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Cloning of the Arabidopsis
Clock Gene TOC1, an

Autoregulatory Response
Regulator Homolog

Carl Strayer,1,2 Tokitaka Oyama,1 Thomas F. Schultz,1

Ramanujam Raman,1 David E. Somers,1* Paloma Más,1

Satchidananda Panda,1 Joel A. Kreps,1† Steve A. Kay1‡

The toc1 mutation causes shortened circadian rhythms in light-grown Arabi-
dopsis plants. Here, we report the same toc1 effect in the absence of light input
to the clock. We also show that TOC1 controls photoperiodic flowering re-
sponse through clock function. The TOC1 gene was isolated and found to encode
a nuclear protein containing an atypical response regulator receiver domain and
two motifs that suggest a role in transcriptional regulation: a basic motif
conserved within the CONSTANS family of transcription factors and an acidic
domain. TOC1 is itself circadianly regulated and participates in a feedback loop
to control its own expression.

The endogenous circadian clock enables or-
ganisms to anticipate and adapt to daily vari-
ations in the environment and to temporally
coordinate internal processes. In animals,
fungi, and bacteria, genetic screens for al-
tered circadian rhythms have revealed molec-
ular clock components. The generally con-
served core mechanism consists of autoregu-
latory transcriptional loops in which positive
factors act on genes encoding negative fac-
tors that in turn feed back to block their own
expression (1). Although plant models have
proven valuable for understanding circadian
input and output pathways, our understanding
of processes at the core of the plant circadian
system is lacking.

We therefore executed a screen for
rhythm mutants in Arabidopsis, from which
we identified the toc1 (timing of CAB expres-
sion) mutant (2). The defining phenotype is a
shortened period of luciferase-reported CAB
gene expression (;21 hours, versus ;24.5

hours in the wild type) under constant light
conditions (LL). All clock phenotypes tested
are similarly affected by the toc1-1 mutation,
which is semidominant, as are mutant alleles
of diverse clock genes (1–3). Moreover, the
effects of the toc1-1 mutation are specific to
the clock system, with no defects seen, for
instance, in clock-independent light respons-
es (3). This is noteworthy because disruption
of photoreceptors and phototransduction
components that participate in clock entrain-
ment can alter period in LL (4, 5). However,
perturbations of these components produce
specific, differential effects depending on the
quality and quantity of light, whereas the
toc1-1 effect is essentially the same in all
light conditions (3). To further address this
issue, we assayed the bioluminescence
rhythm of toc1-1 and wild-type seedlings
during extended dark incubation (DD) using
a new reporter, ccr2::luc. CCR2 (COLD–
CIRCADIAN RHYTHM–RNA-BINDING 2) is
a clock-controlled gene whose LL expression
rhythm is shortened by the toc1-1 mutation
(6). The ccr2::luc reporter (including a lucif-
erase gene fusion) reveals that toc1-1 has a
similar effect on the period of gene expres-
sion in DD (Fig. 1), consistent with a role for
TOC1 outside of light input pathway(s) to the
clock.

Mutation of TOC1 also affects photoperi-
odic regulation of floral induction. Wild-type

Arabidopsis flowers earlier in long days [16
hours light, 8 hours dark (16:8 LD)] than in
short days (8 :16 LD), but this differential
response is greatly reduced in toc1-1 (3). This
phenotype is likely the result of clock-based
misinterpretation of photoperiodic informa-
tion in toc1-1 rather than direct effects of
toc1-1 on floral induction pathways. To test
this possibility, we measured the transition to
flowering of toc1-1 lines grown in LD cycles
of 21 hours total duration, where the environ-
mental period (T ) more closely matched the
period of the endogenous clock (t) (Fig. 2).
Correct photoperiodic response was restored
in toc1-1 plants grown in this regime, where
toc1-1 plants flowered much later in short
days (7 :14 LD) than in long days (14:7 LD).
The toc1-1 flowering defect therefore can be
fully explained by its circadian defect. The
cause is not simply incorrect measurement of
light or dark intervals: Mutant plants given 7
hours light in a 24-hour period (7 :17 LD)
also flowered early (Fig. 2). These data, com-
bined with results of experiments measuring
gene expression in toc1-1 and wild-type
plants entrained to altered T cycles (3), also
suggest a possible mechanism underlying this
defect: incorrect modulation of phase and/or
waveform of clock-controlled regulatory fac-
tors when t varies greatly from T.

To further investigate its role in the Ara-
bidopsis circadian system, we isolated the
TOC1 gene. Genetic mapping delimited
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Fig. 1. Bioluminescence rhythms from toc1-1
and wild-type seedlings in constant darkness
(DD). ccr2::luc transgenic seedlings (7) were
grown in 12 :12 LD for 8 days before transfer to
DD. Bioluminescence was recorded at the indi-
cated times (7). Traces represent averages of 21
to 23 seedlings from each line. Period estimates
(variance-weighted means 6 variance-weight-
ed SD) for each line were calculated as de-
scribed (26, 27): wild type 5 27.5 6 1.16 hours,
toc1-1 5 22.3 6 0.39 hours.
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TOC1 to a 78-kb interval on chromosome 5
(7). Sequencing of toc1-1 and wild-type
DNA from this region identified a missense
mutation in the toc1-1 allele of one candidate
gene (Fig. 3). We confirmed this gene as
TOC1 by identifying a nucleotide change in a
second mutant allele, toc1-2 (Fig. 3). The
cab2::luc rhythm defect of toc1-2 homozy-

gotes is similar to that of toc1-1 homozygotes
(LL period ' 22 hours) (8); however, the
toc1-2 allele appears to be recessive (1). The
toc1-2 mutation changes the last nucleotide in
exon 1, and one result is preferential splicing
at a site 13 nucleotides 39 to the normal donor
site with a concomitant reduction in correctly
spliced transcript (Fig. 3, A and E) (7). Quan-
titative reverse-transcription polymerase
chain reaction (RT-PCR) revealed that cor-
rectly spliced transcripts are 6% of the total in
toc1-2, versus 96% of the total in the wild
type (Fig. 3E). The incorrectly spliced tran-
script would encode a truncated protein of
only 59 residues. Taken together, these re-
sults suggest that toc1-2 is a hypomorph, the
loss-of-function phenotype is short period,
and the semidominant toc1-1 allele is there-
fore likely an antimorph.

The predicted TOC1 protein contains sev-
eral notable features. At the NH2-terminus,
TOC1 contains a motif similar to the receiver
domain of response regulators from two-
component signal transduction systems (Fig.
3, B and C). Typically in these systems, the
first component, a sensor kinase, perceives
changes in environmental conditions and
propagates signals by autophosphorylation of
a conserved histidine residue (9). This phos-

phate is subsequently transferred to an aspar-
tate within the receiver domain of a response
regulator, which then effects the response,
often a change in the transcriptional state of
target genes (9). However, TOC1 would be
unique among characterized response regula-
tors in that two of three invariant residues
required for normal response are substituted.
In CheY, an Escherichia coli response regu-
lator, Asp57 (D1 in Fig. 3C), is the normal site
of phosphorylation by its cognate sensor ki-
nase (CheA), and Asp13 and Lys109 (D2 and
K in Fig. 3C) are also crucial for normal
phosphorelay and function (9). Residues cor-
responding to D1 and D2 are changed to Glu
and Asn, respectively, in TOC1. About 14
response regulator homologs have been iden-
tified in Arabidopsis, which can be classified
as type A or type B on the basis of primary
structure (Fig. 3C) (10). TOC1 defines a new
class because of the atypical primary struc-
ture of its receiver-like domain. We have
identified several TOC1-LIKE (TL) sequenc-
es in the Arabidopsis genome (Fig. 3, C and
D) (11) that are defined by this atypical motif
and another feature, a distinctive COOH-ter-
minal motif first identified within the CON-
STANS family of plant transcription factors.
The CONSTANS (CO) locus controls photo-

Fig. 2. Photoperiodic response of toc1-1 plants
in LD cycles of different period. Wild-type seed-
lings [ecotype Landsberg (Laer)] or seedlings
homozygous for the toc1-1 (C24) allele intro-
gressed into Laer (toc1-1/Laer) were grown in
various photocycles as described (3, 28) (n 5
12 to 22 for each condition). Initiation of flow-
ering was defined as rosette leaf number at
flower bolt height of 1 cm. Open bars, long
days (14:7); solid bars, short days (7 :14);
striped bars, short days (7 :17). Error bars de-
note SEM.

Fig. 3. Structure of TOC1 gene and gene products. (A) Gene organization
of TOC1. Black boxes represent exons. Positions of start and stop codons
and mutations in TOC1 are indicated. (B) Predicted protein structure of
TOC1. (C) Comparison of receiver domains of TOC1 (GenBank accession
no. AF272039), TL1 (AF272040), representative Arabidopsis response
regulator homologs ARR2 (AB016472) (type B) and ARR4 (AF057282)
(type A), and CheY (M13463) (9, 10, 29). Residues identical to TOC1 are
in black boxes; similar residues are in gray boxes. An asterisk indicates the
residue mutated in toc1-2. (D) Comparison of CCT motifs of TOC1, TL1,
Arabidopsis CO (CAA64407), Arabidopsis COL1 ( Y10555), Arabidopsis
COL2 (L81119), and Brassica CO9a (Bn CO: AF016011). Sequences are
highlighted as in (C). An asterisk indicates the residue mutated in toc1-1;
# and 1 indicate residues mutated in co5 and co7, respectively (15). (E)
RT-PCR analysis of TOC1 transcripts. Autoradiograph from polyacryl-
amide gel electrophoresis (PAGE) analysis of products from quantitative
RT-PCR (7) is shown at the left. A cartoon represents RT-PCR products
from the two splice products. The lower band derives from the correctly
spliced product containing the complete open reading frame. Nucleotide
sequences surrounding the splice junctions (slashes) from each species
from the toc1-2 allele are shown at the right. Nucleotides included in the
species represented in the upper band are underlined. The mutated
nucleotide and amino acid residues changed in toc1-2 are boxed in gray.
Single-letter abbreviations for amino acid residues: A, Ala; C, Cys; D, Asp;
E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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periodic flowering response (12). Structural-
ly, the CONSTANS-LIKE (COL) family is
typified by the presence of this highly con-
served COOH-terminal domain, herein
termed the CCT (CO, COL, and TOC1) mo-
tif, and two NH2-terminal zinc finger do-
mains (12–14). The CCT motif is ;45 amino
acids, rich in basic residues, and contains a
putative nuclear localization signal in the
NH2-terminal half (14 ). toc1-1 is mutated
at a residue within the second half of the
CCT motif, and proximal residues are mu-
tated in two co alleles (Fig. 3D) (15). Im-
mediately downstream of the CCT motif is
a region rich in acidic residues, a feature
common to a number of transcriptional ac-
tivators (16 ). The last identifiable feature
within TOC1 is an almost perfect direct
repeat of 47 amino acids in the center of the
protein, of unknown function.

Messenger RNA levels of TOC1 cycled
robustly in light-dark cycles, peaking in the
late day (Fig. 4A). Changes in TOC1 levels
did not coincide with dawn or dusk transi-
tions, nor were TOC1 transcript levels
acutely light-induced (17 ). In the absence
of entraining signals, robust cycling per-
sisted throughout an LL time course (Fig.
4B). Notably, the period of the TOC1 cir-
cadian rhythm was shortened in the toc1-1
mutant, demonstrating that TOC1 products
feed back to affect their own expression
(Fig. 4B). The TOC1 rhythm was bimodal
in LD conditions, and aspects of this were
evident in the LL time course (Fig. 4, A and
B). One explanation is that TOC1 expres-
sion is always biphasic. Another possibility
is that the phase of TOC1 expression is
distinct in two different populations of cells
or tissues, as has been shown for circadian

genes in other organisms (18). In DD, the
rhythm of mRNA expression dampened af-
ter one cycle, although mean levels were
maintained (Fig. 4C).

As predicted from the pervasive effect of
TOC1 mutation, a toc1::luc transcriptional
reporter was expressed in all organs of seed-
lings and mature plants (17, 19). We used
translational fusions to yellow fluorescent
protein (YFP) to investigate the subcellular
localization of TOC1. In transiently trans-
fected tobacco cells incubated in the dark,
YFP::TOC1 appeared exclusively in the
nucleus in a distinctive speckled pattern
(Fig. 4, D and E). This pattern suggests
TOC1 participation in functionally impor-
tant complexes such as transcriptosomes,
spliceosomes, or proteosomes (20). The same
pattern was observed in transfected cells kept
in the light (17), arguing against light-depen-
dent differential partitioning of TOC1, such
as we have shown for the circadian photore-
ceptor dCRY, which forms similar patterns in
insect nuclei (21).

Although it is premature to unequivocal-
ly place TOC1 in a central pacemaker, the
identification of TOC1 molecular targets
and partners will elucidate its specific role.
Interestingly, PAS (PER, ARNT, SIM) do-
mains found in several clock proteins show
sequence similarity to two-component sen-
sor domains (4, 22). Other clock-associated
proteins are similar to sensor kinases and
exhibit kinase activity (23, 24 ). More typ-
ical sensor kinase homologs have also been
identified in Arabidopsis (25). However,
considering the atypical nature of its re-
ceiver domain, TOC1 may not be involved
in an orthodox phosphorelay.

Note added in proof: Several Arabidopsis

sequences were recently recognized as en-
coding atypical response regulator homologs,
including one corresponding to TOC1 (30).
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Pif1p Helicase, a Catalytic
Inhibitor of Telomerase in Yeast

J.-Q. Zhou, E. K. Monson,* S. -C. Teng,* V. P. Schulz,*† V. A. Zakian‡

Mutations in the yeast Saccharomyces cerevisiae PIF1 gene, which encodes a
59-to-39 DNA helicase, cause telomere lengthening and a large increase in the
formation rate of new telomeres. Here, we show that Pif1p acts by inhibiting
telomerase rather than telomere-telomere recombination, and this inhibition
requires the helicase activity of Pif1p. Overexpression of enzymatically active
Pif1p causes telomere shortening. Thus, Pif1p is a catalytic inhibitor of telo-
merase-mediated telomere lengthening. Because Pif1p is associated with telo-
meric DNA in vivo, its effects on telomeres are likely direct. Pif1p-like helicases
are found in diverse organisms, including humans. We propose that Pif1p-
mediated inhibition of telomerase promotes genetic stability by suppressing
telomerase-mediated healing of double-strand breaks.

PIF1 is a nonessential Saccharomyces gene that
encodes a 59-to-39 DNA helicase (1). Mutations
in PIF1 affect telomeres in three ways: telo-
meres from pif1 mutant cells are longer than
wild-type telomeres; healing of double-strand
breaks by telomere addition occurs much more
often in pif1 cells than in wild-type cells; and
pif1 cells but not wild-type cells add telomeric
DNA to sites that have very little resemblance
to telomeric DNA (2). These data suggest that
Pif1p is an inhibitor of telomere lengthening.
Pif1p also affects mitochondrial (1) and ribo-
somal DNA (3).

There are two mechanisms that can lengthen
the ;300–base pair (bp) tracts of yeast telo-
meric C1-3A/TG1-3 DNA: telomerase (4) and
telomere-telomere recombination (5). In the ab-
sence of genes required for telomerase such as
TLC1, which encodes telomerase RNA (6),
and EST1, which encodes a telomerase RNA
binding protein (7), telomeric DNA gets
shorter and shorter, the cultures senesce, and
most cells eventually die. Lengthening of
telomeres by recombination requires the con-
tinued presence of Rad52p (5). If Pif1p in-
hibits telomere-telomere recombination, telo-
mere lengthening will not occur in a pif1
rad52 strain, and a pif1 tlc1 (or est1) strain
might not senesce or would senesce more
slowly due to activation of the recombina-

tional pathway for telomere maintenance. If
Pif1p inhibits telomerase, telomere lengthen-
ing would not occur in pif1 tlc1 or pif1 est1
strains. To distinguish between these possi-
bilities, we constructed singly and doubly
mutant strains of the appropriate genotypes
and examined telomere lengths (8). Because
telomeres were at least as long in a pif1
rad52 as in a pif1 strain (Fig. 1A), the effects
of Pif1p did not require Rad52p. In contrast,

telomere lengthening did not occur in either a
pif1 tlc1 (Fig. 1B) or a pif1 est1 strain (9). In
addition, lack of Pif1p did not bypass or even
delay the senescence phenotype of cells lack-
ing telomerase (Fig. 1C). Thus, Pif1p inhibits
a telomerase-dependent pathway of telomere
lengthening.

To determine if the helicase function of
Pif1p is required to inhibit telomere length-
ening, we used site-directed mutagenesis to
modify the invariant lysine in the ATP-bind-
ing domain to either alanine (K264A) or ar-
ginine (K264R) (10), as this residue is essen-
tial for the activity of other helicases (11).
Both the wild-type and the K264A mutant
version of Pif1p were expressed in Sf9 insect
cells infected with recombinant baculovirus,
purified to near homogeneity (Fig. 2A), and
their activities assayed in vitro. Whereas
wild-type Pif1p catalyzed unwinding of a
17-base, [32P]end-radiolabeled oligonucleo-
tide annealed to a M13 single-strand circle,
the K264A allele had no helicase activity in
this assay (Fig. 2B).

To determine the phenotype of cells that
lacked Pif1p helicase activity, strains with
only the K264A or K264R allele were con-
structed (12). DNA was prepared from cells
carrying these mutant alleles, as well as from
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Fig. 1. Pif1p inhibits telomerase, not
telomere-telomere recombination. (A)
DNA was prepared from three indepen-
dent transformants from otherwise iso-
genic strains of the indicated geno-
types. The DNA was digested with Xho
I and analyzed by Southern hybridiza-
tion using a C1-3A/TG1-3 telomeric
probe here and in (B). The pif1-m2 al-
lele, which affects telomeric but not
mitochondrial DNA (2), was used here
and in (B) and (C). (B) A diploid strain
heterozygous at both TLC1 and PIF1 was
sporulated, tetrads were dissected, and
the genotype of the spore products was
determined. DNA was isolated from in-
dependent spores with the indicated
genotypes ;30 cell divisions after
sporulation. (C) Individual spores from
tetrads obtained as in (B) were streaked
on rich medium and grown to single
colonies (;25 cell divisions). Individual
colonies were restreaked repeatedly.
The third and fourth restreaks after
sporulation are shown for the four
spore products from one of nine tetrads
examined.
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