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The circadian clock of cyanobacteria

Takao Kondo*“ and Masahiro Ishiura

Summary

A circadian clock, with physiological characteristics simi-
lar to those of eukaryotes, functions in the photosynthetic
prokaryote, cyanobacteria. The molecular mechanism of
this clock has been efficiently dissected using a luciferase
reporter gene that reports the status of the clock. A circa-
dian clock gene cluster, kaiABC, has been cloned via
rhythm mutants of cyanobacterium, Synechococcus, and
many clock mutations mapped to the three kai genes.
Although kai genes do not share any homology with clock
genes so far identified in eukaryotes, analysis of their ex-
pression suggests that a negative feedback control of kaiC
expression by KaiC generates the circadian oscillation and
that KaiA functions as a positive factor to sustain this
oscillation. BioEssays 22:10-15, 2000.

© 2000 John Wiley & Sons, Inc.

Introduction

Circadian rhythms, oscillations with approximately 24 h pe-
riods in many physiological activities, are found in a wide
spectrum of organisms.™ Three distinct characteristics of
circadian oscillation are required in order that these rhythms
function as a “clock.” These are: (1) persistence of the
rhythms in the absence of external time cues; (2) resetting
the phase by light or dark; and (3) temperature compensa-
tion of the circadian period. Thus, the circadian clock that
controls the rhythm is assumed to be a fundamental function
of living cells to adapt to the alternation between day and
night.@ Physiological studies have elucidated the basic
structure of many circadian systems; it is composed of a
central oscillator located within the cell which controls out-
put pathways that drive the observable rhythms. The phase
of the oscillation is set by an input pathway that responds to
external time cues. The molecular mechanisms that gener-
ate the oscillation remained a mystery for many years, how-
ever. Attempts to study the clock by pharmacological or
biochemical approaches were impeded by the fact that the
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rhythms measured in these studies were merely the “hands”
of the clock.® More recently, molecular genetic approaches
in Drosophila, Neurospora, and mice have revealed the basic
mechanism of the oscillator at the molecular level.“.5

Finding the circadian clock in cyanobacteria
Following several negative results in identifying time-depen-
dent fluctuations in bacteria, the circadian clock was initially
assumed to exist only in eukaryotes. However, in the last
decade, circadian rhythms have been reported in several
strains of nitrogen-fixing cyanobacteria (reviewed in Ref. 6)
Alternation of day and night dominates the metabolism of
photoautotrophic cyanobacteria that fix nitrogen. During
daylight, photosynthesis by these bacteria generates oxy-
gen from water, but since the nitrogenase enzyme is sensi-
tive to oxygen, nitrogen fixation in cyanobacteria has to be
isolated from this oxygen. Filamentous cyanobacteria solve
this problem by the development of specialized cells called
heterocysts. In these multicellular species, vegetative cells
produce oxygen through full-chain photosynthesis but do
not fix nitrogen, while heterocysts turn off photosystem Il
when they express the nitrogenase enzyme. This spatial
segregation is clearly not possible in unicellular species,
however. In these, the temporal separation of the two in-
compatible activities — photosynthesis in the day and nitro-
gen fixation during night — has been observed. Mitsui et
al."” were the first to describe a daily oscillation of nitroge-
nase activity of a marine cyanobacterium. Huang and co-
workers later reported the circadian rhythms of nitrogenase
activity and amino acid uptake in a freshwater nitrogen-
fixing strain, Synechococcus sp. RF1. They demonstrated
that period of these rhythms were temperature compen-
sated, and the phases were reset by light signals.@-10 A
circadian rhythm in cyanobacterial cell division was also
reported by Sweeney et al.(') and the rhythms of photosyn-
thesis and/or nitrogen fixation observed in the cyanobacte-
ria, Cyanothece('? and Trichodesmium.(® These findings
suggested two points: (1) circadian oscillators can function
in the absence of eukaryotic cell structure; and (2) cya-
nobacteria could be a model system for molecular ap-
proaches to the circadian clock, because it is the simplest
organism known to possess this activity.

An artificial “hand” of the clock — a luciferase
reporter gene

Bioluminescence provides a continuant method to monitor
circadian rhythm, as exemplified by many studies with the
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bioluminescent dinoflagellate, Gonyaulax.( The light out-
put can be measured with great sensitivity without destroy-
ing the cells. Therefore, designing a bioluminescence sys-
tem that reports a status of the oscillator could greatly
facilitate rhythm analyses. If the activity of a particular gene
promoter were controlled by an endogenous circadian
clock, luciferase DNA inserted downstream of such a pro-
moter should be expressed under clock control. By contin-
uously administering the luciferase substrate, the rhythmic
control of the circadian clock over the target promoter
should be monitored as daily oscillations in the intensity of
bioluminescence. This strategy has been successfully ap-
plied also in Arabidopsis(*® and Drosophila.(16)

We selected a strain of cyanobacterium, Synechococcus
sp. PCC 7942 (Synechococcus hereafter), that is easily
transformed by exogenous DNA and is widely used in mo-
lecular genetic studies.('” The size of this organism’s ge-
nome is 2.7 Mb, which is smaller than that of E. coli. Syn-
echococcus cells were transformed with a construct
containing the promoter of the psbA gene that encodes a
major component of the photosystem Il reaction center (D1
protein(®) driving expression of the bacterial luciferase
(luxAB) gene (Fig. 1). LuxAB was chosen because its volatile,
hydrophobic substrate, n-decanal, diffuses directly into Syn-
echococcus. Bioluminescence of the transformed Synecho-
coccus cells oscillate with a period of approximately 24 h for
more than 10 cycles in constant light conditions (LL). More-
over, the phase of the rhythm is reset by a single dark pulse
in a phase-dependent manner and the period length is little
altered by temperature. Therefore, the rhythms of prokary-
otic Synechococcus satisfy the three salient criteria for cir-
cadian rhythms that are established in eukaryotes.('9 This
transformed Synechococcus is one of the simplest model
systems for the circadian oscillator.

Temporal orchestration of gene expression in
cyanobacteria

Initially, the psbAl gene was considered unique in being under
a control of the circadian clock; hence, it seemed highly fortu-
nate that this promoter was chosen for these experiments. A
promoter trap strategy revealed that the circadian clock in
Synechococcus dominates the entire metabolism of the organ-
ism, and almost every gene is controlled by the circadian
clock.@9 In this comprehensive search for genes expressed
under clock control, Synechococcus genomic DNA fragments
were fused to the promoter-less luxAB gene and the fusion
transformed into wild-type Synechococcus. By homologous
recombination into the chromosome, the region of DNA sur-
rounding the insertion site was expected to be duplicated so
that the intact original gene and the reporter fusion should
remain after the insertion event. By monitoring biolumines-
cence of transformants, therefore, it is possible to assay pro-
moters that are included in the library insert DNA (“promoter
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Figure 1. Circadian organization of Synechococcus. This or-
ganization is composed from an Oscillator, an Input and an
Output, as illustrated. Oscillator: In this prokaryotic model, kaiC
expression is regulated both by positive action through KaiA
and by negative feedback by KaiC. «, x, y and z represent
possible transcription factors, as yet unidentified. Input: Exter-
nal light signals are transferred to the oscillator to reset the
phase of the oscillation; the relevant receptor molecule(s) and
their action on the oscillator are unknown. Output: Through
unknown transcription factor(s), the oscillator controls a diverse
set of gene expression. A pathway that is influenced by rpoD2
and cpmA regulates psbAl and other genes. Reporter: The
PpsbAl:luxAB construct is inserted in to a NS (neutral site in the
genome'?) and, experimentally, serves as an artificial hand of
the clock. By administrating the luciferase substrate (decanal),
the reporter strain bioluminesces with a circadian rhythm, which
is altered, often dramatically, by induced mutations, most of
which are in the kai gene cluster.

trap”). Unexpectedly, all of the bioluminescent transformants
(800 clones) of Synechococcus expressed clear rhythmic
patterns.

The activity of up to 80% of the promoters assayed
oscillate with a phase similar to that of PpsbAl in which
bioluminescence peaks near the end of day. Some of these
genes are likely to be directly regulated by the clock via cis
elements and trans factors, which coordinately regulate the
expression of groups of genes. It seems unlikely that each of
them is controlled by a specific regulatory factor, however.
Some global factor(s) that influence the transcriptional rate
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of many genes are also thought to be involved. For example,
the rpoD2 gene that encodes a sigma factor of RNA poly-
merase@? and recently identified cpmA gene®? control a
subset of these genes. Moreover, rhythmic alteration in en-
ergy metabolism, such as redox state or energy charge,
could influence the transcriptional rate of many genes. Some
clones oscillate in the reverse phase to that of the PpsbAl
promoter, however. Possibly, this expression pattern would
apply to genes encoding enzymes that are oxygen sensitive;
because photosynthesis inevitably generates oxygen, the
activation of these enzymes might be best performed pri-
marily in the night. purF, which encodes an oxygen-sensitive
enzyme of the purine nucleotide biosynthetic pathway,@3 is
an example of such a gene.

Adaptive significance of circadian clock in
cyanobacteria

It is widely believed from an evolutionary perspective that
circadian clocks improve survival by facilitating adapta-
tion to the environment.@ More specifically, circadian
regulation enables a predictive control to achieve the
maximum efficiency in metabolism, whereas passive re-
sponse to environment signals would be reactive. In uni-
cellular cyanobacteria, the circadian clock could precisely
regulate photosynthetic genes to be active during day and
genes involved in nitrogen fixation to be active at night.
However, the merit of circadian control is not always so
obvious. In many species, clock mutants (including ar-
rhythmic mutants) survive as well as wild-type organisms,
at least in laboratory conditions. This casts doubt upon
the adaptive significance of the circadian clock. Enhanced
fitness of wild-type cyanobacteria has been demonstrated
by competition experiments, however.24 In these studies,
wild-type and period mutants were cultured in the same
test tube, so that the two strains competed against each
other for their growth under exactly the same conditions.
The results clearly indicated that the strain with the period
most similar to that of the external light/dark cycles was
most successful. Similar results have been obtained in the
studies of the lifespan of Drosophila clock mutants.@5

Synechococcus as a model system for molecular
genetic dissection of the circadian oscillator
Bacterial molecular genetics has been facilitated by the
ability to detect mutant phenotypes of individual colonies on
agar plates. Using a cooled-CCD camera and a custom-
designed software, it is possible to monitor the circadian
rhythms of more than 10,000 independent colonies simulta-
neously. From 500,000 clones that were mutated with eth-
ylmethanesulfonate, more than 100 clock mutants were iso-
lated.@® Period mutants exhibited robust rhythms with
altered periods of between 14 and 60 h, and other mutants
showed arrhythmia and distorted waveforms. All rhythmic

strains were entrained by dark pulses and were able to
compensate for temperature. These mutations appear
clock-specific because all the mutant strains grow as well as
wild-type cells.@®

The kai gene cluster as a central component of the
cyanobacterial clock
Efficient genetic complementation of mutant phenotypes is
possible in Synechococcus by introduction of a wild-type
genomic DNA library into an array of cells. In this way, a
gene cluster composed of three novel open reading frames
was identified in DNA fragments recovered from rescued
clones of several different rhythm mutants.@”) Following this,
more than 25 mutations — including short-period, long-
period, low amplitude, and arrhythmic phenotypes — were
mapped to these three ORFs. This gene cluster was named
kai (cycle in Japanese), with the ORFs termed kaiA, kaiB, and
kaiC (Fig. 1).en

Interestingly, amino acid sequences of Kai proteins do
not share homology to any clock genes so far identified in
other organisms.® Deletion of the kai gene cluster or inac-
tivations of each kai gene individually completely abolished
rhythmicity, and re-introduction of the whole kai gene cluster
restored the rhythm.@”) From this, it is evident that all three
kai genes are crucial for the circadian rhythm of Synecho-
coccus. Moreover, more than 50 clock mutants so far ex-
amined were all complemented by introduction of DNA from
the kai gene cluster, regardless of the diverse mutant phe-
notypes. These results imply that the function of kai genes
represent the principal feature of the cyanobacterial circa-
dian clock. In addition, the normal growth of a kai knockout
clone suggests that kai genes are dedicated to the genera-
tion of circadian oscillations. It is possible that other genes
that are also important for clock function might contribute to
cellular metabolism in other ways and so be discriminated
against the screening strategy that requires normal growth.
At present, a pex gene, mutation of which extends the
circadian period by 1 h, is the only rhythm-related gene
found in Synechococcus.@8)

Molecular cycling models for the circadian
oscillator

In the absence of external time cues, circadian rhythms
persist for many cycles, sometimes for a half year. Thus, the
circadian oscillator is a self-sustaining oscillator, and damp-
ing observed in constant conditions could be attributed to
difficulties in culturing organisms under the conditions that
allowed assay of such oscillations. Self-sustained oscilla-
tions are found everywhere in nature, from physical oscilla-
tions to ecological phenomena and can be discussed by
using a mechanical analogy. Assume an object is connected
to a wall by a spring and placed on a conveyer belt that
moves in one direction at constant speed. If friction between
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the object and the belt is not influenced by the relative
velocity of the object, forces associated with friction and the
spring will be balanced, and the oscillation of the object will
damp quickly. In reality, however, friction is slightly larger
when the relative speed is low. So, moving the object by
friction will lower the relative speed and further increase the
friction. This positive feedback will make the deviation of the
object larger, while the force of the spring always acts to
restore the deviation of the object (negative feedback). As a
result of positive and negative feedback actions upon the
object, the object will generate the stable oscillation.

In biology, similar mechanisms could operate in many
ultradian rhythms (whose periods are shorter than 24 h),
such as those seen in cytoplasmic streaming of Physarum or
glycolysis of yeast extracts.?9 In the circadian oscillator,
negative feedback associated with the transcription and
translation of specific gene(s) could be involved. In this
regard, clock genes cloned in Drosophila (per and tim),
Neurospora (frq), and Synechococcus (kaiC) could function
as key components to define the oscillation, as the object in
the physical models does, because these genes satisfy the
following fundamentals: (1) Mutations of these genes signif-
icantly alters the circadian phenotype; (2) null mutations
abolish more than one kind rhythmic output; (3) expression
of these genes is rhythmic and inhibited either directly or
indirectly by the translation products.“. 9 In Drosophila, PER
and TIM form a complex,@0. 31 move to the nucleus and
down-regulate the CYC-dCLOCK complex that activates
per and tim expression.©®2-34) In Neurospora, expression of
frq is repressed by FRQ and the WC1:WC2 protein complex
appears to function as an activator of frq’s autoregulatory
oscillation. A similar model has been proposed in mice,
involving mPER and BMAL1 and CLOCK.®9 (See Ref. 5 for
a review of eukaryotic clock models.)

How do the kai genes generate the rhythm in cyanobac-
teria? Transcriptional analysis should provide important in-
formation to address this question.@” The kai gene cluster of
Synechococcus is transcribed by two promoters, PkaiA (for
kaiA) and PkaiBC (for kaiB and kaiC). Both promoters medi-
ate rhythmicity (of the same phase) for the respective
mRNAs. Overexpression of the kaiC gene immediately and
completely represses its own PkaiBC promoter. This strong
negative autoregulation of kaiC expression by KaiC sug-
gests that KaiC functions as the key component of the
circadian oscillation of cyanobacteria (as the oscillating ob-
ject in the physical model does). On the other hand, inacti-
vation of kaiA lowers PkaiBC activity and kaiA overexpres-
sion dramatically increases PkaiBC activity. As expression of
kaiA is in phase with kaiBC activity, kaiBC expression seems
to positively autoregulated by KaiA. Thus, KaiA might func-
tion as a positive factor that generates or sustains the KaiC
oscillation. Figure 1 illustrates the model of Synechococcus
oscillator based on expression of kai genes and Kai proteins.

If expression of clock genes and the proteins they encode
are key components of the circadian oscillator, such that the
level of the expression directly defines the phase of the
oscillation, a temporal alteration in the expression should
alter the phase of the oscillation. Alternatively, light pulses
that shift the phase of the rhythm should alter the expression
of these genes. In Drosophila, light pulses promote degra-
dation of the PER/TIM complex®6.37) and alteration in the
expression of frq in Neurospora and mper in mice by a light
pulse explains light-induced phase shifts of their biological
rhythms.@8:39) In Synechococcus, over-expression of kaiC,
shifts the phase of the oscillation in a way predicted by the
kai-based model.@”) The phase was advanced by overex-
pression of kaiBC when PkaiBC activity was on the rise and
delayed when PkaiBC product levels waned. Thus, these
results favor a model in which expression of the kaiC gene
and its products function as the key components of the
Synechococcus oscillator.

Cycling by the circadian period

It is possible that the clock genes identified to date do not
form the central circadian oscillator. An alternate possibility,
that the loops so far identified function in closely related
peripherals of the oscillator, is still possible.#% Many ques-
tions about the circadian mechanism remain to be an-
swered. In the case of Synechococcus, transcription factors
that form the feedback loop need to be identified, for no
DNA-binding motif has been identified in the Kai proteins.@?)

At present, no clock model explains the molecular mech-
anism that accounts for the key feature of the circadian
oscillations, the length and stability of the 24 h rhythm (see
below). As mentioned previously, single amino acid substi-
tutions in KaiC alter the period of the Synechococcus rhythm
to as short as 14 h or as long as 60 h.@" At present, no
biochemical function of the Kai protein can be predicted
from the amino acid sequence, except for two ATP/GTP
binding domains (Walker’s p-loop) have been identified in
KaiC. These domains seem to be important for the genera-
tion of circadian oscillation, because mutations in those
motifs greatly alter rhythmicity (unpublished data).

In eukaryotic clock systems, protein-protein complexes
(mediated via PAS domains) are thought to be crucial for
generating the circadian oscillation. In Drosophila, cytoplas-
mic accumulation of PER and TIM and phosphorylation of
PER“ leads to formation of a heterodimer that can move to
the nucleus, where it is thought to reduce per and tim
transcription by inhibiting the CLK-dCLOCK activity.“542) In
Synechococcus, various heterotypic and homotypic associ-
ations among the three Kai proteins have been demon-
strated in yeast cells (using the two-hybrid assay system), in
vitro (by the GTS-pull-down assay), and in Synechococcus
cells. Moreover, a long period mutation, kaiA1, enhanced
these interactions.“3 Homodimeric interaction of KaiB in
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vivo has also been demonstrated.“4 These results suggest
that physical interactions among the Kai proteins are impor-
tant for generation of circadian rhythms in Synechococcus.
Time delay in the feedback process is expected to be
important in generating the period of circadian oscillators.
The clock models of Drosophila and Neurospora assume
that an important timing mechanism of a circadian feedback
loop is the transport of the clock proteins (PER, TIM, FRQ
and mPER) from the cytoplasm, where they are synthesized,
to the nucleus, where they affect the expression of the genes
encoding these proteins. The time required for the nuclear
translocation of the clock protein(s) is postulated to account
for a period as long as 24 h.#.5.42) Thus, in eukaryotic organ-
isms, cell division, which disrupts and divides the nuclear
structure, might interfere with this feature of circadian timing
mechanisms. In fact, no circadian rhythm has been reported
for cells dividing faster than the circadian period.® Cya-
nobacteria have no nuclear envelope, however. Moreover,
Synechococcus that divide as rapidly as 6 h show robust
circadian rhythmicity. This was demonstrated in continu-
ously diluted cultures®9 and confirmed by curve fitting of
observed bioluminescence to an exponential growth model
of nondiluting culture.“® Thus, if a similar mechanism ap-
plies in prokaryotes, cell division and DNA replication events
must either be less disruptive to the circadian functions than
in eukaryotes, or an alternative compartment must serve the
sequestration function in cyanobacteria. It is possible that
the eukaryotic clock has evolved to function in eukaryotic
genetic system, and intraorganelle events may have been
incorporated that have no parallel in cyanobacteria.

Evolution of the circadian clock
Similarities between physiological characteristics of circa-
dian rhythms among diverse organisms anticipate that the
unique daily clock system evolved only once, and has been
evolutionarily conserved, as is the case for many fundamen-
tal biochemical processes. The proteins encoded by clock
genes in different organisms do not share sequence similar-
ity, however.® It appears more likely that the clock systems
developed independently in cyanobacteria, fungi, and ani-
mals, and probably also in plants. Natural selection by the
alternating environment apparently creates pressure to pro-
mote the evolution of similar clock properties. This idea
should not be surprising because negative feedback of gene
expression is the rule in living cells, rather than the excep-
tion. In each group of organisms, one (or a few) feedback
systems has developed mechanisms for self-sustained os-
cillation (necessarily associated with activator components)
and temperature-compensation of periods, each evolving
analogous 24 h clocks.

To explore these evolutionary issues within bacteria, our
search for homologues of the kai gene cluster has identified
homologues in various species of cyanobacteria such as

Anabaena sp. PCC 7120, Synechococcus vulcanus, and
Synechocystis sp. PCC 6803. Thus, kai genes are common
to the cyanobacteria group, while homologues of kai genes
are not found in databases of eubacteria, and no circadian
rhythm has been found in prokaryotes other than cyanobac-
teria. Putative KaiB and KaiC homologues are found in ar-
chaeal genome, however. While no physiological function
for these proteins in Archaea has been identified, a phylo-
genetic tree based on these sequences suggests that cya-
nobacterial KaiC is derived from Archaea (Ishiura et al., in
preparation).

Another interesting point is the possible relationship be-
tween the clock of cyanobacteria and that of higher plants.
Is the cyanobacteria clock the ancestor of plant clocks, as is
the case for the factors subserving photosynthesis? It is
conceivable that kai genes were incorporated into ancestral
plant cells along with photosynthetic genes. While molecular
cycling models have not yet proposed for plants, several
studies have identified clock-related genes.“7-49 But, no
homologue of Kai has been found in the plant genomes so
far sequenced. Thus, it may be that plants evolved a clock
system independently based on an entirely different origin.
Even if the proposed evolutionary transfer occurred, an os-
cillator based on Kai must have changed considerably, since
prokaryotic gene regulation would be subject to modifica-
tion after translocation to the eukaryotic nucleus.

Future directions

Molecular genetic dissection of the circadian system of cya-
nobacteria has revealed the basic structure of Kai-based
oscillator. As cyanobacteria are amenable to molecular anal-
ysis, further studies might make the current model more
realistic by uncovering as yet unknown links in the oscillatory
loop and biochemical mechanisms that account for circa-
dian period and its stability. Moreover, understanding the
cyanobacterial oscillator will shed light on the phylogeny of
the circadian system in diverse organisms.
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