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Three proteins from cyanobacteria (KaiA, KaiB, and KaiC) can re-
constitute circadian oscillations in vitro. At least three molecular
properties oscillate during this reaction, namely rhythmic phos-
phorylation of KaiC, ATP hydrolytic activity of KaiC, and assembly/
disassembly of intermolecular complexes among KaiA, KaiB, and
KaiC. We found that the intermolecular associations determine key
dynamicpropertiesof this in vitrooscillator. For example,mutations
within KaiB that alter the rates of binding of KaiB to KaiC also
predictably modulate the period of the oscillator. Moreover, we
show that KaiA can bind stably to complexes of KaiB and hyper-
phosphorylated KaiC. Modeling simulations indicate that the func-
tionof this bindingofKaiA to theKaiB•KaiC complex is to inactivate
KaiA’s activity, thereby promoting the dephosphorylation phase of
the reaction. Therefore, we report here dynamics of interaction
ofKaiAandKaiBwithKaiC thatdetermine theperiodandamplitude
of this in vitro oscillator.
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Circadian rhythms are daily cycles of metabolic activity, gene
expression, sleep/waking, and other biological processes that

are regulated by self-sustained intracellular oscillators. A versatile
system for the study of circadian oscillators has emerged from
the study of the cyanobacterium Synechococcus elongatus PCC
7942 (1). The circadian pacemaker in S. elongatus choreographs
rhythmic patterns of global gene expression, chromosomal com-
paction, and the supercoiling status of DNA in vivo (2–4). Just
three essential clock proteins from S. elongatus—KaiA, KaiB, and
KaiC—can reconstitute a biochemical oscillator with circadian
properties in vitro (5). This in vitro oscillator exhibits at least three
rhythmic properties: phosphorylation status of KaiC (5), forma-
tion of KaiA•KaiB•KaiC complexes (6, 7), and ATP hydrolytic
activity (8). The relationship of the in vitro oscillator to the entire
circadian system in vivo is not defined, but it is clear that the os-
cillator underlying the rhythm of KaiC phosphorylation is able to
keep circadian time independently of transcription and trans-
lation processes in vivo and in vitro (5, 9), and therefore this
posttranslational oscillator (PTO) may be necessary and suffi-
cient as the core pacemaker for circadian rhythmicity in cyano-
bacteria (10).
The Kai proteins interact with each other to form complexes

in which KaiC serves as the core component (6, 7, 11, 12). These
complexes mediate the KaiC oscillation between hypophosphor-
ylated and hyperphosphorylated forms in vivo and in vitro (5, 7, 9,
13–15). KaiC autophosphorylation is stimulated by KaiA, where-
as KaiB antagonizes the effects of KaiA on KaiC autophosphor-
ylation (13, 16). On the other hand, dephosphorylation of KaiC is
inhibited by KaiA, and this effect of KaiA is also antagonized by
KaiB (15). Therefore, KaiA both stimulates KaiC autophosphor-
ylation and inhibits its dephosphorylation; KaiB antagonizes these
actions of KaiA. In the in vitro system, Kai protein complexes
assemble and disassemble dynamically over the KaiC phosphory-
lation cycle (6, 7). First, KaiA associates with hypophosphorylated
KaiC, and KaiC autophosphorylation increases. Once KaiC is

hyperphosphorylated, KaiB binds to the KaiC, and KaiC de-
phosphorylates within a KaiA•KaiB•KaiC complex (7). When
KaiC is completely hypophosphorylated, KaiB dissociates from
KaiC and the cycle begins anew.
The 3D structures for KaiA, KaiB, and KaiC are known (10).

The crystal structure of the KaiC hexamer elucidated KaiC in-
tersubunit organization and how KaiC might function as a scaf-
fold for the formation of KaiA•KaiB•KaiC complexes (17).
The KaiC structure also illuminated the mechanism of rhythmic
phosphorylation of KaiC by identifying three essential phos-
phorylation sites at threonine and serine residues in KaiC at re-
sidues T426, S431, and T432 (14, 18). Moreover, phosphorylation
of S431 and T432 occurs in an ordered sequence over the cycle of
the in vitro KaiABC oscillator (19, 20). These phosphorylation
events are likely to mediate conformational changes in KaiC that
allow interaction with KaiB and subsequent steps in themolecular
cycle (10).
Despite these insights, however, we do not know how the in-

termolecular interactions among KaiA, KaiB, and KaiC influ-
ence the dynamics of the cyanobacterial PTO. For example, given
that KaiA stimulates KaiC autophosphorylation (10, 13, 14, 16)
and that KaiA is associated with KaiC throughout the cycle (7),
why then is KaiC not clamped in a constitutively hyperphos-
phorylated state over time? How might the interaction of KaiB
withKaiA•KaiC influenceKaiC phospho-state, andwill this affect
the dynamics of the system, including its emergent period? In this
study, we found that there are two kinds of association of KaiA
with KaiC; the first forms a labile phosphorylation-stimulating
KaiA•KaiC complex that is present during the phosphorylation
phase, and the second kind of association forms a very stable
KaiA•KaiB•KaiC complex during the dephosphorylation phase
in which KaiA’s stimulating ability is inactivated. In particular, we
found that KaiB specifically forms stable complexes with hyper-
phosphorylated KaiC and then recruits and inactivates KaiA only
after the KaiB•KaiC complex has formed. The labile KaiA•KaiC
complex depends on the previously described interaction of
KaiA with the C-terminal “tentacles” of KaiC, but the stable
KaiA•KaiB•KaiC complex can form in the complete absence of
these C-terminal tentacles. Moreover, we found that mutant KaiB
variants that exhibit altered rates of association with KaiC
confer predictable changes in the period of the in vitro oscillator.

Results
Affinity of KaiA for KaiC Depends on KaiC Phosphorylation Status.
KaiA is known to bind to the C-terminal “tentacles” of KaiC (21,
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22). Previous studies have suggested that a single KaiA dimer
can promote the phosphorylation of a KaiC hexamer (23) and
that the binding ratio between the KaiA dimer and the KaiC
hexamer is 1:1 (22). On the other hand, measurements of the
concentrations of KaiA, KaiB, and KaiC in vivo indicate that
there are approximately five times as many KaiC hexamers as
KaiA dimers (24), and the optimized conditions for in vitro cy-
cling of the KaiABC oscillator use a ratio of one KaiA dimer to
1.3 KaiC hexamers (5). To estimate the dissociation constant be-
tween KaiA and KaiC, we used fluorescence anisotropy with la-
beled KaiA and increasing concentrations of unlabeled native
KaiC (“KaiCWT

”). On the basis of the anisotropy data (repre-
sentative example shown in Fig. 1A) and the assumption of a 1:1
binding ratio, a Kd of ≈8 nM could be estimated for the KaiA–

KaiCWT association. KaiCWT prepared under these conditions is
predominantly phosphorylated. To assess whether the phos-
phorylation status of KaiC influences the Kd, we used mutant
variants of KaiC that mimic its various phospho-states (SI Ap-
pendix, Table S1 summarizes the properties of the wild-type and
mutant Kai proteins studied in this article). For example, KaiCEE

is a mutant of KaiC with glutamate residues at positions 431 and

432 that mimics hyperphosphorylated KaiCWT (25), whereas
KaiCAA is a mutant with alanine residues at positions 431 and 432
that mimics hypophosphorylated KaiCWT (26). These mutant
KaiCs show significant differences in the Kd for interaction with
KaiA. As depicted in Fig. 1B, the Kd for the “hyper-
phosphorylated”KaiCEE is much smaller (Kd ≈3 nM) than for the
“hypophosphorylated” KaiCAA (Kd ≈32 nM). Therefore, the
phosphorylation status of KaiC is likely to have a significant im-
pact on binding of KaiA, such that KaiA has higher affinity for
hyperphosphorylated KaiC than for hypophosphorylated KaiC.

Formation of Stable Complexes of KaiC with KaiA and/or KaiB
Depends on KaiC’s Phosphorylation Status. Although fluorescence
anisotropy (as in Fig. 1 A and B) can be used to assess the Kd for
both labile and stable associations, we found that some complexes
of KaiC with KaiB ± KaiA were so stable that they could be
measured by band shifts after electrophoresis of the proteins for
5 h in native polyacrylamide gels (Fig. 1 C–E). For these meas-
urements, we used KaiCWT and KaiC variants that were mutated
at the 431 and 432 residues to mimic the various phosphorylation
states that are sequentially present over the in vitro oscillation (SI
Appendix, Fig. S1) (19, 20). SI Appendix, Fig. S2A shows the
electrophoretic patterns for the different KaiC variants by SDS/
PAGE or native-PAGE. KaiCWT, KaiCAT, and KaiCDT exhibit
a temperature-dependent change in the phosphorylation status as
assessed by mobility shifts after SDS/PAGE. In particular, each of
these variants is predominantly in a hyperphosphorylated state
after incubation at 4 °C for 24 h, whereas they are predominantly
hypophosphorylated after incubation at 30 °C for 24 h. On the
other hand, KaiCAA and KaiCDA are in a hypophosphorylated
state independent of incubation temperature; conversely, KaiCEE

is always in a hyperphosphorylated state, and KaiCAE is “halfway”
phosphorylated by virtue of a glutamate at position 432 and
a nonphosphorylatible alanine at position 431 (SI Appendix, Fig.
S2A). By native PAGE, all versions of KaiC are predominantly in
the hexameric configuration, but there is a significant monomer
pool for both KaiCEE and KaiCDT (as indicated by the presence of
lower MW bands in SI Appendix, Fig. S2A).
The data of Fig. 1B suggest that KaiA interacts more strongly

with hyperphosphorylated KaiC, and the same is true for inter-
actions between KaiB and KaiC. In fact, KaiB will form a stable
interaction with hyperphosphorylated KaiC that will persist
through native PAGE electrophoresis for 5 h (SI Appendix, Fig.
S2 B and C) and can be visualized by a mobility shift in the native
PAGE (at 30 °C, these KaiB•KaiC complexes are maintained for
at least several days). Fig. 1C shows that KaiB forms stable
complexes over 1–4 h incubation with KaiCDT and KaiCEE, which
are both mimics of hyperphosphorylated KaiC. KaiB does not
form these stable complexes with mimics of different forms of
hypophosphorylated KaiC, KaiCAA, KaiCAE, KaiCDA, or KaiCAT

(Fig. 1E, Left, and SI Appendix, Fig. S2D, Left). Interestingly,
although KaiA alone can form labile associations with KaiC (Fig.
1 A and B), it does not form the stable complexes as assayed by
native PAGE in the absence of KaiB (SI Appendix, Fig. S2E). On
the other hand, when KaiB is present, stable complexes of KaiA
and KaiB with hyperphosphorylated KaiC mimics can be found
by native PAGE, as seen by mobility shifts and depletion of the
KaiA dimer band (Fig. 1D). These associations are dependent
upon KaiC, because KaiA and KaiB do not form complexes by
themselves that are stable enough to be measured by this native
PAGE method (SI Appendix, Fig. S2F). Finally, the formation of
these stable KaiA•KaiB•KaiC complexes is dependent upon the
phosphorylation status of KaiC; hyperphosphorylated KaiC
(KaiCDT and KaiCEE) will allow the formation of a stable com-
plex of all three proteins (Fig. 1D), but hypophosphorylated
KaiCAT will not (Fig. 1E, Right). Therefore, hyperphosphorylated
KaiC will form stable complexes with KaiB into which KaiA can
be incorporated to form stable KaiA•KaiB•KaiC complexes, but

Fig. 1. Interactions among KaiA, KaiB, and KaiC. (A and B) Fluorescence
anisotropy was used to calculate the binding affinity between KaiA and
KaiC. (A) FA between KaiA and KaiCWT. F150-labeled KaiA (60 nM) was
mixed with increasing concentrations of unlabeled KaiCWT proteins, and the
anisotropy was measured. The dissociation constant (Kd) was calculated by
assuming a 1:1 ratio binding stoichiometry between KaiA dimers and KaiC
hexamers by the equation in ref. 29 and simulated by the curves shown on
the panels. (B) FA between KaiA (60 nM) and KaiCAA or KaiCEE phospho-
mimics. (C–E) Formation of stable complexes among KaiA, KaiB, and KaiC
was assayed by native PAGE. (C) Formation of stable complexes of KaiB with
KaiCDT (Left) or KaiCEE (Right), as indicated by a reduction in the mobility of
the KaiC band. (D) In the presence of KaiB, KaiA can be included in a stable
KaiA•KaiB•KaiC complex, as indicated by extra bands and the depletion of
the free KaiA dimer band (KaiCDT, Left, and KaiCEE, Right). (E) In the case of
a KaiC variant that cannot be phosphorylated on the S431 residue (KaiCAT),
stable KaiB•KaiCAT (Left) or KaiA•KaiB•KaiCAT complexes do not form.
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in the absence of KaiB the associations of KaiA with hyper-
phosphorylated KaiC are not stable (Figs. 1 A and B and SI
Appendix, Fig. S2E). Moreover, the time course data of the for-
mation of these stable complexes can be used to model the dy-
namics of the KaiABC oscillator (see below).

Rhythmic Assembly/Disassembly of Stable KaiABC Complexes During
the in Vitro Oscillation. The data of Fig. 1B used phosphomimetic
mutants of KaiC to provide snapshots of the association dynamics
that oscillate over the KaiC phosphorylation cycle. The rhythmic
changes can also be measured directly with KaiCWT to confirm
that the phosphomimics accurately reflect the characteristics of
KaiCWT. In this analysis, we took advantage of two mutants of
KaiB that show different circadian periods in vivo and in vitro:
one mutant replaces the arginine at site 22 with cysteine
(KaiBR22C) and the other replaces arginine at site 74 with cysteine
(KaiBR74C). In vivo, KaiBWT exhibits a period of 24.9 ± 0.1 h,
KaiBR74C has a period of 21.7 ± 0.1 h, and KaiBR22C has a period
of 26.2 ± 0.1 h (Figs. 2 A and B and SI Appendix, Table S1). In
vitro, the same trends in period are obvious (Fig. 2C). These KaiB
variants have different kinetics of formation of KaiB•KaiC
complexes (as assayed with the KaiC489 mimic of hyper-
phosphorylated KaiC for technical reasons explained in SI Ap-
pendix, SI Methods). KaiB interacts with hyperphosphorylated
KaiC (± KaiA) to form stable KaiB•KaiC or KaiA•KaiB•KaiC
complexes (Fig. 1 C and D). At the beginning of the phosphory-
lation phase in the in vitro oscillation, the ratio of KaiB to
hyperphophorylated KaiC (KaiB/KaiC-P) is high (19, 20). As il-
lustrated in Fig. 2D, formation of stable KaiB•KaiC489 complexes
occurs most rapidly with the short period KaiBR74C mutant and

most slowly with the long period KaiBR22C mutant (for raw data,
see SI Appendix, Fig. S3). Although these KaiB mutants affected
the kinetics of KaiB•KaiC complex formation, Fig. 2E shows that
the appearance of the KaiA•KaiB•KaiC complexes with the
KaiB mutants was indistinguishable from that of KaiA•-
KaiB•KaiCWT complexes visualized with electron microscopy by
methods described previously (7).
KaiA and KaiB rhythmically interact with KaiCWT to assem-

ble/disassemble stable KaiA•KaiB•KaiC complexes during the
in vitro oscillation. As shown in Fig. 3A, in vitro oscillations of
KaiC phosphorylation status visualized by SDS/PAGE (Fig. 3A,
Upper) are paralleled by oscillations in stable KaiA•KaiB•KaiC

Fig. 2. KaiB mutant variants that affect association kinetics also affect cir-
cadian period in vivo and in vitro. In this figure, black traces are KaiBWT, red
traces are KaiBR22C (long period), and blue traces are KaiBR74C (short period).
(A) Luminescence traces of cyanobacterial strains expressing different KaiB
variant proteins in vivo. (B) Quantitative analysis of the periods in A:
KaiBWT = 24.9 ± 0.10 h; KaiBR22C = 26.2 ± 0.12 h; KaiBR74C = 21.7 ± 0.10 h
(mean ± SD, n = 3 for each variant). (C) In vitro rhythms with KaiAWT +
KaiCWT and each of the three KaiB mutant variants. The mutations of KaiB
show similar effects on the in vitro rhythm of KaiC phosphorylation as on the
in vivo rhythm of gene expression as reported by luminescence in A. (D)
Formation of complexes between KaiC489 and the three KaiB mutant var-
iants (±SD, n = 3; for raw data, see SI Appendix, Fig. S3). (E) Electron mi-
croscopy analyses of the stable KaiA•KaiB•KaiC complexes show similar
configurations among the different KaiB variants.

Fig. 3. Rhythmic assembly of KaiA•KaiB•KaiC complexes quantitatively
correlate with KaiC phosphostatus. (A, Upper) Using KaiAWT, KaiBWT, and
KaiCWT, samples were collected every 4 h during the in vitro oscillation and
analyzed by SDS/PAGE and native PAGE. Each lane of the SDS/PAGE gel clearly
shows four bands representing the four phosphoforms of KaiCWT (19, 20).
These data are quantified in E (Lower). (A, Lower) The same samples were run
on native PAGE, and low-mobility KaiA•KaiB•KaiC complexes appear and
disappear rhythmically in antiphase to the density of the KaiC hexamer and
KaiA dimer bands (the image comes from two separate gels, hence the dis-
continuity of the last three lanes). (B) Quantification of the formation of
complexes (solid line) and free KaiA (dashed line) in the native PAGE for
KaiBR74C (raw data appears in SI Appendix, Fig. S4A). (C) Same as for B except
using KaiBWT (raw data appears in A). (D) Same as for B except using KaiBR22C

(raw data appears in SI Appendix, Fig. S4B). The period of the rhythm of Kai
protein complex formation is comparable to the in vivo luminescence rhythm
and the in vitro KaiC phosphorylation rhythms. (E) The formation of com-
plexes (Upper) is compared with the KaiC phosphorylation rhythm (Lower)
(raw data in A). Formation of KaiA•KaiB•KaiC complexes peaks in the phase
of KaiC dephosphorylation. (F) Relationship between formation of complexes
and different KaiC phosphoforms. The analysis of KaiC phosphorylation sta-
tus and phosphoforms was derived from SDS/PAGE gels as shown in SI Ap-
pendix, Figs. S1 and S5). The short period mutant KaiBR74C is plotted with the
long period mutant KaiBR22C to show the maximum contrast (the peaks for
KaiBWTwere intermediate between those for KaiBR74C and KaiBR22C, as shown
in SI Appendix, Fig. S5). The formation of KaiA•KaiB•KaiC complexes (Top),
doubly phosphorylated KaiC (S431-P and T432-P; Middle), and singly phos-
phorylated KaiC (S431-P; Bottom) were plotted as a function of incubation
time. The blue bar is a reference for the peak of KaiA•KaiBR74C•KaiC complex
formation, whereas the red bar is a reference for the peak of KaiA•-
KaiBR22C•KaiC complex formation.
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complexes indicated by native PAGE (Fig. 3A, Lower), such that
the peak in the abundance of complexes occurs 6–8 h after the
peak in KaiC phosphorylation (Fig. 3E). The amount of stable
KaiA•KaiB•KaiC complexes can be quantified as a “complexes
index” (CI) that is plotted for in vitro oscillations of KaiCWT and
KaiA with KaiBWT (Fig. 3C), KaiBR74C (Fig. 3B and raw data in
SI Appendix, Fig. S4A), and KaiBR22C (Fig. 3D and raw data in SI
Appendix, Fig. S4B). The modeling study of van Zon et al. (27)
predicted that KaiB•KaiC complexes would sequester KaiA
rhythmically during the in vitro oscillation (also see ref. 20). This
prediction is upheld by our data. As KaiA is incorporated into the
KaiA•KaiB•KaiC complexes, it is sequestered so that free KaiA
levels decrease, which leads to a depletion of the free KaiA dimer
band on native PAGE (Fig. 1D). Thus, if the prediction of van
Zon et al. (27) were correct, then the CI should oscillate in
antiphase to the level of free KaiA dimers. This antiphase oscil-
lation is obvious for the KaiBR22C data (Fig. 3D and raw data in
SI Appendix, Fig. S4B) and although less conspicuous for KaiBWT

or KaiBR74C, there is nevertheless a significant antiphase re-
lationship between the oscillations of free KaiA dimers and
KaiA• KaiBWT•KaiC or KaiA• KaiBR74C•KaiC complexes
(Fig. 3 A–C and SI Appendix, Fig. S4A).
The oscillation in stable KaiA•KaiB•KaiC complexes occurs

in a strict phase relationship to the KaiC phosphorylation status.
As mentioned above for the data of Fig. 3A, the oscillation of
CI phase lags the oscillation of KaiC’s overall level of phosphor-
ylation by 6–8 h (Fig. 3E). Fig. 3Fdepicts the relationships between
CI and specific KaiC phosphoforms; the peak of KaiA•KaiB•
KaiC formation occurs just after the peak of KaiC that is doubly
phosphorylated (on both S431 and T432, i.e., “ST-KaiC”) and just
before the peak of singly phosphorylated KaiC (on S431, i.e., “S-
KaiC”). The temporal relationships between these rhythms are
consistent with the interpretation that doubly phosphorylated
KaiC (ST-KaiC) regulates the formation of the KaiA•KaiB•KaiC
complexes, and these complexes then mediate the dephosphor-
ylation of the T432 residue to form singly phosphorylated KaiC
(S-KaiC) in the sequential reaction (19, 20) (SI Appendix, Figs. S1
and S5).

Modeling of PTO Dynamics as a Function of KaiA and KaiB Associ-
ations with KaiC. In this section we briefly describe a mathemati-
cal model for the KaiABC in vitro oscillator based on mass ac-
tion that includes monomer exchange as a mechanism of syn-
chrony and KaiA sequestration in complexes with KaiB•KaiC
during the dephosphorylation stage (see SI Appendix, SI Methods
for a complete list of equations and parameters used). We have
previously shown in an explicit stochastic matrix model for hex-
amers that phase-dependent monomer exchange is sufficient to
produce sustained oscillations in the KaiABC system (7). Here
we construct and use a simplified ordinary differential equation
(ODE) model to investigate the dynamics of KaiA sequestra-
tion and the effects of KaiB association/dissociation rates on
the oscillator.
In a simplified ODE version of the more complete model, the

series of molecular reactions in the KaiABC system are orga-
nized into the cyclic reaction sequence: C0 → AC0 → AC1 . . . →
ACN → ABCN → ABCN -1 → . . .→ ABC0 → A+B+C0. We label
the concentration of effective hexamer phosphorylation states by
Ci (1 < i < N). Complexes of KaiA•KaiC with various phos-
phorylation levels are indicated by ACi; similarly, various phos-
phorylation levels of KaiA•KaiB•KaiC complexes are labeled by
ABCi. The concentration of maximally hyperphosphorylated
KaiC states is indicated by N [N is 12 to account for the two
phosphorylation sites (S431 and T432) in each monomer of the
hexamer]. In the full model (SI Appendix, SI Methods), we (i)
remove the assumption of the explicit reaction sequence ac-
counting for autophosphorylation/dephosphorylation reactions,
(ii) include all uncomplexed (Ci) states, (iii) include both associ-

ation and dissociation reactions for all complexes, and (iv) ex-
plicitly model the sequestration process of KaiA by KaiB•KaiCN
using the reaction: A + BCN ↔ ABCN. Because KaiA rapidly
binds KaiC and KaiC readily phosphorylates in these KaiA•KaiC
complexes, the phosphorylation phase is well approximated by
the simple sequence C0 → AC0 → AC1 . . .→ ACN without con-
sidering each reaction separately (i.e., Ci ↔ Ci+1, ACi ↔ A+ Ci,
ACi ↔ ACi+1) that is contained in the full model. Therefore, in
our simplified ODE model, KaiB only binds to the hyper-
phosphorylated form of KaiC (B + ACN → ABCN), which sub-
sequently dephosphorylates through each intermediate state that
characterizes the dephosphorylation phase, ABCN → ABCN -1 →
. . .→ ABC0. Experimentally, KaiC that is associated with KaiB
seems to dephosphorylate at the same rate as free KaiC (15, 28).
Finally the hypophosphorylated complexes dissociate, releasing
KaiA, KaiB, and unphosphorylated KaiC: ABC0 → A+B+C0.
By itself this cyclic reaction sequence will not produce sustained

oscillations, owing to desynchronization of the hexamers in the
population (leading to damped oscillations). On the basis of the
experimental data (7, 26), we use the exchange of mono-
mers among hexamers as a mechanism for sustained oscillations
(7). We implement exchange using the reactions ACi +ACj →
ACi+1+ACj-1 (j> i) andABCi+ABCj→ABCi+1+ABCj-1 (j> i),
indicating transfer of a phosphate from a higher phosphorylated
state (j) to a lower phosphorylated state. The simplified ODE
model has the advantage that it is more easily interpreted and
contains only six rates: one effective phosphorylation rate, one
effective dephosphorylation rate, a KaiA binding rate, a KaiB
binding rate, a complex dissociation rate, and an exchange rate. A
typical simulation of the net population phosphorylation with
standard initial conditions of [KaiA dimer]:[KaiB tetramer]:[KaiC
hexamer] = 1:1.5:1 (setting C0 = 1 μM) is shown in Fig. 4A, which
shows the sustained circadian nature of the oscillation. The ki-
netics of sequestration of KaiA in high-molecular-weight com-
plexes (with KaiB and KaiC) is indicated in Fig. 4B,which shows
the rapid formation of labile KaiA•KaiC complexes followed by
sequestration into stable KaiA•KaiB•KaiC complexes. There is
a≈6-h delay between the peak of the phosphorylation rhythm and
the peak of KaiA•KaiB•KaiC complex formation, which is similar
to the experimental data depicted in Fig. 3E. To examine the effect
of KaiB binding on the dynamics, we varied the rate of KaiB
binding to hyperphosphorylated KaiC. As shown in Fig. 4C,
a faster binding rate decreases the period, whereas a slower
binding rate increases the period and decreases the amplitude of
the KaiC phosphorylation rhythm. These results are qualitatively
and quantitatively similar to the trends in the experimental data of
Fig. 2 A–C. The complete model also displays similar circa-
dian dynamics of complexes as the simple model. Therefore,
a relatively simple model based on the empirical data of KaiA
and KaiB interactions with KaiC indicates that the mechanisms
of monomer exchange and sequestration of KaiA are sufficient
to reproduce various circadian dynamics we have observed in
the oscillator.

Recruitment of KaiA to the Stable KaiA•KaiB•KaiC Complex Occurs at
a Unique Site on KaiC. KaiA is thought to enhance the autokinase
activity of KaiC by interacting with the C-terminal tentacles of
KaiC (10, 16, 21). However, removing the 30-aa tentacles from
the C terminus of KaiC (to create KaiC489) does not prevent the
formation of stable complexes with either KaiB or KaiA/KaiB. As
shown by the native PAGE analyses in Fig. 5, KaiC489 forms
stable complexes with KaiB (Middle). KaiC489 does not form
stable KaiA•KaiC489 complexes, but when KaiB is present
KaiC489 will sequester KaiA into a stable KaiA•KaiB•KaiC489

complex (Fig. 5). KaiC489 forms hexamers but has a slightly higher
mobility than KaiCWT in native PAGE due to its loss of 30 resi-
dues (SI Appendix, Fig. S6A); λ-PPase treatment confirmed that
the multiple bands of KaiC489 observed by SDS/PAGE are a re-
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sult of phosphorylation (SI Appendix, Fig. S6C). As reported by
Kim et al. (16), KaiC489 maintains its autokinase activity but has
a reduced autophosphatase activity, so it hyperphosphorylates
over time to reach a steady state of doubly phosphorylated S431
and T432 residues (ST-KaiC489) independently of KaiA (Fig. 5,
Lower, and SI Appendix, Fig. S6B). Therefore, the native PAGE
data strongly support the interpretation that KaiA is sequestered
into complexes with KaiB and KaiC by an interaction that is in-
dependent of KaiC’s C-terminal tentacles. Possibly this unique site
on KaiC is created by the binding of KaiB to KaiC (possibly KaiB
itself provides a part of the KaiA binding site), which could explain
the KaiB-dependency of the formation of stable KaiA•KaiB•KaiC
complexes.

Discussion
Terauchi et al. (8) have proposed that the rhythm of KaiC
ATPase activity constitutes the most fundamental reaction un-
derlying circadian periodicity in cyanobacteria. Another possi-
bility, however, is that the ATP hydrolysis observed by Terauchi
et al. is a consequence of the energy released by the conforma-
tional changes of KaiC that are regulated by the associations with
KaiA and KaiB. Our results support the latter interpretation. We
find that the intermolecular dynamics of interaction among KaiA
and KaiB with KaiC determine the period and amplitude of this
in vitro oscillator. It is possible that the ATPase activity is a re-

flection of an underlying biochemical activity of KaiC that has
not yet been identified. Consequently, our hypothesis is that (i)
the basic timing loop of the KaiABC oscillator and (ii) its out-
puts are mediated by conformational changes of KaiC in asso-
ciation with KaiA and KaiB.
For example, mutations within KaiB that alter affinity to KaiC

predictably alter the period of this clock in vivo and in vitro, as
confirmed by our mathematical modeling. Therefore, with native
versions of KaiC and KaiA, mutations within KaiB that change
affinity to KaiC will modulate key circadian properties, which is
consistent with the hypothesis that intermolecular associations
determine KaiABC oscillator dynamics. At the very least, if the
ATPase activity is the basic timing loop as suggested by Terauchi
et al. (8), then the intermolecular associations with KaiB must
regulate the ATPase activity in a deterministic way. Our inter-
pretation is that the formation of Kai protein complexes is coupled
with KaiC phosphorylation status; because different KaiB variants
modulate the rate of KaiB•KaiC formation, they affect the period

Fig. 4. Computational model of the dynamics of KaiABC complexes. (A) Typical simulation from the simplified mathematical model of the net KaiC pop-
ulation phosphorylation with standard initial conditions of [KaiA dimer]:[KaiB tetramer]:[KaiC hexamer] = 1:1.5:1 and setting C0 = 1 μM. (B) Kinetics of se-
questration of KaiA in high-molecular-weight complexes (with KaiB and KaiC) shows the rapid formation of labile KaiA•KaiC complexes (red trace) followed
by sequestration into stable KaiA•KaiB•KaiC complexes (blue trace). The black trace is net KaiC phosphorylation. (C) The simulated effect of varying the
association kinetics of KaiB to hyperphosphorylated KaiC on net KaiC phosphorylation shows a correlation between an increased rate of association (5.0 =
green, 2.5 = red, 1.0 = black, 0.5 = yellow, 0.25 = blue) and a shorter circadian period.

Fig. 5. KaiC489 forms stable complexes with KaiB and KaiA. KaiC489 (from
which the 30 amino acids that form “tentacles” at the C terminus of KaiC
were deleted) forms a hexamer that can assemble into a stable KaiB•KaiC
complex (Center) as well as a stable KaiA•KaiB•KaiC complex (Right). KaiCWT

also forms stable KaiB•KaiC complexes (Left). These data indicate that the
formation of the stable complex of KaiA with KaiC in the presence of KaiB is
independent of KaiC’s C-terminal tentacles. Note from the SDS/PAGE anal-
yses at the bottom of the figure that KaiCWT dephosphorylates over time at
30 °C (Left), but KaiC489 hyperphosphorylates over time at 30 °C (Center)
independently of the presence of KaiA.

Fig. 6. KaiB•KaiC sequesters KaiA. (A) KaiC489 (“double-donut” hexamer)
cannot associate with KaiA (red dimers) by itself, but once it has become
hyperphosphorylated (phosphorylated residues indicated by red dots within
the KaiC hexamer), it can form stable complexes with KaiB (tetramer of green
diamonds) that are then able to recruit KaiA into KaiA•KaiB•KaiC complexes.
(B) With KaiCWT (“double-donut” hexamer with C-terminal “tentacles”) in
the cycling reaction, KaiA repeatedly and rapidly interacts with KaiC’s C-
terminal tentacles during the phosphorylation phase. When KaiCWT becomes
hyperphosphorylated, it first binds KaiB stably. Then the KaiB•KaiC complex
binds KaiA, sequestering it from further interaction with KaiC’s tentacles. At
that point, KaiC initiates dephosphorylation. When KaiC is hypophosphory-
lated, it releases KaiB and KaiA, thereby launching a new cycle.
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of the KaiC phosphorylation. Ourmodeling analysis confirms that
this interpretation is consistent with the empirical data.
Another important conclusion from our study is that we

found that the characteristics of KaiA’s association with KaiC go
through two phases—during the phosphorylation phase in which
KaiA is stimulating KaiC’s autophosphorylation, the association
of KaiA with KaiC is labile. However, in the later dephosphor-
ylation phase, a stable KaiB•KaiC complex recruits KaiA into
a stable KaiA•KaiB•KaiC complex that facilitates KaiC’s de-
phosphorylation because it sequesters KaiA into an inactive
configuration (20, 27). The stable KaiA•KaiB•KaiCWT complex
can be mimicked by associations of KaiA and KaiB with the
hyperphosphorylated KaiC489 mutant. Even though KaiC489 is
devoid of the C-terminal tentacles (and cannot therefore associate
with KaiA by itself), it forms stable complexes with KaiB, and this
KaiB•KaiC489 complex can recruit KaiA into a complex that is so
stable it resists dissociation during electrophoresis through a na-
tive gel (Figs. 5 and 6A). In the case of the cyclic reaction with
KaiCWT, KaiA first repetitively interacts with the tentacles of
hypophosphorylated KaiC to enhance KaiC’s autokinase activity
until KaiC is hyperphosphorylated, at which time the KaiC hex-
amer undergoes a conformational change that allows it to form
a stable complex with KaiB (Fig. 6B) (6, 7, 10, 13, 16, 21). This
stableKaiB•KaiC complex exposes a unique binding site forKaiA,
which sequesters KaiA into the stable KaiA•KaiB•KaiC complex
that is visualized in Fig. 2E. The sequestered KaiA is unable to
further stimulate KaiC’s autokinase activity, and therefore the
autophosphatase activity dominates, such that KaiC dephosphor-
ylates to its hypophosphorylated conformation, from which KaiB
and KaiA dissociate and the cycle begins anew (Fig. 6B).
Our conclusion of a labile interaction between KaiA and KaiC

during the phosphorylation phase is consistent with previous ex-
perimental studies (6, 16, 21). On the other hand, there are no
previous empirical data supporting a stably sequestered KaiA
complex.Thehypothetical existenceofa sequesteredKaiAcomplex

had been suggested previously in a modeling paper as a potential
mechanism for maintaining synchrony within a population of KaiC
hexamers (27). However, in our model the sequestration of KaiA is
used as a means by which KaiCWT shifts between a predominantly
autokinase mode and a predominantly autophosphatase mode.
Moreover, we model the primary mechanism for maintaining syn-
chrony among KaiC hexamers as residing in the phenomenon of
KaiCmonomer exchange among the hexamers in the population of
complexes, which is an interpretation that is strongly supported by
experimental data (7, 26). Therefore, our data provide concrete
experimental support for theexistenceof aKaiB•KaiCcomplex that
sequesters KaiA into a stable three-protein complex whose function
is to inactivate the phosphorylation-stimulating properties of KaiA
and thus initiate the dephosphorylation phase. Our empirical data
are integrated with a mathematical model that demonstrates the
hierarchy of these relationships.

Methods
Complete methods, including description of the mathematical modeling and
SI Appendix, Figs. S1–S6, are described in SI Appendix, SI Methods. Cyano-
bacterial strains were Synechococcus elongatus PCC7942 wild type and
mutants grown in BG-11 medium (15). Luminescence rhythm measurements
as a reporter of circadian gene expression in vivo were as described pre-
viously (15). KaiA, KaiB, and KaiC proteins from S. elongatus were purified
and the in vitro oscillation was performed as described previously (7). The
native forms of the Kai proteins are indicated herein as KaiAWT, KaiBWT, and
KaiCWT; nomenclature for naming KaiB and KaiC mutant variants is de-
scribed in SI Appendix, SI Methods. Analyses of Kai protein interactions by
native PAGE, electron microscopy, and fluorescence anisotropy methods are
described in SI Appendix, SI Methods.
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