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ABSTRACT: Most organisms have circadian clocks to ensure the metabolic cycle to resonate
with the rhythmic environmental changes without “damping,” or losing robustness.
Cyanobacteria is the oldest and simplest form of life that is known to harbor this biological
intricacy. Its KaiABC-based central oscillator proteins can be reconstituted inside a test tube,
and the post-translational modification cycle occurs with 24 h periodicity. KaiC’s two major
phosphorylation sites, Ser-431 and Thr-432, become phosphorylated and dephosphorylated by
interacting with KaiA and KaiB, respectively. Here, we mutate Thr-432 into Ser to find the
oscillatory phosphoryl transfer reaction damps. Previously, this mutant KaiC was reported to
be arrhythmic in vivo. However, we found that the mutant KaiC gradually loses the ability to
run in an autonomous manner and stays constitutively phosphorylated after 3 cycles in vitro.

Bl INTRODUCTION

All life on earth has been subjected to the cosmic event of
earth rotating around the sun. Attempts to study what this
cyclic process has brought upon various organisms on this
planet have revealed that all domains of life from bacteria to
humans have developed an ability to anticipate these events
instead of merely reacting to them. The discovery of this
biochemical timekeeping has established the concept of
circadian clock that controls 24 h rhythm of a host. The
overarching idea of transcriptional—translational feedback loop
(TTFL), which is known to be present in all timekeeping
organisms, is that the abundance of clock proteins oscillates
with 24 h periodicity to signal information about the time of
day, controlling the gene expression pattern to resonate with
the environment for ensuring better survivability.'

This is also true for cyanobacteria, in which its metabolic
activities are controlled by an accurate circadian clock, an
internal time-keeping system in a cell.” However, in a
cyanobacterial strain, Synechococcus elongatus PCC 7942, the
24 h rhythm has been found to be generated by the circadian
oscillator, composed of only three major proteins—KaiA
(uniProt ID: Q79PF6), KaiB (uniProt ID: Q79PFES), and KaiC
(uniProt ID: Q79PF4)—which runs in a manner somewhat
independent of TTFL.” The biochemical aspects of the
proteinaceous circadian clock have been studied in detail
using the in vitro reconstitution method, which has revealed
the chemical mechanism among the clock components.*””
During the day and night, two residues of KaiC—Ser 431
(Ser®") and Thr 432 (Thr**)—undergo phosphorylation and
dephosphorylation, respectively (Figure 1). For phosphoryla-
tion, Thr** gets phosphorylated before Ser®!. In the falling
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phase of the clock, Thr*** gets dephosphorylated first, and
Ser®! is next.*” Meanwhile, the mechanistic details of the
ordered phosphorylation of KaiC still remain questionable.

In KaiC, there is a linear chain relatively far away from the
Ser® and Thr**? called “A-loop”."” KaiA binds KaiC and
activates its phosphorylation by holding the A-loop into its
exposed conformation, modulating the bindin$ affinity of the
magnesium ion (Mg*") in KaiC’s active site. ' This enables
KaiC to initiate autophosphorylation. KaiB deactivates the
phosphorylation by sequestrating KaiA from A-loop and
activates dephosphorylation by binding on the N-terminal
domain of KaiC (CI)."”

As long as adenosine triphosphate is supplied, the 24 h
oscillatory phosphorylation of KaiC sustains for days when
mixed with KaiA, KaiB, and Mg2+ inside a test tube.”” Thus,
this cyclic post-translational modifications of KaiC are
considered the central gears and cogs of timekeeping in
cyanobacteria, and TTFL is known to contribute to robust-
ness.'”” It has long been a question whether the KaiC
phosphorylation is ordered due to the amino acid-specific
effect. To study the mechanistic importance of KaiC residues
undergoing phosphorylation and dephosphorylation—Ser*!
and Thr**?—we mutated Thr*** to Ser (Ser***) and monitored
its oscillating properties. Here, we report that the mutation on
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Figure 1. Oscillating phosphoryl-transfer reaction of the circadian
oscillator protein KaiC. When KaiC is unphosphorylated (U-KaiC),
KaiA binds to the A-loop of KaiC. After Thr gets phosphorylated (P
in the red open circle), Ser becomes phosphorylated (P in the red
closed circle). KaiB binds to the fully phosphorylated KaiC (ST-
KaiC) and sequesters KaiA away from the A-loop. Binding
magnesium ion (Mg®") to ST-KaiC activates the dephosphorylation
of KaiC. Thr is dephosphorylated first (S-KaiC) and Ser is next. When
KaiC is fully dephosphorylated (U-KaiC), KaiB is dissociated from
KaiC and KaiA can bind to the A-loop. Dissociation of Mg®* activates
phosphorylation and another cycle starts.

[KaiA\

KaiC generates a “damped” oscillation on the phosphorylation
of KaiC, meaning that its oscillation is not sustained and has an
amplitude that diminishes over a few cycles.

B MATERIALS AND METHODS

Cloning, Expression, and Purification of KaiC. The
mutation on KaiC was performed by site-directed mutagenesis.
Two synthesized oligos were used as primers of the polymerase
chain reaction (PCR). The sequences are 5'-CTGACTCC-
CATATCTCATCAATTACGGAT ACGATTATC-3' and §'-
GATAATCGTATCCGTAATTGATGAGATATGGGAGT-
CAG-3'. The pET-41a(+) wt-KaiC plasmid previously made
was used as a template.” The verified sequence plasmid was
transformed in Escherichia coli (BL21DE3, Novagen) to
overexpress the protein. The culture was grown in 1 L of
Luria Bertani (LB) media containing kanamycin at 37 °C.
When ODy, of the culture reached 4.0, the temperature was
lowered to 25 °C for 1 h. 100 uM IPTG was added to induce
the overexpression of ss-KaiC, and the culture was incubated
for additional 16 h. Cells were harvested by centrifugation at
5500g for 10 min. Cell pellets were resuspended in 60 mL of
wash buffer (50 mM Tris—HC], 150 mM NaCl, S mM MgCl,,
1 mM EDTA, 5 mM ATP, and 1 mM DTT at pH 7.3) and
lysed by passing through a chilled French press cell at a
constant rate with 16,000 psi. The lysates were centrifuged at
20,000g for 2 h and filtered through a 0.45 um filter (Thermo
Fisher). The separation of KaiC from crude cell lysate was
achieved by passing through a GST column (GSTrap HP, GE
Healthcare). After the sample elution with the elution buffer

(50 mM Tris—HCl, 150 mM NaCl, S mM MgCl, 1 mM
EDTA, 1 mM ATP, 1 mM DTT, and pH 7.3), PreScission
protease (GE Healthcare) was used to cleave the GST tags
from KaiC. The final KaiC protein isolate was obtained using
another GST column. A desalting column was used to switch
to the reaction buffer (150 mM NaCl, 20 mM Tris—HCI, 1
mM ATP, S mM MgCl,, 0.5 mM EDTA, and pH 8.0).
Oscillating Phosphoryl Transfer Reaction. The oscillat-
ing reaction mixture was prepared by mixing 1.2 uM KaiA, 3.5
KaiB, 3.5 #M KaiC, 150 mM NaCl, 1 mM ATP, 5 mM MgCl,,
0.5 mM EDTA, and 20 mM Tris—HCI at pH 8.0.” After
aliquoting from each reaction during evenly spaced 2 h time
points, the samples were denatured, run on a 6.5% SDS—
polyacrylamide gel, and analyzed by constructing a densito-
metric graph of phosphorylation states using Image] (NIH)."*

B RESULTS

To phosphorylate or dephosphorylate ss-KaiC, the reaction
mixture was incubated overnight at 30 °C in the absence of
KaiA or KaiB, respectively. KaiA or KaiB was added in the
treated reaction mixture to initiate the oscillating phosphoryl
transfer reaction.

To generate the mutation, we applied the site-directed
mutagenesis to replace Thr™? to Ser™? (ss-KaiC). The
oscillating properties are monitored with ss-KaiC and
compared with wild-type KaiC (wt-KaiC). All experimental
conditions were followed by the previously published
protocol.”” The two phosphorylation sites (Ser*! and
Ser*?) in ss-KaiC are known to be phosphorylated in vitro."

Non-oscillatory phosphorylation and dephosphorylation
profiles of ss-KaiC were similar to those of wt-KaiC. ss-KaiC
underwent dephosphorylation in the absence of KaiA and KaiB
(Figures 2A and S1A). With KaiA, ss-KaiC got phosphorylated
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Figure 2. Phosphorylation and dephosphorylation profiles of ss-KaiC.
(A) Dephosphorylation of ss-KaiA in the absence of KaiA. (B)
Phosphorylation of ss-KaiA in the presence of KaiA. (C)
Phosphorylation of ss-KaiA in the absence of KaiA and Mg**. (D)
Overlay of (A—C). p-KaiC represents the percentage of phosphory-
lated KaiC. Open circles represent the average of each data point of
two replicates. The vertical bars on the data points represent the
standard error of the mean (SEM). Lines connecting each data point
were drawn to show the progress of the reaction. The original protein
gel pictures are shown in the Supporting Information.
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Figure 3. Oscillating phosphorylation reaction of ss-KaiC. (A) KaiA and KaiB were mixed with freshly purified ss-KaiC at time 0. (B) KaiA was
mixed in the reaction mixture containing mostly dephosphorylated ss-KaiC and KaiB at time 0. (C) KaiB was mixed in the reaction mixture
containing mostly phosphorylated ss-KaiC and KaiA at time 0. (D) Overlay of (A—C). All represent the same as Figure 2.
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Figure 4. Oscillating phosphorylation reaction of wt-KaiC. (A—D) All are the same as Figure 3 except replacing ss-KaiC with wt-KaiC. All graphs

are generated by a single experiment.

(Figures 2B and S1B). We recently reported that KaiC alone
undergoes phosphorylation in the absence of Mg** in the
reaction mixture.”'® Accordingly, ss-KaiC underwent phos-
phorylation in the absence of Mg** (Figures 2C and S1C).
Therefore, we concluded that there is no intrinsic mutant-
specific property in ss-KaiC regarding the KaiC-alone
phosphorylation and dephosphorylation pattern (Figure 2D).

Also, we tested the oscillating reaction profile of ss-KaiC by
including KaiA and KaiB in the reaction mixture. The freshly
purified ss-KaiC was mixed with KaiA and KaiB at time O to
monitor the phosphorylation pattern. Surprisingly, the freshly
purified ss-KaiC in the reaction mixture did not show the
oscillation, in contrast to wt-KaiC (Figures 3A and S2A). We

10786

reasoned that the freshly purified ss-KaiC did not undergo
phosphorylation or dephosphorylation because it had already
reached the equilibrium between the two antagonistic
reactions.'® To shift the equilibrium, we dephosphorylated
ss-KaiC by incubating it with KaiB at 30 °C overnight. At time
0, KaiA was added into the reaction mixture containing
dephosphorylated ss-KaiC. The ss-KaiC shows the damped
oscillating pattern under this reaction condition (Figures 3B
and S2B). Although we were unable to fully dephosphorylate
ss-KaiC (it starts with ~25% of phosphorylation), it was
enough to shift the equilibrium toward the phosphorylation
phase. The damped oscillation was sustained for three cycles
with a shorter period (~12 h) than that of wt-KaiC (~24 h).

https://doi.org/10.1021/acsomega.2c06457
ACS Omega 2023, 8, 10784—10788
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To check the oscillating property with different initial
phosphorylation states, we tried to phosphorylate ss-KaiC
before mixing the reaction mixture. We can phosphorylate ss-
KaiC by incubating it with KaiA at 30 °C overnight. We added
KaiB in the incubated reaction mixture at time 0 to monitor
the phosphorylation state. As in the previous case, the
phosphorylation state of ss-KaiC showed oscillation (Figures
3C and S2C). The oscillation properties are similar to that of
dephosphorylated ss-KaiC except that they are in the opposite
phase (Figure 3D).

To verify that the damped oscillation is a genuine property
of ss-KaiC, we performed the same experiments with wt-KaiC.
wt-KaiC shows the sustained oscillation under all different
initial conditions without changes in any oscillating properties

(Figures 4 and S3).

B CONCLUSIONS
432

In conclusion, we found that the single mutation (Thr*? to
Ser**) on the first phosphorylated residue in KaiC generates a
damped oscillation. Previously, this mutant was reported as
arrhythmic in vivo."> The discrepancy with our result may
come from the different initiation due to other clock
components already present within the cell. Our result also
shows that the oscillation is arrhythmic until we initiate the
oscillation (Figure 3A). It is possible that the two opposite
enzymatic modes of KaiC already reached equilibrium before
measuring the oscillation in vivo.

This mutation helps elucidate the reaction mechanism of the
oscillating phosphorylation reaction in KaiC. It is also
questionable whether the order of ss-KaiC phosphorylation is
retained as in wild-type KaiC.” Further examination of ss-KaiC
may reveal the mechanism of the ordered phosphorylation.
Intriguingly, excess KaiA in the reaction mixture results in a
damped oscillation with a shortened period and constitutive
phosphorylation state.'”'® However, this type of damped
oscillation shows a constitutively hyper-phosphorylated state.
Our damped oscillation of ss-KaiC must be a different
mechanism because the oscillation maintains an overall
phosphorylation level of 50—-60% (Figure 3). Also, the
damped oscillations are conserved in different KaiA concen-
trations (Figure S4). We infer that the Ser replacement results
in premature phosphorylation or inefficient dephosphorylation,
since ss-KaiC with KaiA and KaiB always maintained the
phosphorylation state higher than 50%. Because Thr contains
the methyl group, the Ser mutation only gives an effect of
removing the methyl group. We argue that removing the
methyl group in Thr may change the overall phosphorylation
rate and causes the sustained oscillation to damp, although
further characterization should be performed to propose the
detailed mechanism of the time-keeping reaction.

It is also possible that the 12 h damped oscillation may have
been brought by the ineflicient “autonomous synchronization
process”, a concept suggested by Ito et al.'” The idea behind
this is that each KaiC monomer exchanges itself across
hexamers to allosterically induce a homogeneous phosphor-
ylation state of the KaiC hexamer. KaiC’s monomer exchange
activity can be tested by applying the parameters to the
mathematical model suggested by Sasai.”’ Although the
mechanistic elucidation of the autonomous synchronization
process was not studied, our findings on ss-KaiC may
contribute to further structural and functional study of the
autonomous synchronization.

One of the hallmarks of all circadian clocks is that they
continue unabated in a constant environment. Interestingly, a
different strain of cyanobacteria, called Prochlorococcus marinus,
developed a less sophisticated KaiBC-based clock that merely
reacts to the environmental changes.”** Prochlorococcus KaiC
damps when exposed to constant light and stays constitutively
phosphorylated without KaiA.>> More details are needed to
relate the work on Prochlorococcus to the damping pattern of
phosphoryl transfer reaction observed in S. elongatus ss-KaiC.
Nonetheless, this work will contribute to understanding how
the circadian clock autonomously ticks even without any input
from the environment.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c06457.

SDS—gel images of ss-KaiC and wt-KaiC and densi-
tometry graphs and SDS—gel images of ss-KaiC (PDF)

Accession Codes

General information about KaiA, KaiB, and KaiC proteins can
be obtained in the uniProt (www.uniprot.org) with accession
codes Q79PF6, Q79PFS, and Q79PF4, respectively.
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enosine triphosphate; DTT, dithiothreitol; GST, glutathione S-
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