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Abstract

Cyanobacteria possess the simplest known circadian clock, which presents a unique opportunity to

study how rhythms are generated and how input signals from the environment reset the clock time.

The kaiABC locus forms the core of the oscillator, and the remarkable ability to reconstitute

oscillations using purified KaiABC proteins has allowed researchers to study mechanism using the

tools of quantitative biochemistry. Autotrophic cyanobacteria experience major shifts in

metabolism following a light-dark transition, and recent work suggests that input mechanisms that

couple the day-night cycle to the clock involve energy and redox metabolites acting directly on

clock proteins. We offer a summary of the current state of knowledge in this system and present a

perspective for future lines of investigation.

INTRODUCTION

Life near the surface of the Earth must contend with a rhythmically changing environment

due to the rotation of the planet on its axis. Apparently in response to this challenge, many

organisms have developed circadian clocks, endogenous timing systems that generate

near-24 hour rhythms in behavior and physiology in anticipation of dusk and dawn. A

defining property of a true circadian clock is that these endogenous rhythms are self-

sustaining and will persist in constant laboratory environments.

Over the past decades, it has become increasingly clear that there are intimate connections

between circadian rhythms and metabolism in plants, animals, and fungi. Strikingly, recent

reports have identified a conserved link between circadian rhythmicity and the oxidation

state of peroxiredoxins in organisms across the kingdoms, though the mechanistic nature of

this link has yet to be elucidated [1]. In this review, we discuss the recent expansion of work

on the simplest known model organism that exhibits circadian rhythms—photosynthetic

bacteria—and what is known about the coupling between the clock and metabolism in these

prokaryotes. Though quite sophisticated in function, the cyanobacterial clock has a relatively

tractable genetic structure compared to plant and animal model systems.
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Remarkably, the fundamental oscillatory mechanism in the cyanobacterial clock can be

reconstituted using a mixture of three purified proteins in vitro [2]. These developments

make it possible to bring the full power of both bacterial genetics and quantitative

biochemistry to bear on the subject of biological rhythms, a topic once limited to

phenomenological studies. We conclude by discussing recent work that has begun to study

how the clock is coupled to metabolism in the context of the reconstituted oscillator—a

minimal system formed by the KaiABC proteins that autonomously generates ~24 h

rhythms. We offer a perspective for future studies analyzing how the circadian clock is

integrated with bacterial physiology in vivo.

THE CYANOBACTERIAL CIRCADIAN CLOCK

Despite long-standing suspicions that regulatory mechanisms in bacteria might be too simple

to support true circadian rhythms, or that the rapid (faster than a day) doubling times of

many bacteria would somehow obviate the need for a circadian clock [3,4], researchers in

the late 1980s discovered a bona fide circadian rhythm in unicellular cyanobacterial species

[5,6]. Significantly, these initial discoveries centered on the relationship between rhythms

and metabolism—unicellular cyanobacteria cannot simultaneously carry out oxygenic

photosynthesis and nitrogen fixation, because the nitrogenases used by these organisms are

poisoned by oxygen. An endogenous circadian rhythm allows a cyanobacterial cell to

temporally separate photosynthesis from nitrogenase activity, even when constantly

illuminated.

Progress into deciphering the molecular mechanisms that generate rhythms in cyanobacteria

proceeded rapidly with the development of the genetically tractable isolate Synechococcus

elongatus PCC 7942 (henceforth S. elongatus, notably not a nitrogen fixer) [3]. The

introduction of bioluminescent and fluorescent reporters into this strain to permit automated

detection of transcriptional rhythms has made it a powerful model organism to investigate

the cyanobacterial circadian system.

Analysis of this organism has revealed many fundamental properties of the clock

mechanism. Time-lapse microscopy studies have indicated that circadian rhythms are nearly

or completely a cell-autonomous phenomenon, and that daughter cells inherit the clock

phase of the mother with high fidelity [7]. Nevertheless, bulk cultures of S. elongatus can

maintain high amplitude, coherent rhythms for many days, reflecting highly robust single-

cell clocks that can preserve a stable phase on the timescale of weeks without further input

from the environment [7,8].

Despite the ability of the circadian rhythm to persist robustly through cell divisions, it is not

true that the cell cycle and circadian clock are uncoupled in this organism. It has been

observed in both turbidostatic bulk culture and in single cells that the circadian clock

imposes an inhibitory control on cell division near dusk (so-called “circadian gating”), so

that cells are discouraged from dividing at clock times corresponding to dusk, though DNA

continues to be replicated [9,10]. Though this phenomenon appears as an isolated inhibitory

window lasting a few hours per day under constant light laboratory growth conditions, in a

cycling environment cell division is completely prevented in the dark, independent of clock
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time. Therefore the phenomenon of clock-gated cell division may instead by viewed as an

anticipatory block on cell division at dusk that briefly precedes the growth-halting effects of

darkness.

Some of the original transcriptional reporters used to measure rhythms in S. elongatus were

fused to the promoters of photosystem genes (e.g. psbAI) which oscillate with a very high

amplitude. Subsequent analysis using both promoter trap methods and microarray analyses

have shown that many (if not all) of the genes in the S. elongatus genome have a rhythmic,

circadian component to their expression [11–13]. These global rhythms in gene expression

are likely related to changes in the supercoiling status of the cyanobacterial genome which

has been shown to oscillate during the circadian cycle [13,14]. Though many temporal

patterns of gene expression can be observed in S. elongatus, the vast majority of genes peak

in expression either near subjective dusk or subjective dawn, when cells are kept in constant

light [11]. As with the case with the circadian control of cell division discussion above,

actual darkness forces a massive reduction in the transcriptional output of the cell, though a

small number of genes are transiently induced in the dark in clock-specific manner [12,15].

Genetic analysis of the S. elongatus clock has been extremely successful at illuminating

many of the molecular mechanisms that underlie rhythmicity in this organism. A cleverly

designed genetic screen identified a locus of three genes, named kaiA, kaiB, and kaiC, all of

which are required for rhythmic transcription and behavior [16]. In a sense we will make

precise in the following section, the kai genes are the core of the oscillatory mechanism.

Further analysis has identified the major clock output pathway, which transduces timing

information from the Kai proteins to control transcription and the rhythmic physiology

described above. The histidine kinase SasA interacts with the Kai proteins and rhythmically

phosphorylates the response regulator RpaA [17]. Phosphorylated RpaA has been shown to

bind directly to a regulon of ~170 genes which include many of the high amplitude genes

which peak at subjective dusk. In the absence of this signaling pathway, no noticeable

rhythms in transcription remain [18]. Thus the Kai oscillator serves as a signaling platform

that interfaces with a canonical bacterial two-component system to control transcription.

Other genes that peak near subjective dawn and the global effects that cause rhythmic

expression of even heterologous promoters may be downstream of this primary regulon.

RpaA controls expression of multiple sigma factors, a modular subunit of RNA polymerase

that may assist in generating global rhythms. Another possibility is that oscillatory

transcription of the RpaA regulon results in rhythms of the metabolic state of the cell that

could influence DNA supercoiling—DNA gyrase activity is known to be quite sensitive to

the ATP/ADP ratio [19].

BIOCHEMICAL RECONSTITUTION

The prevailing models for the generation of circadian rhythms in eukaryotes are based on

transcriptional negative feedback loops, where a gene product ultimately induces the

repression of its own promoter. Because kaiBC is a high-amplitude rhythmic target of the

clock output, it was initially appealing to apply to eukaryotic transcription-centric models to

the cyanobacterial clock [20]. However, circadian rhythms persist in S. elongatus even when
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kaiBC is expressed from constitutive or opposite-phase promoters [21]. An even stronger

result is that circadian timing persists in the dark when gene expression is nearly abolished,

and in the presence of inhibitors of transcription and translation [22]. Under these

conditions, rhythmic phosphorylation of the core clock enzyme KaiC can still be observed.

This line of investigation culminated with the striking report that recombinantly expressed,

purified KaiA, KaiB, and KaiC proteins generate a stable near-24 hour rhythm in a test tube

in the presence of ATP—effectively a reconstituted clock [2]. This reconstituted system has

many remarkable properties in common with the circadian rhythm in vivo. Despite being

based on enzyme-catalyzed reactions, the period of the reconstituted rhythms are quite

resistant to changes in temperature. Many point mutations that alter the period of the clock

in vivo cause similar changes to the period in the reconstituted system [2]. These results

established unequivocally that post-translational interactions between the Kai proteins are

primarily responsible for determining the periodicity of the circadian rhythm, despite the

fact that the kaiBC gene participates in a transcriptional feedback loop. Single-cell analyses

have recently shown that this feedback loop is important for reducing noise in the circadian

rhythm [23]. Taken together, these results raise the question of whether the importance of

post-translational mechanisms in establishing timing in the eukaryotic circadian feedback

loops may be underestimated.

Much biochemical and mathematical modeling work has gone into understanding the basis

of oscillations in the reconstituted system. KaiC is a hexameric enzyme, and each subunit

consists of two similar AAA+ ATPase-like domains, CI and CII [24]. The overall rate of

ATP turnover from KaiC is very slow and reflects the circadian timescale of the oscillations

[25]. Phosphorylation of KaiC occurs through an autokinase reaction at the subunit

interfaces in CII; two residues, Ser431 and Thr432, are phosphorylated in a specific order

due to strong kinetic preferences [26,27]. KaiC can also dephosphorylate itself using the

same active site, acting on Ser431 and Thr432 with similar kinetic preferences, using ADP

as a phosphate acceptor [28,29].

KaiC kinase activity is stimulated by interaction with KaiA [30]. At the transition from the

phosphorylation phase of the oscillation to the dephosphorylation phase, increasing Ser431

phosphorylation promotes KaiB binding to KaiC. This KaiB•KaiC complex can then trap

KaiA, leaving it unable to activate KaiC molecules and allowing dephosphorylation to occur

[27].

The basic logic of an activator (KaiA) that is inhibited when KaiC reaches a critical

phosphorylation state is a potential mechanism that couples many KaiC molecules together.

This coupling ensures that KaiC molecules that begin to drift out of phase will be brought

back in sync, making the oscillation a collective property of all of the molecules in the

reaction. This collective behavior helps to explain the remarkable robustness of the rhythms

in single cells—because there are many 1,000s of KaiC molecules coupled together in each

cell, progression through a cycle involves thousands of elementary reactions as each KaiC

hexamer becomes phosphorylated, essentially averaging over the fundamental stochasticity

in each underlying chemical reaction. Thus, the Law of Large Numbers may effectively

suppress stochasticity in the clock time [31].
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GENETICS OF CLOCK INPUT

Though the Kai proteins alone are capable of generating a highly robust rhythm, there must

be additional mechanisms in the cell that cause this rhythm to synchronize appropriately

with light-dark cycles in the environment. Genetic screens based on random mutagenesis or

transposon insertions to identify mutants with clocks that did not respond appropriately to

perturbation by a 4–5 hour dark pulse yielded two results: a point mutation in kaiC (A422V)

[32] and the deletion of a histidine kinase named cikA (circadian input kinase) [33].

Although CikA has phytochrome-like properties by sequence analysis, it does not appear to

function as a direct light sensor [34]. Recent genetic and biochemical analysis has indicated

that CikA plays a role in the clock output mechanism and modulates RpaA phosphorylation

[35,36]. Thus, the basis of the clock input phenotype of cikA-null remains opaque. Further,

even the clock of cikA-null cells can be effectively reset by a 12 hour dark pulse, implying

that there must be cikA-independent input mechanisms.

METABOLIC INPUT IN VITRO

An alternative hypothesis is that information about the time of day can be communicated to

the Kai oscillator through photosynthesis directly. This idea is attractive since, as a

phototroph, the metabolic state of S. elongatus is highly dependent on light availability.

Further, it is known that the phase of the circadian rhythm can be reset through prolonged

treatment with a photosynthesis inhibitor, similar to the effect of a dark pulse [37].

This led us and others to look for direct interactions between the Kai proteins and

metabolites that change in response to a loss of photosynthetic activity. Because ATP is a

required cofactor for KaiC phosphorylation, ATP levels were a natural target. Although

ATP is present at saturating concentrations for KaiC binding in vivo, the ATP/ADP ratio is a

potent regulator of KaiC’s autokinase activity [38]. By simulating the changes in ATP/ADP

that occur during a dark pulse, we were able to recreate phase shifts in the purified oscillator

that mimic those seen in vivo [38] (Fig. 2). Despite the impact of ATP/ADP on KaiC kinase

activity, the period of the purified oscillator is remarkably insensitive to sustained changes

in ATP/ADP. We recently proposed a mechanism to account for this “nutrient

compensation” of the oscillator period based on an invariant delay in KaiB binding set by

slow CI ATPase activity [39].

Similarly, it has been recently shown that KaiA reversibly aggregates in the presence of

oxidized quinone, and that this metabolic input can also be used to create phase shifts in the

purified oscillator [40,41]. Because flow through the electron chain ceases on a faster

timescale than ATP depletion in the dark, it has been suggested that redox signals through

quinone and energy signals through ATP/ADP work together during a dark pulse to

appropriately reset the clock [41].

CONCLUSIONS

The reconstituted KaiABC oscillator presents a uniquely powerful tool for unraveling the

mechanisms responsible for clock input, because various effects can be studied in isolation.
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We expect that combining this biochemical approach more closely with genetics will lead to

an integrated understanding of how the oscillator functions in its in vivo context.

A major question that remains to be answered involves the relationship between the cikA-

null and kaiC (A422V) mutant phenotypes and the metabolic mechanisms that have been

characterized biochemically. One possibility is that CikA is involved in a separate input

mechanism with the ability to partially override metabolic signals. Another is that these

mutants might alter the state of the cell so that the metabolic contrast between light and dark

is less severe.

We currently lack a complete structural understanding of how ATP/ADP and quinone act on

the Kai proteins to alter their activity. Similarly, we do not know how changes in abundance

of the Kai proteins might alters the system’s response to metabolic cues. Relatedly, it should

be noted that darkness halts the transcription of the kai genes while allowing post-

translational modifications to continue, and that this likely has implications for clock input

[42]—the suppression of transcription by darkness can itself be thought of as a metabolic

input.

Finally, it has become clear that metabolism is intimately involved with clock input, but

does the clock itself generate important rhythms in metabolism? Many genes involved in

central carbon metabolism are under clock control [13]. There is certainly a precedent for

this in the circadian field, particularly in plants [43,44], but clear evidence for metabolic

rhythms has been scant so far in cyanobacteria. If indeed a major function of the circadian

clock is to prepare the metabolic state of the cell for changes in the environment, it may

point the way to uncovering the basis of clock-dependent fitness advantages [45].
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HIGHLIGHTS

We discuss the role of cyanobacterial clock in regulating cell physiology

We summarize the biochemistry of the Kai proteins

We discuss recent results connecting clock input to metabolism
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Figure 1.
Schematic of cyanobacterial clock. The core oscillatory mechanism consists of post-

translational modification of KaiC and interactions with KaiA and KaiB. Rhythmic

interactions between SasA and KaiC lead to phosphotransfer to the response regulator

RpaA. RpaA targets many genes, including kaiBC.
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Figure 2.
Reconstitution of metabolic clock input. (A) Clock resetting in vivo. A luminescence

reporter of clock-driven transcription is recorded while cells grow in constant light. The

experimental culture (blue points) is exposed to a 5 hour dark pulse (gray bar) which shifts

the phase of the subsequent rhythm relative to a control (black points). (B) Energy charge

drops in darkness. Measurement of [ATP]/([ATP] + [ADP]) during a similar dark pulse

(gray bar). (C) Simulating changes in ATP/ADP ratio to match those seen in vivo using a

buffer exchange protocol recapitulates phase shifts in the purified system. ATP/ADP is

Pattanayak and Rust Page 12

Curr Opin Microbiol. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



lowered for the experimental reaction (blue points) relative to a control (black points) during

the gray bar.
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