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Abstract: Oscillatory phosphorylation/dephosphorylation can be commonly found in a biological
system as a means of signal transduction though its pivotal presence in the workings of circadian
clocks has drawn significant interest: for example in a significant portion of the physiology of
Synechococcus elongatus PCC 7942. The biological oscillatory reaction in the cyanobacterial circadian
clock can be visualized through its reconstitution in a test tube by mixing three proteins—KaiA,
KaiB and KaiC—with adenosine triphosphate and magnesium ions. Surprisingly, the oscillatory
phosphorylation/dephosphorylation of the hexameric KaiC takes place spontaneously and almost
indefinitely in a test tube as long as ATP is present. This autonomous post-translational modification
is tightly regulated by the conformational change of the C-terminal peptide of KaiC called the “A-
loop” between the exposed and the buried states, a process induced by the time-course binding events
of KaiA and KaiB to KaiC. There are three putative hydrogen-bond forming residues of the A-loop
that are important for stabilizing its buried conformation. Substituting the residues with alanine
enabled us to observe KaiB’s role in dephosphorylating hyperphosphorylated KaiC, independent
of KaiA’s effect. We found a novel role of KaiB that its binding to KaiC induces the A-loop toward
its buried conformation, which in turn activates the autodephosphorylation of KaiC. In addition
to its traditional role of sequestering KaiA, KaiB’s binding contributes to the robustness of cyclic
KaiC phosphorylation by inhibiting it during the dephosphorylation phase, effectively shifting the
equilibrium toward the correct phase of the clock.

Keywords: kinase; phosphatase; KaiB; phosphorylation; dephosphorylation; circadian clock

1. Introduction

Amidst growing global concerns over greenhouse gas emissions and a potential energy
crisis, a growing number of studies are focusing on possible ways to harvest electrons [1,2]
and chemicals [3,4] from cyanobacteria through bioengineering. For billions of years these
unheralded bacteria have been using solar energy to capture carbon dioxide and split
water, contributing to the oxygenic atmosphere that we breathe today [5]. Among them
is Synechococcus elongatus PCC 7942, of which a significant portion of its physiology is
regulated by a circadian clock; that is, the expression of light-harvesting proteins peaks
just before sunrise and that of proteins needed to break down stored glycogen right before
sunset [6–8].

Equipped with the biological intricacy that provides a fitness advantage in a rhythmi-
cally oscillating environment [9], cyanobacteria have a central oscillator that is composed
of three proteins—KaiA, KaiB, and KaiC—which generate cyclic phosphorylation and
dephosphorylation of KaiC with ~24 h periodicity [10]. KaiC displays both autokinase
and autophosphatase activities regulated by the conformation of its C-terminal peptide

Life 2021, 11, 1058. https://doi.org/10.3390/life11101058 https://www.mdpi.com/journal/life

https://www.mdpi.com/journal/life
https://www.mdpi.com
https://orcid.org/0000-0001-5491-616X
https://doi.org/10.3390/life11101058
https://doi.org/10.3390/life11101058
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/life11101058
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life11101058?type=check_update&version=3


Life 2021, 11, 1058 2 of 12

called the “A-loop” [11,12]. The two conformations (exposed and buried) of the A-loop
equilibrate dynamically (Figure S1), triggering yet another structural variation in the active
sites of KaiC [13,14]. We have previously suggested that this latter arrangement modulates
the binding affinity of magnesium ions (Mg2+), which in turn regulates the autokinase and
autophosphatase activities in KaiC [14,15]. When the A-loop is exposed, the Mg2+ binding
affinity decreases and the autokinase activity is activated [13]. On the other hand, the
autophosphatase is activated when the A-loop takes the buried conformation and increases
the affinity for binding Mg2+ in the active sites [14]. KaiA shifts the dynamic equilibrium of
the A-loop toward the exposed state by binding to its unraveled form. This conformational
locking induces dissociation of Mg2+ from the active sites and initiates KaiC autophospho-
rylation. On the other hand, KaiB induces dephosphorylation by sequestrating KaiA from
the A-loop, shifting the dynamic equilibrium toward the buried conformation, supposedly
due to a decrease in the abundance of free KaiA, which can activate phosphorylation by
binding the A-loop [13,16].

Surprisingly, this unusual biological oscillatory system can be reconstituted in a test
tube by mixing the three Kai proteins with adenosine triphosphate (ATP) [17–19]. By
examining the simple oscillatory reaction in vitro, the role of KaiA has been elucidated
comparatively well but so far that of KaiB is known to be limited to sequestering KaiA. To
study the function of KaiB on the oscillatory phosphorylation and dephosphorylation of
KaiC, studies have been performed with the three-component KaiABC system although
its complexity can hinder attempts to isolate the role of an individual component. In
this paper, we showed evidence of the self-regulatory reaction mechanism by applying
single mutations on the KaiC protein. We applied three alanine mutations individually
on the A-loop’s hydrogen bonding (H-bonding) residues that are known to stabilize its
buried conformation to shift the equilibrium toward the exposed conformation so that each
mutant KaiC displayed a constitutively phosphorylated state even without KaiA. Using
these KaiC mutants to reconstitute the two-component KaiBC systems in vitro enabled us
to investigate the role of KaiB more thoroughly in the circadian oscillator.

2. Materials and Methods
Phosphorylation Assay of the Circadian Clock In Vitro

Cloning, purifications, and phosphorylation assays were performed as described pre-
viously with minor modifications [18,19]. Basically, the KaiC mutant plasmids for protein
expression are generated by using the site-directed mutagenesis with the pET41a(+)-KaiC
plasmid as a template. Disodium ATP was used for all reaction buffers including protein
purification buffers to avoid adding Mg2+ from another reagent. The phosphorylation
states of KaiC (p-KaiC, %) were measured by the gel densitometry using ImageJ software
(NIH) [20]. Further details are provided in SI Text.

3. Results
3.1. Breaking H-bonds between the A-loops Induces the KaiC Phosphorylation

The autokinase activity of KaiC is regulated by the conformation of its A-loop [13].
In the hexameric KaiC, the buried conformation of the A-loop is stabilized by forming
inter- and intra-subunit H-bonds, and breaking these interactions enhances the chance to
stay exposed [21,22]. This dynamic conformational equilibrium affects the Mg2+ binding
in the active sites, resulting in the regulation of the autophosphorylation or autodephos-
phorylation of KaiC [14]. To observe the H-bonding effect on the KaiC phosphorylation,
we analyzed the crystal structure of KaiC (PDBID:1TF7) [23] and selected three putative
H-bond forming residues (E487, R488, and T495) on the A-loop for mutation studies
(Figure S2). By replacing the original residues to alanine, the H-bonds may be broken in the
hexameric KaiC. With the three KaiC mutants—KaiC-E487A, KaiC-R488A and KaiC-T495A
(hereafter KaiCE487A, KaiCR488A, and KaiCT495A), respectively—reaction mixtures were
reconstituted by following the established in vitro protocol to monitor the phosphorylation
states [18]. In the absence of KaiA and KaiB, KaiC–wild type (WT) is known to dephospho-
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rylate [13]. For our KaiC mutants, KaiCE487A (Figure 1A) and KaiCT495A (Figure 1B) started
phosphorylation at the beginning of the reaction and remained hyperphosphorylated (>95%
phosphorylation) for two days. However, KaiCR488A (Figure 1C) underwent phosphoryla-
tion for the first 2 h (although the change is not significant) and slowly dephosphorylated
for 12 h until it reached ~50% phosphorylation.
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pH = 8.0). If the concentration was not specified. KaiC (3.4 µM) was the only protein in the reaction mixture. Graphs are the
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data of the gels are given in Figure S4.
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In general, to stimulate KaiC phosphorylation in vitro, KaiA had to be added to the
regular reaction mixture [17,18] or the Mg2+ concentration was lowered in the absence of
ethylenediaminetetraacetic acid (EDTA) [14]. By breaking the H-bonds on the A-loop of
KaiC, the kinase activity was activated without adding KaiA. From this result, we propose
that breaking the H-bonds shifts the dynamic equilibrium of A-loop conformation toward
the exposed conformation for KaiCE487A and KaiCT495A, which activates the autokinase
activity and suppress the autophosphatase activity normally present in wild-type KaiC
(Figure S3). Based on the phosphorylation profile, we predicted that E487 and T495 would
form strong H-bonds while R488 would make comparatively weak H-bonds in the A-loop.

3.2. The KaiC Dephosphorylation Was Enhanced in High Mg2+ Concentration

KaiC also had autophosphatase, in addition to autokinase, activity. We previously
reported that Mg2+ concentration is a crucial factor for regulating autokinase and autophos-
phatase activity [14]. In the low or high concentration of Mg2+, KaiC phosphorylates or
dephosphorylates respectively even without KaiA and KaiB. However, the excess amount
of Mg2+ did not change the phosphorylation state of KaiC-WT (Figure S5). To observe
the Mg2+ effect on the phosphorylation state of KaiCE487A, KaiCR488A, and KaiCT495A we
added 20 mM Mg2+ (four times higher than the regular concentration) to the reaction
mixture. Because its high concentration induced the dephosphorylation of KaiC [14], we
expected that Mg2+ would attenuate the kinase activity of the hyperphosphorylated KaiC
mutants (KaiCE487A and KaiCT495A) and lead to some degree of dephosphorylation. The
effect was not observed for KaiCE487A with 20 mM Mg2+ (Figure 1D). However, KaiCT495A

showed dephosphorylation in the beginning and for 48 h remained at ~75% phosphory-
lation (Figure 1E), which is ~20% lower than that of the regular condition (5 mM Mg2+).
In the case of KaiCR488A, dephosphorylation was slightly enhanced by higher Mg2+ at the
beginning but stopped at the same level (~50% phosphorylation) after 12 h (Figure 1F), in a
manner similar to that of the regular condition (5 mM Mg2+).

In sum, higher Mg2+ concentration enhanced the dephosphorylation of KaiCT495A

and KaiCR488A but its effect on KaiCE487A was miniscule. We previously suggested that the
dephosphorylation was induced when Mg2+ was bound in the active site and its affinity
was increased or decreased with the buried or exposed conformation of A-loop, respec-
tively [14]. Therefore, the dynamic equilibrium of A-loop conformations could be predicted
based on phosphorylation levels of the KaiC mutants. For KaiCE487A, the equilibrium
could not be shifted toward the buried conformation even at high Mg2+ concentration
(Figure S6) because severing the seemingly strong glutamate H-bond exposed the A-loop
by making it irreversibly flexible and unperturbed by the presence of Mg2+ [21]. On the
other hand, for KaiCT495A, the A-loop’s dynamic equilibrium partially shifted toward the
buried conformation, with which more abundant Mg2+ had a better chance of binding
KaiC and activating dephosphorylation, following the Le Chatelier’s principle (Figure S6).
The dynamic equilibrium seemed balanced in KaiCR488A since its phosphorylation level
stagnated at ~50%.

3.3. Decreasing Adenosine Triphosphate (ATP) Ratio Enhanced the KaiC Dephosphorylation

Decreasing ATP or increasing the adenosine diphosphate (ADP) ratio in the nu-
cleotides pool can also induce the dephosphorylation of KaiC. A temporary drop in the
ATP ratio to 50% during the phosphorylation phase is known to induce dephosphoryla-
tion [24]. However, increasing ADP does not affect the dephosphorylation of KaiC-WT [24].
Unlike Mg2+, ATP and ADP are used not as regulators but as reactants for phosphoryla-
tion and dephosphorylation reactions [14,15,25]. We investigated the ATP ratio effect on
the KaiC phosphorylation with KaiCE487A, KaiCR488A, and KaiCT495A. The KaiC mutants
were dephosphorylated with increasing ADP, in a similar manner as that of increasing
Mg2+ concentration (Figure 1G–I). Because ATP and ADP are reactants in the phospho-
rylation and dephosphorylation reaction of KaiC, adding ADP could not directly shift
the dynamic equilibrium of A-loop conformation (Figure S7). However, phosphorylation
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was inhibited when ADP was bound to the CII domain of KaiC, even when the A-loop’s
conformation was exposed; conversely if ADP bound to KaiC when the A-loop was buried,
dephosphorylation would proceed [15].

Based on the results of the mutation studies, we can predict how much of each A-
loop conformation is favored in the dynamic equilibrium for the KaiC mutants. The
A-loop of KaiCE487A seemed to stay constantly exposed since the presence of ADP was not
able to induce dephosphorylation. However, KaiCE495A and KaiCR488A had the dynamic
equilibrium slightly favored toward the buried state, although the former’s case was less
so. Therefore, the H-bond of E487 would be the highest determinant, and that of R488 the
lowest, for stabilizing the buried conformation of the A-loop.

3.4. KaiB Attenuates the Phosphorylation Activated by Breaking the H-bonds in A-loop

Traditionally, KaiB is known to induce the dephosphorylation of KaiC indirectly
by sequestering KaiA from the A-loop [16,21,26]. Because no direct effect of KaiB on
the KaiC phosphorylation was reported [13], we used the KaiC mutants that remained
constitutively hyperphosphorylated in the absence of KaiA to examine the effect. When
KaiB was added to the reaction mixtures containing only the KaiC mutants, all of them
showed dephosphorylation to a certain degree. Interestingly, KaiCE487A, which was unable
to be dephosphorylated with other treatments, showed dephosphorylation in the presence
of KaiB (Figure 2A). KaiCT495A displayed the largest effect among the mutants (~20%)
although the magnitude was smaller than that of the KaiC wild type (Figure 2B). KaiCR488A

also showed ~10% more dephosphorylation in the presence of KaiB (Figure 2C). Because
the phosphorylation and dephosphorylation were determined by the A-loop conformation,
adding KaiB must have induced dephosphorylation on the KaiC mutants by shifting the
dynamic equilibrium toward the buried conformation (Figure S2).

We also examined the Mg2+ effect in the presence of KaiB. Adding Mg2+ enhanced the
dephosphorylation in all KaiC mutants in the presence of KaiB (Figure 2D–F). High Mg2+

concentration shifted the dynamic equilibrium more toward the buried conformation, an
effect additive to the KaiB effect. It is also worth noting that KaiCE487A which seemed
impossible to dephosphorylate underwent dephosphorylation and became responsive to
ADP and Mg2+ only when KaiB was present (2A, 2D, 2G). Increasing the ADP ratio also
induced further dephosphorylation of KaiCT495A and KaiCR488A in the presence of KaiB
(Figure 2G–I). Therefore, KaiB binding shifted the dynamic equilibrium toward the buried
conformation even on KaiCE487A, which was unable to shift the equilibrium with any
other treatments.

Based on this observation, KaiB directly induced the dephosphorylation of KaiC
through at least one additional mechanism other than the sequestration of KaiA, which
is an indirect effect. These two functional properties of KaiB may have brought about a
synergetic effect on the dephosphorylation of KaiC at the onset of the dephosphorylation
phase, contributing to making the oscillation more robust.
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3.5. CII Flexibility Governs the Damped Oscillatory Phosphorylation in KaiCE488A

The phosphorylation profile of KaiCR488A was the most intriguing because of its
balance between spontaneous phosphorylation and dephosphorylation: remaining phos-
phorylated for the first 2 h and reaching a steady-state, mildly elevated (~50%) level
(Figure 1C). It seems to have the characteristic of a damped oscillator for the KaiCE488A

alone reaction. We previously reported that changing the Mg2+ concentration in the re-
action mixture modulated the phosphorylation and dephosphorylation of KaiC [14]. It
seemed that if we decreased the Mg2+ concentration, we would have observed a higher (or
longer) phosphorylation state for the KaiCR488A alone reaction. To test the Mg2+ effect on
the phosphorylation of KaiCR488A, we monitored the phosphorylation states in different
Mg2+ concentrations in the absence or presence of KaiB. The unusual balance of KaiCR488A
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between the two antagonistic reactions gave it a unique phosphorylation pattern. At low
Mg2+ concentration (1 mM), it distinctively showed kinase activity for 12 h and underwent
dephosphorylation afterwards in the KaiCR488A-alone reaction mixture (Figure 3A). When
KaiB was present in the reaction mixture, dephosphorylation started earlier than when
it was absent (Figure 3B). This abnormal behavior could have come from the flexibility
change on the CII domain of KaiC throughout the phosphorylation state [27]. As hypophos-
phorylated KaiC became fully phosphorylated, the CII domain rigidified, and the A-loop’s
dynamic equilibrium shifted from the exposed to the buried conformation (Figure S8).
Therefore, KaiCR488A autophosphorylated initially (phosphorylation phase) because the
A-loop was exposed in the flexible CII domain. As KaiC gradually became fully phos-
phorylated, the CII domain rigidified and the A-loop preferred the buried conformation,
eventually inducing dephosphorylation (Figure S9).
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KaiCR488A was measured without KaiA and KaiB every 2 h for 2 days. The Mg2+ concentration of each reaction is
labeled on the graph (A). The phosphorylation state of KaiCR488A in the presence of KaiB (B). Another replicate shows
similar patterns (Figure S10).

The binary KaiC–KaiB complexation seemed to affect the KaiC mutants in an irre-
versible manner unlike that of ADP or Mg2+ as both KaiCE487A and KaiCR488A consequently
showed a higher degree of dephosphorylation when KaiB was present. This bolstered the
notion that KaiC–KaiB binding locked the rigid CII domain and eventually shifted the
conformational equilibrium of A-loop toward its buried state. KaiB’s binding KaiC and
inducing the A-loop burial ensured that dephosphorylation would take place at the correct
phase of the clock and the biological timekeeping would run clockwise.

4. Discussion

The cyanobacterial circadian oscillator showed oscillatory phosphorylation/
dephosphorylation within ~24 h. To induce autophosphorylation or autodephosphoryla-
tion of KaiC, the A-loop conformation’s stabilization in the exposed or buried conformation
led to phosphorylation or dephosphorylation, respectively. Various interactions among the
Kai proteins sequentially regulated the A-loop’s conformation to generate an oscillatory
KaiC phosphorylation and dephosphorylation. When KaiC was unphosphorylated, KaiA
binding to the A-loop shifted the dynamic equilibrium toward the exposed conforma-
tion, which activated the KaiC phosphorylation. By breaking the inter- and intrasubunit
H-bonds on the A-loop, KaiC was phosphorylated without KaiA. When KaiC was fully
phosphorylated, KaiB bound to KaiC and sequestered KaiA from the A-loop. The disso-
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ciation of KaiA shifted the dynamic equilibrium toward the buried conformation, which
induced the dephosphorylation of KaiC.

However, a significant amount of free KaiA protein was still present in the reaction
mixture when KaiC was ready to start the dephosphorylation phase [26,28]. A decrease in
free KaiA due to sequestration by KaiB would not necessarily have reversed the kinase reac-
tion; rather, it would have just slowed it down [24,29]. In other words, with a lower amount
of active KaiA in the mixture, the level of phosphorylated KaiC increased slowly, but its
reduction did not trigger dephosphorylation. Therefore, the sequestration of KaiA alone
was not enough to explain fully the transition and the oscillator’s clockwise sequential
phosphorylation and dephosphorylation [30–32]. Here, we found the additional function-
ality of KaiB that plays a key role in the transition between the KaiC phosphorylation and
dephosphorylation phases.

After introducing KaiB’s novel function, we proposed a detailed mechanism of the
circadian oscillation at the mechanistic level (Figure 4). When KaiC was in an unphospho-
rylated state (U), the CII domain remained flexible and the dynamic equilibrium of the
A-loop conformation shifted toward the exposed [27]. KaiA bound the exposed A-loop and
KaiC phosphorylated itself until it was fully phosphorylated [12,13] (U→T→ST). When
the KaiC phosphorylation peaked (ST), its CII domain became rigid and was stacked on
the CI domain [32]. This conformational change shifted the A-loop’s dynamic equilib-
rium toward the buried conformation and KaiC started to dephosphorylate. KaiB bound
to the CI domain of KaiC and locked the conformation continuing dephosphorylation
(ST→S→U). Although a significant amount of free KaiA was present in the oscillatory
reaction mixture at this point, the locked conformation did not allow KaiA to bind the
A-loop. When KaiC was unphosphorylated (U), KaiB dissociation allowed the CII domain
to be conformationally flexible, and KaiC restarted the phosphorylation cycle (U→T→ST).

To mimic hypophosphorylated (U) and hyperphosphorylated (ST) KaiC, alanine
(KaiCAA) and glutamate (KaiCEE) substitutions were applied respectively to both phos-
phorylation sites S431 and T432 [33,34]. Surprisingly, previously reported fluorescence
anisotropic data suggested that KaiCEE had a greater affinity for KaiA than KaiCAA, in
the absence of KaiB [26]. It means that the free KaiA proteins could bind to the A-loop of
ST-KaiC, inhibit the dephosphorylation (ST→S) and stay on the hyperphosphorylated KaiC.
Then, KaiB’s role of locking the rigid conformation of the CII domain in KaiC becomes
even more crucial when it came to maintaining phosphatase activity at the beginning of
the dephosphorylation phase (ST→S), considering that there was still enough residual
free KaiA in the mixture to offset dephosphorylation. KaiA’s differential affinity to KaiC
had previously been reported, and it was argued that it depended on the phosphorylation
state of KaiC; this ensured that the oscillator ran clockwise during the phosphorylating
phase [35,36]. However, the use of phosphomimetics only provided a partial understand-
ing of the dynamic behavior of the A-loop, KaiC, and its kinase and phosphatase activities,
leaving it difficult to pinpoint the cause and effect of the post-translational modification.
Our finding here adds another factor that contributes to the clockwise “ticking”: KaiB’s
binding KaiC allosterically induces the conformational burial of the A-loop, shifting the
equilibrium towards dephosphorylation.

Among many targets, the hyperphosphorylated KaiC–KaiB complex in S. elongatus
suppressed kaiBC transcription. The resultant reduction in KaiC and KaiB concentrations
created a transcription–translation feedback loop (TTFL), ensuring that their production
peaks only when unphosphorylated KaiC dominates at dawn. The hallmark of KaiABC-
based post-translational oscillator (PTO) is that it can withstand significant cellular noise
coming from various sources, including variations in the abundance of clock compo-
nents [37]. Overexpression of KaiA induced the constitutive phosphorylation of KaiC
and caused the oscillation to dampen, a pattern observed in TTFL-based KaiBC hourglass
models in other organisms.
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Among the central oscillator components, kaiC is thought to be the oldest, while kaiA
is the youngest [38]. Thus, it is suggested that the emergence of a two-component KaiBC
timekeeper—a supposed relic of the past that gave rise to today’s intricate cyanobacterial
timekeeper—might have preceded that of a bona fide KaiABC circadian clock [39]. By
adjusting the H-bonding network on the A-loop, we succeeded in shifting the equilibrium
between the two antagonistic reactions sustaining the phosphorylation level of KaiC at
various levels without the presence of KaiA, a possible feature of the KaiBC timekeeping
system. In addition, KaiCR488A’s partial responsiveness to various cues and eventual return
to its initial phosphorylation level hinted at the potential mechanism of a damped oscillator,
a possible intermediate step in the development of the timekeeper [39,40]. The fact that the
primary sequences of the A-loop varied between different kaiC-harboring species while
the general motifs of kaiC were conserved brought our attention to the importance of the
A-loop as the master regulator of the post-translational oscillator [41,42].

Recently, we proposed that a KaiC-alone hourglass can oscillate under the alternating
Mg2+ concentrations in vitro, and that this perhaps put the emergence of Mg2+ homeostasis
after that of the primeval timekeeper on the clock’s evolutionary timeline [14]. Since
the endogenous Mg2+ concentration was reported to be constant in S. elongatus [43], the
emergence of a damped oscillator as a better timekeeping system than the cue-dependent
hourglass fits well in the picture [39]. After going through multiple evolutionary steps, the
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current self-sustained circadian oscillator may have emerged as a biologically efficient way
to exploit the periodic availability of solar energy.

In addition, Mg2+ is a necessary element of ATPase activity on the CI domain of
KaiC. The conformational change driven by the ATPase activity enabled KaiB binding and
promoted dephosphorylation (Figure S11). Although we did not examine the effect of Mg2+

on ATPase activity in this paper, it could have affected KaiB binding by influencing ATP
hydrolysis activity in the CI domain. Researching the effect of Mg2+ on ATPase activity
will be an interesting topic for understanding how the phosphorylation states of CII are
communicated to the ATPase activity on CI.

Although we stated that ADP affected phosphorylation and dephosphorylation, it is
possible that ADP also remained on CI after ATP hydrolysis and facilitated KaiB binding
(Figure S11). This may have been another cause of the enhanced dephosphorylation
when we increased the ADP ratio. In addition to the potential effects of Mg2+ and ADP
on CI, the effect of the fold-switched KaiB would also be interesting to examine since
different KaiB binding kinetics may result from changes in the speed and magnitude of the
dephosphorylation in our KaiC mutants. A more in-depth understanding of KaiB binding
kinetics will move us closer to reconstituting the hourglass KaiBC timekeeper.

The unidirectional clockwise running of sequential KaiC phosphorylation and the
KaiC–KaiB complexation that takes place only at the correct phase tuned the timing of
the bifunctional CikA’s binding and its possible inactivation by oxidized quinone, which
caused a delay in the phase response of the KaiC phosphorylation rhythm to a dark pulse
application when applied in the falling phase of the clock [44]. KaiB binding‘s allosteric
induction of A-loop burial also had a potential role in the entrainment process since
maintaining the A-loop’s buried conformation during the falling phase of the clock was
crucial not only for maintaining the KaiC–KaiB–CikA complex, but also because KaiA could
not tether the A-loop in its exposed conformation and run the rhythm backward toward
phosphorylation. If the A-loop became exposed at this stage, KaiA, not CikA, would have
been inactivated by oxidized quinone, which would have advanced the phase instead of
delaying it [43,45,46]. It is through this process that KaiB initiated the dephosphorylation
phase at the correct timing of day and ensured that the CikA binding took place accordingly.

If the proliferation of cyanobacteria billions of years ago led to the Great Oxygena-
tion that transformed Earth’s anoxic atmosphere, bioengineering cyanobacteria can be
considered as one of the potential strategies to combat the environmental and energy
crises. By understanding the functional and structural properties of the cyanobacterial
circadian clock, we could bring the undoing the man-made carbon dioxide production
closer to reality.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/life11101058/s1, Figure S1: The dynamic equilibrium of A-loop conformations. Figure S2: The
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of KaiC mutants. Figure S4: KaiC phosphorylation with various Mg2+ concentrations and ATP ratio.
Figure S5: The dephosphorylation of KaiC in the presence of high Mg2+ concentration. Figure S6:
Dynamic equilibrium of KaiC mutants in the presence of high Mg2+ concentration. Figure S7: The
dynamic equilibrium of KaiC mutants in the presence of high ADP concentration. Figure S8: The
flexibility change of the CII domain of KaiC throughout each phosphorylation state. Figure S9: A
model of the conformational changes during the KaiC phosphorylation and dephosphorylation.
Figure S10: The spontaneous phosphorylation and dephosphorylation of KaiCR488A. Figure S11:
Mg2+ and ADP involvement on the ATP hydrolysis and KaiB binding on the CI domain of KaiC.

Author Contributions: Conceptualization, P.K., H.-I.J. and Y.-I.K.; Methodology, P.K., H.-I.J. and
Y.-I.K.; Validation, P.K., N.T., and S.P.; Formal Analysis, P.K., N.T., S.P., H.-I.J. and Y.-I.K.; Investiga-
tion, P.K., N.T., S.P., H.-I.J. and Y.-I.K.; Data Curation, P.K., N.T. and S.P.; Writing—Original Draft
Preparation, P.K., H.-I.J. and Y.-I.K.; Writing—Review & Editing, P.K., N.T., S.P., H.-I.J. and Y.-I.K.;
Visualization, P.K., N.T. and S.P.; Supervision, H.-I.J. and Y.-I.K.; Funding Acquisition, H.-I.J. and
Y.-I.K. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/life11101058/s1
https://www.mdpi.com/article/10.3390/life11101058/s1


Life 2021, 11, 1058 11 of 12

Funding: This research was funded by the Semyung University Research Grant of 2020 (to H.-I.J.)
and the National Institute of General Medical Sciences of the National Institutes of Health, grant
number 1R15 GM137311-01 (to Y.-I.K.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request to the authors.

Acknowledgments: We would like to thank Hana Nim for her insightful discussions, and Helene
Brochon, Alejandra Lopez-Diaz, Mackenzie Bartley, and Euiyeon Kim for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lea-Smith, D.J.; Bombelli, P.; Vasudevan, R.; Howe, C.J. Photosynthetic, respiratory and extracellular electron transport pathways

in cyanobacteria. Biochim. Biophys. Acta 2016, 1857, 247–255. [CrossRef] [PubMed]
2. Shah, V.; Garg, N.; Madamwar, D. An integrated process of textile dye removal and hydrogen evolution using cyanobacterium,

Phormidium valderianum. World J. Microbiol. Biotechnol. 2001, 17, 499–504. [CrossRef]
3. Nozzi, N.; Oliver, J.; Atsumi, S. Cyanobacteria as a Platform for Biofuel Production. Front. Bioeng. Biotechnol. 2013, 1, 7. [CrossRef]

[PubMed]
4. Ducat, D.C.; Way, J.C.; Silver, P.A. Engineering cyanobacteria to generate high-value products. Trends Biotechnol. 2011, 29, 95–103.

[CrossRef] [PubMed]
5. Kasting, J.F.; Siefert, J.L. Life and the evolution of Earth’s atmosphere. Science 2002, 296, 1066–1068. [CrossRef]
6. Diamond, S.; Rubin, B.E.; Shultzaberger, R.K.; Chen, Y.; Barber, C.D.; Golden, S.S. Redox crisis underlies conditional light-dark

lethality in cyanobacterial mutants that lack the circadian regulator, RpaA. Proc. Natl. Acad. Sci. USA 2017, 114, E580–E589.
[CrossRef]

7. Ito, H.; Mutsuda, M.; Murayama, Y.; Tomita, J.; Hosokawa, N.; Terauchi, K.; Sugita, C.; Sugita, M.; Kondo, T.; Iwasaki, H.
Cyanobacterial daily life with Kai-based circadian and diurnal genome-wide transcriptional control in Synechococcus elongatus.
Proc. Natl. Acad. Sci. USA 2009, 106, 14168–14173. [CrossRef]

8. Vijayan, V.; Zuzow, R.; O’Shea, E.K. Oscillations in supercoiling drive circadian gene expression in cyanobacteria. Proc. Natl.
Acad. Sci. USA 2009, 106, 22564–22568. [CrossRef]

9. Ouyang, Y.; Andersson, C.R.; Kondo, T.; Golden, S.S.; Johnson, C.H. Resonating circadian clocks enhance fitness in cyanobacteria.
Proc. Natl. Acad. Sci. USA 1998, 95, 8660–8664. [CrossRef]

10. Ishiura, M.; Kutsuna, S.; Aoki, S.; Iwasaki, H.; Andersson, C.R.; Tanabe, A.; Golden, S.S.; Johnson, C.H.; Kondo, T. Expression of a
gene cluster kaiABC as a circadian feedback process in cyanobacteria. Science 1998, 281, 1519–1523. [CrossRef]

11. Williams, S.B.; Vakonakis, I.; Golden, S.S.; LiWang, A.C. Structure and function from the circadian clock protein KaiA of
Synechococcus elongatus: A potential clock input mechanism. Proc. Natl. Acad. Sci. USA 2002, 99, 15357–15362. [CrossRef]

12. Vakonakis, I.; LiWang, A.C. Structure of the C-terminal domain of the clock protein KaiA in complex with a KaiC-derived peptide:
Implications for KaiC regulation. Proc. Natl. Acad. Sci. USA 2004, 101, 10925–10930. [CrossRef] [PubMed]

13. Kim, Y.I.; Dong, G.; Carruthers, C.W., Jr.; Golden, S.S.; LiWang, A. The day/night switch in KaiC, a central oscillator component
of the circadian clock of cyanobacteria. Proc. Natl. Acad. Sci. USA 2008, 105, 12825–12830. [CrossRef] [PubMed]

14. Jeong, Y.M.; Dias, C.; Diekman, C.; Brochon, H.; Kim, P.; Kaur, M.; Kim, Y.S.; Jang, H.I.; Kim, Y.I. Magnesium Regulates the
Circadian Oscillator in Cyanobacteria. J. Biol. Rhythm. 2019, 34, 380–390. [CrossRef] [PubMed]

15. Egli, M.; Mori, T.; Pattanayek, R.; Xu, Y.; Qin, X.; Johnson, C.H. Dephosphorylation of the core clock protein KaiC in the
cyanobacterial KaiABC circadian oscillator proceeds via an ATP synthase mechanism. Biochemistry 2012, 51, 1547–1558. [CrossRef]

16. Chang, Y.G.; Cohen, S.E.; Phong, C.; Myers, W.K.; Kim, Y.I.; Tseng, R.; Lin, J.; Zhang, L.; Boyd, J.S.; Lee, Y.; et al. Circadian rhythms.
A protein fold switch joins the circadian oscillator to clock output in cyanobacteria. Science 2015, 349, 324–328. [CrossRef]
[PubMed]

17. Nakajima, M.; Imai, K.; Ito, H.; Nishiwaki, T.; Murayama, Y.; Iwasaki, H.; Oyama, T.; Kondo, T. Reconstitution of circadian
oscillation of cyanobacterial KaiC phosphorylation in vitro. Science 2005, 308, 414–415. [CrossRef]

18. Kim, Y.I.; Boyd, J.S.; Espinosa, J.; Golden, S.S. Detecting KaiC phosphorylation rhythms of the cyanobacterial circadian oscillator
in vitro and in vivo. Methods Enzymol. 2015, 551, 153–173. [CrossRef]

19. Kim, P.; Kaszuba, A.; Jang, H.I.; Kim, Y.I. Purification of GST-Fused Cyanobacterial Central Oscillator Protein KaiC. Appl. Biochem.
Microbiol. 2020, 56, 395–399. [CrossRef]

20. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

21. Tseng, R.; Chang, Y.G.; Bravo, I.; Latham, R.; Chaudhary, A.; Kuo, N.W.; Liwang, A. Cooperative KaiA-KaiB-KaiC interactions
affect KaiB/SasA competition in the circadian clock of cyanobacteria. J. Mol. Biol. 2014, 426, 389–402. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbabio.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26498190
http://doi.org/10.1023/A:1011994215307
http://doi.org/10.3389/fbioe.2013.00007
http://www.ncbi.nlm.nih.gov/pubmed/25022311
http://doi.org/10.1016/j.tibtech.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21211860
http://doi.org/10.1126/science.1071184
http://doi.org/10.1073/pnas.1613078114
http://doi.org/10.1073/pnas.0902587106
http://doi.org/10.1073/pnas.0912673106
http://doi.org/10.1073/pnas.95.15.8660
http://doi.org/10.1126/science.281.5382.1519
http://doi.org/10.1073/pnas.232517099
http://doi.org/10.1073/pnas.0403037101
http://www.ncbi.nlm.nih.gov/pubmed/15256595
http://doi.org/10.1073/pnas.0800526105
http://www.ncbi.nlm.nih.gov/pubmed/18728181
http://doi.org/10.1177/0748730419851655
http://www.ncbi.nlm.nih.gov/pubmed/31216910
http://doi.org/10.1021/bi201525n
http://doi.org/10.1126/science.1260031
http://www.ncbi.nlm.nih.gov/pubmed/26113641
http://doi.org/10.1126/science.1108451
http://doi.org/10.1016/bs.mie.2014.10.003
http://doi.org/10.1134/S0003683820040092
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1016/j.jmb.2013.09.040
http://www.ncbi.nlm.nih.gov/pubmed/24112939


Life 2021, 11, 1058 12 of 12

22. Egli, M.; Pattanayek, R.; Sheehan, J.H.; Xu, Y.; Mori, T.; Smith, J.A.; Johnson, C.H. Loop-loop interactions regulate KaiA-stimulated
KaiC phosphorylation in the cyanobacterial KaiABC circadian clock. Biochemistry 2013, 52, 1208–1220. [CrossRef]

23. Pattanayek, R.; Wang, J.; Mori, T.; Xu, Y.; Johnson, C.H.; Egli, M. Visualizing a circadian clock protein: Crystal structure of KaiC
and functional insights. Mol. Cell 2004, 15, 375–388. [CrossRef] [PubMed]

24. Rust, M.J.; Golden, S.S.; O’Shea, E.K. Light-driven changes in energy metabolism directly entrain the cyanobacterial circadian
oscillator. Science 2011, 331, 220–223. [CrossRef] [PubMed]

25. Nishiwaki, T.; Kondo, T. Circadian autodephosphorylation of cyanobacterial clock protein KaiC occurs via formation of ATP as
intermediate. J. Biol. Chem. 2012, 287, 18030–18035. [CrossRef] [PubMed]

26. Qin, X.; Byrne, M.; Mori, T.; Zou, P.; Williams, D.R.; McHaourab, H.; Johnson, C.H. Intermolecular associations determine the
dynamics of the circadian KaiABC oscillator. Proc. Natl. Acad. Sci. USA 2010, 107, 14805–14810. [CrossRef]

27. Chang, Y.-G.; Kuo, N.-W.; Tseng, R.; LiWang, A. Flexibility of the C-terminal, or CII, ring of KaiC governs the rhythm of the
circadian clock of cyanobacteria. Proc. Natl. Acad. Sci. USA 2011, 108, 14431–14436. [CrossRef]

28. Hong, L.; Lavrentovich, D.O.; Chavan, A.; Leypunskiy, E.; Li, E.; Matthews, C.; LiWang, A.; Rust, M.J.; Dinner, A.R. Bayesian
modeling reveals metabolite-dependent ultrasensitivity in the cyanobacterial circadian clock. Mol. Syst. Biol. 2020, 16, e9355.
[CrossRef]

29. Nakajima, M.; Ito, H.; Kondo, T. In vitro regulation of circadian phosphorylation rhythm of cyanobacterial clock protein KaiC by
KaiA and KaiB. FEBS Lett. 2010, 584, 898–902. [CrossRef]

30. Nishiwaki, T.; Satomi, Y.; Kitayama, Y.; Terauchi, K.; Kiyohara, R.; Takao, T.; Kondo, T. A sequential program of dual phosphory-
lation of KaiC as a basis for circadian rhythm in cyanobacteria. EMBO J. 2007, 26, 4029–4037. [CrossRef]

31. Rust, M.J.; Markson, J.S.; Lane, W.S.; Fisher, D.S.; O’Shea, E.K. Ordered phosphorylation governs oscillation of a three-protein
circadian clock. Science 2007, 318, 809–812. [CrossRef]

32. Chang, Y.-G.; Tseng, R.; Kuo, N.-W.; LiWang, A. Rhythmic ring–ring stacking drives the circadian oscillator clockwise. Proc. Natl.
Acad. Sci. USA 2012, 109, 16847–16851. [CrossRef]

33. Ito, H.; Kageyama, H.; Mutsuda, M.; Nakajima, M.; Oyama, T.; Kondo, T. Autonomous synchronization of the circadian KaiC
phosphorylation rhythm. Nat. Struct. Mol. Biol. 2007, 14, 1084–1088. [CrossRef] [PubMed]

34. Kitayama, Y.; Nishiwaki, T.; Terauchi, K.; Kondo, T. Dual KaiC-based oscillations constitute the circadian system of cyanobacteria.
Genes Dev. 2008, 22, 1513–1521. [CrossRef] [PubMed]

35. Qin, X.; Byrne, M.; Xu, Y.; Mori, T.; Johnson, C.H. Coupling of a core post-translational pacemaker to a slave transcrip-
tion/translation feedback loop in a circadian system. PLoS Biol. 2010, 8, e1000394. [CrossRef] [PubMed]

36. Mori, T.; Sugiyama, S.; Byrne, M.; Johnson, C.H.; Uchihashi, T.; Ando, T. Revealing circadian mechanisms of integration and
resilience by visualizing clock proteins working in real time. Nat. Commun. 2018, 9, 3245. [CrossRef]

37. Tomita, J.; Nakajima, M.; Kondo, T.; Iwasaki, H. No transcription-translation feedback in circadian rhythm of KaiC phosphoryla-
tion. Science 2005, 307, 251–254. [CrossRef]

38. Dvornyk, V.; Vinogradova, O.; Nevo, E. Origin and evolution of circadian clock genes in prokaryotes. Proc. Natl. Acad. Sci. USA
2003, 100, 2495–2500. [CrossRef]

39. Johnson, C.H.; Zhao, C.; Xu, Y.; Mori, T. Timing the day: What makes bacterial clocks tick? Nat. Rev. Microbiol. 2017, 15, 232–242.
[CrossRef]

40. Pattanayek, R.; Williams, D.R.; Pattanayek, S.; Xu, Y.; Mori, T.; Johnson, C.H.; Stewart, P.L.; Egli, M. Analysis of KaiA-KaiC protein
interactions in the cyano-bacterial circadian clock using hybrid structural methods. EMBO J. 2006, 25, 2017–2028. [CrossRef]

41. Ma, P.; Mori, T.; Zhao, C.; Thiel, T.; Johnson, C.H. Evolution of KaiC-Dependent Timekeepers: A Proto-circadian Timing
Mechanism Confers Adaptive Fitness in the Purple Bacterium Rhodopseudomonas palustris. PLoS Genet. 2016, 12, e1005922.
[CrossRef]

42. Axmann, I.M.; Hertel, S.; Wiegard, A.; Dorrich, A.K.; Wilde, A. Diversity of KaiC-based timing systems in marine Cyanobacteria.
Mar. Genom. 2014, 14, 3–16. [CrossRef]

43. Kim, P.; Porr, B.; Mori, T.; Kim, Y.S.; Johnson, C.H.; Diekman, C.O.; Kim, Y.I. CikA, an Input Pathway Component, Senses the
Oxidized Quinone Signal to Generate Phase Delays in the Cyanobacterial Circadian Clock. J. Biol. Rhythm. 2020, 35, 227–234.
[CrossRef]

44. Kiyohara, Y.B.; Katayama, M.; Kondo, T. A novel mutation in kaiC affects resetting of the cyanobacterial circadian clock. J. Bacteriol.
2005, 187, 2559–2564. [CrossRef] [PubMed]

45. Kaur, M.; Ng, A.; Kim, P.; Diekman, C.; Kim, Y.I. CikA Modulates the Effect of KaiA on the Period of the Circadian Oscillation in
KaiC Phosphorylation. J. Biol. Rhythm. 2019, 34, 218–223. [CrossRef] [PubMed]

46. Kim, P.; Kaur, M.; Jang, H.I.; Kim, Y.I. The Circadian Clock-A Molecular Tool for Survival in Cyanobacteria. Life 2020, 10, 365.
[CrossRef] [PubMed]

http://doi.org/10.1021/bi301691a
http://doi.org/10.1016/j.molcel.2004.07.013
http://www.ncbi.nlm.nih.gov/pubmed/15304218
http://doi.org/10.1126/science.1197243
http://www.ncbi.nlm.nih.gov/pubmed/21233390
http://doi.org/10.1074/jbc.M112.350660
http://www.ncbi.nlm.nih.gov/pubmed/22493509
http://doi.org/10.1073/pnas.1002119107
http://doi.org/10.1073/pnas.1104221108
http://doi.org/10.15252/msb.20199355
http://doi.org/10.1016/j.febslet.2010.01.016
http://doi.org/10.1038/sj.emboj.7601832
http://doi.org/10.1126/science.1148596
http://doi.org/10.1073/pnas.1211508109
http://doi.org/10.1038/nsmb1312
http://www.ncbi.nlm.nih.gov/pubmed/17965725
http://doi.org/10.1101/gad.1661808
http://www.ncbi.nlm.nih.gov/pubmed/18477603
http://doi.org/10.1371/journal.pbio.1000394
http://www.ncbi.nlm.nih.gov/pubmed/20563306
http://doi.org/10.1038/s41467-018-05438-4
http://doi.org/10.1126/science.1102540
http://doi.org/10.1073/pnas.0130099100
http://doi.org/10.1038/nrmicro.2016.196
http://doi.org/10.1038/sj.emboj.7601086
http://doi.org/10.1371/journal.pgen.1005922
http://doi.org/10.1016/j.margen.2013.12.006
http://doi.org/10.1177/0748730419900868
http://doi.org/10.1128/JB.187.8.2559-2564.2005
http://www.ncbi.nlm.nih.gov/pubmed/15805501
http://doi.org/10.1177/0748730419828068
http://www.ncbi.nlm.nih.gov/pubmed/30755127
http://doi.org/10.3390/life10120365
http://www.ncbi.nlm.nih.gov/pubmed/33419320

	Shift in Conformational Equilibrium Underlies the Oscillatory Phosphoryl Transfer Reaction in the Circadian Clock
	Introduction 
	Materials and Methods 
	Results 
	Breaking H-bonds between the A-loops Induces the KaiC Phosphorylation 
	The KaiC Dephosphorylation Was Enhanced in High Mg2+ Concentration 
	Decreasing Adenosine Triphosphate (ATP) Ratio Enhanced the KaiC Dephosphorylation 
	KaiB Attenuates the Phosphorylation Activated by Breaking the H-bonds in A-loop 
	CII Flexibility Governs the Damped Oscillatory Phosphorylation in KaiCE488A 

	Discussion 
	References

