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A KaiC-Interacting Sensory Histidine Kinase,
SasA, Necessary to Sustain Robust Circadian
Oscillation in Cyanobacteria

various rhythm mutants (Kondo et al., 1994). A locus
composed of three genes, kaiA, kaiB, and kaiC, was
cloned previously by genetic complementation (Ishiura
et al., 1998). All three genes are essential for circadian
rhythms of gene expression. Detailed genetic analyses
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suggested that negative feedback control of KaiC onNagoya University
kaiBC expression helps to generate circadian oscilla-Nagoya 464-8602
tion, and that KaiA sustains the oscillation by increasingJapan
the kaiC expression (Ishiura et al., 1998).†Department of Biology

The Kai proteins interact in various combinations inTexas A&M University
yeast cells, in vitro, and in Synechococcus (Iwasaki etCollege Station, Texas 77843
al., 1999). More recently, we found that KaiC has ATP-
binding and autophosphorylating activities that are likely
important for the circadian feedback processes (Nishi-Summary
waki et al., 2000). These observations provided some
biochemical characteristics of the Kai-based oscillator.Both regulated expression of the clock genes kaiA,
However, to elucidate a molecular mechanism by whichkaiB, and kaiC and interactions among the Kai proteins
Kai proteins contribute to generation of circadian rhythms,are proposed to be important for circadian function in
it is necessary to identify and characterize other clock-the cyanobacterium Synechococcus sp. strain PCC
associated genes.7942. We have identified the histidine kinase SasA as

We used a yeast two-hybrid screen to search fora KaiC-interacting protein. SasA contains a KaiB-like
genes that encode KaiC-associating proteins, and iden-sensory domain, which appears sufficient for interac-
tified a histidine protein kinase gene, sasA. The func-tion with KaiC. Disruption of the sasA gene lowered
tional relevance of SasA to the cyanobacterial circadiankaiBC expression and dramatically reduced amplitude
clock was analyzed by examining cyanobacterial trans-of the kai expression rhythms while shortening the
formants in which sasA was disrupted or overexpressed.period. Accordingly, sasA disruption attenuated circa-
The results indicated that SasA activates kaiBC expres-

dian expression patterns of all tested genes, some of
sion and is important for maintaining robust rhythmicity

which became arrhythmic. Continuous sasA overex- in Synechococcus. Moreover, sasA contributes to adap-
pression eliminated circadian rhythms, whereas tem- tation of the cells to grow in light/dark cycles.
poral overexpression changed the phase of kaiBC ex-
pression rhythm. Thus, SasA is a close associate of Results
the cyanobacterial clock that is necessary to sustain
robust circadian rhythms. Identification of SasA as a KaiC-Interacting Protein

To identify Synechococcus genomic DNA encoding po-
Introduction tential KaiC-binding proteins, we used a LexA-KaiC hy-

brid protein as bait in a yeast two-hybrid screen (Fields
Circadian clocks are endogenous biological timing pro- and Song, 1989; Iwasaki et al., 1999). The Synechococ-
cesses that have been observed ubiquitously in organ- cus genomic library, which was constructed in the two-
isms from cyanobacteria to green plants and humans. hybrid vector pVP16 (Vojtek et al., 1993), was prepared
Temporal regulation of various metabolic and behavioral from a kaiABC-deficient Synechococcus strain (Ishiura
activities by the clock (circadian rhythmicity) is thought et al., 1998) to exclude the Kai proteins from the screen-
to be adaptive for organisms to survive under daily alter- ing. Yeast transformants (5 3 106 independent clones)
ation in environmental conditions, such as light, temper- were screened, and 5 library clones were obtained for
ature, and humidity (Pittendrigh, 1993; Ouyang et al., KaiC-dependent dual reporter gene activation (see Ex-
1998). To elucidate the molecular mechanism of the circa- perimental Procedures). Four of these plasmids carried
dian oscillator, several clock genes and clock-related identical 0.3 kb DNA segments that encode the N-termi-
genes have been cloned and analyzed in various organ- nal portion of the two-component system histidine pro-
isms (reviewed by Dunlap, 1999). tein kinase, SasA (Synechococcus adaptive sensor)

Cyanobacteria are the simplest organisms that exhibit (Nagaya et al., 1993) (Figure 1A). The fifth plasmid was
circadian rhythms (reviewed by Golden et al., 1997). probably not significant as it contained Synechococcus
Using a bioluminescence reporter gene, we monitored DNA encoding only 6 amino acid residues.

Interestingly, the KaiC-interacting portion of SasAcircadian gene expression in the cyanobacterium Sy-
(amino acyl residues 1–97) is similar to the full-lengthnechococcus sp. strain PCC 7942 (hereafter referred to
KaiB protein (Figure 1A). Identity and similarity betweenas Synechococcus) (Kondo et al., 1993) and isolated
the two polypeptides are approximately 26% and 60%,
respectively. Indeed, we independently found SasA by§ To whom correspondence should be addressed (e-mail: kondo@
its similarity to KaiB in a database (BLAST) (Altschul etbio.nagoya-u.ac.jp).
al., 1990) search during the course of the two-hybrid‡ Present address: Center for Gene Research, Nagoya University,

Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan. screening.
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Although homotypic interaction of KaiB has been
demonstrated using both yeast two-hybrid and in vitro
binding assays (Iwasaki et al., 1999), and by biolumines-
cence resonance energy transfer (Xu et al., 1999), the
hybrid protein VP16-SasA(1–97) (VP-16 fused to just the
first 97 amino acyl residues of SasA) failed to interact
with a hybrid LexA-KaiB protein in our yeast two-hybrid
assay (Figure 1B).

We further established interaction between SasA and
KaiC using an in vitro binding assay. Each protein, trun-
cated SasA(1–97), full-length SasA(1–387), KaiA, KaiB,
and KaiC, was individually expressed and purified with
GST (glutathione-S-transferase) fused at the amino ter-
minus (Figure 1C). The fusion proteins were immobilized
on a glutathione sepharose affinity resin and incubated
with in vitro–translated, 35S-labeled SasA ([35S]SasA).
Resin-bound protein was eluted and analyzed by SDS-
polyacrylamide gel electrophoresis followed by autora-
diography. As shown in Figure 1D, significant amounts
of [35S]SasA were retained by both immobilized GST-
KaiC and GST-SasA fusions, but not by the GST, GST-
KaiA, or GST-KaiB. In reciprocal assays, [35S]KaiC inter-
acted with both GST-SasA and GST-SasA(1–97), but
not with the GST control (Figure 1E). [35S]KaiA failed to
interact with GST-SasA derivatives (Figure 1E).

The primary structure of KaiC contains a tandem repeat.
The sequence of the first half, KaiC(1–260) called the CI
domain, is easily aligned with and very similar to the se-
quence of the second half, KaiC(261–519), called the CII
domain. Each half interacts separately with KaiA, KaiB,
and KaiC in vitro (Iwasaki et al., 1999). Using the same
procedure, we examined interaction between SasA and
each half of KaiC, CI, and CII. Both [35S]CI and [35S]CII
bound to both GST-SasA and GST-SasA(1–97) (Figure
1E). In summary, SasA interacted only with itself and
KaiC. Either CI or CII was sufficient for the latter interac-
tion. Interestingly, the first 97 amino acyl residues of
SasA seem sufficient for all demonstrated interactions
with KaiC and its derivative proteins.

Effects of sasA Disruption on Circadian
Gene Expression

Figure 1. Identification of SasA as a KaiC-Interacting Factor To test its function, we inactivated the sasA gene in a
(A) Schematic representation of SasA (top) and the VP16:SasA-C- variety of reporter strains and monitored circadian gene
terminal domain fusion (middle). Putative histidyl residue for auto- expression patterns in continuous light (LL). The sasA-
phosphorylation (His 162) and conserved C-terminal kinase domain disrupted strains grew as well as their parental strains
are indicated by shadowing on the SasA molecule. The amino acid

in LL (Nagaya et al., 1993) (for example, see Figure 6).sequence of the N-terminal SasA sequence was aligned with that
Using promoter fusions to the luxAB genes encodingof KaiB (bottom).
bacterial luciferase proteins, we determined patterns(B) Specific interaction of SasA(1–97) and KaiC in the two-hybrid

system. Shown is the result of the filter assay for b-galactosidase of gene expression from the kaiA, kaiBC, and psbAI
reporter of yeast colonies cotransformed with the combination of promoters at two different light intensities after a single
bait and prey constructs indicated. 12 hr dark period to synchronize the clock (Kondo et
(C) Production of fusion proteins in E. coli. GST, GST fused to KaiA,

al., 1993; Ishiura et al., 1998).KaiB, KaiC, SasA, or the N-terminal SasA fragment (residues 1–97)
At the higher light intensity (50 mE m22 s21), amplitudeswere produced in E. coli and purified by affinity chromatography

with glutathione Sepharose 4B resin. The fusion proteins (about 5
mg each) were eluted from the resin and fractionated by SDS-PAGE
on 10%–15% gradient gels, then stained with Coomassie brilliant
blue (CBB). each) were immobilized on glutathione Sepharose 4B and then in-
(D) In vitro binding assay. GST, GST-KaiA, -KaiB, -KaiC, and -SasA cubated with 3 ml of the reticulocyte reaction mixture containing
(2 mg each) were immobilized on glutathione Sepharose 4B and then 35S-labeled intact KaiC, CI domain, CII domain, or KaiA. Proteins
incubated with 2 ml of the reticulocyte reaction mixture containing associated with the resin were detected by SDS-PAGE on 10% gels
35S-labeled SasA. Proteins associated with the resin were detected followed by autoradiography. Residues L11 and R76 in KaiB, whose
by SDS-PAGE on 12% gels followed by autoradiography. mutations alter circadian periods, and the corresponding L19 and
(E) In vitro binding assay. GST, GST-SasA, and -SasA(1–97) (5 mg R80 in SasA, respectively, are reversed.
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Figure 2. Disruption of sasA Attenuates Circa-
dian kai Gene Expression

(A and B) Very low amplitude, short period
bioluminescence rhythms in the absence of
sasA. Wild type (black trace), sasA-disrupted
(DsasA, red trace), and sphSR-disrupted
(DsphSR, blue trace) cells that carry PkaiA-,
PkaiBC-, or PpsbAI-reporter cassette were grown
for 3–4 days on solid medium in LL at 50 mE
m22 s21 (A) or 30 mE m22 s21 (B) to give 30 to
60 colonies (0.2 mm diameter). After a 12 hr
dark treatment, cells were transferred to LL
at 50 mE m22 s21 (A) or 15 mE m22 s21 (B),
and the bioluminescence was measured by
a photomultiplier tube. For clarity, biolumi-
nescence profiles of the PkaiBC-reporter strain
lacking sasA are also shown in magnified
scales (purple trace, maginified scale shown
on the right).
(C) kaiBC expression profile in the H162Q mu-
tant, in which a putative autophosphorylation
residue was substituted with Gln. Biolumi-
nescence from wild type (black) and the mu-
tant (green) was monitored in LL at 50 mE m22

s21 as in (A).
(D) Nonphotic zeitgeber (temperature step-up) did not restore normal circadian phenotype in the sasA-disrupted strain. Cells were grown
under LL (50 mE m22 s21) at 308C, treated with a temperature shift (378C) for 12 hr, and then returned to 308C. Other details are the same as
described above.

of expression rhythms driven from both kaiA and kaiBC Reduced amplitude of bioluminescence rhythms could
be caused by availability of reduced flavin mononucleo-promoters (PkaiA and PkaiBC, respectively) were dramati-

cally reduced and damped out to be arrhythmic within tide, a bacterial luciferase substrate. Thus, we also mon-
itored expression patterns from a PkaiBC gene fusion toa few days (Figure 2A). Moreover, the magnitude of PkaiA

and PkaiBC activity were lowered in the sasA disruptant the firefly luciferase gene, luc, which has different sub-
strate requirements from the bacterial luciferase. Choicecells to 40%–60% and 5%–10% of the peak levels, re-

spectively. of reporter enzyme made no difference in the circadian
phenotype of our wild-type or sasA-inactivated strainsAt the lower light intensity (15 mE m22 s21), the residual

rhythmicity was more robust than at 50 mE m22 s21 (Fig- (data not shown).
ure 2B). Disruption of sasA shortened the period length
of the PkaiBC expression rhythm by 3 hr (23.0 6 0.3 hr Attenuation of kaiBC Expression Rhythm by Mutation

in the Putative Autophosphorylation Site of SasAversus 25.8 6 0.1 hr, n 5 3). Both the magnitude of
expression and the amplitude of the PkaiBC rhythm were To examine whether histidine kinase function of SasA

is involved in circadian kaiBC expression, we substi-still diminished by inactivation of sasA (Figure 2B), but
the magnitude of expression from both PkaiA and PpsbAI tuted the conserved histidine at residue 162 (H162) (Fig-

ure 1A), a putative autophosphorylation site expectedwas less affected.
In Synechococcus, expression of most or all genes to be essential for phosphoryl transfer activity, with glu-

tamine (H162Q). As shown in Figure 2C, H162Q mutationis controlled by the circadian clock (Liu et al., 1995).
Monitoring a larger set of reporter strains under low dramatically reduced kaiBC promoter activity and low-

ered amplitude of the rhythm, as did disruption of sasA.intensity LL revealed at least two classes of altered gene
expression patterns in a sasA null background (Figure Thus, this residue of SasA is indeed necessary for nor-

mal robust rhythmicity in Synechococcus, consistent3). In one class, which includes bioluminescence from
luxAB gene reporter fusions to the psbAII (Golden et al., with a requirement for autophosphorylation.

Both sasA and another Synechococcus histidine pro-1986), cikA (O. Schmitz, M. Katayama, and S. S. G.,
unpublished data) and opcA (Scanlan et al. 1992; H. Min tein kinase gene, sphS, were originally cloned by heterol-

ogous complementation of sensor kinase function inand S. S. G., unpublished data) genes, inactivation of the
sasA gene did not dramatically reduce bioluminescence Escherichia coli (Aiba et al., 1993; Nagaya et al., 1993).

Because both SasA and SphS belong to the EnvZ-typelevels but did result in arrhythmic, essentially constitu-
tive, expression patterns (Figure 3A). In the other class, histidine kinase subfamily, we measured biolumines-

cence from a PkaiBC reporter strain that lacked both sphSwhich includes luxAB fusions to the rpoD2 and ndhD
genes (Tsinoremas et al., 1996), sasA inactivation altered and its cognate response regulator, sphR (Aiba et

al.,1993). The sphS/sphR disruptant exhibited wild-typeperiod, amplitude, or phase angle of the circadian ex-
pression rhythms (Figure 3B). Both phase angle and bioluminescence expression rhythms (Figure 2B, blue

line). Therefore, although SasA and SphS behave simi-amplitude of the rpoD2 expression rhythm were affected
by inactivation of sasA, whereas the expression pattern larly in a heterologous complementation assay that is

fairly nonspecific for sensor kinase function, only SasAfrom the ndhD::luxAB fusion retained little rhythmicity
after sasA inactivation (Figure 3B). has a role in circadian control in Synechococcus.
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of the circadian timing mechanism (Figures 2 and 3).
We examined the accumulation levels of kai mRNAs in
an sasA strain by Northern (RNA) blot analysis. In wild-
type cells, robust circadian rhythms of kaiA and kaiBC
mRNA levels were observed under standard LL condi-
tions (Ishiura et al., 1998) (Figure 4A). By contrast, no
circadian fluctuations in these mRNA levels were evident
in the sasA disruptant (Figure 4A). The levels of kaiBC
and kaiA mRNAs were lowered in the mutant to 5%–15%
and 40%–70%, respectively of those in wild-type cells at
peak, correlating well with the bioluminescence profiles
shown in Figure 2A.

Accumulation of the Kai proteins was also compared
between wild-type and the sasA null strains. In wild-
type cells, Y. Xu, T. Mori, and C. H. Johnson found KaiB
and KaiC abundances exhibit circadian rhythms peaking
at circadian time (CT) 15–16 (15–16 hr after lights-on)
and troughing at CT 3–4, while the amplitude of KaiA
accumulation rhythm is low (Figure 4B) (C. H. Johnson,
personal communication; T. Nishiwaka, J. Tomita, and
H. I., unpublished data). Accumulation of both KaiB and
KaiC was dramatically reduced in the absence of SasA.
KaiA accumulation was somewhat lower in the sasA-
disruptant (z70% of wild-type level), although to a lesser
degree than that of KaiB and KaiC. These data are again
consistent with our bioluminescence and Northern blot
analyses.

Expression of sasA and Formation of SasA:KaiCFigure 3. Two Phenotypic Classes Emerge after sasA Disruption
Complex in Synechococcus

Bioluminescence rhythms comparing wild-type (open circles) to
We monitored sasA expression patterns by inserting asasA-disrupted (filled circles) reporter strains. The promoter driving
promoterless luxAB gene set immediately downstreamluxAB is indicated for each panel. Traces are from individual microti-

ter wells, but are representative of multiple independent experi- of the gene. As expected from evidence for global circa-
ments (see Experimental Procedures). dian control of gene expression (Liu et al., 1995), sasA
(A) Three reporter strains with arhythmic circadian phenotypes after promoter activity showed a circadian rhythm with period
sasA disruption are shown. Note that the PopcA rhythm has a class and phase angle similar to those of kaiA and kaiBC,
2 (1808 offset) phase angle. (B) Two additional reporter strains that

while its amplitude was relatively low (Figure 4C). Inmaintain detectable rhythmic expression patterns are shown.
correlation with the low amplitude expression rhythm,
SasA protein appeared to accumulate constitutivelyClock Resetting in the sasA Disruptant
throughout the day (Figure 4B and data not shown). AsAlthough unstable, the circadian clock in the sasA-dis-
is the case for other clock-controlled genes in Synecho-rupted strain is still entrainable by a 12 hr dark treatment
coccus, the kai genes were required for rhythmic sasA(Figures 2A, 2B, and 3). To test whether a nonphotic
gene expression (data not shown). However, disruptionzeitgeber (entrainment signal) is able to synchronize the
of the kai genes did not affect the magnitude of the sasAcircadian oscillator in the sasA-inactivated strain, we
promoter activity (data not shown) nor SasA abundanceassayed PkaiBC in wild-type and sasA backgrounds after
(Figure 4B).a 12 hr exposure to high temperature. As shown in Figure

Because the KaiC-interacting portion of SasA is simi-2D (red and purple lines), a 12 hr high temperature treat-
lar to KaiB, the two proteins may compete for bindingment (378C) synchronized the Synechococcus clock to
to KaiC, and their relative ratios or affinities at differentcircadian time 12 (CT 12), which is subjective dusk, in
times of day could be important for their clock-relatedboth strains. Thus, sasA is not essential to reset the
functions. To test whether KaiC and SasA/KaiB can becircadian clock by light or temperature. However, note
found in the same protein complex in vivo, we performedthat a 12 hr temperature step-up, concurrent with a 12
coimmunoprecipitation assays. Synechococcus lysateshr dark treatment still failed to recover robust rhythmicity
prepared from wild-type and kaiABC-deficient strainsin the sasA-disrupted strain (Figure 2D). Thus, attenu-
were separately immunoprecipitated with anti-KaiC an-ated circadian rhythmicity in this strain cannot be attrib-
tiserum, and the immunoprecipitated materials wereuted to a defect in a light-specific signal transduction
blotted and probed with either anti-SasA or anti-KaiBpathway to the clock.
antiserum. The results indicated that SasA and KaiC
constitutively form a complex regardless of circadianAccumulation of kai Gene Products in the Absence
time (Figure 4B and data not shown). In contrast,of SasA
KaiC:KaiB complex is apparently more abundant at CTInactivation of the sasA gene had dramatic effects on

the expression of the kai genes without complete loss 16 than at CT 4 (Figure 4B).
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Figure 4. Expression of kaiABC and sasA
Gene Products and SasA:KaiC Complex For-
mation

(A) Northern blot analysis. kaiA and kaiBC
mRNA levels were examined in wild-type and
sasA-disrupted strains at 4 hr intervals during
hours 0–48 in LL (80 mE m22 s21). Densitomet-
ric data of the blot are also shown. Multiple
bands are due to both mRNA degradation
and separation caused by the presence of
rRNA. Abundance of kai mRNA was normal-
ized for total RNA loading by using the signal
of rRNA detected with ethidium bromide.
(B) Western blot analysis and coimmunopre-
cipitation assay. Accumulation levels of KaiA,
KaiB, KaiC, and SasA were examined. Cells
were collected at hours 4 and 16 in LL. Pro-
teins (10 mg) were prepared from cells of wild-
type, kaiABC-deficient, and sasA-disrupted
strains, subjected to SDS-PAGE on 10% gels,
and then analyzed by immunoblotting using
each anti-Kai antiserum (upper four panels).
The protein extracts were also used for immu-
noprecipitation (IP) with anti-KaiC IgG as a
primary antiserum. Immune complexes were
resolved and analyzed by Western blotting
with anti-KaiB or anti-SasA antiserum.
(C) Low amplitude rhythm of sasA gene ex-
pression in LL, monitored by a biolumines-
cence reporter inserted just downstream of
the sasA gene in the chromosome. Biolumi-
nescence was monitored as described in
Figure 2.

Effects of sasA Overexpression on kai Growth of sasA-Disrupted Cells
under Light/Dark CyclesGene Expression

We also determined the effects of both constitutive and Inactivation of sasA did not affect the growth rate of
Synechococcus under various LL conditions (light flu-temporal overexpression of the sasA gene by placing

its transcription under control of the IPTG (isopropyl ences of 6, 30, and 60 mE m22 s21 on agar plates) (Nagaya
et al., 1993) (Figure 6A). However, we found that a sasA-b-thiogalactoside)–inducible trc promoter. The effects

of overexpression were assayed in a PkaiBC reporter strain disrupted strain grows much slower than the wild-type
or a kaiABC-deficient strain under LD cycles (periodic(Figure 5A). Sustained overexpression of sasA was in-

duced at hour 24 in LL (see Experimental Procedures). alteration of 12 hr light and 12 hr darkness, 12L12D) of
various light fluences (6, 30, or 60 mE m22 s21). In addi-After one cycle, kaiBC expression became arrythmic

with low bioluminescence levels (Figure 5A). Note that tion, the sasA-disrupted strain in 12L12D (60 mE m22

s21) appears to form colonies slower than it does in dimthe subsequent circadian cycle after IPTG treatment
was somewhat phase advanced relative to the unin- LL (6 mE m22 s21), whereas wild-type cells grew faster

in 12L12D (60 mE m22 s21) than in dim LL. Thus, slowerduced control cycle. Loss of PkaiBC activity after the sub-
sequent cycle suggests that SasA has some role in neg- growth under LD cycles in the absence of SasA reflects

a defect in adapting to light/dark transitions rather thanative regulation of kai gene expression as well as
positive control of it (see Discussion). by a simple difference in the quantity of light irradiation

each day. Cells lacking both the sphS and sphR genesIn addition, we examined the effect of temporal over-
expression of sasA on the phase angle of the expression grew at similar rates to the wild-type strain in both LL

and LD (Figure 6B). In addition, the sasA-deficient cellsrhythm from PkaiBC by 6 hr administration of IPTG (Figures
5B and 5C). Transient elevation of sasA expression de- grew normally in LL at 6 or 60 mE m22 s21 under a

temperature cycling regime (12 hr at 378C and 12 hr atlayed oscillation when native kaiBC mRNA levels were
increasing (from midsubjective day to midsubjective 308C or 12 hr at 308C and 12 hr at 258C) (Figure 6B and

data not shown). These results suggest a role for SasAnight, hours 24 to 30 and 30 to 36 in LL) and advanced
the oscillation when these levels were decreasing (from in adapting the cell’s metabolism specifically to natural

light and dark transitions rather than in setting the circa-midsubjective night to midsubjective day, hours 36 to
42). Based on Western blot analysis, our 6 hr administra- dian clock.

It should be noted that the abnormal circadian pheno-tion of IPTG during hours 30 to 46 increased SasA pro-
tein levels 4- to 5-fold over endogenous levels (data types observed in sasA-inactivated strains (Figures 2–4)

cannot be attributed simply to a growth abnormality.not shown). This significant phase shifting by increased
levels of SasA further suggests a close association of This follows from two observations. First, the slow

growth phenotype was not observed in the sasA nullthis protein with normal circadian clock function (see
Discussion). strains under LL conditions after the single 12 hr dark
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growth to LD cycles. This is the first report of a two-
component system signaling molecule that is intimately
involved in circadian timing.

SasA as a Circadian Amplifier
for Robust Rhythmicity
We conclude that SasA is necessary to maintain robust
circadian oscillations in Synechococcus. This may arise
through enhancement of transcription of the kaiBC
genes, suggested to be a “state variable” of the cyano-
bacterial oscillator (Ishiura et al., 1998). The following
data from our sasA null strains support this initial conclu-
sion: (1) both promoter activities and kai mRNA levels,
especially those from the kaiBC operon, were greatly
reduced; (2) the average levels of expression of genes
other than kaiBC were much less affected; (3) accumula-
tion levels of the KaiB and KaiC proteins were reduced,
whereas that of KaiA was less affected; (4) the amplitude
and period of the circadian expression of all clock-con-
trolled genes tested were evidently altered—in some
cases, expression patterns were completely arhythmic.

It is important to note that the sasA-disrupted strain
did not completely lose rhythmicity, whereas rhythmicity
is completely abolished by disruption of any kai gene
(Ishiura et al., 1998). However, the rhythms in the sasA
null strain appear too weak to function as a global, tem-
poral coordinator of cellular metabolism. Also, in spite
of severe reduction of kaiBC expression (less than 10%

Figure 5. Overexpression of sasA Affects Circadian Rhythms of wild-type levels) by sasA disruption, the period of the
residual rhythm was shortened but surprisingly still in(A) Continuous overexpression of sasA disrupts circadian rhythms.

Bioluminescence from a PkaiBC reporter strain carrying a Ptrc vector a circadian range. Therefore, SasA is not an essential
only or a Ptrc::sasA construct (for overexpression of SasA) was moni- component of the basic timing loop, but evidently a
tored. Cells were grown on agar plates in LL, exposed to darkness close associate of the oscillator to amplify it to be suffi-
for 12 hr to synchronize their clocks, returned to LL (50 mE m22 s21)

cient as a robust temporal coordinator.and treated with 2 mM IPTG or water at hour 24 in LL after the dark
Continuous overexpression of sasA completely sup-exposure (the arrows indicate the timing of addition of IPTG or

pressed the kaiBC promoter (Figure 5A), and temporarywater). Monitoring of bioluminescence and representation of data
were the same as described in Figure 2. elevation of SasA advanced or delayed the phase of the
(B and C) Transient (6 hr) SasA induction changes the phase of the kaiBC expression rhythm in a phase-dependent manner
circadian clock in a phase-dependent manner. Bioluminescence (Figure 5B). Interestingly, the overexpression of sasA
from PkaiBC-reporter strains carrying the Ptrc::sasA construct was

allowed one additional, robust kaiBC expression cyclemonitored. Cells were grown and treated with IPTG within indicated
before strong suppression of PkaiBC activity. In contrast,duration (gray zone). Phase responses to sasA overexpression ad-
kaiC overexpression immediately represses kaiBC ex-ministrated at four distinct circadian times are indicated.

pression (Ishiura et al., 1998). Phase shifting patterns
after pulsed sasA overexpression were also different
from those created by kaiC temporal overexpression.period used to entrain the clock (data not shown). In
These results not only support a close association be-addition, expression levels from PkaiBC were greatly re-
tween SasA function and the central oscillatory mecha-duced in the sasA inactivated strains even in the ab-
nism, but also provide both functional differences be-sence of any light to dark cues (Figure 6B).
tween SasA and KaiC (Figure 7A and see below).

Discussion
KaiC Interacts with the Sensor Domain of SasA
The sensory histidine kinase and the response regulatorWe have identified and characterized the sasA gene as

encoding a salient function within the Synechococcus are two families of phosphorylation-based signal trans-
duction proteins that constitute the two-component reg-circadian timing mechanism. Although sasA was origi-

nally isolated from Synechococcus via heterologous ulatory system (Stock et al., 1989; Parkinson, 1993). In
sensory kinases, the amino-terminal portion of the pro-complementation of two-component-type histidine pro-

tein kinase function in E. coli (using envZ or phoR/creC tein is thought to be a signal input domain. As demon-
strated above (Figure 1), only the amino-terminal, 97backgrounds, see Nagaya et al., 1993), its physiological

functions were unknown. We have revealed functions amino acyl residues of SasA are necessary for its inter-
actions with KaiC. Moreover, we confirmed that disrup-of SasA which include: (1) physical interaction with the

circadian clock protein KaiC through a KaiB-like region, tion of His 162 of SasA, presumably an essential residue
for histidine kinase function, abolished SasA’s function(2) maintenance of robust circadian oscillation of gene

expression under continuous light conditions, (3) en- in circadian gene regulation (Figure 2C). Thus, it is plau-
sible that binding to KaiC changes enzymatic activity ofhancement of kaiBC expression, and (4) adaptation of
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Figure 6. Slow Growth Phenotype in the Ab-
sence of sasA in LD but Not in LL or Tempera-
ture Cycle Conditions

(A) Colonies of wild-type, kaiABC-deficient or
sasA-disrupted strains were allowed to form
on solid media for 10 days under continuous
illumination (LL) or 12 hr light/12 hr dark (12L
12D) conditions at the indicated light in-
tensity.
(B) Growth phenotypes of wild type and
strains lacking sasA, kaiABC, or sphSR on
agar plates grown under LL (50 mE m22 s21)
and 12L (50 mE m22 s21) 12D at 308C, or LL
(50 mE m22 s21) with 12 hr 308C/12 hr 378C
cycles. These strains carried a PkaiBC::luxAB
reporter. Bioluminescence image of the cells
grown in LL was captured by a cooled CCD
camera (upper right panel).

SasA and thereby mediates a clock-controlled, phos- Previous studies identified two mutations in the kaiB
gene that cause a period shortening of approximatelyphoryl relay system (see below).

Regardless of the evolutionary relationships among 3 hr in the expression rhythm from a kaiBC promoter
(Ishiura et al., 1998). Recall that inactivation of sasA alsothe circadian timing mechanisms in prokaryotes and

eukaryotes, it seems evident that “clocks” have re- reduces the period of this rhythm to a similar extent
(Figure 2). Interestingly, both kaiB mutations result incruited similar regulatory mechanisms to exhibit their

control of cellular activities (Dunlap, 1999). Note that an amino acid changes (L11F, a leucine to phenylalanine
change at residue 11, and R76W, an arginine to trypto-open reading frame (ORF sll0750) that encodes a protein

similar to SasA and structural homologs of kaiABC phan substitution at residue 76) at positions that are
identical in our sequence alignment of these proteinsgenes are present in the genome of Synechocystis sp.

strain PCC 6803 (Mizuno et al., 1996), in which we have (L19 and R80, respectively, in SasA) (Figure 1A). These
similarities suggest commensurate or overlapping func-found circadian rhythms (Aoki et al., 1995). These cyano-

bacterial circadian-timing systems will provide an in- tion for SasA and KaiB in the circadian clock mechanism.
It is likely that their mutual interactions with KaiC resultsstructive evolutionary contrast to the fungal, insect, and

mammalian systems (reviewed by Dunlap, 1999). It is in this functional overlap. KaiC and SasA form a complex
constitutively in vivo, whereas KaiC-KaiB complex isalso possible that identification of SasA will uncover

phylogenic “missing-links” of circadian systems be- more prevalent at CT 16 than at CT 4. KaiB and SasA
may have similar affinities for KaiC, hence, the ratio oftween prokaryotes and eukaryotes. Recent studies have

revealed many proteins belonging to the two-compo- KaiB-KaiC complex and SasA-KaiC complex may simply
reflect the relative abundance of KaiB and SasA (Figurenent regulatory families in diverse eukaryotic species

including yeast, Neurospora, Dictyostelium, and higher 4B). It is possible that KaiB additionally binds to a KaiC
molecule in the KaiC-SasA complex to form a largerplants (reviewed by Wurgler-Murphy and Saito, 1997).
multimer when KaiB levels are high at CT 16 (Figure 7A,
right).Implications of Similarity between SasA and KaiB

It is intriguing that the presumed input domain of SasA
and KaiB share similar amino acid sequence. Moreover,

Function of SasA:KaiC ComplexSasA and KaiB exhibit similar protein-binding profiles
How does SasA modulate kaiBC gene expression? Inin yeast or in vitro: (1) binding to KaiC, (2) lesser interac-
general, sensory kinases function by autophosphoryla-tion with KaiA, and (3) homotypic interaction (Figure 1)
tion and phospho-transfer activities at the beginning of(Iwasaki et al., 1999). Surprisingly, KaiB and SasA do

not bind to each other in our assays. a phosphoryl-relay system that terminates by modifying



Cell
230

Figure 7. Possible Models for SasA Function in the Circadian System

(A) A model for function of the SasA:KaiC complex in kaiBC expression. In the early morning, when total KaiC abundance is low, SasA may
bind with KaiC, stimulating autophosphorylation to activate its cognate response regulator (RR) through phosphoryl transfer from His (H) to
Asp (D). Activated RR directly or indirectly activates expression of kaiBC genes from PkaiBC (left). As the KaiBC concentration gets higher in
the evening, KaiC:SasA complex is additionally bound with KaiC or KaiB to form a larger complex(es), which reduces SasA autophosphorylation.
Hence, SasA may then act as a phosphoryl protein phosphatase, inhibiting RR-mediated stimulation of PkaiBC activity (right).
(B and C) SasA may function as the first output of the clock to regulate downstream clock-controlled processes (B) or as an element of
redundant input pathways (C). In both models, SasA and clock protein KaiC form an outer feedback loop (red arrows) to amplify the KaiABC-
based basic timing process (gray circle) by modulating the kai gene expression as depicted in (A). In model (B), KaiC:SasA complex controls
its cognate response regulator and thereby directly controls downstream gene expression. In model (C), SasA controls robustness of the
circadian oscillation in a light-dependent manner, although SasA is not essential to entrain the clock. SasA may sense light signals directly
or indirectly, and binding of SasA to KaiC would alter SasA’s enzymatic activity. See Discussion for more detail.

function of a DNA-binding, transcription-regulating, re- Based on these considerations and data described
in this paper, we propose a model for SasA-mediatedsponse regulator. Thus, SasA-mediated phosphoryl re-

lay would, by necessity, include at least one additional modulation of the kaiBC expression (Figure 7A). In this
model, both SasA and KaiC can be positive and negativecomponent—the SasA cognate response regulator.

Considering the negative effects of sasA gene inactiva- elements in feedback control of kai gene expression.
During subjective day, total KaiC level is relatively low,tion on expression levels from the kaiBC promoter (Fig-

ures 2 and 4), this response regulator may function to but considerable amounts of KaiC:SasA complex exist in
the cell (Figure 4B). This complex functions as a positiveactivate kaiBC gene transcription. The role for this pos-

tulated response regulator in the Synechococcus circa- element, possibly through stimulating SasA autophos-
phorylation, and thereby activating a SasA-coupled re-dian oscillator would thus be comparable to those de-

scribed for PAS-containing transcription factors, the sponse regulator that directly or indirectly enhances
kaiBC expression (Figure 7A, left). A positive functiondClock/Cycle (dBmal1) and CLOCK /BMAL1 proteins

in Drosophila and mammals, and the WC-1 and WC-2 of KaiC for kaiBC expression has been suggested by
our previous observation that PkaiBC activity is somewhatproteins in Neurospora (reviewed in Dunlap, 1999). Most

histidine protein kinases like SasA have both kinase and downregulated in an arhythmic mutant mapped on kaiC
(Ishiura et al., 1998).phosphoryl-protein phosphatase activities with respect

to their cognate regulatory proteins (Pratt and Silhavy, By contrast, SasA may inactivate its cognate response
regulator with its phosphoryl-protein phosphatase activ-1995). In the absence of the phosphatase activity, such

as in a sasA null strain, low levels of phosphorylated ity when SasA does not bind to KaiC or when KaiB (or/
and KaiC itself) additionally binds the SasA:KaiC com-(activated) response regulator can accumulate via non-

specific kinase activities (Kim et al., 1996). This nonspe- plex. During subjective night such KaiB:KaiC:SasA (Fig-
ure 7A, right) or/and multimerized KaiC:SasA complexescific response regulator activation could account for the

residual rhythmicity seen in sasA null strains (Figures 2 can be formed to negatively regulate kaiBC expression.
It is still possible that KaiB could compete with SasAand 3).
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for binding KaiC to release free SasA molecules func- cell shape and cell size between the sasA null and wild-
type strains grown in LD conditions (data not shown).tioning as negative elements, although we failed to de-

tect reduction in the SasA:KaiC complex level at CT 4 These results suggest that sasA is important for normal
growth under natural diurnal conditions. The cause ofin our experimental condition (Figure 4B).

Our model accounts for the additional expression cy- slower LD growth in the absence of SasA could be per-
turbation of general metabolism in the dark. Alterna-cle followed by loss of kaiBC expression when sasA is

continuously overexpressed. Within several hours after tively, sasA mutant cells may be very sensitive to stress
caused by abrupt light/dark transitions. Because kai-IPTG administration at CT 0, when the KaiC level is not

very high, the SasA level gradually increases and forms ABC-deficient cells grow as well as wild-type cells in
12L12D, the effect of sasA disruption on circadian func-a complex with KaiC to enhance kaiBC expression.

About 10 hr after induction, in turn, abnormally highly tion alone is not likely to explain the maladaption to
diurnal growth. However, it is still possible that the func-accumulating KaiC-uncoupled SasA gradually inacti-

vates kaiBC expression to close one cycle and further tion of SasA in adaptation to LD transitions is regulated
by the circadian clock through the SasA–KaiC interac-abolishes recovery of its activation.
tion. In either case, SasA may allow Synechococcus to
adapt to day–night alternation by maintenance of robustSasA Function in Cyanobacterial
circadian rhythms and by directly adjusting metabolismCircadian Organization
to LD transitions.In theory, circadian organization can be divided into

three major constituents: input pathways, the central
oscillator, and output pathways. The oscillator gener-

Experimental Procedures
ates fundamental circadian timing. Input pathways me-
diate environmental stimuli to synchronize the oscillator Bacterial and Yeast Strains

Saccharomyces cerevisiae strain L40 was used for the two-hybridwith environmental cycles. The oscillator is coupled to
analysis (Vojtek et al., 1993). As hosts for transgenic analyses ofclock-controlled processes through output pathways.
sasA, we used wild-type Synechococcus reporter strains CR1Based on our observations presented here, two alterna-
(PpsbAI::luxAB strain) (Kutsuna et al., 1998), NUC35, and NUC39tive possibilities for the function of SasA in the cyano-
(PkaiA::luxAB and PkaiBC::luxAB strains carrying a chloramphenicol-

bacterial circadian organization can be assigned (Fig- resistance gene as a selective marker gene at a specific targeting
ures 7B and 7C). site called NSI). NUC38 (Iwasaki et al., 1999) was used as a kaiABC-

deficient PkaiBC reporter strain. The sphS/sphR-deficient reporterThe first possibility is that SasA functions as the first
strain was generated by transformation of NUC39 with pHAI140output from the circadian timing mechanism, and thus
(Aiba et al., 1993). Synechococcus was cultured in modified BG-11transmits timing signals to all clock-controlled pro-
medium (BG-11M) (Bustos and Golden, 1991).cesses (Figure 7B). This regulation includes feedback

upon kai gene expression, upon light sensitivity of the
Library Constructionoscillator, and also, necessarily, upon gene expression
Synechococcus genomic DNA was prepared from NUC39, partiallyresponsible for metabolic adaptation to natural growth
digested with DNaseI (50 mM MnCl2), and the resulting DNA frag-conditions, which include light to dark transitions (see
ments were repaired with T4 DNA polymerase and Klenow polymer-

below). ase, and size-fractionated. Five-tenths to three kb fragments were
An alternative possibility is that SasA modulates a ligated with NotI linkers and cloned into the NotI site of pVP16

(Vojtek et al., 1993). The resulting ligation products were transformedphotic input pathway(s) into the oscillator to act as a
by electroporation into E. coli DH10B. Plasmid DNA was preparedcircadian amplifier (Figure 7C). Because the attenuated
from 1 3 106 transformant colonies. Approximately 70% of theclock in the sasA-inactivated strain is still entrainable
clones were estimated to be recombinant, and inserts ranged fromto both 12 hr darkness and 12 hr temperature shifts
0.3 to 2 kb.

(Figure 2), SasA is not essential to entrain the clock.
Nonetheless, SasA may function in one of several poten-

Two-Hybrid Screeningtial photic-input pathways because the amplitude of the
The yeast strain L40 expressing LexA-KaiC (Iwasaki et al., 1999)

circadian oscillation in a sasA mutant is more sensitive was transformed with the Synechococcus genomic DNA library as
to light fluence than a wild-type strain (Figures 2A and described (Gietz et al., 1992). Approximately 5 3 106 transformants
2B). This model postulates that SasA senses light signals were screened for activation of the HIS3 reporter gene (308C for 3

days). Five of twenty-two of His1 clones exhibited strong b-galac-either directly or indirectly, and that binding of SasA to
tosidase activity. Library plasmids were then recovered from theseKaiC would alter its sensitivity to further regulate SasA’s
clones and reintroduced into appropriate yeast reporter strains toenzymatic activity. Both models reflect both light-regu-
verify a plasmid-linked, KaiC-dependent, His1 LacZ1 phenotype.

lated kaiBC expression and a feedback control of the
kai-based oscillator to its input. More importantly, as

In Vitro Binding Assaydepicted in Figures 7B and 7C, SasA-KaiC interaction
GST fused to either full-length SasA or N-terminal SasA fragmentsamplifies a KaiABC-based fundamental timing process
at the N terminus was produced by induction of derivatives of the

(gray circle) by forming an outer feedback loop that pGEX-3X vector (Pharmacia) with 1 mM IPTG in an E. coli DH5a
modulates kai gene expression (red arrows and Fig- background. The resulting inclusion bodies were purified as de-
ure 7A). scribed (Aiba et al., 1989), lysed with 13 PBS containing 6 M urea,

and collected by centrifugation. The supernatant was dialyzed with
13 PBS containing 2 M urea and then with 13 PBS for 20 hr each.SasA as an Adaptive Sensory Kinase
Then, fusion proteins were purified with and immobilized on glutathi-for Light/Dark Cycles
one Sepharose 4B (Pharmacia) as described (Iwasaki et al., 1999).

Growth is severely suppressed in a sasA-disrupted 35S-labeled KaiA, KaiC, CI, or CII was synthesized in vitro and interac-
strain only under LD cycles (Figure 6). Microscopic ob- tion assays were performed as described previously (Iwasaki et al.,

1999).servation did not reveal any morphological difference in
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Disruption of the sasA Gene to 200 mg in 400 ml of extraction buffer and incubated with 25 ml
bed volume of AffiGel-Hz beads (BioRad) coupled to purified rabbitOne plasmid for disruption of sasA, pDsasA, carries three DNA

segments in succession: a 2.1 kb DNA fragment carrying the up- anti-KaiC IgG at 48C for 12 hr. After six washes with 1 ml of extraction
buffer, the beads were resuspended in 80 ml of SDS-sample bufferstream region of sasA (nucleotides [nt] 2 to 2099 relative to the left

BamHI site of the 4.8 kb BamHI-KpnI segment from plasmid pCS33 without reducing agent. Proteins were eluted by vortexing gently
for 10 min at room temperature. After centrifugation, the supernatant[Nagaya et al., 1993] [A gift from Dr. H. Aiba]), a 1.5 kb HpaI fragment

from plasmid pCKm carrying a kanamycin resistance gene (M. I., was collected, supplemented with 0.1% 2-mercaptoethanol and
0.1% bromophenol blue, and subjected to SDS-PAGE and immu-unpublished data); and the 1.8 kb SmaI-KpnI segment from pCS33.

This 5.4 kb fragment was cloned into pBluescript KSII (Stratagene) noblotting. KaiB, KaiC, and SasA were reacted with specific antisera
at 1:1000, 1:2000, and 1:1000 dilution, respectively, and detectedto complete pDsasA. An additional disruption plasmid, pAM2076,

was constructed by cloning the 4.8 kb BamHI-KpnI fragment from with the enhanced chemiluminescence (ECL) method (Pharmacia),
according to the manufacturer’s protocol.plasmid pCS33 into plasmid pUC19 (Promega) and then inserting

a 1.4 kb XmnI-SmaI fragment from pDAH346 (provided by Dr. D.
Hodgson) into the SmaI site within sasA. The pDAH346 fragment Overexpression of the sasA Gene
encodes a gentamycin resistance gene derived from pXS1 (Hirsch Nco-BamHI segments carrying a sequence encoding SasA were
et al., 1986). Synechococcus strains NUC35 and NUC39 were trans- ligated with NcoI- and BamHI-digested p322Ptrc (Kutsuna et al.,
formed with pDsasA. Strains AMC520 (psbAII::luxAB), AMC538 1998) to obtain p322Ptrc::sasA. The smaller BglII fragment from
(rpoD2::luxAB), AMC551 (ndhD::luxAB), AMC589 (cikA::luxAB), and p322Ptrc::sasA was inserted into the BamHI site of the pTS2KC (Kut-
AMC617 (opcA::luxAB) were transformed with pAM2076. The clones suna et al., 1998) to obtain pTS2C-Ptrc::sasA. NUC35 and NUC39
resistant to kanamycin sulfate (33 mg/ml) or gentamycin (2 mg/ml) were transformed with each plasmid as described previously (Kut-
were checked by Southern blot and PCR to confirm disruption of suna et al., 1998) to harbor the expression construct at a specific
the sasA gene. genomic targeting site of the chromosome (NSII) (Andersson et al.,

2000). Conditions for overexpression were the same as described
previously (Ishiura et al., 1998), except that 2 mM IPTG was usedH162Q Mutant Strain

A 3.6 kb SacII-KpnI fragment of pCS33 (nt 1284 to 4850) was inserted for induction.
into pBluescript KSII to construct pBSSA2. Next, the V fragment
carrying a spectinomycin resistance gene (Prentki and Krisch, 1984) Bioluminescence Assays
was inserted into the BstBI site of pBSSA2 (corresponding to nt Most bioluminescence rhythms were monitored and processed as
3491 of pCS33) to create pCsasV. Site-directed mutagenesis of described previously (Ishiura et al., 1998), except that we used a
pCsasV was performed as described (Horton, 1993) and designated higher sensitivity photomultiplier tube (Hamamatsu R329P). For Fig-
pCsasVHQ. NUC39 was transformed with pCsasVHQ and selected ure 6B, bioluminescence from streaks of Synechococcus on agar
with spectinomycin (40 mg/ml). Transformant colonies on agar plates plates was analyzed by a cooled CCD camera system as described
were subjected to bioluminescence assay (Kondo and Ishiura, 1994) previously (Kondo and Ishiura, 1994). For the data shown in Figure
to screen for reduced bioluminescence clones. Seven low biolumi- 3, cultures were grown for 3 to 4 days under standard LL conditions
nescent clones were identified from z2000 transformants, and their in liquid BG-11M containing the appropriate antibiotic before being
sasA loci were confirmed for the H162Q mutation. transferred to 96-well microtiter plates containing BG-11M agar me-

dium. Eighty wells, 40 for wild type and 40 for sasA-disrupted re-
porter strains, were used on each plate. The cultures were incubatedNorthern Hybridization

Cells were grown with aeration in LL of 80 mE s21 m22 at 308C to in situ in the microtiter wells for 24 hr in LL before being subjected
to a 12 hr dark interval to synchronize the circadian clock. Biolumi-maintain an optical density of 0.3 at 730 nm (OD730) using a continu-

ous culturing system. The culture was exposed to 12 hr of darkness nescence rhythms were subsequently measured and recorded in
LL using a Packard TopCount luminometer as described elsewhereto synchronize the circadian clock, and then returned to LL. At 4 hr

intervals in LL, cells were harvested, immediately frozen, and stored (Katayama et al., 1999; Andersson et al., 2000).
at 2808C. RNA extraction and Northern hybridization were per-
formed using digoxigenin-labeled kaiA and kaiC probes as de- Acknowledgments
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