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KaiC is the central pacemaker of the circadian clock system in cyanobacteria and forms the core in the hetero-
multimeric complexes, such as KaiB-KaiC and KaiA—KaiB-KaiC. Although the formation process and structure
of the binary and ternary complexes have been studied extensively, their disassembly dynamics have remained
elusive. In this study, we constructed an experimental system to directly measure the autonomous disassembly of
the KaiB-KaiC complex under the condition where the dissociated KaiB cannot reassociate with KaiC. At 30°C,
the dephosphorylated KaiB-KaiC complex disassembled with an apparent rate of 2.1+ 0.3 d!, which was
approximately twice the circadian frequency. Our present analysis using a series of KaiC mutants revealed that
the apparent disassembly rate correlates with the frequency of the KaiC phosphorylation cycle in the presence of
KaiA and KaiB and is robustly temperature-compensated with a Q10 value of 1.05 £ 0.20. The autonomous
cancellation of the interactions stabilizing the KaiB—KaiC interface is one of the important phenomena that provide
a link between the molecular-scale and system-scale properties.
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e « Significance » N
In both prokaryotes and eukaryotes, circadian clock proteins are assembled and frozen into highly stable hetero-
multimeric complexes at night, but they are disassembled autonomously at dawn to terminate internal biological
night. In this study, we experimentally determined the time scale and temperature dependence of the autonomous
disassembly of the KaiB—KaiC complex, one of the major clock-protein complexes in the cyanobacterial circadian
clock system. Our results clearly demonstrate that the timing of KaiB release from KaiC and its temperature
dependence are governed by the structure and physicochemical state of KaiC.

Introduction

In cells crowded with an astronomical number of biomolecules, a variety of enzymes function in a coordinated manner
while autonomously exchanging energy and information across multiple dimensions of time, space, concentration, and
structure. This autonomy sometimes becomes obvious at cellular or even higher levels, as seen in ordered patterns and
shapes of plants and animals [1-3] or thythmic phenomena that repeat in a constant temporal order [4-6].

Protein complexes are one of the molecular bases for the such autonomous control, and thus it is important to describe
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their dynamics from birth (assembly) to death (disassembly). The assembly dynamics of the protein complexes are greatly
influenced by factors that determine the probability of encounter, such as effective concentration and spatial localization
of pre-assembled components [7,8]. On the other hand, the disassembly is driven mainly by intra-complex circumstances
such as structure and physicochemical state [9,10], and thus inherent properties of the disassembly dynamics may even
affect the characteristics of higher-order systems [11]. While research on the formation and structure of the protein
complexes tends to take precedence, research on those disassembly phenomena tends to attract limited attention and lag
behind. However, studies on the macromolecular complexes in terms of those disassembly or depolymerization are
important as shown in many examples [12,13], because they can provide a link between the molecular-scale and system-
scale properties.

Circadian clocks are 24-h cyclic systems and thus need to be studied in terms of both assembly and disassembly of clock-
protein complexes. Although clock proteins themselves are not universally conserved [14], the formation of the clock-
protein complexes from dusk to night and their dissociation from dawn to daytime are common to a wide variety of species
ranging from bacteria to mammals [4,5,15].

The circadian clock of cyanobacterium Synechococcus elongatus PCC 7942 is the simplest of such systems known today,
and its core oscillator consists of three kinds of the clock proteins, KaiA, KaiB, and KaiC [16]. KaiC is a protein composed
of tandemly replicated N-terminal (CI) domain and C-terminal (CII) domain [17], and binds an ATP molecule in every
CI-CI and CII-CII interface to form a double-ring hexamer (Figure 1A). Assembly and disassembly cycle of the Kai
oscillator can be reconstituted even in vitro by incubating KaiC in the presence of KaiA, KaiB, and ATP [18]. In the
daytime phase, KaiA binds a C-terminal tail of KaiC and promotes auto-phosphorylation of S431 and T432 in the CII
domain of KaiC (Figure 1B). Previous studies have shown that the phosphor-transfer reaction in KaiC advances in a
sequential manner [19,20]: ST — SpT — pSpT — pST — ST, where S, pS, T and pT represent S431, phosphorylated
S431, T432, and phosphorylated T432, respectively. At dusk (Figure 1B), KaiB binds the CI domain of phosphorylated
KaiCs such as KaiC-pSpT and KaiC-pST to form a KaiB-KaiC complex [19,21]. In night time (Figure 1B), KaiA is
recruited to KaiB interacting with the CI domain of KaiC and then trapped in a deactivated morphology as a KaiA—KaiB—
KaiC complex [22,23]. It is hypothesized that the KaiB—KaiC interface in the night complex is destabilized before and/or
after the process of KaiC auto-dephosphorylation from KaiC-pST to KaiC-ST [24], and the KaiA-KaiB-KaiC complex
is completely dissociated into respective components at dawn [25] (Figure 1B).

A KaiB Binding Loop B

CII-ATP

F470

Figure 1 KaiC as the core of the circadian clock system in cyanobacteria. (A) Mutation sites mapped on the crystal
structure of KaiC with tandemly replicated N-terminal (CI) and C-terminal (CII) domains [17]. Nucleotide molecules
such as ATP and ADP are bound in every CI-CI and CII-CII interface to form the double-ring hexamer. (B) Schematic
representation of the rhythmic assembly and disassembly in the cyanobacterial circadian clock system during the day-
night cycle [22]. An orange triangle, a sky-blue box, a green box, and a red ellipsoid corresponds to KaiA dimer, KaiB
monomer, CI-ATP, and CI-ADP, respectively.

To date, the structures [22,23] and formation kinetics [15,26-28] of the KaiB—KaiC and KaiA—KaiB-KaiC complexes
have been studied in detail using a variety of physicochemical techniques. The tetrameric KaiB monomerizes and then
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undergoes a fold switch to become an activated form of KaiB [26]. The activated KaiB is considered to bind preferentially
the CI domain in a post-hydrolysis state [22,23]. On the other hand, the disassembly process of these complexes is poorly
characterized. Whereas KaiB bound to KaiC interacts strongly and specifically with KaiA [29], the interaction between
free KaiB and KaiA is not strong enough to accumulate the KaiA—KaiB complex in the circadian time scale [27,30].
Hence, the process of actively disrupting the specific interaction between KaiB and KaiC is the key to elucidating the
disassembly dynamics of the KaiB—KaiC and KaiA—KaiB—KaiC complexes. Experimental determination of its time scale
and properties is of particular importance for understanding the mechanism by which the Kai oscillator resets the night
history and turns the cyclic reaction (Figure 1B).

In this study, we observed the dissociation process of KaiB from the KaiB—KaiC complex and estimated the timescale
of the autonomous KaiB—KaiC disassembly. We also carried out measurements using a series of KaiC mutants with
shorter or longer period length to investigate a potential relationship between the KaiB—KaiC disassembly and the
frequency of the Kai oscillator. Furthermore, we investigated the temperature dependence of the apparent rate of the
KaiB—KaiC disassembly. Our results suggest that the apparent rate and temperature dependence of the disassembly
process of KaiB from the KaiB-KaiC complex is related to the frequency and temperature compensation of the circadian
clock system in cyanobacteria.

Materials and Methods

Expression and Purification of Kai Proteins
Kai proteins were expressed as recombinant proteins using E. coli BL21(DE3) and purified as described previously [31].

Equilibration of KaiB-KaiC Complexes

A mixture of equimolar amounts of KaiB and KaiC (17 uM on a monomer basis) was incubated at 30°C in a buffer
containing 20 mM Tris/HCI (pH 8.0), 150 mM NacCl, 0.5 mM EDTA, 1 mM ATP, 5 mM MgCl, and 1| mM DTT, and
every aliquot taken at different time points for 48 h was applied to Superdex 200 Increase 10/300 column (Cytiva)
equilibrated with a buffer containing 20 mM Tris/HCI (pH 8.0), 150 mM NacCl, 0.5 mM EDTA, 1 mM ATP, 5 mM MgCl,
and 1 mM DTT. Assignment of the elution peaks was conducted by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of the fractionated samples.

Disassembly Experiments

In order to exchange bulk nucleotides from ATP to adenylyl-imidodiphosphate (AMP-PNP), the KaiB—KaiC complex
that was pre-formed after the assembly experiments at 25°C, 30°C, or 35°C for 48 h was applied to a HiTrap Desalting
column (Cytiva) equilibrated with a buffer containing 20 mM Tris/HCI (pH 8.0), 150 mM NacCl, 0.5 mM EDTA, 5 mM
MgCl,, 1 mM DTT, and ImM AMP-PNP. Fractions containing the KaiB-KaiC complex were collected immediately and
then incubated at 25°C, 30°C, or 35°C to initiate the disassembly reaction (# = 0). At every time point, an aliquot of the
incubated sample was applied to Superdex 200 Increase 10/300 column (Cytiva) equilibrated with a buffer containing 20
mM Tris/HCI (pH 8.0), 150 mM NacCl, 0.5 mM EDTA, 5 mM MgCl,, and 1 mM DTT.

Analysis of Size-Exclusion Chromatography Data
Elution curves were analyzed with Multipeak Fitting 2 package in Igor Pro software (WaveMetrics) and then fitted using
the following equation,

Abs(v) = Base(v) + BC(v) + C(v) + B(v) (1)

where Abs(v) is the absorbance at 280 nm at the elution volume of v; Base(v) is a cubic function of log(v) for a baseline
[32]; BC(v), C(v), and B(v) are exponentially modified Gaussian functions [33] for the elution peaks of KaiB-KaiC
complexes, KaiC, and KaiB, respectively. The relative intensity of the elution peak for KaiB (/) was determined
according to the following relationship,

Iz = Areag/(Areagc + Areac + Areag) 2)
where Areapc, Areac, and Areag correspond to the peak areas of BC(v), C(v), and B(v), respectively. In rare cases where
BC(v) and C(v) were not sufficiently separated, they were analyzed together as one peak, but it should be noted that this

does not affect the estimation of the /s value.

In vitro KaiC Phosphorylation Rhythms
KaiC phosphorylation cycle was reconstructed at 25°C, 30°C, or 35°C by incubating KaiA (0.04 mg/ml), KaiB (0.04
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mg/ml), and KaiC (0.2 mg/ml) in a buffer containing 20 mM Tris/HCI (pH 8.0), 150 mM NacCl, 0.5 mM EDTA, 1 mM
ATP, 5 mM MgCl, and 1 mM DTT as described previously [18]. The abundance of the phosphorylated KaiC was
quantified with SDS-PAGE and densitometric analysis of gel bands using LOUPE software [34].

Results

Pre-Formation of KaiB-KaiC Complexes

The binding process of KaiB and KaiC has been studied in detail [26-28], and it is known to exhibit slow binding
relaxation as long as approximately 24 h [15,25]. In order to reproducibly prepare the KaiB—KaiC complex for
disassembly experiments, we investigated the time required for equilibrating the formation dynamics of the KaiB-KaiC
complex. KaiB and wild-type KaiC (KaiC%T) were mixed with an equimolar ratio (17 uM on a monomer basis), and the
resultant KaiB/KaiCWVT mixture was incubated at 30°C. At every time point, an aliquot of the incubated sample was
applied to size-exclusion chromatography (SEC) to observe the progress of the binding reaction. The elution curve
immediately after mixing KaiB and KaiCV¥T showed two peaks eluting at 10.3 and 14.7 mL (P1 and P2 in Figure 2A).
SDS-PAGE analysis of the fractionated samples indicated that the P1 and P2 corresponded to the free KaiC%T and KaiB,
respectively (Figure 2B). The peak intensity of the free KaiB decreased with time, and concomitantly KaiCVT was
coeluted with KaiB as the KaiB-KaiC%T complex at a smaller elution volume of 10.0 mL (P3 in Figure 2A and 2B). After
48 h incubation, the peaks of the KaiB-KaiC%T complex and free KaiB remained unchanged. Thus, the 48-h pre-incubated
KaiB/KaiC mixture was used as the starting sample for the following dissociation experiments.

P3(10.0mL) P1(10.3mL) P2 (14.7 mL)
A (KaiB-KaiCWVT (free KaiCWVT) (free KaiB) B Q 5
: MMP1 P2 P3 ¥ &

Complex) *, L’

(kD)
273 >

114 >
84.7 »

61.6 >
47.3 »
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31.3 »
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8.6 >

Absorbance at 280 nm (mAU)

0.1h /N

T T T
8 10 12 14 16
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Figure 2 Formation of the KaiB-KaiCWVT complex. (A) Elution curves of size exclusion chromatography of the
mixtures containing KaiB and KaiC%T in an equimolar ratio (17 uM), after different incubation times at 30°C. Traces
are vertically shifted for clarity of the presentation. The three dashed lines correspond to the elution volumes of the
three peaks, P1, P2, and P3. (B) SDS-PAGE analysis of molecular mass markers (MM), P1, P2, P3, KaiB, and KaiC"T.

Disassembly Kinetics of KaiB—KaiC Complex

To observe the dissociation kinetics directly, it is necessary to control the reassociation process of dissociated free KaiB
into KaiC. For this purpose, the disassembly of the KaiB-KaiC%T complex was initiated by replacing the bulk ATP with
its non-hydrolysable analogue, AMP-PNP, because KaiB is known to bind selectively to the ADP-bound state of KaiC
but never to the AMP-PNP—bound state of KaiC [28,35,36].

The pre-formed KaiB-KaiC%T complex was subjected to an immediate (less than 10 min) buffer exchange using a
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Figure 3 Schematic representation of the experimental method for tracking the disassembly dynamics of the KaiB—
KaiC complex. Step 1: buffer exchange of the pre-formed KaiB-KaiC complex to replace bulk ATP to AMP-PNP.
Step 2: incubation time to allow autonomous disassembly of KaiB-KaiC complex at three different temperatures. Step
3: size-exclusion chromatography (SEC) analysis of the incubated samples. Shown chromatograms are representative
results of KaiC%T, which were analyzed using the Eq.(1) to identify the peaks of KaiB-KaiC%T complexes (sky-blue),
KaiCVT (orange), and KaiB (red), respectively. Upper panels of the shown chromatograms indicate residuals of the
fitting analysis (see details in Materials and Methods).

desalting column equilibrated with a buffer containing AMP-PNP instead of ATP (¢ = 0, step 1 in Figure 3), and the
resultant KaiB—KaiC%T complex was incubated at 30°C (step 2 in Figure 3). At every time point, an aliquot of the buffer-
exchanged sample was applied to SEC to trace the change in the association state of the KaiB-KaiC%VT complex (step 3
in Figure 3). Immediately after the buffer exchange (# = 0.1 h), the sample was eluted in two peaks (Figure 3). The larger
peak at 10.0 mL corresponded to the KaiB-KaiC%T complex, and its minor shoulder on the side of higher elution volume
was derived from a small amount of free KaiC%". The smaller peak at 14.7 mL was attributed to a small amount of free
KaiB. As the time proceeded (¢ = 6 h), the peaks of free KaiC%VT and KaiB became intense, while that of the KaiB-KaiCWVT
complex became faint (Figure 3). After 36 h (Figure 4A), the peak corresponding to the KaiB-KaiC%T complex remained
apparently disappeared, and that of free KaiB remained unchanged. These results suggest that the buffer-exchange
suppresses the recombination of dissociated free KaiB as we intended (Figure 3), and that the relaxation observed as in
Figure 4A directly reflects the dissociation kinetics of the KaiB—KaiC%T complex.

To estimate the apparent rate constant of the disassembly, time-course of the relative peak intensity for KaiB was fitted
using the following exponential function (Figure 4B),

Ig(t) = [ + Al e Forr ¢ (3)

where g(?) is the peak intensity of KaiB at time ¢, expressed as a relative value to the intensity of all peaks (details in
Materials and Methods); Iz is the peak intensity of KaiB at infinite time; Alg represents the amplitude of the exponential
phase; and ko**P is the apparent rate constant of the disassembly reaction. The resultant ko value for the KaiB—-KaiCWT
complex was 8.6 = 1.4 x 102 h™!' (2.1 £0.3 d')).

To test whether the dissociation rate is related to the stability of the KaiB—KaiC complex, we performed the same
experiment using a KaiC-pSpT-mimicking S431D/T432E KaiC mutant (KaiCPF) that is known to show a significantly
higher affinity for KaiB [19,20,28,36]. Astonishingly, the disassembly kinetics of the KaiB—KaiCPE complex lasted for
over 2 weeks (Figure 4B) with ko of 5.6 £ 0.3 x 10~ h'! (0.13 £ 0.1 d!). This result suggests that the slowness of the
disassembly kinetics is one of the factors contributing to the higher affinity of KaiB for KaiC. Considering that KaiC%T
in the pre-formed KaiB-KaiC%T complex was almost completely dephosphorylated, the dual phosphorylation of S431
and T432 slowed down the KaiB-KaiC disassembly by approximately 20-fold.
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Figure 5 Analysis of the KaiC mutants at 30°C. (A) In vitro phosphorylation cycles of KaiC%¥T and its mutants in the
presence of KaiA (0.04 mg/mL) and KaiB (0.04 mg/mL). The cycle frequency (fp) determined according to the
previous report [34] is shown on the right side of each panel. (B) Time-courses of relative peak intensity for KaiB (/5)
during the disassembly of the KaiB—KaiC complexes. Apparent disassembly rate constants (ko) were determined
by fitting Eq.(3) to the data (solid lines). (C) Correlation plot between ko®? and fp. Linear regressions with (solid line)
and without (dashed line) KaiCS8'*’C resulted in correlation coefficients of 0.57 and 0.96, respectively.
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Period-Mutants Analysis

To investigate potential effects of the KaiB—KaiC disassembly on the KaiC phosphorylation cycle, we conducted the
experiments using a series of KaiC mutants exhibiting a higher or lower oscillatory frequency than KaiC%VT. As shown in
Figure 5A, while a S157C substitution caused a slight decrease in the frequency of the phosphorylation cycle
(fo = period / 24 = 0.96 d'"), other substitutions such as S157P (1.1 d'!), C306A (1.2 d'!), and F470Y (1.6 d™!) resulted in
the increase in the fp value [37-39]. These mutants were pre-incubated with KaiB for 48 h and then analyzed using the
same protocol as described in Figure 3.

The disassembly dynamics of the high-fp KaiC mutants were systematically faster than that of KaiCVT (Figure 5B). For
the dataset consisting of the high-fp KaiC mutants and KaiCW"7, the increasing order of the ko™ value matched the
increasing order of the fp value in the presence of KaiA and KaiB (Figure SA and 5B). On the other hand, the ko**? value
for the low- fp mutant, KaiCS'>7¢ (2.9 + 0.2 d!), was larger than that of KaiC%" (2.1 + 0.3 d'!). A data point of KaiC5!'57¢
in the ko*PP—fp plot (Figure 5C) appeared to deviate from the potential correlation suggested by the high-fp mutants (dashed
line in Figure 5C, r = 0.96). Nevertheless, the data set consisting of all mutants and KaiCVT suggested a certain correlation
between the kP and fp values (solid line in Figure 5C, » = 0.57).

Temperature Dependence of the Disassembly Kinetics of KaiB—KaiC Complex

Temperature insensitivity of the oscillatory frequency is one of the unique properties of the circadian clocks [40] as
distinguished from other chemical oscillators showing temperature sensitivity [41]. As observed previously [18], the fp
values of KaiCV" were insensitive to the temperature (Figure 6A). The Qo value of fp (010?) was estimated to be
1.16 £ 0.01 (Figure 6C), which was nearly consistent with 1.09 £ 0.01 in the previous report [34]. To investigate the
temperature dependence of the disassembly dynamics, the KaiB-KaiCW¥T complexes that were pre-formed at 25°C, 30°C,
and 35°C for 48 h were buffer exchanged and then incubated at three corresponding temperatures at 25°C, 30°C, and
35°C, respectively (Figure 3). While the amplitude (Alg) of the exponential relaxation increased as the temperature
increased, the relative peak intensity after the relaxation (/g*) was nearly unaffected by the temperature change (Figure
5B). Furthermore, ko™ of the KaiB-KaiCV' complex was temperature-compensated with the Q10*f value of 1.05 = 0.20
(Figure 5C). These results imply that the dissociation process of the KaiB—KaiC complex is somehow related to the
temperature compensatory nature of the KaiC phosphorylation cycle.
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Figure 6 Temperature-insensitive disassembly of the KaiB-KaiCW¥T complex. (A) KaiCW¥T phosphorylation cycle in
the presence of KaiA (0.04 mg/mL) and KaiB (0.04 mg/mL) at 25°C, 30°C and 35°C. (B) Time-courses of relative
peak intensity for KaiB (/) during the disassembly of the KaiB-KaiC%T complex at 25°C, 30°C and 35°C. Apparent
disassembly rate constants (ko*?) were determined by fitting Eq.(3) to the data (solid lines). (C) Arrhenius plot
analysis of 4 (boxes) and phosphorylation cycle frequency (fp, circles). The activation energy, which was
determined by linear regression (solid lines), was converted to the Qo value at 303 K as described previously [34].
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According to Eq. (2), the initial /g value immediately after solution exchange is a kind of parameter that reflects the
magnitude of the equilibrium dissociation constant of the KaiB—KaiC complex in the presence of ATP. The fact that the
initial /g value decreased in a temperature-dependent manner (Fig. 6B) while 4o*P? was temperature-insensitive implies
a view of temperature-sensitive assembly and temperature-insensitive disassembly of the KaiB-KaiCVT complex.

Discussion

The time scale for dissociation of protein complexes varies widely from milliseconds to hours, depending on their
structures, internal states, and functional requirements. The apparent disassembly rate of the KaiB-KaiC complex
observed in this study seems to belong to the slowest part of this diversity. Microtubules are disassembled quickly with a
rate of 113 s at 30°C [42]. Dimerized G-protein—coupled receptor undergoes the monomerization with a rate of 11 s! at
37°C [43]. Barbed and pointed ends of ADP-actin filaments are depolymerized at 22°C with rates of 7.2 and 0.27 s,
respectively [44]. The dissociation rates of end-binding proteins Arp2/3 complex and capping protein from the actin
filament are determined to be 0.048 and 0.58 s™!, respectively [45]. Bovine 26S proteasome is one of the slower examples,
which dissociates into core 20S proteasome and regulatory complex with a rate of 0.744 h! at 25°C [46]. Tetramer-to-
dimer dissociation of human hemoglobin advances very slowly at 30°C with a rate of 0.315 h™! (7.56 d°!) [47]. The steady-
state ATPase activity of KaiC is approximately 0.5 h! (12 d'!) at 30°C [37,39,48]. Although certain attention should be
paid in making these comparisons due to the differences in measurement temperatures and analysis methods, the release
of KaiB from the KaiB-KaiC complex is the quite slow phenomenon (8.6 + 1.4 x 102 h! (2.1 £0.3d")~5.6+0.3 x 10
3h1(0.13 £0.1 d")) compared to various assembly-disassembly systems including the circadian clock of cyanobacteria.
The remarkably small ko*PP value recalls a possibility that a slow change in the internal states of KaiC is the rate-liming
process for the spontaneous disassembly of the KaiB—KaiC complex.

The cyanobacterial circadian clock is the unique system in which causality is established between molecule- and system-
levels [37,39,48]: if the ATPase activity of KaiC is doubled by amino acid substitutions, the fp value in the presence of
KaiA and KaiB is also doubled. In the present study, we investigated the molecule-system correlation from the viewpoint
of the autonomous KaiB dissociation. For the dataset consisting of the high-fp KaiC mutants and KaiC%?, we observed
the fine correlation between the ko™ and fp values (r = 0.96, dashed line in Figure. 5C). The molecule-system correlation
of the KaiB—KaiC disassembly was confirmed not only in terms of the rate of the reaction (Figure 5C) but also in terms
of its robustness to temperature changes (Figure 6C). These observations suggest that the autonomous dissociation of the
KaiB-KaiC complex is one of the important phenomena that provide a causal link between the circadian clock system
and its constituent molecules.

In this regard, the fact that KaiCS'>’¢ exhibited the larger kos*"" value than KaiC%! was unexpected (Figure 5B). When
the low-fp KaiC3'57C was included, the correlation coefficient of the kos*""—fp plot decreased from 0.96 to 0.57 (Figure 5C).
This may be partly due to the relative bias in the kog*?? errors among KaiC%T and the mutants. In addition, there are two
possible explanations. The first is a circumstance specific to the 157th position in KaiC, where the amino acid substitution
was introduced. According to the crystal structure of the KaiB—KaiC complex [22], S157 is located in close proximity to
the KaiB binding loop (116-123) of KaiC at a distance of 8-9 A (Figure 1A). Furthermore, S157 is known as the key
residue that indirectly regulates positioning of a lytic water molecule for CI-ATP [37]. However, the well-correlated data
point of KaiCS"" (Figure 5C) makes it unlikely that the reason is specific to the 157th position. The second is the
additional effect of KaiA on the dissociation of the KaiB—KaiC complex. According to the previous studies [27,49], KaiA
can indirectly lower the affinity of KaiC for KaiB by binding to the C-terminus of KaiC. It may be possible that this
indirect effect of KaiA is partially inhibited by the S157C mutation, resulting in the decrease in the fp value of KaiCS'37C,
In any case, further studies in terms of the KaiB—KaiC disassembly are needed to explain the poor molecule-system
correlation in KaiCS!37¢,

The wide dynamic range of ko** ranging from 0.13 to 2.1 d”! provides the molecular basis for the robust and rhythmic
regulation of the KaiB-KaiC affinity. The dual phosphorylation in the CII domain reduced kos*"? by approximately 20-
fold (Figure 4B), but the KaiB binding loop is located in the CI domain of KaiC [22,23] (Figure 1A). This result indicates
that the wide dynamic range of kP is derived from the delicate allostery between the CI and CII domains. In fact, the
kof®P—fp correlation has been confirmed not only for the CII-domain mutants such as KaiC®%# and KaiCF°Y, but also
for the CI-domain mutant such as KaiC3'5’" (Figure 5C). It is the internal state of KaiC, such as bound nucleotides,
phosphorylation, and the quaternary structure of the hexamer, that underlies the slow and temperature-compensated
dissociation reaction of KaiB, and the detailed mechanism will be hidden in the coupling between the CI and CII domains.
We will continue our experiments with improved time resolution and number of sampling points in order to extract
information about the cooperativity of neighboring bound-KaiBs and/or the internal states of KaiC.
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Conclusion

In this study, we investigated the autonomous disassembly of the KaiB—KaiC complex. The dephosphorylated KaiB—
KaiC complex disassembled with the apparent rate of 2.1 £ 0.3 d! at 30°C. The disassembly dynamics was decelerated
by approximately 20-fold by the dual phosphorylation of S431 and T432 in KaiC. Potential causality between the KaiB—
KaiC disassembly and the phosphorylation cycle was confirmed in terms of both the reactions rates and their robust
temperature compensation.
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