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Supporting Text

In this supporting text, we explain Egs. 2, 3, 6 and 7 of the main text. In our model,
the binding status of molecular complexes in the system is represented by a set of 3N
variables {iqy, iz, ji} with k =1,---,N, where 0 < i;, < 6 is the number of KaiB
molecules bound on the CI domains of kth KaiC hexamer, i, = 0 or 1 is the number
of KaiA dimer bound on the CII ring of the kth KaiC hexamer, and 0 < j, < iy, isthe
number of KaiA dimers bound on KaiB in the kth KaiCB complex. Thus, by writing the
probability that a binding status {i,x,i.x,jx} IS realized in the system at timet as
P(i11,021,J1, " l1iks L2ko Jior > Lans 280 Js ), the stochastic binding/unbinding reactions
are described by a master equation for this probability. We approximate this N-body
probability by factorizing it into one-body probabilities as
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This Hartree-like approximation was used to describe the single-molecular stochastic
reactions in the system of gene expression.! We can further write P(iyx = 0, iy, =
Ljit) = Pega,(k,©),  P(igg = 0,iz = 0,ji,t) = P g, (k,t), and P(iyy =il =
0,jr =J,t) = PcﬁBiAzj(k, t) assuming P(iy #0,iy, # 0,j,,t) =0 . Because
reactions in the Cl domains and those in the CIl domains are related only indirectly
through the allosteric communication W (k), we can separately write the master
equations for Pc a,(k,t) and PCeBiAzj(k’ t). The equation for P a,(k,t) is

S1



%PC(,AZ (k,t) = hyxPc g, (k,t) — faPc a,(k, t), Whick leads to Eq. 2 under the quasi-

equilibrium approximation of KaiA binding/unbinding. With the same quasi-equilibrium

approximation, KaiB binding/unbinding reactions are described without considering
whether KaiA is bound on KaiB or not. Therefore, the master equations for PCGBl,Azj(k, t)

are summarized by writing Pc g, (k,t) = §-=0 PC6BiA2j(k, t), which leads to Eqg. 3. We

should note that Pc g, (k,t) appearing in Egs. 2, 3, and 5 relates P¢ g, and P a,.

For simplicity, we assume that KaiA dimer binds to and unbinds from every KaiB
molecule without showing cooperative interactions between different KaiA dimers or
between neighboring KaiB monomers on KaiC. Then, the ratio of the KaiA-bound KaiB
to the KaiA-unbound KaiB should be ggax = hgax/fga. Therefore, if the number of
KaiB molecules on the KaiC is i, the expected number of KaiA dimers bound in that
KaiCBA complexis i ggax/(1 + ggax). Then, the expectation value of the total number
of KaiA dimers bound in KaiCBA complexes in the system should be
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where P¢ g, (k,t) is the probability that i molecules of KaiB are bound on kth KaiC
at time t. By dividing this factor with volume, we have the last term in Eqg. 6.

For discussing the structure change of the kth KaiC hexamer, we assume that free
energy Fj is affected by the level of phosphorylation Uy, probability of KaiA binding
on the ClI ring of KaiC hexamer p¢#, probability that KaiB binds to the Cl domains of
jth subunit of KaiC hexamer pkj , and the effect of ATP hydrolysis g, as
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where w;(k) is the structure order parameter of jth subunit of kth KaiC hexamer with
W(k) =(1/6) Z?zl wj(k). J >0 in Eq. S3 represents the cooperativity of structural
transitions in neighboring subunits. We may regard w;(k) asan Ising spinand Uy, pEA,
qx, and p,f]B as external fields applied to spins. In our previous publication, the Monte
Carlo-type simulation of this “spin” system was performed with Hamiltonian similar to
Eq. S3 for analyzing the single-molecular KaiC oscillation.? In the large J limit, the
cooperativity is strong enough to have w;(k) = W (k). Then, Eq. S3 is effectively
represented by

He = =W () (6o — Uy + 6,pEh = @) + W) ) pF. (s4)

j=1

By writing pg® = X%.;pi; and Cyp =co — iUk + copg” — c3pg® — qi, We have
H, = =W (k)C. The expectation value of W (k) at temperature T should be

W(k)) = Wil Wexp / z exp ——) = tanh (kC];T) (S4)

If we regard the quasi-equilibrium value (W (k)) as W (k,t) inthe slow dynamics, then
we have Eq. 7.
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