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The Arabidopsis SRR1 gene mediates
phyB signaling and is required tor normal

circadian cloc

function

Dorothee Staiger,”® Laure Allenbach,'® Neeraj Salathia,® Vincent Fiechter, Seth J. Davis,>¢
Andrew J. Millar,® Joanne Chory,* and Christian Fankhauser'”

'Department of Molecular Biology, 1211 Geneve 4, Switzerland; 2Institute for Plant Sciences, Swiss Federal Institute of
Technology, ETH Center, Zurich, Switzerland; ®Department of Biological Sciences, University of Warwick, Coventry, CV4
7AL, UK; “The Howard Hughes Medical Institute and Plant Biology Laboratory, The Salk Institute for Biological Studies,

La Jolla, California 92037, USA

Plants possess several photoreceptors to sense the light environment. In Arabidopsis cryptochromes and
phytochromes play roles in photomorphogenesis and in the light input pathways that synchronize the
circadian clock with the external world. We have identified SRR1 (sensitivity to red light reduced), a gene that
plays an important role in phytochrome B (phyB)-mediated light signaling. The recessive srr1 null allele and
phyB mutants display a number of similar phenotypes indicating that SRR1 is required for normal phyB
signaling. Genetic analysis suggests that SRR1 works both in the phyB pathway but also independently of
phyB. srr1 mutants are affected in multiple outputs of the circadian clock in continuous light conditions,
including leaf movement and expression of the clock components, CCA1 and TOC1. Clock-regulated gene
expression is also impaired during day-night cycles and in constant darkness. The circadian phenotypes of
srrl mutants in all three conditions suggest that SRR1 activity is required for normal oscillator function. The
SRR1 gene was identified and shown to code for a protein conserved in numerous eukaryotes including
mammals and flies, implicating a conserved role for this protein in both the animal and plant kingdoms.
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Most organisms are sensitive to various aspects of their
light environment. To anticipate the day-night cycles,
several activities are under the control of the circadian
clock. Clock-regulated processes are physiologically di-
verse, including the regulation of body temperature in
mammals, conidiation in fungi, petal opening in plants,
and eclosion in flies. For example, it is estimated that
~5% of all Arabidopsis genes are clock controlled at the
transcriptional level, which could account for diurnal
regulation of a large number of metabolic pathways
(Harmer et al. 2000; Schaffer et al. 2001). Global expres-
sion profiling in animals has also revealed a large num-
ber of circadian-regulated genes (e.g., see McDonald and
Rosbash 2001; Storch et al. 2002). In a few cases it has
been demonstrated that a functional clock enhances the
fitness of the organism, suggesting an evolutionary ad-
vantage for anticipating dawn and dusk (Green et al.
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2002). In the simplest model, the circadian clock is com-
posed of three main constituents: an input pathway that
conveys resetting information to the oscillator, a central
oscillator that generates an ~24-h period and clock-con-
trolled output pathways that translate this into physi-
ological thythms (Young and Kay 2001). The oscillator is
regularly reset by the photoperiod; in addition, light-
regulated activities can be restricted by the circadian
clock so that a pulse of light in the middle of the night
does not have the same effect as the same light cue given
during the day (Millar and Kay 1996). Both of these phe-
nomena require that the plant responds to light cues in a
time-of-day-specific manner. It is therefore apparent that
light perception and circadian regulation are intimately
linked (Devlin and Kay 2001).

Molecular genetic analysis of clock-controlled activi-
ties has identified several key components of the central
oscillator in various organisms, including Drosophila
melanogaster, Neurospora crassa, Synechococcus elon-
gatus, Mus musculus, and Arabidopsis thaliana (Young
and Kay 2001). In all those organisms transcriptional—-
translational negative feedback loops are important ele-
ments of the oscillator (Young and Kay 2001). Despite
this mechanistic similarity, there is little conservation
of the biochemical components of the central oscillator.
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In Arabidopsis, for example, three gene products have a
proposed role in the circadian pacemaker: TOC1 and two
related transcription factors, CCA1l and LHY (Alabadi et
al. 2002; Green and Tobin 2002; Mizoguchi et al. 2002.).
These three proteins are unrelated to clock components
of Neurospora, mice, or Drosophila (Young and Kay
2001). In contrast, the cryptochromes (CRYs) play im-
portant, but distinct, circadian functions in plants, flies,
and mammals (Devlin and Kay 2001).

Analysis of the light input pathways to the clock re-
veals that several distinct photoreceptor systems are im-
portant for clock entrainment (Devlin and Kay 2001).
Melanopsin was recently proposed as a circadian photo-
receptor in mammals (Berson et al. 2002). The crypto-
chrome acts as an input photoreceptor resetting the
clock in flies (Emery et al. 2000). In Arabidopsis, both
cryptochromes and phytochromes mediate light input to
the clock (Somers et al. 1998a). The phytochromes (PHY)
are a class of red/far-red photoreceptors (Quail 2002b).
Red light converts Pr, the red-light-absorbing form of
phytochrome, into Pfr, the far-red-light-absorbing form,
which is the active conformer for many phytochrome-
mediated responses. Pfr can be converted back to Pr by
irradiation with far-red light. The C-terminal portion of
plant phytochromes is composed of two PAS repeats
(PER, Amt, SIM) and a histidine-kinase-related domain
(Quail 2002b). A phytochrome-like protein is also an es-
sential component of the light input pathway to the
clock in cyanobacteria (Schmitz et al. 2000). In Neuros-
pora, WC-1, a transcription factor with a PAS domain, is
thought to act as light receptor to the clock (Froehlich et
al. 2002; He et al. 2002). However, because wc-1 and
wc-2 mutants can be entrained neither by light nor by
temperature, WC-1 and the related protein WC-2 can
also be classified as critical clock components
(Crosthwaite et al. 1997). This illustrates the close asso-
ciation between light input pathways and the central
oscillator. WC-1 and WC-2 share little sequence similar-
ity with components of the light input pathway from
other organisms. However, they contain PAS domains
that are also found in the phytochromes and in the ZTL/
LPK/FKF protein family. Arabidopsis ZTL/LPK/FKFs
have been proposed to act in the light input pathway
(Nelson et al. 2000; Somers et al. 2000; Schultz et al.
2001).

Signaling downstream of the CRY and PHY photore-
ceptors in plants has been extensively studied (Quail
2002a). Relatively few components working downstream
of CRY during blue light perception are known at pre-
sent (Lin 2002). In contrast, a large number of proteins
have been proposed to act downstream from phyto-
chromes (Quail 2002b). Arabidopsis has five phyto-
chrome genes, PHYA-PHYE. phyA and phyB mutants
have particularly obvious phenotypes. phyA mutants are
blind to far-red light (a light quality found under a
canopy of plants), and phyB appears to be the major pho-
toreceptor for de-etiolation in red or white light (Quail
2002b). In addition to interconverting between its two
spectral forms, light also affects the subcellular localiza-
tion of phytochromes, their ability to interact with sig-
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naling partners, and the in vitro kinase activity of phyA
(Fankhauser 2000; Quail 2002b). The best understood
subpathway involves a direct interaction of phyto-
chrome B with bHLH-domain transcription factors,
which results in the activation of multiple genes, includ-
ing CCA1 (Martinez-Garcia et al. 2000; Huq and Quail
2002). Light may therefore entrain the plant circadian
clock both via transcriptional activation (as it does in
Neurospora crassa and the mouse) and also via post-
translational mechanisms (as in Drosophila melanogas-
ter; Somers et al. 2000).

In this report, we describe srr1, a new Arabidopsis mu-
tant that is altered in multiple outputs of the circadian
clock and in phytochrome-B-mediated light signaling.
Cloning of the SRR1 gene reveals that SRR1 codes for a
novel protein with homologs in numerous eukaryotes
including mouse and humans. Our studies suggest that
SRR1 might encode a regulator of the circadian clock
that is conserved between plants and animals.

Results

The srrl mutant is impaired in phyB signaling

In an effort to identify novel components required for
proper light-modulated development, we screened for
Arabidopsis mutants that displayed reduced sensitivity
to low intensities of white light. We selected seedlings
that had a longer hypocotyl than the wild type in this
light regime (Fig. 1A), and identified the srr1 (sensitivity
to red light reduced) mutant. We determined that under
monochromatic light conditions, szrl mutants had a re-
duced sensitivity to red light specifically, but responded
normally to both far-red and blue light (Fig. 1B-D). Be-
cause phytochrome B (phyB) is the major red light pho-
toreceptor in Arabidopsis, we tested srrl for other typi-
cal phyB-mediated responses. Arabidopsis phyB muta-
tions lead to pleiotropic phenotypes. phyB mutants are
pale because of reduced chlorophyll accumulation (Reed
et al. 1993). We measured chlorophyll content in red-
light-grown seedlings and determined that srrl mutants
accumulated intermediate levels of chlorophyll, be-
tween the levels of the wild type and a phyB null mutant
(Fig. 2A). A saturating pulse of far-red light given at the
end of the day induces several typical growth responses
in Arabidopsis, including enhanced hypocotyl elonga-
tion (Robson et al. 1993; Aukerman et al. 1997). This
end-of-day far-red (EOD FR) response is greatly dimin-
ished in phyB mutants (Fig. 2B; Robson et al. 1993;
Aukerman et al. 1997), and srr1 seedlings also displayed
a reduced EOD FR response (Fig. 2B). Later in develop-
ment, phyB mutants had longer petioles, a phenotype
that was also observed in the srrl mutant (Fig. 2C).
Moreover, srrl mutants had a subtle early-flowering phe-
notype in long days but flowered much earlier than the
wild type in short days (Fig. 2D). The difference in flow-
ering time between long and short days was therefore
much smaller in srr1 mutants than in the wild type (Fig.
2D). This suggests that srr1 mutants, like phyB mutants,
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Figure 1.

srr1 shows reduced sensitivity to white and red light. (A) Wild-type (Col-7), srr1, and phyB-9 mutants grown in white light.

(B) srr1 mutants have longer hypocotyls in white and red light. Data are means = 2x S.E. of at least 12 seedlings for each light
treatment. All seedlings were grown at 22°C in continuous light. Col (white bar), srr1 (gray bar), and the appropriate photoreceptor
mutants were grown for 6 d in 50 pmoles m~2 sec™! white (phyB-9, black bar), 30 pmoles m~2 sec™! blue (cry1, hatched to the right bar),
15 pmoles m~2 sec™! red (phyB-9, black bar), or 10 pmoles m~2 sec™! far-red (phyA-211, hatched to the right and Ieft bar). (C) Fluence
rate response curve in continuous red light of Col, srr1, and phyB-9 seedlings. (D) Fluence rate response curve in continuous far-red
light of Col, srr1, and phyA-211 seedlings. (Open square) Col; (closed triangles) srr1; (open circles) phyA-211; (closed circles) phyB-9.

have a reduced sensitivity to day length (Fig. 2D; Reed et
al. 1993; Blazquez and Weigel 1999). Taken together,
these data strongly suggest that srr1 mutants are defec-
tive in phyB-mediated signaling. To verify that srr1 mu-
tants had normal levels of phytochrome, we determined
by Western blots that the levels of phyA and phyB were
similar in the srrl mutant and the wild type (data not
shown). These data suggest that srrl mutants affect
phyB-mediated signaling rather than stability or biosyn-
thesis of the photoreceptor.

SRR1 also acts independently of phyB

To verify that SRR1 operates in the phyB pathway, we
made double mutants between srrl and the null allele
phyB-9. In red light (Fig. 3B), the phyB srr1 double mu-
tants had hypocotyls of the same length as the phyB
single mutant. However, when de-etiolation was studied
under white light, the phyB srr1 double mutant had a
stronger phenotype than the individual single mutants

258 GENES & DEVELOPMENT

(Fig. 3C). In white light, we also observed an additive
phenotype for cotyledon expansion in the phyB srrl
double mutant, which was not apparent in red light (data
not shown). Collectively, these observations suggest that
SRR1 works in the phyB pathway, but also acts indepen-
dently of phyB.

SRR1 is required for multiple outputs
of the circadian clock

Arabidopsis is a facultative long-day plant, flowering
earlier in long than short days. The srr1 flowering time
phenotype suggests a defect in photoperiodic perception
(Fig. 2D). A number of flowering-time mutants show a
reduction or even an absence of sensitivity to day length
(Mouradov et al. 2002). Such phenotypes are also ob-
served in numerous circadian clock mutants; moreover,
many of them also display an altered light sensitivity
during seedling emergence (Mouradov et al. 2002). We
therefore tested srrl mutants for circadian phenotypes
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Figure 2. srrl and phyB mutants have several similar pheno-
types. (White bar) Col; (gray bar) srr1; (black bar) phyB-9. (A)
Chlorophyll content (expressed as nanograms of chlorophyll per
seedling) of 7-day-old seedlings grown in constant 35 pmoles
m~2 sec”! red light. Measurements were made in triplicate with
20 seedlings per sample. Values are means + 2x S.E. (B) The srr1
mutant has a reduced end-of-day far-red (EOD FR) response.
Seedlings were grown in control photoperiods (10 h light, 14 h
dark, thin hatched bars to the right) or control photoperi-
ods + 15 min FR light (thick hatched bar to the left). Values are
means of 15 hypocotyls = 2x S.E. (C) The srr1 mutant has longer
petioles than the wild type. The petioles of 3-week-old plants
grown in long days (16 h light, 8 h dark) were measured. Values
are means of 16 petioles + 2x S.E. (D) srr1 mutants flower early
in short days. Long days (LD) are as in C; short days (SD) are 9
h light and 15 h dark. Values are the means + 2x S.E, with at
least 18 plants for each condition.

by performing Northern blots of RNA from wild type
and srr1 mutants that were entrained in day-night cycles
(LD) and released into constant light (LL). All circadian-
regulated genes that were tested (CAB, AtGRP7/CCR2,
CCA1, CAT3, TOC1, GI, and FKF1) showed shorter pe-
riods, more rapid dampening, and reduced amplitude of
the oscillation in the srrl mutant background (Fig. 4A;
data not shown). Quantification of the Northern blots
revealed that the period of AtGRP7/CCR2, CAB, and
CCA1 oscillations was between 1.8 and 2.8 h shorter in
the mutant than the wild type (data not shown). To test
an unrelated clock-controlled phenotype, we recorded
leaf movements in entrained srrl mutants that were re-
leased into constant light conditions. Again the srr1 mu-
tant had a period length of ~2 h shorter than the wild
type, 22.6 h in the srr1 mutant versus 24.5 h in the iso-
genic wild type (Fig. 4B). These results, together with the
reduced sensitivity to day length during photoperiodic
flower induction (Fig. 2C), indicate that SRR1 function is

SRRI1 regulates light signaling and circadian rhythms

required for the timing of multiple outputs from the cir-
cadian clock.

SRR1 function is required for clock-regulated
gene expression during day-night cycles
and in constant darkness

Experiments conducted in constant light cannot dis-
criminate between a defect in the light input pathway
and a defect in the oscillator (Covington et al. 2001). To
test whether srrl is also required for clock function in
the dark, we shifted entrained plants into constant dark
(DD) conditions and tested the rhythmic expression of
CAB, CCA1, and CAT3 during one LD cycle and 2 DD
cycles by Northern blotting (Fig. 4C). This experiment
showed that during LD conditions, the peak of expres-
sion of genes such as CAB or CCA1 is earlier in the srrl
mutant than in the wild type (Fig. 4C). This indicates
that under entrained conditions, the srrl mutants had a
phenotype in circadian-regulated gene expression. phyB
mutants also have an early phase of circadian gene ex-
pression (Hall et al. 2002; Salome et al. 2002).

In srrl mutants, the early phase was also visible for
CCA1 transcript oscillation in DD, but the amplitude of
rhythmic gene expression was not high enough to deter-
mine the period length in DD by Northern blotting.
However, this experiment showed very clearly that in
DD conditions, the transcript level of CAT3 in srrl mu-
tants stabilizes to a high steady-state level. This stabili-
zation at a high level is dependent on phyA and cryl
function but not phyB activity (Zhong et al. 1997). This
observation is an additional piece of evidence linking
SRR1 to phyB signaling rather than cryl or phyA signal-
ing.

To further test for a possible function of SRR1 in DD
conditions, we generated srrl CAB2::LUC and srrl
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Figure 3. SRRI works in the phyB signaling pathway. (A) Hy-
pocotyl length in the dark. (B) Hypocotyl length at 40 pmoles
m~2sec”! red light. (C) Hypocotyl length at 50 pmoles m™2 sec™!
white light. Col (white bar), srrl mutants (gray bar), phyB-9
(black bar), and srr1 phyB-9 double mutants (hatched to the
right bar with gray font). Data are means = 2x S.E of at least 15
seedlings for each light treatment. All seedlings were grown at
22°C in continuous light.
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CCR2::LUC reporter lines. These plants were entrained
in day-night cycles and released into constant darkness.
These experiments showed that the phase of the circa-
dian peak was 2 h earlier for both genes in the srr? mu-
tant (Fig. 4D,E). For the CCR2::LUC line, the period
length was shortened by 1.6 h in srr1 mutants relative to
the wild-type control (Fig. 4D). The rapid dampening of
CAB2::LUC in DD prevented us from determining a pe-
riod length of expression of this reporter gene. Taken
together, these results suggest that SRR1 activity is re-
quired for normal oscillator function.

To test for a light-regulated gene expression phenotype
when seedlings are transferred from the dark to the light
without prior entrainment of the clock, we examined the
induction of the CAB gene in etiolated seedlings in re-
sponse to a pulse of red light. This early light induction
of genes such as CAB is known as the acute response
(Anderson and Kay 1995). Mutations in components of
the Arabidopsis oscillator differentially affect this light
response. toc1-1 mutants have a normal acute response,
contrasting with ccal-1 and phyB seedlings, which show
a reduced response (Somers et al. 1998b). The srrl mu-
tants had an enhanced acute CAB response (Fig. 4F).
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SRR1 codes for a nuclear/cytoplasmic protein
that is conserved in numerous eukaryotes

The srrl mutant was identified in a collection of
T-DNA-transformed Arabidopsis lines (Weigel et al.
2000). We crossed the mutant to an isogenic wild type
and followed the segregation of the mutant phenotype
and the T-DNA marker gene in >80 F2 plants. The mu-
tation was recessive for all phenotypes tested. There was
a single T-DNA insertion site that cosegregated with the
srrl mutant phenotype. We isolated genomic DNA
flanking the left border (LB) of the T-DNA. The identi-
fied DNA matched the sequence of BAC F2015 (nt
65296-65343), the insertion being in the 5'-untranslated
region of a putative ORF coding for a protein of unknown
function (F2015.23, accession no. At5g59560). Using a
combination of Southern blots and PCR, we determined
that the T-DNA insertion is complex with two left bor-
ders (LB) flanking the insertion site (Fig. 5A). The inser-
tion also resulted in the deletion of 82 nt. We identified
and sequenced a ¢cDNA coding for the gene that we call
SRR1 from an EST collection (GenBank accession no.
AY127047). We tested the expression of the SRR1 gene
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and of the gene most proximal to the T-DNA insertion (a
gene coding for a response regulator RR, the ARRI-like
protein AB025604) by RT-PCR. We found that SRR1 was
not expressed in the srrl mutant, whereas expression of
the RR gene was unaffected (Fig. 5B). To demonstrate
that loss of the SRR1 expression caused the srrl mutant
phenotype, we complemented the mutant by transform-
ing it with a piece of genomic DNA including 1.8 kb of
promoter sequence and 0.5 kb of sequence 3’ of the gene.
Multiple independent lines were tested for de-etiolation
and circadian phenotypes (Fig. 5C,D). These experiments
confirmed that the lack of SRR1 expression caused the
phenotypes of the srr1 mutant plants (Fig. 5C,D; data not
shown).

Using BLAST and PSI-BLAST (Altschul et al. 1997), we
found sequences homologous to the predicted SRR1 pro-
tein in numerous eukaryotes including rice, mouse, hu-
man, Drosophila, and yeast (Fig. 6A). The function of
these genes is presently unknown. A biochemical activ-
ity for these putative proteins is not immediately appar-
ent because they contain no recognizable domains. A
putative nuclear localization sequence is located be-

tween amino acids 26 and 30 of the Arabidopsis protein.
This part of the putative protein is relatively well con-
served between the animal and plant sequences (Fig.
6A,B). To test the subcellular localization of SRR1 in
Arabidopsis, we generated plants that expressed an
SRR1-GFP fusion protein under the control of the Cau-
liflower Mosaic Virus 35S promoter. Fluorescence mi-
croscopy indicated that the SRR1-GFP fusion was found
both in the nucleus and the cytoplasm of these plants
(Fig. 6C). This fusion protein when expressed from its
own promoter was capable of complementing the phe-
notype of the srrl mutants, indicating that the fusion to
GFP did not alter SRR1 activity (data not shown).

The SRR1 transcript is induced by light

Numerous clock components are themselves under cir-
cadian regulation at the transcriptional level (e.g., see
Wang and Tobin 1998). We tested this for SRR, but
found that steady-state SRR1I mRNA levels were con-
stant across the circadian cycle in LL (Fig. 7B). Because
SRR1 also plays a role in phytochrome-mediated light

GENES & DEVELOPMENT 261



Staiger et al.

Hs
Mm
At
Os
Dm
Sp
Sc

Hs
Mm
At
Os
Dm
s5p
Sc

Hs
Mm
AL
Qs
Dm

s5C

Hs
Mm
AcC
Qs
Dm
Sp
Sc

Hs
Mm
At
Os
Dm
Sp
Sc

. MAAABRABALESWQAAAPRER . RSARRRPRRREAAPRGREAAPRGREAAPRGPEAEFESDSGVVLRRIWEAEKDLFI

........... EPWSAUAPRRRKRAAGRRPRPGE. .................GPRAEPDADGEAVLRRLREAEEDLRI
METTVKNSSSDGEWKUVLPSKGROGBRRREBPKPKG . . . .. ... .o .. QAEEEEQPWKSDDLEIDPQROARL
..... MAAARRGDWTWVRRRGRRREGDAAGDAASY. .. ....................PDAPPPSPSPRSPGPFRPHPG
...... MSNSGEDFQUVTRKKWMARKCLRRREDRH. . ....................KSESDYLIDCPDUNVEKFQPRL
........... MDFIVVKRSRKKKNGRGK. . ... ......... v vvvvueuuve....FPKVSNTITQGDTDEwWS
........... MEBKASGTRFESTHKKVVI. . .. . . o0 oo i e s e e e . . JAKAF
SDFWSSABETIN. . RCLTKHEEQEKAPVGTLSDIFGNLHLDS . LBEESDVATDSIPREILVTGTCHLECWE YEBIENEA
SDFCSSALETIT. .ECLRKOLEQLQP. .. . LTEALGRLHLGSSLBSAS . ... ... . QEPLASSASHVKCVCYGLETEA
KQKMEISEKKIESSSFYTAFEREQEKS. . . .. . ... ......... PEVSN. ... .. QIRLVLGSETOLOMUMYGIGSIE
PRARLFPRRPRFRRHLPRRRLPPLRAP . .. .. ... ....... PPEGIP. ....... AAAPLPSLAPSGLSLLGVGSEE
ENLCTEMCOSDYFLVAMERLOGEEEG . . . . . ot o vttt i e e et e e e IRKPLERIVELGLGPES
QDTLQRKEDNSREKLEYSEFEKSYOS . o vt vt ot e et oo e e e e e e e QLSEFKDPIHECIILGLGRIH
EEIVQTNRDVLKKSAFLEDLELENEOPR . . . . . . ot ottt e e e e HLNNIKKIREBVAIGNEK

TCIVARNQLTFLLELLEKCQIPR. .. SHCWV¥DPLFSQLEIEVENTLE . VIVLEENEEGKRSIRGEPTIFYMLHECGTA
SCPTARIQLAEFMLLFLEKCQVPR . . .SHCWVYDBLFSQTEVSVLTSLG . VIVLSENEEGKRSVOGQRPTVEYMBHCGTA
SYESPRFQLSIAILMKREFDWVG.. .DNIEVFDPVLSATESSYLESLG . CEVLSVNEQARR . EALKETLFEMPHCEAN
NSPSERLOLALAALLRRDLLLLPESSAHADLFDBVLSAAECAAAAALG . FTUPGVNDGCRR . RADERTLEYMBHEEAS
ETYHALHQARFVIGLHEHHKIRE. . . .. ALYFDPVPRDSEKELIRLFD.GCIMSKDCAGKH.EATVPTLYYLEHCPYA
T, LTASLQLSLFFEIMKIFNLGP . . . RFCSFY¥DPAPLKDDVEFLENKE . FCMLP. . DPPTPSCLKYPLLYMBHCPTS
EDFPATYQFBELLLEITDYIKSEDERDVVVSLYDPIFTKEEI OY LKSLGSKWLIEEEFSENDAIDYESVLYELBHAPLD

LYNNLLWSNWS . VDALSKMVIIGNSEKGLEER. . . . ... .. LLARILOKNYPYTAKILKGLEELEFPQTSQYMD. IEN
LYNNLLWSENWS . ADALSRVLIIGNSFRGLEER. . . ... ... LLARILQENYRYTAKVSDRIAGPGF. .. .........
LYSNLLOANWR . MDRLSKIALFEGNSFQOMYEEQV. . ... .. SFDAEVICATKRIIAARQRVTSEFAIETESDDYFA . AFH
LYDALLAANWEPPSQLRHVCVLEGNSFRNYAIQAEENRSGPAARAKHVLAAERFAWEERVSEKGGVDDDDDDVFNRAREN
LMHNILWSNWK . RETEPNVFLISNSEFEMLTMTPE. . ... ... ...... RNQDDHITRIVEHCTETPLEDDYEHHN . VEN
LYETWLAAYVN. .PDPRHFIMCEBNNLQLYVDNK. .. ... ... PSKEIVSTYPNVYKMCTKNYYTRLLFPEFPNVYAFEFN

LTENILSSORPHLWLANNMISHTDRY TKAKLCEN . . YPNLSKLVHYLQTNAPPEVEKKAHDVDGFATFIPKRKRKNRNN

BSSEWHFESSGIDSELPLEVSD . . . . .. .o oo e e e e e s
ETSWHEEEVDDAADLAAAVASTGGRR. o . v v vt e i v e e v
DLELHTEPQESLPGSNDEAFWTRCAPLKVNEDELITETETSLAALKLESE . . . .
DLEFHFHDAQSFVEKKQPSKFVDASSVAEHPS. . . . ... .. .. . i o
SSKLKEVTPFSDIDYDSIAPKFKSCQILTDFDEGKYLKEKEWINSFSDLTLHAIEY

B C DAPI GFP Merge
Dm
At
Cs
Hs
Mm
8
2 e

Figure 6. SRRI is localized in the nucleus and the cytoplasm, and homologous proteins are found in numerous eukaryotes. (A) The
alignment was generated using the ClustalW program (http://www2.ebi.ac.uk/clustalw). The sequences used are Arabidopsis SRR1
cDNA (accession no. AY127047); a mouse cDNA clone (accession no. AK012640.1); a human putative protein predicted from the
genomic sequencing program (accession no. Z99714.2); a Drosophila melanogaster putative protein predicted from the genomic
sequencing program (accession no. AE003721.1); a Schizosaccharomyces pombe putative protein (accession no. AL022305.1); the
Saccharomyces cerevisiae hypothetical protein YLR412w (accession no. $59378); and a sequence from the rice genome (https://
portal.tmri.org/rice/p/UserHome) that was found to have the highest homology to Arabidopsis SRR1 (Goff et al. 2002). Identical
residues are boxed in green; red shading indicates residues identical in at least 4/7 sequences, similar residues in at least 4/7 sequences
are shaded in blue. (B) Phylogenetic relationship between various SRR1 homologs. (C) DAPI fluorescence, GFP fluorescence, and merge

picture of Col transformed with a SRR1-GFP fusion construct (CF325).
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Figure 7. The mRNA level of SRR1 is light-regulated, but is
not under clock control. (A) SRRI mRNA is up-regulated in
response to red light but not far-red light. Five-day-old etiolated
seedlings grown on 1/2 MS 1.5% sucrose were shifted into red
light or far-red light for the indicated amount of time; the
Northern blot was probed with SRR1- and actin-specific probes.
(B) SRR1 mRNA levels don’t cycle in LL. The samples were as
in Figure 4A corresponding to LL16 to LL37. The blot was
probed with SRR1, followed by actin as a loading control and
CCA1 as a cycling control.

signaling, we tested whether the SRR1 message was up-
regulated in response to light. The steady-state level of
SRR1 mRNA was induced when dark-grown seedlings
were transferred into red light. The induction was al-
ready visible 2 h after the shift into the light (Fig. 7A).
Interestingly, the SRR1 transcript was not modulated by
far-red light (Fig. 7A). This pattern of light induction is
consistent with a role for SRR1 in phyB signaling.

Discussion

In Drosophila, CRY plays a role both in the light input
pathway to the clock and in the core oscillator (Krishnan
et al. 2001). Similarly, the detailed characterization of
numerous Arabidopsis mutants makes it increasingly
apparent that it is not simple to distinguish between

SRRI1 regulates light signaling and circadian rhythms

mutants in the circadian system and photomorphogenic
mutants (Devlin and Kay 2001). A common feature
among these mutants is that they are affected in the
photoperiodic induction of flowering, light sensitivity
during seedling emergence, and clock-controlled gene
expression. It should be noted that not all light-signaling
mutants have major clock phenotypes and certain clock
mutants de-etiolate quite normally. Photoreceptor mu-
tants such as phyB show dramatic de-etiolation and
flowering time phenotypes, but they have mild period
length phenotypes of clock-controlled genes (Somers et
al. 1998a). This has been demonstrated by using a
phyAphyBcrylcry2 quadruple mutant that is practically
blind to white light, but still shows robust cycling of leaf
movements in constant light (Yanovsky et al. 2000). In
contrast, the toc1-1 mutant shows normal de-etiolation
phenotypes but has dramatic circadian defects (Somers
et al. 1998Db).

Mutants affecting the circadian system are often
impaired in de-etiolation in red light

The characterization of the srr1 mutant demonstrates a
role for SRR1 both in phyB signaling and as an important
regulator of the circadian clock. srrI mutants are affected
in hypocotyl elongation, greening, the end-of-day far-red
response, petiole growth, and flowering in a manner very
similar to phyB mutants (Figs. 1, 2). In addition, damp-
ening of CAT3 transcript oscillations to a high level in
DD is not affected in the srrl mutant (Fig. 4C). This
result is interesting in view of the fact that this stabili-
zation to a high level requires both phyA and cryl but
not phyB, reinforcing the notion that SRR1 works spe-
cifically in a phyB signaling pathway (Zhong et al. 1997).
Moreover, srrl and phyB mutants have an early phase of
circadian gene expression (Fig. 4; Hall et al. 2002; Salome
et al. 2002).

It is quite intriguing to note that ztl, elf3, and gi mu-
tants all have a specific deficiency for de-etiolation in
red, but not far-red or blue light (Huq et al. 2000; Reed et
al. 2000; Somers et al. 2000). The same is true for srrl
mutants (Fig. 1). Our analysis indicates that similarly to
GI and ELF3, this is caused by decreased phyB-mediated
signaling. The analysis of double mutants reveals that
SRR1, like ELF3, affects both phyB-mediated signaling
and a pathway working in parallel with phyB (Liu et al.
2001). Hypocotyl elongation in the dominant Jhy mutant
and plants overexpressing CCA1 also show decreased
sensitivity to white light, but it is not known whether
this is restricted to one monochromatic light condition
(Schaffer et al. 1998; Wang and Tobin 1998).

A role for SRR1 in phyB signaling

A number of mutants that define components in phyB-
mediated signaling have been identified in recent years.
The signaling events occurring after photoperception ap-
pear rather complex. A number of those components,
including ELF3 and GI, have been shown to be nuclear-
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localized. The best understood branch of phyB-mediated
signaling involves the bHLH transcription factors PIF3
and PIF4. PIF3 and PIF4 interact with phyB in a confor-
mation-dependent manner (Martinez-Garcia et al. 2000;
Hugq and Quail 2002). In the case of PIF3, the interaction
with phytochrome occurs when the transcription factor
is bound to light-regulated promoters (Martinez-Garcia
et al. 2000). Because phyB is translocated into the
nucleus in response to light, this would potentially give
a very short light-signaling cascade (Smith 2000). This
picture contrasts with the fairly large number of mutants
implicated in phyB-mediated signaling, and is likely to
represent one facet of this complex network (Hudson
2000). The exact function of SRRI in phyB-mediated
light signaling is presently not known. We have no indi-
cation for a direct interaction between SRR1 and the
phytochromes (data not shown). Double-mutant analysis
with other phyB signaling mutants could shed some
light on this. In addition, it will be interesting to see if
the subcellular localization of phyB is affected in an srrl
background, as SRR1, like the phytochromes, can be
found both in the nucleus and the cytoplasm (Fig. 6C).

SRR1 and ELF3 are important for distinct
aspects of the circadian clock

The comparison of srr1 and elf3 mutants shows that they
have both similar and distinct phenotypes. The circadian
phenotype of srrl mutants in LL is less dramatic than the
one observed for elf3-1 null mutants (Reed et al. 2000).
This is not caused by allele strength, because srrl is a
null allele (Fig. 5B). srrl mutants clearly have a short
period phenotype in LL, and dampening of clock-con-
trolled genes is more rapid than in the wild type (Fig. 4).
srrl and elf3-1 mutants also show an early phase of cir-
cadian gene expression in LD and an enhanced acute
response for CAB expression in response to light (Fig. 4;
Hicks et al. 1996; Covington et al. 2001). Moreover, ELF3
works in part in the phyB pathway as indicated by the
phenotypic analysis of the mutant and the direct inter-
action of phyB and ELF3 in vitro (Liu et al. 2001). ELF3
has been shown to control the light input pathway to the
clock. elf3 mutants show arrhythmia in the light but
remain rhythmic in the dark (McWatters et al. 2000).
This contrasts with srr1 mutants, which have a circadian
phenotype both in the dark and in the light (Fig. 4).
Therefore, despite certain similarities between srrl and
elf3 mutants, SRR1 activity is required for normal oscil-
lator function in contrast to ELF3, which is required for
light input to the clock specifically.

SRR1 is required for normal circadian
oscillator function

Single null mutations can unconditionally abolish overt
rhythms in some species, indicating that the cognate,
wild-type genes are required for clock function (Young
and Kay 2001). No such recessive, arhythmic single mu-
tant has been reported in Arabidopsis (Green and Tobin
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2002). In this regard, the elf4 mutant has the most dra-
matic phenotype, but elf4 still retains low-amplitude cy-
cling (Doyle et al. 2002). srr1 null mutants display rhyth-
micity in DD or LL but with an early phase and a shorter
period (Fig. 4). These data suggest that there is redun-
dancy at the level of SRR1 or that SRR1 activity is re-
quired for proper clock function rather than being a key
element of the clock itself. The circadian phenotype of
srr1 mutants, like the one reported for tocl, ccal, or Ihy
loss-of-function alleles, results in a shortening of the pe-
riod length in constant conditions (Green and Tobin
1999). toc1-2, a putative null allele, causes dampened
rhythms with a short period in constant light (Strayer et
al. 2000). The dampening of the oscillation does not
seem to occur in ccal loss-of-function mutants (Green
and Tobin 1999). This relatively mild phenotype of
ccal-1 is caused by the redundancy of CCAl and LHY
(Alabadi et al. 2002). Interestingly both ccal-1 and Ihy
loss of function mutants have flowering-time pheno-
types specifically in short days. The double mutant is
almost day neutral and has an early phase of circadian
gene expression during day-night cycles (Mizoguchi et
al. 2002). It has been proposed that this circadian pheno-
type affects the phase of CO expression during short
days, thereby leading to early flowering (Mizoguchi et al.
2002; Roden et al. 2002; Yanovsky and Kay 2002). Inter-
estingly, the circadian and flowering-time phenotypes of
srrl mutants are very similar to those of ccal, lhy, and
tocl loss-of-function alleles, clearly suggesting a role for
SRRI1 in the clock (Figs. 2, 4; Strayer et al. 2000).

Mutants affecting clock components have distinct
phenotypes for the acute light response of CAB gene ex-
pression. ccal mutants affect both the phytochrome-me-
diated acute response and the circadian peak of CAB ex-
pression (Green and Tobin 1999). Similarly, srr1 mutants
show a phenotype during light induction of CAB expres-
sion (Fig. 4E). The enhanced acute response phenotype
observed in the srr1 mutant was also reported for elf3, a
mutant in the light input pathway to the clock (Coving-
ton et al. 2001). This contrasts with the situation in toc1-
1, which affects the period of light-regulated genes with-
out effects on the acute light response of CAB expression
(Somers et al. 1998b).

A circadian clock function for SRR1 homologs
in animals!?

Many extremely diverse organisms have a circadian
clock. In the systems in which it has been studied, the
mechanism generating an ~24-h period appears to be
conserved mechanistically; however, the components of
the machinery are mostly unrelated (Young and Kay
2001). The cryptochromes are an exception in this con-
text because they are important for circadian regulation
both in plants and animals (Cashmore et al. 1999). Their
function, however, is not identical in different species,
and it has been proposed that they have arisen twice
during evolution (Cashmore et al. 1999). Cloning of
SRR1 in Arabidopsis identifies a putative protein of un-
known biochemical function but with clearly related



proteins found in numerous eukaryotes. Despite the in-
volvement of phytochromes in the light input pathway
to the clock in cyanobacteria, we have not found any
clear SRR1 homolog in prokaryotes (Schmitz et al. 2000).

In the context of circadian biology, the putative ho-
mologs in human, mouse, and Drosophila are of particu-
lar interest. It must be pointed out that in most organ-
isms these genes are only described based on annotation
of sequenced genomes. Because there are ESTs (ex-
pressed sequence tags) in mouse and given the good con-
servation between mammals, it is likely that the human
equivalent is a functional gene. The mouse SRR1 homo-
log maps in proximity to the FRP2 short-period circadian
rhythm QTL (quantitative trait locus; Shimomura et al.
2001). This is noteworthy in light of the fact that among
the numerous mouse QTLs affecting the circadian clock,
only two have a short period, and one of them, FRP2,
maps close to the mouse SRRI homolog. Cloning this
gene is one way to address the possible conservation of
SRR1 function across species. The mouse SRR1 homolog
is expressed at very low levels in all tested tissues with
no circadian oscillation of its mRNA levels (S.A. Brown
and U. Schibler, pers. comm.). The same is true for SRR1
in Arabidopsis; however, this is not exceptional for fac-
tors required for proper clock function (Fig. 7; Sugano et
al. 1999; Somers et al. 2000). We have not found an
SRR1-related protein in Neurospora, but given that the
entire genome has not been sequenced yet, this does not
exclude the existence of a related protein in this species.
More distant relatives of SRR1 have also been found in
the yeasts Schizosaccharomyces pombe and Saccharo-
myces cerevisiae with significantly better homologies
between SRR1 and the S. pombe sequence than between
SRR1 and YLR412w from S. cerevisiae. There are a few
reports on circadian rhythms in yeast (Kippert and Hunt
2000). The yeast genes are of unknown function, and
systematic yeast two-hybrid analysis performed with
YLR412w has not been informative concerning a puta-
tive function of this protein in S. cerevisiae. Despite a
lack of conservation of the elements that constitute a
central oscillator in animals, fungi, and plants, there are
some common features such as regulated nuclear trans-
location, phosphorylation, and transcriptional-transla-
tional negative feedback loops (Young and Kay 2001).
SRR1 might modulate one of those processes.

Material and methods

Plant material and light sources

The progeny of 2600 independent Arabidopsis ecotype Col-7
transformants (Weigel et al. 2000) were screened in 50 pmoles
m~2 sec”! white light. We screened ~10 T2 seeds per original
transformant. Seeds were surface-sterilized and plated on Petri
dishes on 1/2 MS, 0.7% phytagar. Plates were stored in the dark
at 4°C for 3 d and moved into constant white light at 22°C. For
monochromatic light conditions, germination was induced by a
white light treatment; the seedlings were then grown in the
appropriate light conditions for 4-6 d depending on the experi-
ment. Experiments in monochromatic light were performed in
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a Percival E-30LED using either the blue (Amax = 469 nm), red
(Amax = 667 nm), or the FR (Amax = 739 nm) diodes, at 22°C in
continuous light. Light intensities were determined with a Li-
Cor LI-1800 spectroradiometer or with an International light
IL1400A photometer equipped with an SEL033 probe with ap-
propriate light filters.

Petiole-length and flowering-time determination

Petiole length was determined as described (Aukerman et al.
1997). Flowering time was measured according to Blazquez and
Weigel (1999). Briefly, seeds were stratified at 4°C for 3 d, and
plants were grown at 23°C in long (16 h light, 8 h dark) or short
(9 h light, 15 h dark) days under a mixture of 3:1 cool-white and
Gro-Lux fluorescent lights.

Hypocotyl length and chlorophyll accumulation

Measurements of hypocotyl length were performed as described
(Neff and Chory 1998). For chlorophyll determination, tripli-
cates of 20 seedlings were each incubated in 1 mL of 80% ac-
etone overnight in the dark at room temperature under constant
shaking. The OD of the solution was determined at 647 nm and
663 nm, and the chlorophyll content was calculated with the
following formula: micrograms per microliter of total
chlorophyll = 18.71 x (ODg,) + 7.15 x (ODg;). The effect of the
end-of-day far-red treatment was determined as in Aukerman et
al. (1997).

Plant DNA and RNA preparation

Plant DNA was prepared either according to Neff et al. (1998) or
with Plant DNAzol Reagent (GIBCO-BRL) according to the
manufacturer’s instructions.

RNA was extracted as described (Heintzen et al. 1997). We ran
formaldehyde MOPS gels loaded with 10-15 ng of total RNA per
lane and transferred the RNA with 10x SSC. Probes generated
by random priming were described in Leutwiler et al. (1986).
Northern and Southern blots were hybridized with Church
buffer at 62°C and washed according to the manufacturer’s in-
structions. For quantification, we used a Phosphorlmager, Im-
agequant (Molecular Dynamics). RNA levels for clock-regulated
genes were normalized to the levels of actin RNA. Normalized
data were analyzed using FFT-NLLS, to provide objective period
estimates. This software returns a valid best-fit period from
such short and sparse time series, although the associated esti-
mates of uncertainty of fit must be treated with caution.

Cloning of the SRR1 gene

Because the srrl mutant came from a T-DNA insertion collec-
tion, we determined that the phenotype cosegregated with the
T-DNA insertion marker by analyzing 80 F2 progeny of a cross
between the homozygous srrl mutant and wild-type Col-7. The
srr1 phenotype is recessive, and the original mutant contained a
single T-DNA insertion site. For subsequent experiments the
mutant was back-crossed twice.

To obtain DNA sequence flanking the T-DNA insertion site,
we used a PCR technique related to the Genome Walker Kit
(Clonetech). Sequencing identified the T-DNA left border se-
quence flanked by 70 bp of sequence of unknown origin and 48
bp of BAC F2015 (nt 65296-65343), finishing with an HindIII
site ligated to the adaptor sequence. The insertion site was then
confirmed by PCR with various primers. Using Southern blots,
we determined that the insertion is complex, with the other end
of the T-DNA also containing a Left Border as determined by
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PCR followed by sequencing. The other end flanks nt 65426
from BAC F2015, and the T-DNA insertion therefore deletes 82
nt corresponding to nt 65344-65425 of BAC F2015. This T-
DNA insertion is just upstream of a putative ORF for which we
found the following EST clones: SQ058¢07F (AV557017) and
SQ091c08F (AV558172; Kasuza DNA Research Institute). The
longer of the two, SQ091c08F, encompasses nt 64054-65328 of
BAC F2015 including a putative ORF identified by the Arabi-
dopsis genome project.

RT-PCR

For the analysis of transcript levels, a reverse transcription re-
action was performed with total RNA extracted from wild-type
and szl mutant plants. An oligo(dT);, ;) primer was hybrid-
ized to 1 pg of RNA. The reverse transcription was performed
with Superscript II (GIBCO-BRL) according to the manufactur-
er’s instructions. After the RT reaction, the cDNA was diluted
threefold with dH,O, and 1 pL of diluted cDNA was used for
PCR reactions with gene-specific primers for UBQI10, SRR1,
and RR. PCR reactions were stopped after 30, 32, and 34 cycles,
and the reactions were analyzed by Southern blotting. To test
for DNA contamination, a mock RT reaction was performed in
the absence of oligo(dT);, ;5. The product was then PCR-am-
plified and Southern blotted as described above.

Complementation of the srrl mutant

For complementation of the srrl mutant, we gel-purified the
3.4-kb Spel fragment from BAC F2015 encompassing the SRR1
gene (nt 63753-67173). The fragment was ligated into an Xbal-
digested and phosphatase-treated pPZP211 vector (Hajduk-
iewicz et al. 1994). The resulting construct (pLA2) was intro-
duced into Agrobacterium tumefaciens, strain GV3101. srrl
plants were transformed with the spray method (Weigel et al.
2000). T2 seeds from multiple independent transformants were
used to confirm the complementation.

Microscopy

Using standard cloning techniques, we fused a modified GFP
(Friedrichsen et al. 2000) in frame after the last codon of the
SRR1 gene. This fusion gene was either expressed under the 35S
promoter by cloning it into pCHF3 (Jarvis et al. 1998) to create
pCF325, or expressed from its own promoter to create pCF327.
Col plants transformed with CF325 and srrl mutants trans-
formed with pCF327 were generated as described above. We
performed microscopy with 5-day-old dark-grown homozygous
single-insertion Col pCF325 plants. The seedlings were
mounted in 20% glycerol, 1/2 MS, and 0.5 pg/mL DAPI (Sigma)
and were observed with a DAPI filter or a narrow band GFP
filter (Chroma 41020) on a Zeiss Axioplan 2 fluorescence mi-
croscope. Images were recorded with a Quantix CCD camera
and pseudocolored using Photoshop.

Analysis of circadian phenotypes

Leaf movement rhythms were monitored in a Kujata imaging
system and analyzed using FFT-NLLS as described (Swarup et
al. 1999). Experiments comparing srrl with Col-7 were repeated
three times, with very similar results. Figure 4 presents data
from a representative experiment. Leaf movement rhythms
were analyzed in a single experiment for two srrl mutant lines
that were independently transformed with the complementing
construct, pLA2. Seedlings were arranged randomly with re-
spect to genotypes within each experiment, to avoid positional
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bias in the imaging arrays. Transcriptional rhythms of CAB2
and CCR2 expression were assayed using luciferase reporter
gene fusions as described (Doyle et al. 2002). The CCR2::LUC
and CAB2::LUC constructions were transformed into Col-7
and the srrl mutant (Weigel et al. 2000), and progeny from three
independent transformants were analyzed for each genotype/
transformation combination. Rhythmic data on the T2 and T3
generations were collected on a TopCount (Packard). Period es-
timates were generated using FFT-NLLS, as described above.
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