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Monomer-Shuffling and Allosteric Transition in KaiC
Circadian Oscillation
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Circadian rhythms in living organisms have long been attributed solely to a transcription-translation loop comprising
a negative or positive feedback. The rhythms in cyanobacteria are known to be modulated by kaiC, kaiA and kaiB genes. It was
recently shown, however, that their product proteins KaiC, KaiA and KaiB are sufficient to reconstitute the circadian rhythm in
the phosphorylation level of KaiC in vitro. It has since been unclear why such an oscillatory behavior can occur in the absence
of the apparent transcription-translation feedback. In the meantime, it has been reported that the monomer exchange
between KaiC hexamers occurs in a phosphorylation-dependent manner, which suggests that the monomer shuffling is also
involved in the circadian rhythm (H. Kageyama et al, Mol. Cell, 23, 161 (2006)). To further clarify the role of the monomer
shuffling, we have performed a computational modeling of interactions among Kai proteins assuming the allosteric transition
of KaiC hexamer as well as the monomer shuffling. The results show that the existence of both monomer shuffling and
allosteric transition can synchronize the phosphorylation level of the KaiC hexamers, and stabilizes its oscillation.
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INTRODUCTION

Biological activities of diverse organisms have circadian rhythms to
fit to the day/night cycle of the environment [1]. The simplest
organisms known to show circadian rhythms are cyanobacteria
[2]. Three genes, kaid, kaB, and kaiC, play essential roles in the
circadian clockwork of a cyanobacterium, Synechococcus elongatus
PCC 7942 [3], in which the expressed protein, KaiC, represses the
expression of kaiB and kaiC and thus constitutes a negative
feedback loop [3,4]. Various feedback regulations among clock
genes were found in many other organisms, which led to a view
that the transcription-translation oscillation is the source of
circadian rhythmicity [5]. The generality of this view, however,
is now being questioned at least for cyanobacteria [6]. Recent
report of Nakajima e al. showed that the temperature-compen-
sated robust circadian oscillation of KaiC phosphorylation can be
reconstituted by incubating three Kai proteins, KaiA, KaiB, and
KaiC, with ATP @ wtro [7]. In this experiment, the reaction
mixture contained neither mRNA nor DNA and the amount of
protein molecules remained constant, which indicates that not the
transcriptional regulation but Kai protein complexes are the
pacemaker of cyanobacterial circadian clock [8].

As there is no transcription-translation feedback loop in this
system, it is not clear at present why the number of phosphorylated
KaiC can exhibit such a stable oscillation pattern. There have
been a few preceding studies using theoretical models aiming at
elucidating how this protein-only system can generate the robust
circadian oscillation. With the limited experimental information,
however, the theoretical model builders were forced to make some
basic assumptions at their starting point [9-11]. Emberly and
Wingreen assumed that KaiC monomers are shuffled during the
period of phosphorylation of KaiC and that KaiC hexamers
aggregate to form mesoscopic clusters during the period of KaiC
dephosphorylation [9]. Kurosawa et al. assumed that both KaiA
and KaiB have multiple states and regulate the KaiC phosphor-
ylation process in multiple ways [10]. Mehra et al. assumed that the
phosphorylated KaiC molecule catalyzes phosphorylation of other
KaiC molecules [11]. Takigawa-Imamura et al. assumed that
there are two sequential states of phosphorylated KaiC and that
KaiA can bind to unphosphorylated KaiC and the second, but not
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to the first, state of phosphorylated KaiC [12]. Miyoshi et al. assumed
that KaiB have two states which can be converted to each other with
the help of KaiC hexamers at the different levels of phosphorylation
[13]. These assumptions have not yet been confirmed experimen-
tally and the consensus is not reached at the moment.

More recently, Kageyama et al. examined the detailed features
of KaiC oscillation  vitro [14]. Their experimental data provided
a new opportunity for testing the validity of theoretical models.
Shuffling of monomers, for example, was shown to be most
frequent during the dephosphorylation period [14], showing that
the scenario of Emberly and Wingreen does not hold in its original
form. In this paper, we exploit the data of Ref.14 to propose
a consistent model of Kai protein complex dynamics. Our model
presented here conforms to these experimental findings as well as
other known structural and physicochemical information.

KaiA catalyzes the phosphorylation of KaiC [15] and KaiB
attenuates the kinase activity of KaiA [16], where KaiA interacts
with KaiC mostly in the KaiC phosphorylation phase and the
KaiB activity is most evident in the KaiC dephosphorylation phase
[14,17]. We assume that the difference in binding affinities toward
KaiA and KaiB can be attributed to the presence of two structural
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states of KaiC hexamer: In the phosphorylation phase KaiC has
higher binding affinity to KaiA than to KaiB and in the
dephosphorylation phase KaiC has higher binding affinity to
KaiB than to KaiA. Such assumption of the concerted conforma-
tional change of monomers within homooligomers is well known
to successfully describe the cooperativity in the ligand binding of
hemoglobin [18] and chaperonin [19], both of which are
correlated to changes in their quaternary structures [20,21].

Another key assumption in our model is on the shuffling of KaiC
monomers. KaiC is known to form a hexamer both in solution and
crystals [22,23,14]. We assume that KaiC monomers are quickly
interchanged when two hexamers interact, which is based on the
experimental result [14] that the shuffling proceeds without
accumulation of smaller or greater species than hexameric KaiC.
The fact that the shuffling is most frequent in the dephos-
phorylation phase [14] indicates that intermonomer interactions
are destabilized in the structural state in the dephosphorylation
phase compared to that in the phosphorylation phase. Therefore, we
denote the structural state which dominates in the dephosphoryla-
tion phase by relaxed (R) state, whereas the structural state which
dominates in the phosphorylation phase is denoted by tense (T) state.

Each KaiC monomer has two phosphorylation sites at Ser431
and Thr432 [24]. Although the close distance (7.4A) between these
two sites in crystal structure [25] indicates that phosphorylation at
these two sites should not be independent, the detailed mechanism
of the correlation between the two sites is unknown at present. For
simplicity, we do not distinguish two sites explicitly and assume
that phosphorylation on one of the two sites is essential for the
circadian oscillation in the present paper. When we also neglect
the difference in the location of phosphorylated monomer within
the hexamer, phosphorylation states of KaiC hexamer is specified
by the total number of phosphorylated KaiC monomers within
hexamer. Therefore there are 14 distinct states for KaiC hexamer
denoted by T; or R;, where T or R denotes the structural state and
¢1s the number of phosphorylated monomers from 0 to 6. Analyses
of thus simplified model should provide a starting point to clarify
the essential mechanism of the circadian oscillation produced by
dynamically interacting proteins. The reaction scheme assumed in
our model is shown in Fig. 1, where KaiA and KaiB are denoted
by A and B, respectively. We consider Kai protein complexes,
KaiC-KaiA (denoted by T,A or RA), KaiC-KaiB (R;B), KaiC-
KaiA-KaiB (T;AB or R,AB) and KaiC-KaiB-KaiA (R;BA).

In the phosphorylation phase, KaiC hexamer should be mostly
in T/A states with 7 increases from 0 to 6 as time proceeds due to
the kinase activity of KaiA. In the dephosphorylation phase, KaiC
hexamer should be mostly in R,B states with ¢ decreases from 6 to
0 as time proceeds due to the effect of KaiB. We assume that the
main routes of transition between T and R states are Ryp+A—T(A
and Tg+B—RgB. As these reactions constitute a closed loop, it
may seem trivial for this system to show the oscillatory behavior of
KaiC states. However, if we start from the initial condition in
which the population of KaiC hexamer is localized at any single
state, population rapidly diverges to multiple states by stochastic
fluctuation of the timing of each step and eventually the system is
dominated by the steady flow of the population.

We circumvent this problem by introducing the following two
modes of shuffling: 1) Monomers can be exchanged between two
KaiC hexamers in R states as R+R—~R#+R; with #j=k+/, and can
not be exchanged between two KaiC hexamers in T states. This
assumption is consistent with the observation [14] that the shuffling is
most frequent during the dephosphorylation phase. 2) Since shuffling
is most frequent for the period of several hours in the beginning of
the dephosphorylation phase [14], we introduce the additional
shuffling reactions involving the Rg state, which is populated at this
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Figure 1. Reaction scheme assumed in the model. Association/
dissociation, kinase/phosphatase reactions, and allosteric transitions are
indicated by black arrows. Monomers of KaiC can be shuffled between T
and Rg (red arrows) and between two Rs (pink area).
doi:10.1371/journal.pone.0000408.g001

period, and the T state as Rg+T—>R+R; with 6+j=4+. This
assumption implies that R state is more accessible than T state for
a newly formed hexamer after shuffling. With these assumptions, the
oscillatory behavior can be brought about as follows. If the transition
from Tg to Rg is slow compared to the phosphorylation/
dephosphorylation, the population of KaiC initially accumulates at
the T state. When the amount of hexamers in the T state exceeds
some threshold, the Rg state begins to be populated. Subsequently,
this further triggers the autocatalytic increase of KaiC in R states via
the shuffling reaction Rg+T;—R;+R; in a relatively short time.
Opverall, this autocatalytic allosteric transition acts as a pacemaker
which makes the KaiC population coherent enough to maintain the
oscillatory behavior. Further details of reactions in Fig. 1 are
explained in Model and Methods section and kinetic constants for
those reactions are summarized in Supporting Information.
Reactions in vivo appear to be essentially same as those recon-
stituted i vitro [14]. Reactions i vivo, however, involve only small
number of molecules in a single cell: Considering the cyanobac-
trium cell size of several um, concentrations of KaiA, KaiB, and
KaiC in the reaction mixture in Ref.14 (1.2 uM, 3.5 uM, and
3.5 UM of monomers, respectively) correspond to about 10* to 10°
molecules of each Kai monomer in a cell. In order to check
whether such smallness in number of molecules affects the
reactions, we simulate the stochastic dynamics of reactions in the
model of Fig. 1 by using the Gillespie algorithm [26]. The reaction
mixture confined in a m vessel is simulated with 10000 dimers of
KaiA, 30000 dimers of KaiB, and 10000 hexamers of KaiC, which
corresponds to 1:3:3 ratio of monomers. Since the oscillation
should be less stable in a more noisy system with smaller numbers
of molecules, the stable persistent oscillation of reactions observed
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in this stochastic simulation will assure both the stability of
oscillation in a cell of im size and the stability of oscillation w vitro
with the macroscopic number of molecules.

RESULTS

As shown in Fig. 2, the model exhibits a stable persistent oscillation
in the level of KaiC phosphorylation, p()=2; X +X")/6X,
where X=)=2;, (X*+x"), XR=[R]+[RA]+[RB]+[RAB]+
[RBA], X;" =[T]+[T:A]+[T,AB], and [...] denotes the concen-
tration of each of the chemical species. With the parameters used
(summarized in Supplementary Table S1), the phosphorylation
level of KaiC oscillates between 0.2 and 0.8 and the period length
is about 22 hours. These findings are consistent with the experi-
mental observations (Nakajima et al Science, Kageyama et al Mol
Cell). This oscillatory behavior is necessarily accompanied by the
autocatalytic increase of KaiC population in R states described
above. To illustrate how the mechanism works, typical examples
of distributions of KaiC states at time ¢ PR,)= XR®/X and
P(T4)=X;"/X, are plotted in Fig. 3. When the rate of transition
from T4 to Rg is 100 times faster than its standard value, KaiC
hexamers are not caught at the T state and leak to the R state,
which promotes active monomer shuffling between T and R.
Through this active shuffling the population spreads over the R
states, which suppresses the oscillation as shown in Fig. 3b. The
oscillation is also suppressed when the shuffling rates are low. With
the lower shuffling rates, the small amount of KaiC hexamers
appeared at the Rg state do not trigger further increase at the R
states via reactions Rg+T;—R+R, (data not shown).

The model also predicts the dependence of the oscillation on
various rate constants. For example, /c/)TA[TIA], which is the rate of
phosphorylation from TA to T A, should affect the period
length of oscillation, and [T;A] is strongly dependent on the bind-
ing rate k" of A to T;. (See Model and Methods for the precise
definition of these constants.) In Fig. 4a, the oscillation period
length is plotted against kl,,vl‘A and k," ™. The persistent oscillation
exists in the parameter region of kaA kT2 ~8.6x10 %sec” 2, and
in the region of k,"~35 sec™ . The oscillation should also depend
on kdpRB [R;1B], which is the rate of dephosphorylation from
R; 1B to RB. In Fig. 4h, the oscillation period is plotted against
k,,pRB and k;,R’B, where kbR’B is the rate constant of binding of B to
R,. The stable oscillation is found in the parameter region of kdpRB
kR B~1.1x10"* sec™ 2 In wide areas of Figs. 4a and 4b, the
oscillation period length does not vary much as far as the
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Figure 2. The simulated oscillation in the phosphorylation level p(#).
doi:10.1371/journal.pone.0000408.g002
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Figure 3. Typical examples of distributions of KaiC states, AR;f) = X}
X and A(T,0=X]/X. (a) Distributions at t=18 hours (black line) and
t=22 hours (red line) calculated with the standard parameter set
consistent with the autocatalytic increase of KaiC population in R states.
(b) Distributions at t=10 hours (black line) and t=14 hours (red line)
calculated with the transition rate from Tg to Re increased 100-fold from
its standard value.

doi:10.1371/journal.pone.0000408.g003

parameters are consistent with the autocatalytic increase of KaiC
population in R states. The period varies, however, on the line of
kPTA kT 2~8.6x107° sec % and the period length tends to be
extended when the parameters are close to the boundary of the
stable oscillation.

The oscillation can be further characterized by examining the
association dynamics among Kai proteins. In the following, the
simulated association dynamics are compared with the experi-
mental results of Ref.14 from several aspects.

Dependence on concentrations of Kai proteins

It was experimentally observed that the oscillation is persistent
when concentrations of Kai proteins are increased from their
standard values, but the oscillation dies out when the concentra-
tions are decreased to 1/10 or less [14]. When the concentration
of KaiC is fixed, the oscillation is stable against a small change in
concentration of KaiA or KaiB, but the oscillation dies out when
the KaiA concentration is decreased to 1/4 or the KaiB
concentration is decreased to 1/3 of their standard values [14].
These features are well reproduced in the simulation as shown in
Fig. 5. In the model, these features are largely explained by the
Michaelis-Menten kinetics of binding among Kai proteins. With
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the standard values of concentrations of Kai proteins, the binding
reaction rates are saturated and insensitive to the small changes in
concentrations of Kai proteins. With the decreased concentration,
however, the binding rates leave this saturated regime and begin to
sensitively depend on the concentrations, which disturbs the
balance among the reaction rates required for the oscillation.

Kai protein complex formation

We refer to the probability for a KaiC hexamer to be in complex
with KaiA or with KaiB as Py¢ and Py, respectively, and the
probability for a KaiC to be in complex with KaiA and KaiB as
Pspc. Then, the ratio of the free KaiC hexamer is expressed as
Pree = 1 —=(PactPpctPapc). In Refll4, it was experimentally
observed that Pg.. oscillates between 55-80% and Ppc oscillates
between 7-18%, which are 180° out of phase with each other. Pxc
oscillates between 8-12% in phase with that of Pg.., and Papc
oscillates between 10-14% in phase close to that of Pg¢. Temporal
changes of corresponding values in our simulation are plotted in
Fig. 6, which are obtained by calculating Py, = 2 ([T A]+[RA])/
X, Py = Z[RBI/X, and Pape = Z{[TABH+[RABJ+[RBA])/X,
The overall features of the experiment are mostly reproduced in
Fig. 6: The simulated oscillations of Pp.. and Py resemble the
experimental data, and Pac oscillates with the same oscillation
phase as was observed in the experiment. The range of oscillation
of Pac, however, is 18-30% in the model, which is consistently
higher than the experimentally observed range of 8-12%, and
Prpc oscillates only weakly in Fig. 6. Such disagreements may be
due to the inappropriate description of binding of B to AC in the
model. Further experimental information on the binding mode of
KaiB to KaiC-KaiA complex is desired.
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Figure 5. Concentration dependence of the simulated time course of
KaiC phosphorylation level, p(#). (a) p(t) for the standard mixture (red)
and p(t) calculated with the concentrations of KaiA, KaiB, and KaiC
increased 2.5-fold (blue), 5-fold (purple) or decreased to 1/10 (orange),
1/20 (yellow), and 1/40 (green) of their standard values. (b) p(t)
calculated with the KaiA concentration decreased to 2/3 (blue) or 1/4
(green) of its standard value (red). (c) p(t) calculated with the KaiB
concentration decreased to 2/3 (blue) or 1/3 (green) of its standard
value (red).

doi:10.1371/journal.pone.0000408.g005

Kinetics of KaiC-KaiA and KaiC-KaiB association

In the experiment, when KaiC with the phosphorylation level
~95% was incubated in the presence of KaiA, the phosphoryla-
tion level was kept constant at ~95% and the KaiC-KaiA complex
was readily formed to give Pyc ~10% [14]. On the other hand,
when KaiC with the phosphorylation level ~5% was incubated in
the presence of KaiA, it took ~6 hours for the phosphorylation
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Figure 6. Dynamics of protein association as shown by the amount of
the KaiC-KaiA complex (Pac, green), the KaiC-KaiB complex (Pgc,
blue), the KaiC-KaiA-KaiB and KaiC-KaiB-KaiA complexes (Ppgc, red),
and the free KaiC (Piee, black). The amounts are expressed as
percentage of the total number of KaiC hexamers.
doi:10.1371/journal.pone.0000408.g006

level to increase to ~95%, while the KaiC-KaiA complex was
readily formed to make Pac ~10% from the beginning [14].
These observations indicate that the binding affinity of KaiA to
KaiC does not depend on the phosphorylation level and the rate of
KaiC-KaiA binding is much faster than that of phosphorylation.
As shown in Figs. 7a and 7b, these features are qualitatively
reproduced by our model: Starting from the solution of KaiA and
KaiC with p(0) ~95%, p(f) approaches ~75% in the model and
Pyc stays at ~30%. Starting from the solution of KaiA and KaiC
with p(0) ~5%, it took 12 hours for p(f) to increase to ~75%, while
Pac stays at ~30% from the beginning.

Kinetics of KaiC-KaiB association was also measured experi-
mentally [14]. When KaiC with the phosphorylation level ~95%
was incubated with KaiB, it took 8 hours for the phosphorylation
level to decrease to 5% and the phosphorylation level further
decreased to less than 5%. Py increased to 20% within the first
8 hours and then gradually decreased to 10%. When KaiC with
the phosphorylation level ~5% was incubated with KaiB, on the
other hand, the phosphorylation level decreased to ~0%, while
Py increased to 10% [14]. Thus, KaiB binds strongly to highly
phosphorylated KaiC but only weakly to KaiC with the phos-
phorylation level<5%. Most of these features are qualitatively
reproduced by the model as shown in Iigs. 7c and 7d: As the
phosphorylation level decreases, KaiC accumulates in the T state,
which in turn decreases the binding affinity of KaiB to KaiC.

Shuffling of KaiC monomers

It has been shown experimentally that two KaiC hexamers can
interact with each other and exchange monomers between them
[14]. After the KaiC hexamers composed of tagged monomers
and those without a tagged monomer were mixed at a ratio of 1:1,
the kinetics of shuffling was followed by the increase of tagged
KaiC hexamers. In the absence of KaiA or KaiB or in the
presence of KaiB, the number of tagged KaiC hexamers became
twice of the initial amount in about 4 hours, showing that all the
KaiC hexamers interact and exchange monomers within this time
interval. In the presence of KaiA, however, the amount of tagged
KaiC monomers did not increase as much as that in the above
cases. In the presence of KaiA and KaiB, the shuffling activity was
low at the beginning but rose rapidly after the phosphorylation
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level had reached a maximum [14]. These features are also
qualitatively reproduced in the model as shown in Fig. 8.

Temperature compensation

It was observed that, with the change of temperature from 25°C to
35°C, the oscillation period length was shortened only by 5%
(from 22 h to 21 h) [7]. The model provides a possible explanation
of this weak temperature dependence. As shown in Fig. 1, the
model has two opposite pathways of phosphorylation and
dephosphorylation within the both T and R states. In T state,
for example, when the dephosphorylation process has higher
activation energy than the phosphorylation process, the de-
phosphorylation rate approaches the phosphorylation rate at an
elevated temperature. This effect should counteract the acceler-
ation of reactions due to the temperature increase in both T and R
states, yielding the weaker temperature dependence of the
oscillation period. The simulation results of Fig. 9 show that the
period is indeed temperature-compensated through this mecha-
nism, so that the period is shortened only by 10% in the
temperature increase from 300K to 309K, even though time con-
stant of each reaction decreases by 26-32%. See Model and
Methods for the temperature dependence of individual reactions
defined in the model.
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DISCUSSION

In this paper, we constructed a model of oscillation of KaiC
phosphorylation and showed that the model can qualitatively
reproduce the hitherto published experimental data. However, this
model has some quantitative disagreements with the experimental
data, such as the oscillation range of Ps¢ in Fig. 6 or the phos-
phorylation level in Fig. 7. Although some of these points may be
remedied by introducing further reaction channels in the model,
such revision of the model would not strengthen the plausibility of
the model at this point with the lack of the corresponding
experimental information. Instead, we here demonstrated that
a simple model is enough to capture the essential features of the
oscillation observed in Ref. 7 and those of the association
dynamics among Kai proteins observed in Ref. 14.

The model, however, still has a room for improvement. Possible
extensions include the introduction of the process of ATP hydro-
lysis and phosphorylation at two phosphorylation sites, Ser431 and
Thr432. Since the ATP binding site and two phosphorylation sites
are close in space in the crystal structure of KaiC hexamer [25],
the timing of phosphorylation or dephosphorylation at two sites
should be correlated with each other, as well as with the timing of
hydrolysis, capture, or release of the nucleotide. This correlation
may well have significant effect on the stability and robustness of
the the autocatalytic increase of KaiC population in R states
discussed in this paper.

The present model is based on the two main assumptions, the
shuffling of KaiC monomers, and the allosteric transition between
R and T states of KaiC hexamer. It should be noted that both of
these assumptions are natural consequences from the experimental
observations. Overall qualitative agreement between the present
model and the experimental data suggests that the monomer
shuffling and the allosteric transition constitute a sufficient
condition for the circadian oscillation of KaiC phosphorylation.
Furthermore, the analysis on the population dynamics provides an
explanation on why KaiC hexamers can synchronize in their
phosphorylation level: the autocatalytic increase of KaiC popula-
tion in R states can adjust the otherwise incoherent levels of
phosphorylation. Comparison of the further improved model and
the detailed experiments will provide a deeper understanding of
a core mechanism of circadian rhythmicity.
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METHODS
Model and Methods

In this section, the kinetic scheme of each reaction in the model is
explained.

Autokinase/phosphatase activity In the absence of KaiA
or KaiB, the phosphorylation level is low at equilibrium at room
temperature, showing that the weak autophosphatase activity of
KaiC is dominant [14,16,27] over the even weaker autokinase
activity [28]. Thus, we assume that KaiC is dephosphorylated with
the rate kd,,T[TM] or kd/,R[RM] for t=0 to 5. When complexed
with KaiA, KaiC is phosphorylated [14] with the rate &, *[T;A]
for =0 to 5 or k,,RA[R,-A] for t=1 to 5. When complexed with
KaiB, KaiC in the R state is dephosphorylated with the rate
kg "P[R;41B] for i=0 to 5. We require that the catalyzed de-
phosphorylation should be faster than the autodephosphorylation;
kd/,RB>kd[,'l'%kd[,R. Reactions in the KaiABC complex have not yet
been specified experimentally, but we assume that KaiC in T;,AB
or RAB is phosphorylated as in T;,A or R/A with the rate
k,"*P[T,AB] for i=0 to 5 or £,“**[R,AB] for i=1 to 5, and that
KaiC in RBA is dephosphorylated as in R;B with the rate
kd,,RBA [R;1BA] for =0 to 5. If we assume equal phosphorylation
rates for all unphosphorylated monomers, the phosphorylation
rate for hexamer decreases as phosphorylation proceeds. Likewise,
if we assume equal dephosphorylation rates for all phosphorylated
monomers, the dephosphorylation rate for hexamer decreases as
dephosphorylation proceeds. This assumption, however, centralize
KaiC hexamer population around the states with := 3 to 4, which
suppresses the oscillation. Instead, we here assume that the reac-
tion takes place at a specific monomer in each KaiC hexameric
state, so that kg, ", kg, k"% S, kg S0, kAR, BRAP, and kA
are assumed to be independent of ¢

Association/dissociation of Kai proteins Homooligomers
of KaiC (T; or R;), and KaiA in solution are assumed to be
a hexamer [14,22,23] and a dimer [14,27,29-31], respectively.
KaiA is supposed to be dimeric when bound to KaiC hexamer
[14,32]. We assume that KaiA binds to KaiC with the rate
ke TAAIT/ (B +HA]) or BN A]R ]/ (B +[A]), where [A]
is the concentration of KaiA dimer. This rather ad hoc assumption
of Michaelis-Menten kinetics is required for explaining the
invariability of the period length over the broad range of con-
centration of Kai proteins observed experimentally (Fig. 5). This
suggests the possibility that the formation of KaiC-KaiA complex
is preceded by the weak encounter complex which is in equili-
brium with the uncomplexed KaiA and KaiC. KaiA dissociates
from the KaiC-KaiA complex with the rate k™MTA] or
kdk‘\ﬂ{,A]. We assume that RoA is rapidly brought into T(A as
will be explained later and we omit the KaiA dissociation from
RoA. As the binding kinetics between KaiA and KaiC does not
depend on the phosphorylation level of KaiC [14], we assume that
the constants k&', &N Ky KA, B, and £RY are
independent of 7.

KaiB is assumed to be a dimer in solution [14,17,30], and is
supposed to be tetrameric when bound to KaiC, since the tetra-
meric form of KaiB was observed to be functionally important
[33,34]. Concentration of KaiB tetramer is proportional to (B]%
where [B] is the concentration of KaiB dimer, so that KaiB binds
to KaiC with the rate &SP[BPP[R]/(ESP+HB]D  or
kg‘fB[B]z[T,‘] J(KY7B 4+ [B]*). The binding rate of KaiB is large
when KaiC is phosphorylated [14], so that we simply put
k;’_B =0 for i=0 to 5 and kaﬁfB to be nonzero. KaiB dissociates
from R,B with the rate £2"[R;B]. We assume that TgB is rapidly
brought into ReB as will be explained later and we omit the KaiB
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dissociation from TB. For simplicity we assume that BB R RE
and £*Pare independent of 7.

Likewise, the KaiC-KaiA-KaiB complex is formed by binding of
KaiB to KaiC-KaiA and the KaiC-KaiB-KaiA complex is formed
by binding of KaiA to KaiC-KaiB. Even though these two com-
plexes are experimentally indistinguishable at present, we take
them into account separately because it is proposed that KaiA
and KaiB compete with each other for a common binding site
on KaiC hexamer [28]. The binding reactions have the rate
B PBIETAL/ B BE, PR RAL B B
or ESEAAIRB)/(ESPAH[A]). KaiA  dissociates from  the
KaiC-KaiB-KaiA complex with the rate 4 "*[RBA] and two
KaiB dimers dissociate from the KaiC-KaiA-KaiB complex with
the rate deAB[TiAB] or k,[RAB[RiAB]. We assume that the
constants, k,TAB fRAB L RBA g TAB g RAB g RB-A 4 RBA
/f[/TAB, and deAB are independent of ¢

Allosteric transitions and shuffling Conformational transi-
tion between the T state and the R state of KaiC hexamer is
limited to the KaiC with ¢=0 or 6, and other possible transitions
are neglected. Allosteric transition between T state and Ry state
occurs in three reactions: the dominant and catalyzed reaction
Ro+A—ToA with the rate kx"2 kR *[A][Ro] /(KR +[A]), the
uncatalyzed reaction Rg—T, with the rate kR*,+[R], and the
uncatalyzed reverse reaction Tg—R, with the rate k¥:R[TO].
Here, the rates of the uncatalyzed reactions are assumed to be
similar and lower than that of the catalyzed reactions:

kﬁ"_’?Tki}f*A >k§° T zk?"_, r- Allosteric transition between Tg

state and Rg state occurs in only one reaction T¢+B—RgB with
the rate k}“"_]?ngﬁ_B[B]z[Tﬂ/(KL*B+[B]2). As discussed above,
k?;BngrB has to be low enough for the the autocatalytic
increase of KaiC population in R states to occur so that
kg(kag*A> >k¥:BRkaFB. We assume that RoA and TgB are
the special states primed for conformational transition so that
phosphorylation or dephosphorylation does not occur from RoA
and TgB.

We assume that monomer shuffling occurs between two KaiC
hexamers when both of them are in the R state as R+R—R+R;
with the rate & R[R}] [Rj]. Since shuffling is most frequent for
several hours at the beginning of the dephosphorylation phase [14]
we introduce the additional shuffling reactions involving the Rg
state, which is populated at this interval, and the T state as
RetR—>R/+R; with the rate /«:JRT[RG] [T)]. Note that the resulting
two monomers are again assumed to be both in the R state. This
amounts to an assumption that the R state is entropically stabilized
and is more easily formed than the T state which takes more time
to be realized after shuffling. For both types of shuffling reactions,
we assume that monomers are randomly exchanged between two
hexamers, which results in the binomial distribution of £ and / with
t+j = k+1. For simplicity, we assume ER® and £R"do not depend on
iorj.

Temperature dependence

We assume that the rate constants defined above depend on
temperature as kocexp(—AE/kgT), where kg is the Boltzmann
constant. Though there is no available experimental data to
estimate AFE for each reaction, it would be reasonable to assume
that AE should be within the range of typical biochemical
processes of 10-20kg7. For most of the rate constants the
activation energy was set to be AE=10kg7T, with T,= 300K,
but 12k T for k™, kM08, kB2 ERE L RAB ERAB and 1345 T,
for /f,if,'l‘, k/,RA, and /f,,RAB.
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Parameters and initial conditions

Values of parameters are summarized in Supplementary Table S1.
The oscillatory behavior in the model does not sensitively depend
on the parameter values. As there is no direct experimental
observation to determine these values, they were manually tuned
to fit the experimental data semi-quantitatively in Figs. 4-8. When
the reaction mixture was prepared by mixing recombinant Kai
proteins, KaiC seemed to be phosphorylated to some extent [14].
We therefore start our simulations from the initial condition that
KaiC is populated at the T state with the distribution of
phosphorylation level i to be p;=6!/(2(6—9)0.50.5°"" except for
the simulations in Fig. 7. In Figs. 7a and c the initial distribution is
2= 61/(0(6—1)0.950.05°"" and in Figs. 7b and d p;=6!/
(@(6—11)0.05'0.095° ",
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