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Cyanobacteria are the simplest organisms known t o  have a circadian clock. A 
circadian clock gene cluster kaiABC was cloned f rom the cyanobacterium Syn- 
echococcus. Nineteen clock mutat ions were mapped t o  the  three ka i  genes. 
Promdter activities upstream of  the  kaiA and kaiB genes showed circadian 
rhythms o f  expression, and both  kaiA and kaiBC messenger RNAs displayed 
circadian cycling. Inactivation o f  any single ka i  gene abolished these rhythms 
and reduced kaiBC-promoter activity. Continuous kaiC overexpression re- 
pressed the kaiBC promoter, whereas kaiA overexpression enhanced i t .  Tem- 
poral kaiC overexpression reset the  phase o f  the  rhythms. Thus, a negative 
feedback control  o f  kaiC expression by  KaiC generates a circadian oscillation in  
cyanobacteria, and KaiA sustains the oscillation by  enhancing kaiC expression. 

The circadian cloclt. a self-sustained oscilla- 
tor \\-it11 a period of about 24 hours. is found 
ubiquitously anlong eultaryotes and cya- 
nobacteria. The cloclc colltrols a tenlporal 
prograln of cellular nletabolisrn to facilitate 
adaptation to daily environmental changes 
(1). To elucidate the nlolecular mechanism of 
this oscillator. several clock genes of Dio- 
soplzila. hi.lirosyoia. and nlouse have been 
cloned and analyzed (2). Negative feedbaclt- 
loop nlodels have been proposed for the cir- 
cadian clock of Di.osopl~ila and .\uiospoia. 
in which the cloclc genes Di~osoylzilii p e i  and 
i l~e~i iospoi~i~ , f i q  are repressed by their prod- 
ucts PER and FRQ, respectively (3). Recent- 
ly. clock components that interact \\#it11 each 
other and enhance expression of per. illper, 
and fi.q genes have been identified in Di.0- 
sophila, Inice (4). and Seui.ospoia (5). 

Cyanobacteria, the simplest organisms that 
display circadian rhg.thns, provide a nlodel sys- 
tem for the circadian cloclc. We use bacterial 
luciferase as a reporter for the ex~ression of a 
clock-controlled gene, ysMI. in the cyanobac- 
telium ~ ~ i ~ e c l ~ o c o c c ~ ~ s  sp. strain PCC 7942 (6). 
The rhythm of bioluminescence fiom this re- 
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porter gene. lilce that of firefly luciferase in 
Ainbidopsis and Di.osoyhila. reliably reflects 
the activity of the native psbb41 gene ( 7 ) .  Many 
nlutants that dlsplay a \\ ~ d e  range of circa- 

dian phenotypes have been isolated (8). We 
report here the clonlllg of a cloclt gene 
cluster Iiii~iiBC from S ~ ~ i ~ e c l ~ o c o c i ~ ~ s  and 
propose a nlodel of the circadian oscillator 
of ~ ~ ~ I ~ C I ~ O C O C C L L S  based on negative feed- 
baclc control of IiniABC expression. 

We constructed a library of wild-type 
(WT) genomic DNA in a plasnlid 1-ector 
(pNIBB7942) that targets the inserts to a 
specific site in the cyanobacterial genonle 
ternled NSII (9). A long-period cloclt mutant. 
C44a (period. 44 hours) (Fig. IA, top). was 
transfo~lned wit11 the library (10). and trans- 
forlnants were screened by an automated ap- 
paratus (8) .  A few "rescued clones" (period. 
25 hours) were found (Flg. 1A. middle) 
among 20.000 to 40,000 transforn~ants. The 
library DNA from a rescued clone was reco\-- 
ered as a plasrnid (p44N) in Esclieiichiii coli 
(11). Targeting of p44N again. such that the 
trallsfo~lnant carried the mutated gene at its 
native locus and the IVT gene or genes at 
NSII (12). rescued nlutant C44a com~letelv 

& - 
(Fig. 1A. bottom), suggesting that the plas- 
mid contains an entire WT gene for the 
l i ~ i C l 1  mutation (Fig. 1D) of nlutant C44a 
and that this nlutation is recessive. 

To localize the region essential for rescue, 
a e  subcloned gello~nic DNA fragments of 
p44N into the pSEQl vector (13) and intro- 
duced then1 into mutant C44a. Only the 4.7- 
ltb Eco RI fragment of p44N rescued the 
mutant. We sequenced this fragment and an- 
alyzed putative protein-coding regions. Six 
open reading fiames (ORFs) were found: 
three ivere knoivn genes ("c1ieY." 1ipL27. and 
ryL21), and the other three folnl a cluster 

(Fig. 1B). To find the nlutation site. we am- 
plified the cluster from nlutant C44a by poly- 
merase chain reaction (PCR) and deter~llined 
its nucleotide sequence (14). A single nucle- 
otide alteration that caused a single amino 
acid substitution ivas found in the third gene. 
Inse~tion of the fragment (15) into a Baln 
HI, Xho I. or Cla 1 site in either the first or 
second gene in the genonle disrupted rhyth- 
micity. suggesting that the entire gene cluster 
cloned here conlprises clock genes. Southern 
(DNA) blot analysis of the genonlic DNA 
with each lriii gene probe suggested that WT 
Si~i~echococcils sp, strain PCC 7942 has a 
single copy of this gene cluster. 

We named the genes 1rii14, IicriB. and IciriC. 
respectively (liiri nleans cycle in Japanese). 
The predicted proteins have 284 (ICaiX). 102 
(KaiB). and 5 19 anlino acids (ICaiC) (Fig. 
1C). KaiC has two putati\-e adenosine 5'- 
triphosphate (ATP)- or guanosine 5'-triphos- 
phate (GTP)-binding nlotifs (Wallcer's nlotif 
A), two inlperfect Wallcer's nlotif Bs. and 
two putative catalytic carboxylate Glu resi- 
dues that are found in ATP-binding proteins 
(16) (Fig. 1C). KaiC also has two putative 
DXXG sequences conserved in GTP-binding 
proteins (17). No other functional motifs 
were found in any of the Kai proteins. 

We examined the rescue by plasnlid p44N 
of over 50 cloclc nlutants that she\\- short or 
long periods. or al~hythmia. All strains, in- 
cluding all nlutants reported previously (8) .  
n-ere restored to the WT phenotype by p44N 
(IS). Direct sequencing of the I~-iii gene clus- 
ter fi-om 19 nlutants revealed that 14 ha\-e 
nlutations in IiiriC. three in liiri.4, and two in 
IiiriB (19) (Fig. ID), All nlutant phenotypes. 
even arrhythmia, were caused by single-ami- 
no acid substitutions (Fig. ID) .  Thus. the liiii 
gene cluster and ICai proteins have a cl-t~cial 
and central function or functions for the cir- 
cadian cloclc of Sj,i~echococc~is. 

To further test the significance of the lirii 
genes, ive deleted the ivhole cluster fiom WT - ' 

psbiil-reporter cells by replacelnent with a 
ltanamycin-resista~lce gene (20). Transfor- 
nlants lacking the cluster (AIciriilBC) grew as 
well as WT cells and emitted cornparable 
bioluminescence. but they completely lost 
rhythmicity (Fig. 2B). Thus, the cluster is 
essential for the circadian oscillation, where- 
as it is not essential for growth, and may be 
specific for circadian rhythmicity. To deter- 
nline whether the Iiiii genes could function 
from another site in the genome. \\-e reintro- 
duced the cluster into NSII of the I/riri,iBC 
strain (21). Clones that carried the transposed 
cluster recovered rhythnlicity completely 
(Fig. 2C). Thus, the segnlent contains the 
entlre DNA sequence requ~red for liirl func- 
t1o11. To assess the sigmficance of each kiiz 
gene separately, \\-e individually inactivated 
the three lcai genes. The endogenous IiciiC 
gene was dlsl-t~pted by replacelnent \\ 1t11 the 
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II fragment and the kaiA and kaiB genes were 
inactivated by introduction of a nonsense mu
tation just downstream of each start codon 
(22). All three strains carrying either an in
activated kaiA, kaiB, or kaiC gene were ar
rhythmic (Fig. 2, D to F). Thus, all three kai 
genes are essential to circadian clock function 
(22). 

We examined expression of the kai genes 
by inserting a promoterless luxAB gene set 
just downstream of the cluster in the genome 
(23). The bioluminescence of the resulting 
kai ABC-reporter strain was rhythmic, with a 
period and phase like that of the previously 
characterized *PpsbArreporter strain (Fig. 3, B 
and C). The level of bioluminescence of the 
reporter strain was ~2 to 3% of that of the 
P M/-reporter strain. To localize promoters 
of the kai cluster, we fused each kai upstream 
region (USR) with the luxAB gene set and 
targeted the constructs into NSII of WT Syn-
echococcus cells (24). Both USRkaiA- and 

USRkalB-reporter strains showed biolumines
cence rhythms whose period and phase were 
the same as those of the kai ABC-reporter strain, 
whereas a USRkaiC-reporter strain showed no 
bioluminescence (Fig. 3A). Thus, a promoter 
exists upstream of kaiA and kaiB, but none 
could be detected upstream of kaiC, suggesting 
cotranscription of kaiBC. The average level of 
bioluminescence of the USRkaiA- and USRkaiB-
reporter strains was about 1 and 3%, respective
ly, of that of the P^5^rreporter strain. The 
waveform of the kaiBr.luxAB reporter matched 
that from the reporter in which luxAB was 
inserted downstream of kaiC (Fig. 3B), further 
supporting kaiBC cotranscription. 

The transcriptional units of the kai cluster 
were confirmed by Northern (RNA) blot 
analysis, with kaiA-, kaiB-, and to'C-specific 
probes (25). The kaiA probe gave a 1.0-kb 
hybridization band, whereas both the kaiB 
and kaiC probes gave a 2.3-kb band (Fig. 
3D). These data support monocistronic tran

scription of kaiA and dicistronic transcription 
of kaiBC. Most of the kaiBCmRNA detected 
was degraded as shown by a smeared band 
(Fig. 3D). Both kaiA and kaiBC mRNAs 
displayed circadian cycling under continuous 
light conditions (LL) (Fig. 3E). The peaks of 
mRNA levels occurred at hours 9 to 12 and 
33 to 36 in LL, which corresponded to those 
of the bioluminescence rhythms. 

Autoregulation of kai expression could be 
a key point for generating circadian oscilla
tion in Synechococcus. We confirmed that 
expression of the kai gene cluster was affect
ed by kai mutations as observed for the VpsbAI 

reporter (26) (Fig. 4, A to D). We further 
examined the effects of inactivation of each 
kai gene on the bioluminescence of VkaiA- and 
P/ra/sc-reporter strains (22). As was observed 
in a P^^z-reporter strain (Fig. 2), inactiva
tion of either the kaiA, kaiB, or kaiC gene 
abolished rhythmicity of both the VkaiA- and 
PAr//sc-reporter strains (27). Inactivation of 
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Fig. 1. Rescue of 
clock mutant C44a 
by transformation with 
a genomic DNA li
brary, a map of the 
kai gene cluster^ the 
deduced amino acid 
sequences of kaiA, 
kaiB, and kaiC gene 
products, and map
ping of clock muta
tions. (A) Rescue. 
(Top) Mutant C44a; 
(middle) "rescued 
clones" obtained by 
transformation with 
the library; (bottom) 
rescue by targeting 
of plasmid p44N into 
NSII in the mutant 
genome. Colonies (1-
mm diameter) of each 
strain were grown on 
solid medium in 90-
mm plastic dishes un
der standard condi
tions (8). After a 12-
hour darkness to syn
chronize the clock, 
the bioluminescence 
rhythm of each colony 
was monitored under 
standard conditions by 
a luminescent colony 
monitor system (8). A 
typical trace among 100 or more independent rhythms is shown for each 
strain. The standard deviation of each data point is 2 to 3%. The period 
was determined as described (8), and the standard deviation for 100 
or more rhythms was less than 0.3 hours. Zero on the ordinate of each 
panel indicates darkness. The bioluminescence intensities among the 
panels were not normalized to each other, but the maximum level of 
bioluminescence by PpsbAh:iux reporter varied little among these 
clones. (B) Restriction map and open reading frames. The six ORFs are 
shown as boxes. Those above the line are translated in the forward 
direction (left to right) whereas those below the line are translated in 
the opposite orientation. (C) Amino acid sequences. KaiA has 284 
amino acids with a molecular mass of 32.6 kD and a calculated 
isoelectric point (pi) of 4.69. KaiB is composed of 102 residues(11.4 kD, pi = 

KaiA 
MLSQIAICIW VESTAILQDC QRALSADRYQ LQVCESGEML LEYAQTHRDQ 50 
IDCLILVAAN PSFRAVVQQL CFEGVVVPAI VVGDRDSEDP DEPAKEQLYH 100 
SAELHLGIHQ LEQLPYQVDA ALAEFLRLAP VETMADHIML MGANHDPELS 150 
SQQRDLAQRL QERLGYLGVY YKRDPDRFLR NLPAYESQKL HQAMQTSYRE 200 
IVLSYFSPNS NLNQSIDNFV NMAFFADVPV TKVVEIHMEL MDEFAKKLRV 250 
EGRSEDILLD YRLTLIDVIA HLCEMYRRSI PRET 284 

KaiB 
MSPRKTYILK LYVAGNTPNS VRALKTLKNI LEVEFQGVYA LKVIDVLKNP 50 
QLAEEDKILA TPTLAKVLPL PVRRIIGDLS DREKVLIGLD LLYGELQDSD 100 
DF 102 

KaiC 
MTSAEMTSPN NNSEHQAIAK MRTMIEGFDD ISHGGLPIGR S T L V S|GT"S G T 50 
GKTJLFSIQFL YNGIIEFDEP GVFVTP@ETP QDIIKNARSF GWDLAKLVDE 100 
GKLFILDASP DPEGQEVVGG FDLSALIERI NYAIQKYRAR l;W*<HSVTSV 150 
FQQYDASSVV RRELFRLVAR LKQIGATTVM TTERIEEYGP IARYGVEEFV 200 
SDNVVILRNV LEGERRRRTL EILKLRGTSH MKGEYPFTIT DHGINIFPLG 250 
AMRLTQRSSN VRVSSGVVRL DEMCGGGFFK DSIILAIJGAT GTGKT[LLVSR 300 
FVENACANKE RAILFAY(gES RAQLLRNAYS WGMDFEEMER QNLLKIVCAY 350 
PESAGLEDHL QIIKSEINDF KPA3Jin3 S L SALARGVSNN AFRQFVIGVT 400 
GYAKQEEITG LFTNTSDQFM GAHSITDSHI STITDTIILL QYVEIRGEMS 450 
RAINVFKMRG SWHDKAIREF MISDKGPDIK DSFRNFERII SGSPTRITVD 500 
EKSELSRIVR GVQEKGPES 519 

ORF • 

S B 
C/0 C/0 Wfff ^ 

"cheY!1 kai gene cluster 

TJLT 
rpL27rpL21 1 kb 

New 
name 

Old Pheno-
name type 

\ ^ ~ 

215>C 
•236>S 
248>S 
•248>L 

G-4 033>A R-253>H 
G-4094>A M-273>I 

42 37>A R-321>Q 

A-4500>G T-409>A 
G-4536>A G-421>R 
T-4599>C Y-442>H 

G-4654>A G-460>E 
A-4758>G T-495>A 

7.11) and KaiC, 519 residues (58.0 kD, pi = 5.74). Walker's motif As 
(GXXXXGKT/S) (X, any residue) and imperfect motif Bs (ZZZZD; Z, hydro
phobic residue) are boxed and reversed, respectively, and putative catalytic 
carboxylate Glu residues are circled. DXXG motifs are underlined. Abbrevi
ations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I, lie; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; 
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (D) Mutations mapped to the kai 
genes. Phenotypes of mutants: period in hours for period mutants; LA, low 
amplitude; AR, arrhythmic. Strain names are given along with the names 
previously published for these mutants (old names). 
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kaiA and kaiC lowered the bioluminescence 
level of P,,=reporter strains to 1 1 t 1 and 
28 t 5% of the WT level (n = 3), respec- 
tively, although these inactivations did not 
significantly affect that of a P,,-reporter 
strain. 

To examine the effects of overexpression 
of the kai genes, we fused an E. coli-induc- 
ible promoter, P,, to the ORF of the kaiA or 
kaiC gene, targeted that construct into NSII 
of both the P,,-and P,=reporter strains, 
and induced overexpression of each h i  gene 
by addition of isopropyl-P-D-thi~~alactopyr- 
anoside (JPTG) (28). Overexpression of kaiC 
immediately nullified the bioluminescence of 
a P,,=reporter strain, whereas addition of 
JPTG did not affect the rhythm of a P,,= 
reporter strain that lacked the P,::kaiC 
transgene (Fig. 4, E and F). Thus, overex- 

AkaC 
0 
0 24 48 72 96 

Hours in LL 

Fig. 2. Arrhythmia of bioluminescence caused 
by inactivation of the kai genes. (A) W cells. 
(0) kaiABC-deleted cells (AkaiABC) in which the 
entire kai gene cluster was deleted by replace- 
ment with the fi fragment. (C) kaiABC-trans- 
posed cells (AkaiABC + kaiABC) in which the 
entire W cluster was transposed to NSll in the 
genome of AkaiABC cells. (D) kaiA-inactivated 
cells in which the kaiA gene was inactivated by 
a nonsense mutation. (E) kaiB-inactivated cells 
in which the kaiB gene was inactivated by a 
nonsense mutation. (F) kaiC-disrupted cells in 
which the kaiC ORF was replaced with the $2 
fragment. Monitoring of rhythms and represen- 
tation of data were as described in the legend 
to Fig. 1. 

pressed KaiC strongly repressed the P,,, 
promoter. In contrast, the presence of the 
P,::kaiA construct, even without JPTG ad- 
dition, reduced the amplitude of the rhythm 
and markedly increased the average level of 
bioluminescence (Fig. 4G), suggesting that 
the promoter is not tightly repressed in the 
absence of inducer. Further kat4 overexpres- 
sion induced by IPTG resulted in a r r h m c i t y  
and a M e r  three- to fourfold increase in bi- 
oluminescence (27). In the P--reporter strain, 
kaiC (Fig. 4, H and I) and kaiA overexpression 
(27) also abolished the rhythmicity but did not 
change the average level of bioluminescence 
significantly, as was the case for inactivation 
experiments. All these data suggest that regu- 
lated levels of expression of all three genes is 
needed for circadian rhythmicity. 

We suggest a feedback-loop model for the 
circadian oscillator of Synechococcus (Fig. 
5). The following four sets of data+) map- 
ping of various clock mutations to the kai 
cluster, (ii) rhythmicity in the expression of 
the kai genes, (iii) alteration of the rhythmic- 
ity of kai expression by the mutations 
mapped to the kai cluster, and (iv) elimina- 
tion of rhythms caused by inactivation or 

Fig. 3. Expression of the kai 
genes. (A) USR,,-, USRkai,,-, and 
USRkacreporter strains carrying 
USRs of the kaiA, kaiB, and kaiC 
genes, respectively, fused to a 
promoterless luxAB gene set at 
the Bst Ell site of NSll in the 
genome. (B) A kaiABC-reporter 
strain carrying the luxAB gene 
set inserted at the Nhe I site just 
downstream of the kaiC gene. 
(C) A psbAl-reporter strain carry- 
ing a P,,,,.:lux construct in an- 
other specific genomic site (NSI) 
(6). Cells were grown to give 30 
to 100 colonies (0.1-mm diame- 
ter) on solid medium in 40-mm 
plastic dishes in LL (standard 
conditions) (8) for 3 days. After a 
12-hour dark treatment to syn- 
chronize the clock, the dishes 
were set in a sample changer (lu- 
minescent dish monitor, LDM) that 
alternated the dishes between the 

overexpression of each kai gene-all support 
a model in which the kai genes are essential 
to the circadian clock, and the feedback reg- 
ulation of the expression of the kai genes by 
their gene products generates the circadian 
oscillation in cyanobacteria (Fig. 5). In par- 
ticular, negative feedback on the P,,, pro- 
moter by KaiC (Fig. 4F) suggests that KaiC 
could play a role as a "state variable" of the 
circadian oscillator (29), as appears to be the 
case for Drosophila PER and Neurospora 
FRQ proteins (3). To test this hypothesis, we 
overexpressed the kaiC gene temporarily by 
pulse administrations of IPTG (Fig. 4, J to N) 
and found that the phase of the oscillation 
was reset in a way that the model predicts. 
Temporal elevation of kaiC expression ad- 
vanced the oscillation during a phase in 
which native kaiC expression was increasing 
(the subjective-day phase, hours 0 to 12) and 
delayed the oscillation during a phase in 
which the expression was decreasing (the 
night phase, hours 12 to 24). The magnitude 
of the phase shifts was proportional to the 
phase difference between the time of kaiC 
overexpression and the time when the kaiC 
gene was maximally expressed. Thus, the 

standard light c o n d i i  (27 min) 
and darkness (2 min). The bidumi- 
nexence from the d i i  was mea- 
sured for 30 s by a photomultiplier 
tube (Hamamatsu R466S). Signal 
pulses were processed as desaibed 
(37). Biiuminexence intensity was 
normalized to the number of cob- Hours In LL 

nies. A representative mythm D 2 2 2 E among three to eight repkates was -.CwF %-- 7 V -10kb  
shown for each reporter strain. The 2, kb, I katA 

standard deviation at each time 10kb.m @ - 2 3 k b  
point was 4 0 %  of measurements. 
(D) Northern (RNA) blots prepared . . karC 

at hour 8 in U (25). Probes were o 6 12 18 24 30 36 47 48 

kt%-, kaiB-, or kaK-specific The ar- Hours ~n LL 
rowheads i n d i i  a 1.0-kb kaiA 
tranxript and a 23-kb kaK transciipt (E) Northem blots of RNA prepared at hours 0 to 48 in U. probes 
were kad- or kaK-specific 
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level of kaiC expression is directly linked to 
the phase of the oscillation. 

Activation of clock genes is also impor- 
tant for the negative feedback loop to oscil- 
late. Some threshold level of KaiC appears to 
be necessary for full P,,,-promoter activity 
because kaiC expression was reduced by 
kaiC inactivation. Enhancement of P,,,- 
promoter activity by KaiA (Fig. 4G) might be 
important to sustain the circadian oscillation 
of kaiC expression. Severe lowering of 
P,,,-promoter activity by kaiA inactivation 
is also compatible with this hypothesis. Re- 
cently, positive activators for the expression 
of circadian clock genes have been identified 

in Neurospora (9, Drosophila, and mouse 
(4). The Kai proteins have no DNA binding 
motifs as are found in some other clock-gene 
products (4, 5). Thus, unidentified DNA 
binding proteins might be involved in the 
KaiA- and KaiC-mediated regulation of the 
P,,,-promoter activity. At present, we can- 
not suggest any specific role for KaiB. 

Although KaiA would be crucial to sus- 
tain the oscillation, its expression is not likely 
to be controlled directly by the proposed 
feedback loop because P,,-promoter activ- 
ity was affected differently than P,,,-pro- 
moter activity by inactivation and overex- 
pression of the kai genes (Fig. 4, E to I). 

Differences in waveforms of the biolumines- 
cence rhythms of the P,,- and P,,,-re- 
porter strains (Fig. 3, A and B) also support 
this distinction. 

Although the basic feedback structure of a 
clock model for cyanobacteria is similar to 
those for eukaryotes, Kai proteins do not have 
any similarity to known clock proteins in 
Drosophila, Neurospora, or mouse (2-5). In 
Drosophila and Neurospora, time delays in 
the transcription of a clock gene or genes, the 
processing, transport into cytoplasm, and 
translation of its mRNA or mRNAs, and the 
phosphorylation and nuclear translocation of 
a clock protein or proteins are postulated to 

Hours ~n LL Hours in LL Hours in LL 

Fig. 4 (above). Expression of the kai genes in clock mutants, the effects 
of overexpression of the kaiA and kaiC genes on the activity of the Pk ,A Clock-controlled genes and Pka,, promoters, and phase shifts by temporal overexpression of the 
kaiC gene. (A to  D) Expression of the kai genes in clock mutants. 
Bioluminescence of Pka, (USR .,)-, P a , (USR a,B)-, and Pm,-reporter C~rcad~an rhythms 

derivatives of mutants A30a h a i ~ 2 )  [A? B22a Zkai62) (B), C28a (kaiC4) 
(C), and CLAb (kaiC73) (D) was monitored. Only the data for P,,, 
reporter derivatives are shown. In each period mutant (A to  D), the 
period and phase of the rhythms in both Pka,- and PkaIBF-reporter 
strains were similar t o  those of the PpsbAl-reporter straln. In the 
arrhythmic mutant (D), Pka,- and PkaIBc-reporter strains as well as the 
P ,bA,-reporter strain showed arrhythmic bioluminescence. (E and F) 
~f fects  of overexpression of the kaiC gene on PkalBC-promoter activity. 
WT cells (E) and cells carrying a P,::kaiC construct for overexpression 
(F) were treated with 1 mM IPTC. The arrows indicate the time of 
addition of IPTC. (C) Effects of overexpression of the kaiA gene on 
Pka,,-promoter activity. Cells carried a P,::kaiA construct for over- 
expression. (H and I) Effects of overexpresslon of the kaiC gene on the 
Pka, promoter. Cells of a Pka,-reporter strain carrying a P,::kaiC 
construct were treated with water (arrows) (H) or 1 mM IPTG (I). (1 
to  N) Phase shifting by temporal kaiC overexpression by IPTC pulses. 
Cells of a PkamC-reporter strain carrying a P,::kaiC construct were not 
treated (J) or treated with 1 mM IPTG for 6 hours from hours 0 (K). 
3 (L), 15 (M), and 18 (N) in LL. The vertical broken line and the arrows 
indicate a standard phase and phase shifts, respectively. Similar arrows) that generates a circadian oscillation is illustrated. Hatched 
treatments with water did not shift the phase at any time. Monitoring box at left represents an unknown part of the feedback loop. X and Y 
of bioluminescence and representation of data were as described in  are unidentified clock components. a and f3 are unidentified DNA 
the legend t o  Fig. 3. Fig. 5 (right). Feedback model for the binding proteins. The positive effects of KaiC on the P,,, promoter 
circadian oscillator of cyanobacteria. A possible feedback loop (bold- are not shown. See text for explanation. 
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account for a period as long as 24 hours (3). 
However, some of these processes are absent 
in cyanobacteria, which are prokaryotic (30). 
Thus, the phylogenetic relationship of clock 
systems among various organisms still re
mains to be elucidated. Putative KaiB and 
KaiC homologs have been found in archaeal 
genome databases (31). Although a physio
logical function for those homologs has not 
yet been found, this finding might uncover 
the evolution of circadian systems. 
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