and biotic stimulus and metabolic process
(Fig. S7). This ﬁnding coincides with the circadian clock being
a major regulator of daily metabolic processes (37) and it is likely
that TOC1 will be a hub that regulates genes involved in metabolism directly. Up-regulated genes in the LD experiment
showed enrichment of categories of abiotic stimuli—such as
light, temperature, and oxidative stress—all categories that coincide with the dark-to-light transition in the morning. This
ﬁnding is in contrast to the down-regulated genes in LD, which
show an enrichment for genes involved in biotic responses,
mainly defense responses, which has recently been shown to be
circadian-regulated (38, 39). These experiments show that TOC1
is involved in the regulation of circadian-regulated pathways that
are critical to plant function.

Scientiﬁc). Protein puriﬁcation conditions, EMSA buffers, and probe sequences are provided in SI Materials and Methods.

Microarray Analysis. Details of microarray analysis are described in SI Materials and Methods.

Ethanol Induction Followed by qRT-PCR or Microarray. An established TOC1
inducible transgenic line (ALC::TOC1) (25) and Col-0 (wild-type) were used in
all experiments. Growth and induction conditions, qRT-PCR primers, and
microarray hybridization are described in SI Materials and Methods.
Gal4/UAS System. The Gal4/UAS system has been described previously (26).
Experimental details are provided in SI Materials and Methods.
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