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Synchronization of the circadian clock in cyanobacteria with the
day/night cycle proceeds without an obvious photoreceptor, leav-
ing open the question of its specific mechanism. The circadian
oscillator can be reconstituted in vitro,where the activities of two of
its proteins, KaiA and KaiC, are affected by metabolites that reflect
photosynthetic activity: KaiC phosphorylation is directly influenced
by theATP/ADP ratio, andKaiA stimulation of KaiC phosphorylation
is blocked by oxidized, but not reduced, quinones. Manipulation of
the ATP/ADP ratio can reset the timing of KaiC phosphorylation
peaks in the reconstituted in vitro oscillator. Here, we show that
pulses of oxidized quinones reset the cyanobacterial circadian clock
both in vitro and in vivo. Onset of darkness causes an abrupt
oxidation of the plastoquinone pool in vivo, which is in contrast to
a gradual decrease in the ATP/ADP ratio that falls over the course of
hours until theonset of light. Thus, these twometabolicmeasures of
photosynthetic activity act in concert to signal both the onset and
duration of darkness to the cyanobacterial clock.
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The circadian clock in cyanobacteria provides an adaptive ad-
vantage when the period length of endogenous physiological

and genetic cycles resonates with the length of the external day–
night cycle (1). In circadian systems from diverse organisms from
cyanobacteria to mammals, the physiological processes that os-
cillate with an endogenous circadian rhythm become synchronized
with the environmental variation that is generated by the rotation
of Earth, and external cues modulate the relative timing of peaks
and troughs of activity (2). However, the mechanisms by which
environmental input is conveyed to the central oscillator are di-
verse. In mammals, plants, fungi, and other eukaryotic species,
specific photoreceptors have been identified that directly or in-
directly modify the activities of transcription factors, which are
components of interlocking feedback loops of the circadian clock
(3). The cyanobacterial circadian clock is unique in that the cir-
cadian oscillator is a physical entity that can be reconstituted in
vitro, and the mechanisms of input can be tested directly (4).
In the circadian model, cyanobacterium Synechococcus elon-

gatus, a kinase called CikA, is required to enable the timing of
peaks of circadian rhythms to be reset to an environmental cue
that is equivalent to a change of four or more time zones (5).
Although CikA shares domain features with phytochromes,
which serve as photoreceptors in plants and many bacteria, it
does not function as a photoreceptor (6). Moreover, inactivation
of any of the photoreceptor genes identifiable in the S. elongatus
genome has no effect on circadian rhythms of gene expression
(7). These data suggest another route for conveying light in-
formation to the clock. Two key metabolic changes accompany
the transition from light to darkness in cyanobacteria and have
the potential to serve as proxies for light: the ratio of ATP to
ADP, which depends on photophosphorylation, and the redox
state of the plastoquinone (PQ) pool, which connects photosystem
II (PSII) and the cytochrome b6f complex in the photosynthetic
electron transport chain.

The cyanobacterial circadian oscillator is composed of three
proteins: KaiA, KaiB, and KaiC (4). The phosphorylation state
of KaiC oscillates with a 24-h rhythm both in vivo (8) and in
a mixture with the other Kai proteins in vitro (hereafter, referred
to as the in vitro oscillator mixture) (Fig. 1A). KaiA enhances
autophosphorylation of KaiC, whereas KaiB activates KaiC
autodephosphorylation by inhibiting KaiA function (9–11). Pre-
vious work showed that the ATP/ADP ratio affects KaiC phos-
phorylation directly and that manipulation of this ratio in the in
vitro oscillator mixture can mimic resetting of the circadian
phase of rhythms in vivo (12). The C-terminal domain of KaiA is
known to enhance KaiC phosphorylation by binding to the A-
loops of KaiC (11, 13); the N-terminal pseudoreceiver domain of
KaiA is related to signal transduction receiver domains, sug-
gesting a regulatory role (9). We previously showed that the
pseudoreceiver domains present in both CikA and KaiA bind
quinones (9, 14–16). Importantly, only oxidized quinones bind to
the pseudoreceiver domains of KaiA, forming KaiA aggregates
that cease to stimulate KaiC phosphorylation (15); this redox
selectivity suggests that reversible binding and aggregation is
a sensory mechanism for entraining the oscillator. Here, we show
that oxidized quinones, markers of the onset of darkness in
S. elongatus, reset the clock both in vivo and in vitro. We propose
that this sensory mechanism, acting through KaiA, works in
concert with [ATP]/[ADP] sensing by KaiC to signal both the
onset and duration of darkness to the clock.

Results
Oxidized Quinones Applied in the Phosphorylation Phase of KaiC
Induce a Phase Shift in the in Vitro Oscillator Mixture. A circadian
rhythm is, by definition, sensitive to environmental cues (2), and
treatments given at different times in the clock cycle generate
different outcomes for the behavior under study [known as
a phase response curve (PRC)] (17). In S. elongates, a 4- to 8-h
dark pulse applied during the phosphorylation phase of the KaiC
cycle induces striking phase shifts in gene expression rhythms,
but it has little effect if applied during the dephosphorylation
phase (Fig. 2) (12). We used this property to test the phase-
dependent effect of KaiA quinone sensing in the in vitro oscil-
lation mixture by applying quinones (15). We found that 4.8 μM
oxidized 2,3-dimethoxy-5-methyl-p-benzoquinone (Q0) was suf-
ficient to trigger complete dephosphorylation of KaiC, and the
addition of the reducing agent dithionite recovered KaiC phos-
phorylation activity (Fig. 1 B and C). Application of oxidized
Q0 for different durations during both phosphorylation and de-
phosphorylation phases, expected to mimic a dark pulse, had
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phase-dependent effects. The addition of oxidized Q0 for 2–12 h,
only during the phosphorylation phase of the KaiC cycle, in-
duced a shift in the phase of subsequent peaks of phosphoryla-
tion (Fig. 1B). The addition of oxidized Q0 during the dephos-
phorylation phase of KaiC (Fig. 1C) or dithionite alone at any
time during the cycle (Fig. S1) did not induce a phase shift. The
decrease in peak phosphorylation is characteristic of Q0 treat-
ment and likely reflects the inability of dithionite to fully disag-
gregate KaiA (15).

Quinone-Induced Phase Advances, but Not Delays, Were Observed in
Vitro. This phase-selective effect corresponds to the previously
reported PRC for gene expression rhythms generated by dark-
pulse treatment of cyanobacterial cultures (18) and predicted that
a 4-h addition of oxidized Q0 should be equivalent to a 4-h dark
pulse. To test this hypothesis, 4-h pulses of oxidized Q0 were ad-
ministered at different points throughout the cycle to generate
a PRC (Fig. S2). The data from Q0 pulses in the oscillator mixture
matched well with previously reported PRCs from bioluminescence
rhythms of reporter genes for phase advances, but phase delays
were not observed in vitro (Fig. 2). In contrast, the previously
reported method of entrainment by modulating the ratio of ATP/
ADP in the oscillator mixture (12), which acts through KaiC,
induces both phase advances and delays.

PRC Generated by Administration of Oxidized Quinones in Vivo
Corresponds to the PRC Induced by 4-h Dark Pulses. It is possible
that the effect of quinone modulation is limited in vitro, because
only KaiA, and not CikA, is affected in the in vitro oscillator
mixture. Thus, Q0 administration was used in vivo to determine
the PRC of oxidized quinone in the intact system. Q0 was added
to cyanobacterial reporter strains at different circadian times,
and the timing of subsequent bioluminescence peaks was de-
termined. Phase shifts were observed on addition of a 20-μL drop
of Q0 solution at or above 3 mM (Fig. S3). At circadian times
(CTs) 9 and 17, phase advances were observed, whereas ad-
ministration at CT 24 resulted in a phase delay, which is in
agreement with the previously reported PRC for 4-h dark pulses
(Fig. 2) (18). Thus, oxidized quinones can reset the clock in both
directions, but the isolated minimal oscillator is limited in its
response to this signal.
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Fig. 1. KaiC phosphorylation in vitro. (A) SDS/PAGE of KaiC in the in vitro oscillator mixture. The ratio of bands of phosphorylated KaiC (P-KaiC) to
unphosphorylated KaiC (U-KaiC) oscillated in an ∼24-h period. This gel corresponds to the second trace in C. (B) Phase-selective effect of addition of oxidized
Q0 on the in vitro KaiC phosphorylation cycle. Addition of oxidized Q0 during the phosphorylation phase of KaiC. The dotted lines are aligned on the peak
positions of a control in vitro oscillation mixture to which no Q0 was added to aid comparisons of the timing of peaks in each reaction. Addition of oxidized Q0

is marked by a solid triangle, and addition of dithionite to reduce Q0 is marked by an open triangle. The shaded area indicates the duration of oxidized Q0.
The observed phase shift is marked by an asterisk. (C) Same as B except that Q0 was added during the dephosphorylation phase.
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Fig. 2. Comparisons of PRCs of in vitro and in vivo oscillations to darkness or
oxidized quinone. The PRC generated by the addition of oxidized Q0 to the
in vitro oscillator mixture (open circles connected by solid line) and the in
vivo cultures held under constant light (solid diamond); the PRC is reported
in the work by Kiyohara et al. (18), in which 4-h dark pulses were adminis-
tered to in vivo cultures held otherwise under constant light (open squares
connected by dashed line). Error bars placed on the in vitro data points are
±1 SEM and calculated from three different experiments.
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In Vitro Oscillator Mixtures of Different Phases Can Be Synchronized
by Applying Oxidized Quinones. Cyanobacterial cultures that have
been entrained to different phases of peak gene expression by
offset light–dark (LD) cycles can be synchronized by one 12-h L
to 12-h D cycle (19). We tested the ability of oxidized Q0 to
mimic the effect of dark synchronization in oscillator mixtures by
administering it for 10 h, the duration for which the maximum
phase shift was observed in Fig. 1B, to three oscillator mixtures
with peaks that were offset by 8 h (Fig. 3A). After the treatment,
two, but not all three, of the oscillating rhythms were set to the
same phase (Fig. 3B). This result is consistent with the obser-
vation that repeated LD cycles are required to change the phase
entrainment of a cikA null mutant (14), which is missing one
quinone-sensing component.

PQ Pool in S. elongatus Is Oxidized on Onset of Darkness. As pre-
viously hypothesized (15), lipid-soluble quinones may interact with
KaiA at the periphery of a cellular membrane (20). Thus, the
redox state of the PQ pool, which is modulated by light-dependent
photosynthetic electron transport, could signal an L/D transition.
To test the premise that oxidized quinones signal the onset of
darkness, we measured the status of the PQ pool continuously in
S. elongatus during LD transitions that simulated diurnal cycling.
Redox poise was measured indirectly by monitoring chlorophyll
(Chl) fluorescence emission associated with PSII (Fv; variable
yield) and total Chl emission intensity using fast repetition rate
fluorometry (21) in accordance with previous studies in plants
(22). Changes in Chl fluorescence quenching are attributed to the
redox state of QA, which is in rapid equilibrium with the PQ pool
(23) (SI Text, Fig. S4–S8, Scheme S1–S2). The PQ pool became
substantially more oxidized immediately after the LD transition,
changing 40.9 ± 3.6% (n = 3) of the total observed range in Fv/Fm
(Fig. 4). The redox state of the PQ pool partially recovered quickly
and then, slowly became more reduced throughout the 12-h dark
period, consistent with the expected transition from photosynthetic
to respiratory electron flow through the pool.

Discussion
Our data are consistent with a model in which the diurnal L/D
solar cycle is sensed by cyanobacteria through the change in
electron flux through shared electron carriers of photosynthesis
and respiration, which affect both the ATP/ADP ratio and the
oxidation state of the PQ pool. The former affects the status of
KaiC directly, and the latter affects the ability of KaiA to stim-
ulate KaiC autophosphorylation, providing two sources of met-
abolic input to the circadian oscillator (Fig. 5).
As previously reported, manipulation of the ATP/ADP ratio

can also reset the phase of KaiC phosphorylation in the in vitro
oscillator mixture (12). When cells enter darkness, the ATP/ADP
ratio drops gradually rather than acutely and reaches a threshold
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Fig. 3. Synchronization of phases in vitro. (A) KaiC phosphorylation in three
oscillator mixtures initiated 8 h apart to generate different phases. KaiC
phosphorylation was plotted at each time point without addition of oxi-
dized Q0. (B) Same as A except that oxidized Q0 was added (black triangle)
simultaneously to all mixtures for 10 h (shaded area). The duration for which
the maximum phase shift was observed in Fig. 1B before reduction by
dithionite is shown by the open triangle.
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Fig. 4. FRR fluorescence of S. elongatus measured during a simulated di-
urnal cycle. Illumination was provided by a blue LED at 60 μE m−2 s−1 during
hours 0–4 and 16–20 (white boxes). Darkness was given during hours 4–16
(black box). The cell sample was subjected to five 60-μs STFs of saturating
intensity every 2 min throughout the entire 20-h experiment. Each data
point represents the average of five STFs. The variable fluorescence yield of
PSII = (Fm − Fo)/Fm = Fv/Fm was calculated from the raw data (Fig. S5) (21).
Data are representative of three biological replicates.
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Fig. 5. Suggested molecular mechanism of oscillator entrainment by the
redox state of quinone. Oxidation and reduction of plastoquinone are con-
trolled by photosynthetic electron transport as a function of light availability
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ratio, which induces a phase shift, after ∼2 h of darkness (12). In
contrast, the PQ pool becomes oxidized abruptly on onset of
darkness (Fig. 4), and a 2-h administration of oxidized quinones
was sufficient to induce a phase shift (Fig. 1B). Together, the
quinone oxidation state could provide an acute stimulus marking
an L/D transition, whereas the ATP/ADP ratio, changing slowly
and steadily, would measure the duration of darkness.
The in vitro oscillator mixture has only the three Kai proteins,

and it is not connected to additional components with which the
oscillator is likely to interact in vivo, such as CikA, which also is
quinone- and L/D-sensitive (14, 24) and necessary for normal
resetting of the clock by dark pulses (5). The quinone-induced
PRC for the in vitro oscillator mixture is limited relative to the
PRC in vivo that is generated either by pulses of darkness or
oxidized quinones (Fig. 2). These data may reflect the role of CikA
in vivo, which is absent from the isolated oscillator. Consistent with
this idea, a cikA mutant requires several L/D cycles to reset and
synchronize circadian phase in a cell population compared with
a single cycle to reset the WT. Similarly, synchronization of three
out-of-phase in vitro oscillator mixtures would require multiple
cycles of quinone oxidation reduction (Fig. 3). Overall, the data
are consistent with environmental sensing and jetlag in the cikA
mutant (5), which occurs at the single-cell level. KaiA and CikA
share structural similarity in the pseudoreceiver domain (Fig. 6)
(9, 16), and abundance of the CikA protein is affected by the
oxidation state of the PQ pool (14). Thus, a possible function of
CikA in phase resetting is to work cooperatively with KaiA to
generate phase delays in the PRC, which are quinone-induced
in vivo but not in the in vitro oscillator mixture (Fig. 2).
The onset of darkness initiates both acute and gradual responses

in various metabolites of photosynthesis, and components of the
cyanobacterial oscillator have evolved to sense an L/D transition
using at least two, the ATP/ADP ratio and the redox state of the
quinone pool, through KaiC and KaiA, respectively. Therefore, we
propose that the photoreceptive signal transduction input pathway
of the cyanobacterial circadian clock is in the well-characterized

photosynthesis machinery and the metabolic consequences of
its activity.

Materials and Methods
Purification of KaiA and KaiB. The genes encoding KaiA and KaiB from
S. elongatus were amplified using PCR and cloned in-frame with Small
ubiquitin-related modifier (SUMO) into the pET-28b expression vector using
NdeI and HindIII cloning sites. The resulting plasmids were used to transform
Escherichia coli BL21(DE3). Transformed E. coli cultures in log phase in LB at
37 °C were induced to overexpress recombinant KaiA or KaiB with 1 mM
isopropyl β-D-thiogalactopyranoside (Calbiochem). Cells were harvested af-
ter 6 h, and pellets were resuspended in 50 mM NaCl and 20 mM Tris·HCl (pH
7.0). Cell suspensions were passed two times through a chilled French press
cell, and lysates were clarified by centrifugation at 20,000 × g for 60 min at
4 °C. Tagged proteins were isolated on an Ni-charged chelating column.
Proteases and ATPases were removed by anion-exchange chromatography
(buffer A: 20 mM NaCl, 20 mM Tris·HCl, pH 7; buffer B: 1 M NaCl, 20 mM
Tris·HCl, pH 7; gradient: 0–80% buffer B over 80 mL). The SUMO fusion KaiA
and KaiB was cleaved after incubation at 4 °C overnight with the Ulp1 pro-
tease. KaiA and KaiB were separated from SUMO-His6 tags and uncut proteins
by a second passage through an Ni-charged chelating column. All proteins
were analyzed for purity by SDS/PAGE and dialyzed against phosphorylation
assay buffer (20 mM Tris·HCl, 150 mM NaCl, 0.5 mM EDTA, 5 mMMgCl2, 1 mM
ATP, pH 8.0). Protein solutions were concentrated, passed through a sterile
0.2-μm filter, and stored at −80 °C. Protein concentrations were determined
by using Coomassie Plus-The Better Method Assay Reagent (Pierce).

Purification of KaiC. The gene encoding KaiC from S. elongatus was amplified
using PCR and cloned in-frame with the PreScission Protease (GE Healthcare)
cutting site into the pET41a(+) vector (Novagen) between NcoI and XhoI
sites; the resulting plasmid was used to transform E. coli BL21(DE3). Trans-
formed E. coli cultures in log phase in LB at 37 °C were cooled to room
temperature for 1 h and induced to overexpress recombinant KaiC with
0.1 mM isopropyl β-D-thiogalactopyranoside (Calbiochem). Cells were har-
vested after 16 h, and pellets were resuspended in 50 mM Tris·HCl (pH 7.3)
with 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 1 mM DTT, and 5 mM ATP.
Tagged KaiC proteins were separated from the supernatant fraction on
a GSTrap HP column (GE Healthcare) by washing the column with 90 mL
buffer. PreScission Protease (GE Healthcare) was used (1 unit/mL in 12 mL) to
cut the GST tag. KaiC was separated from the cleaved GST tag, tagged KaiC,
and protease by passage a second time through a GSTrap HP column. Purity
was analyzed by SDS/PAGE and dialyzed against phosphorylation assay
buffer (20 mM Tris·HCl, 150 mM NaCl, 0.5 mM EDTA, 5 mM MgCl2, 1 mM
ATP, pH 8.0). Protein solution was concentrated, passed through a sterile
0.2-μm filter, and stored at −80 °C. Protein concentrations were determined
by using Coomassie Plus-The Better Method Assay Reagent (Pierce).

KaiC Phosphorylation Assay. The in vitro KaiC phosphorylation assays were
performed in sterile 2-mL glass vials in a 30 °C water bath and included KaiA
and KaiB at 1.2 μM and 3.5 μM final concentrations in the phosphorylation
assay buffer. The in vitro oscillator mixture was divided from the same stock
mixture immediately after KaiC (3.5 μM) was added and frozen at −80 °C.
Here, 10 mM ATP was used to remove previously reported [ADP]/[ATP] effect
on the phase (12). To generate different phases, each reaction mixture was
melted at 30 °C at the desired time points. Q0 solution stock (4.8 mM) was
prepared by dissolving Q0 into 200-proof ethanol. Dithionite was dissolved
into water immediately before use. All of the in vitro reactions were per-
formed under the nitrogen environment to avoid oxygen. Periodically, 20-μL
aliquots were removed and denatured at 65 °C for 10 min with 2 μL SDS/
PAGE gel loading dye (100 mM Tris·HCl, pH 6.8, 4% SDS, 0.2% bromophenol
blue, 20% glycerol, 400 mM β-mercaptoethanol). A sample (5 μL) of each was
loaded onto SDS polyacrylamide gels (4% stacking, 6.5% running) with
15 wells. Densitometry was performed to record KaiC phosphorylation using
ImageJ (National Institutes of Health).

Bioluminescence Assay. S. elongatus AMC 462 is a derivative of a WT isolated
PCC 7942 carrying a bacterial luciferase reporter that consists of two neutral
site chromosomal insertions: PkaiBC::luxAB at NS1 and PpsbAI::luxCDE at NS2.
WT S. elongatus AMC 462 was propagated in BG-11 medium with appropriate
antibiotics at 30 °C as described previously (25). A 20-μL drop of Q0 solution (1,
3, 5, or 7 mM) was added to cyanobacteria atop a 300 μL agar pad in the
microwell plate used for circadian monitoring at three different time points
(CTs 9, 17, and 24). There was no need to add dithionite to reduce Q0 in vivo,
because the midpoint potential of Q0 indicates that it will accept electrons

90o

CiKA

90o 180o

90o

180o90o

KaiA

Fig. 6. The superimposed structures of the pseudoreceiver domains of CikA
and KaiA. The pseudoreceiver domains of CikA (magenta; Protein Data Bank
ID code 2J48) and KaiA (blue; Protein Data Bank ID code 1M2E) were
superimposed using the Matchmaker function of UCSF Chamera (27).
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from the PQ pool (26). Bioluminescence assays were performed on a Packard
TopCount scintillation counter (PerkinElmer Life Sciences) according to a pre-
vious protocol (25).

Fast Repetition Rate Fluorometry. S. elongatus PCC 7942 was grown in BG-11
medium on a 12-h/12-h L/D cycle (100 μE m−2 s−1) at 30 °C in a Photon Sys-
tems Instruments FMT 150 photobioreactor (Brno) in turbidostat mode. The
culture was mixed by bubbling with humidified air and maintained at OD735

= 0.40 ± 0.01 by automated dilution with fresh medium. Instantaneous
fluorescence, Ft, was monitored within the turbidostat every 2 min after
a 627-nm measuring pulse (<1 μE m−2 s−1). Chl fluorescence was detected by
a built-in positive-intrinsic-negative (PIN) photodiode equipped with 665- to
750-nm bandpass filters.

Fast repetition rate (FRR) fluorometry studies were performed as pre-
viously described (21) with the following specific alterations. Aliquots were
taken from the turbidostat 4 h before the L to D transition and concentrated
to 20 μg Chl mL−1; 50-μL samples (1 μg Chl total) were loaded into the hu-
midified FRR fluorometer sample chamber. During the first 4 h of the ex-
periment, the sample was continuously illuminated at 60 μE m−2 s−1 by
a blue light emitting diode (LED). This actinic light source was switched off
at t = 4 h and turned on again for 4 h at t = 16 h. This lighting schedule was

coordinated to conditions under which the cells were acclimated in the
turbidostat. During the entire 20-h experiment, variable Chl fluorescence was
monitored by subjecting the sample to five 60-μs single turnover flashes
(STFs) at 10 Hz every 2 min. The average light intensity of five STFs over the
2-min period is 0.08 μE m−2 s−1. These conditions are illustrated in Scheme S1.
During the periods when the actinic light source was on, fluorescence
parameters are defined as light-adapted origin or instantaneous fluo-
rescence (Ft), light-adapted maximum fluorescence (Fm′), and light-adapted
variable fluorescence yield [Fv′/Fm′; (Fm′ − Ft)/Fm′]. For the dark period, fluo-
rescence parameters are defined as origin fluorescence (Fo), maximum fluo-
rescence (Fm), and maximal variable fluorescence yield [Fv/Fm; (Fm − Fo)/Fm].
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