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The circadian phosphorylation cycle of the cyanobacterial
clock protein KaiC has been reconstituted in vitro. The
phosphorylation profiles of two phosphorylation sites in
KaiC, serine 431 (S431) and threonine 432 (T432), revealed
that the phosphorylation cycle contained four steps: (i)
T432 phosphorylation; (ii) S431 phosphorylation to gen-
erate the double-phosphorylated form of KaiC; (iii) T432
dephosphorylation; and (iv) S431 dephosphorylation. We
then examined the effects of mutations introduced at
one KaiC phosphorylation site on the intact phosphoryla-
tion site. We found that the product of each step in the
phosphorylation cycle regulated the reaction in the
next step, and that double phosphorylation converted
KaiC from an autokinase to an autophosphatase, whereas
complete dephosphorylation had the opposite effect.
These mechanisms serve as the basis for cyanobacterial
circadian rhythm generation. We also found that associa-
tions among KaiA, KaiB, and KaiC result from $431
phosphorylation, and these interactions would maintain
the amplitude of the rhythm.
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Introduction

Circadian rhythms, biological oscillations with a period of
~24h that are found ubiquitously among living cells, allow
organisms to match their metabolism to the earth’s day/night
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cycle (Pittendrigh, 1993). Cyanobacteria are the simplest
organisms known to exhibit circadian rhythms. In the uni-
cellular cyanobacterium Synechococcus elongatus PCC 7942,
the kaiABC gene cluster has been shown to encode three
essential circadian clock proteins: KaiA, KaiB, and KaiC
(Ishiura et al, 1998).

KaiC has two sets of Walker A and B motifs, which are
conserved in ATPases (Ishiura et al, 1998), suggesting that
ATP-utilizing reactions play key roles in the cyanobacterial
circadian system. One such candidate reaction is phosphor-
ylation of KaiC; KaiC exhibits a circadian rhythm in its
phosphorylation level in vivo (Iwasaki et al, 2002), and
has been demonstrated to have both autokinase and auto-
phosphatase activities in vitro (Nishiwaki et al, 2000,
Xu et al, 2003).

KaiA and KaiB affect the phosphorylation/dephosphoryla-
tion of KaiC both in vivo and in vitro (Iwasaki et al, 2002,
Williams et al, 2002, Kitayama et al, 2003). When KaiC is
incubated in vitro with ATP and MgCl,, it is gradually
dephosphorylated (Xu et al, 2003). On the other hand,
KaiC phosphorylation is promoted in the presence of KaiA
(Iwasaki et al, 2002, Williams et al, 2002). Although
KaiB alone has little effect on these reactions, when all
three proteins are incubated together, KaiB negates the KaiA
activity and promotes KaiC dephosphorylation (Kitayama
et al, 2003).

We succeeded in reconstituting a robust circadian oscilla-
tion of KaiC phosphorylation in vitro by mixing KaiA, KaiB,
KaiC, and ATP (Nakajima et al, 2005). Reconstitution of
this circadian rhythm enabled the in vitro elucidation of the
mechanism underlying the generation of the cyanobacterial
circadian rhythm. Using this in vitro reconstituted system,
we examined the associations between the clock proteins
and found that a high-molecular-weight protein complex that
included KaiA, KaiB, and KaiC formed during the depho-
sphorylation phase. In addition, high levels of KaiC phos-
phorylation coincided with the formation of the Kai protein
complex (Kageyama et al, 2000).

Previously, we used mass spectrometry to identify two
phosphorylation sites in KaiC at serine 431 (S431) and
threonine 432 (T432), both of which are required for circa-
dian rhythm generation in vivo (Nishiwaki et al, 2004). In
our recent studies using the in vitro reconstituted system
(Nakajima et al, 2005, Kageyama et al, 2006), however,
we only detected two species of KaiC, phosphorylated and
nonphosphorylated, because of technical limitations. There-
fore, it has not yet been elucidated how both S431 and T432
function to generate the circadian rhythm, and how these
sites regulate the Kai protein interactions.

In the present study, we employed nanoflow liquid
chromatography/electrospray ionization-mass spectrometry
(nano-LC/ESI-MS) and improved SDS-PAGE to analyze
these sites individually, which allowed us to examine the
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roles of S431 and T432 in the reconstituted system. We found
that the phosphorylation states of S431 and T432 oppositely
regulate the phosphorylation/dephosphorylation reactions
at the adjacent residue. Furthermore, we clarified that inter-
actions among KaiA, KaiB, and KaiC occur as a result of
S$431 phosphorylation, which maintains the amplitude of
the rhythm.

Results

Circadian profiles of three phosphorylated forms of KaiC
We incubated 3.5 uM KaiC with 1.2 uM KaiA, 3.5puM KaiB,
5mM MgCl,, and 1 mM ATP at 30°C (the standard conditions)
to reconstitute the KaiC phosphorylation cycle in vitro. Then,
we analyzed the circadian profiles of phosphorylation of the
two sites separately using nano-LC/ESI-MS. Based on the
observed masses and integrated ion peak areas of synthetic
peptides (D**’SHIpSTIT, D**"SHISpTIT, D**’SHIpSpTIT, and
D**’SHISTIT), which had been identified using nano-LC/ESI-
MS/MS in a separate experiment (Nishiwaki et al, 2004), we
examined the accumulation profiles every 4-h intervals of the
nonphosphorylated and the three phosphorylated forms of
KaiC (Figure 1A). The level of the S/pT (T432-phosphory-
lated) form peaked at 28 h, which was followed by the peaks
of the pS/pT (S431- and T432-phosphorylated) form and the
pS/T (S431-phosphorylated) form after 4-h intervals.
Because the ionization efficiencies of these peptides in
nano-LC/ESI-MS could have been slightly modified by the
phosphorylation state, the estimates of the amounts relative
to each peptide may have deviated from the actual values.
Thus, we tuned the composition of a polyacrylamide gel
and performed long-distance electrophoresis to obtain max-
imum separation of the phosphorylation forms. As shown in
Figure 1B, four forms of KaiC were sufficiently separated for
quantitative assessment. Then, the abundance of each
form in the mixture was assessed from the optical densities
of the bands (Figure 1C). Because the upper three bands
disappeared after A-protein phosphatase digestion (data
not shown), the lowest band was identified as the nonphos-
phorylated S/T form of KaiC, the relative amount of which
was obtained about twice as much as that of corresponding
nonphosphorylated peptide observed in ESI-MS (Figure 1A).
However, by comparing the phase angle of accumulation
profiles of each peptide obtained by mass spectrometry
with those of each band obtained by SDS-PAGE, we identified
the three phosphorylated KaiC bands from most to least
mobile as the pS/T, S/pT, and pS/pT forms of KaiC. As
shown in Figure 1C, we observed more S/pT form than the
pS/pT and pS/T forms. The amount of the rhythmically
accumulated pS/T form was almost equal to that of the pS/
pT form. Unlike S/pT and pS/pT forms, a small amount of
pS/T form remained even at the troughs (28 and 52 h).

The KaiC phosphorylation cycle is a sequence

of four steps

To obtain insight into the nature of the phase differences in
the accumulation of the three phosphorylated forms, we
performed a radioactive phosphate uptake assay and
examined the profile of phosphate incorporation into each
form. We incubated the Kai proteins under the standard
conditions and an aliquot of the reaction mixture taken
every 4 h was incubated for 30 min with [y->*P] ATP, followed
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Figure 1 Semiquantitative analysis of the phosphorylation forms of
KaiC. (A) KaiA, KaiB, and KaiC were incubated under the standard
conditions. Aliquots of the reaction mixture were collected every
4h, and subjected to SDS-PAGE and in-gel protease digestion
followed by nano-LC/ESI-MS. The levels of the phosphorylated
(pS/T: D**’SHIpSTIT; S/pT: DSHISPTIP; and pS/pT: DSHIpSPTIT)
and nonphosphorylated (S/T: DSHISTIT) peptides were measured.
The ratio of the amount of each peptide to the total amount of all
four peptides is plotted against the incubation time. (B) Aliquots of
the reaction mixtures were collected at 4-h intervals, mixed with
[y->2P] ATP, and incubated for an additional 30 min. Samples were
subjected to SDS-PAGE and autoradiography. After CBB staining,
four bands with different mobilities were detected (upper panel).
The circadian profile of phosphate incorporation was detected using
autoradiography (lower panel). Phosphate was incorporated mainly
into the two upper bands. (C) Densitometry of the bands shown in
the upper panel of (B). The ratio of the amount of each form of KaiC
to the total amount of KaiC is plotted against the incubation time.
By comparing the time profiles of the bands in (B), we identified
three of the KaiC bands as the pS/T, S/pT, and pS/pT forms of KaiC.
(D) A schematic diagram of the KaiC phosphorylation cycle. The
KaiC phosphorylation cycle can be considered to be a sequence of
four reactions.
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by SDS-PAGE. As shown in the autoradiogram in Figure 1B,
phosphate was mainly incorporated into KaiC to form the
S/pT and pS/pT forms between hour 24 and 28. These
observations indicated that the KaiC phosphorylation cycle
proceeds following the scheme shown in Figure 1D.
Phosphate was first incorporated onto T432 of the S/T form
(step 1), followed by phosphorylation of the adjacent S431
residue, resulting in the formation of the pS/pT form (step 2).
Subsequently, the pS/T form was generated by dephosphor-
ylation of T432 of the pS/pT form (step 3), according to the
following rationale: (i) little radioactivity was detected in the
pS/T bands (Figure 1B, autoradiogram); (ii) the accumula-
tion of the pS/T form coincided with a decrease in the level of
the pS/pT form (Figure 1C); and (iii) the amount of the
rhythmically accumulated pS/T form was almost equal to
that of the pS/pT form (Figure 1C). Finally, the pS/T form
was dephosphorylated to return to the S/T form (step 4).
Some of the S/pT form may be dephosphorylated to the S/T
form, because we observed more of the S/pT form than the
pS/pT form.

Mutant analyses to investigate the mechanism
underlying steps 1 and 2

To elucidate the mechanism underlying the sequence of
reactions, we prepared several mutant KaiC proteins. The
phosphorylation sites were substituted for alanine (A) resi-
dues, which mimic a constitutively dephosphorylated state,
or for negatively charged aspartic acid (D) or glutamic acid
(E) residues to mimic the constitutively phosphorylated state.
Figure 2A shows the results of SDS-PAGE of wild-type
KaiC (WT-KaiC) and the mutant KaiC protein preparations.
KaiC-AA and KaiC-DE yielded single bands, whereas the four
mutant proteins with single amino-acid substitutions yielded
two bands. The upper and lower bands for each of the single
mutants corresponded to the phosphorylated and nonpho-

Figure 2 Regulation between the two KaiC phosphorylation sites.
(A) WT and mutant KaiC protein preparations separated by SDS-
PAGE. The mutations carried by the individual proteins are indi-
cated in parentheses. We assigned the bands of WT-KaiC from most
to least mobile as the S/T, pS/T, S/pT, and pS/pT forms. The upper
and the lower bands of KaiC-AT, KaiC-DT, KaiC-SA, and KaiC-SE are
corresponding to the phosphorylated and the dephosphorylated
species, respectively. (B) Effect of the phosphorylation state of the
adjoining site on phosphate uptake. Before the assay, WT or mutant
KaiC was completely dephosphorylated by incubating the protein
overnight. Dephosphorylated KaiC was incubated with KaiA and
[y->*P] ATP for the periods of time indicated on the abscissa,
followed by SDS-PAGE and autoradiography. During the initial
2h, phosphate was incorporated into each protein linearly. The
maximum signal obtained with KaiC-AT was set to 1. Data were
represented as mean+s.d. (n=3). (C) WT, KaiC-SE, KaiC-DT, and
KaiC-SA preparations were incubated in the presence (right) or
absence (left) of KaiA. Aliquots of the reaction mixtures were
collected at 0, 4, and 20h, and separated by SDS-PAGE. In the
presence of KaiA, the intensities of the bands of phosphorylated
WT-KaiC increased and remained elevated during the 20-h incuba-
tion. WT-KaiC was gradually dephosphorylated when it was incu-
bated without KaiA. The band of phosphorylated KaiC-SE (pS/E)
never decreased in intensity even in the absence of KaiA, whereas
the amount of D/pT decreased rapidly even in the presence of KaiA.
The pS/A band of KaiC-SA was maintained or disappeared in the
presence or absence of KaiA, respectively. (D) Time course of pS/A
dephosphorylation in the presence or absence of KaiA and KaiB.
KaiB inhibited KaiA, resulting in a gradual decrease in the intensity
of the pS/A band.
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sphorylated forms, respectively. We then incubated these
mutant KaiC proteins under the standard conditions, and
confirmed that the phosphorylation/dephosphorylation of
all the mutant proteins did not show rhythmic profiles
(Supplementary Figure 1).

We examined phosphate uptake onto the intact residues
(8431 or T432) of the single mutants in the presence of KaiA
and [y-**P] ATP (Figure 2B). Before the assay, WT-KaiC and
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mutant KaiCs were completely dephosphorylated by incubat-
ing the protein overnight in the absence of KaiA. Because the
intensity of the pS/E band of KaiC-SE did not decrease even in
the absence of KaiA (Figure 2C), we assayed the other three
mutants. During the initial 2 h, phosphate was incorporated
linearly into each protein (Figure 2B), and the initial incor-
poration rate into KaiC-AT was approximately eightfold faster
than that into KaiC-SA. This result explains the selective
phosphorylation of T432 when both sites were dephosphory-
lated. On the other hand, the initial rate of phosphorylation
for KaiC-DT was ~4% of that for Kai-AT, indicating that
T432 is rarely phosphorylated when S431 is phosphorylated
(Figure 2B). The biochemical properties of the phosphoryla-
tion of these two sites indicated that the doubly phosphory-
lated pS/pT form would be only generated efficiently by
phosphorylation of S431 after phosphorylation of T432.

Mutant analyses of the mechanism underlying

steps 3 and 4

We examined the effects of the phosphorylation state of one
residue on the dephosphorylation of the other (Figure 2C).
We incubated WT-KaiC and the three single mutants in the
presence or absence of KaiA, and aliquots taken at Oh, the
first peak (4h), and first trough (20h) were subjected to
SDS-PAGE, followed by Coomassie Brilliant Blue (CBB)
staining. The phosphorylated forms of WT-KaiC disappeared
in the absence of KaiA, whereas the presence of KaiA
increased and maintained the levels of the phosphorylated
forms. Each mutant protein, however, exhibited different
behaviors from that of WT-KaiC. Phosphorylated T432 of
KaiC-DT was dephosphorylated immediately regardless of
the presence or absence of KaiA, whereas more than 95%
of KaiC-SE remained in the pS/E form even in the absence of
KaiA. KaiB had little effect on these processes (data not
shown). These findings (Figure 2C, KaiC-DT and KaiC-SE)
account for the observation that dephosphorylation of T432
occurs before that of S431 after the protein is phosphorylated
at both residues (step 3).

Next, we examined the basis of step 4. The purified pS/A
form of KaiC-SA was dephosphorylated rapidly in the absence
of KaiA, whereas the amount of the pS/E form of KaiC-SE
showed no decreases (Figure 2C). Thus, when T432 is not
phosphorylated, phosphorylated S431 can be dephosphory-
lated, resulting in the nonphosphorylated S/T protein. On the
other hand, the pS/A level was constant in the presence of
KaiA (Figure 2C). As KaiB negates the activity of KaiA,
thereby promoting dephosphorylation of KaiC (Kitayama
et al, 2003), KaiB could inactivate any KaiA during step 4 in
the reconstituted system in the presence of KaiA and KaiB.
Therefore, we examined the inhibitory effects of KaiB against
the ability of KaiA to dephosphorylate S431 (Figure 2D). The
levels of the pS/A form decreased gradually when both KaiA
and KaiB were incubated with KaiC-SA. As shown in
Figure 1C, a small amount of pS/T remained even at the
troughs, which may have been due to this moderate effect of
KaiB on dephosphorylation of S431 in the presence of KaiA.

Taken together, the data in Figure 2 indicate that the
phosphorylation states of S431 and T432 have opposite
effects on the reactions at the adjacent residue.
Dephosphorylated T432 allows the dephosphorylation of
S431 (Figure 2C). Similarly, S431 phosphorylation can
proceed efficiently after T432 phosphorylation (Figure 2B).
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In contrast, phosphorylated S431 allows the dephosphoryla-
tion of T432 (Figure 2C), and dephosphorylated S431 in-
creases the rate of T432 phosphorylation (Figure 2B).

Associations among the Kai proteins in the
phosphorylation cycle

KaiA and KaiB had little effect on dephosphorylation of KaiC-
DT, whereas dephosphorylation of KaiC-SA was affected by
KaiA and KaiB (Figure 2C and D). These results suggested
that the phosphorylation state of KaiC allowed or inhibited
KaiA and KaiB to function. Therefore, we examined the
relationship between associations among the Kai proteins
and the phosphorylation state of KaiC. We previously demon-
strated the circadian formation of a Kai protein complex and
its correlation with high levels of KaiC phosphorylation
(Kageyama et al, 2006). It, however, was not clear whether
the phosphorylation state of KaiC regulates the formation of
the Kai protein complex or vice versa. To address this issue,
we examined the association profiles of KaiC with KaiA and
KaiB by immunoprecipitation using KaiC bearing a FLAG tag
and simultaneous monitoring of the phosphorylation state of
each KaiC protein. As shown in Figure 3A, the KaiB-KaiC
association showed a robust rhythm, which closely coincided
with the rhythm observed for the accumulation of the pS/T
form of KaiC. A weak rhythm was observed for KaiA-KaiC
association, the phase of which was almost identical to the
KaiB-KaiC interaction. These results raise the following
possibilities: (i) the phosphorylated S431 residue in KaiC is
crucial for KaiB binding; and (ii) KaiB-KaiC binding modu-
lates the affinity of KaiC to KaiA.

S431 phosphorylation plays a key role in the
interactions between the Kai proteins

To examine the role of phosphorylated S431 in the inter-
actions among the Kai proteins and to clarify the relationship
between KaiA-KaiC and KaiB-KaiC associations, we per-
formed immunoprecipitation analysis using the phosphoryla-
tion mutants of KaiC. WT or mutant KaiC proteins bearing a
FLAG tag were incubated under the standard conditions, and
the KaiC proteins were precipitated with anti-FLAG antibo-
dies at 40h, when the maximum amounts of KaiA and KaiB
bound to WT-KaiC. The results confirmed that KaiB bound to
KaiC-DT and KaiC-DE, but did not bind to KaiC-AT or KaiC-AA
(Figure 3C and D, left panel), indicating that S431 must be
phosphorylated for the KaiB-KaiC association. KaiA had no
effect on KaiB-KaiC binding (Figure 3C and D, left panel).

In contrast, KaiA bound to all the KaiC mutants only in the
presence of KaiB. KaiB was more efficient in promoting KaiA
binding to KaiC-DT and KaiC-DE than to KaiC-AT or KaiC-AA.
Taken together, these results suggest that KaiB induced the
association between KaiA and KaiC, and this effect was
enhanced when KaiB was bound to KaiC (Figure 3C and D,
right panel). These results account for the observation in
Figure 3A that KaiA bound to KaiC throughout the circadian
cycle, and this binding was enhanced when KaiB interacted
with KaiC, resulting in weak rhythm of KaiA-KaiC binding
which is in phase with KaiB-KaiC binding.

KaiB did not associate with the pS/pT form of WT-KaiC
(Figure 3B), whereas KaiB bound strongly to both KaiC-DT
and KaiC-DE (Figure 3C). To explain this discrepancy, we
simultaneously monitored the time courses of the association
of KaiB with KaiC-DT and the dephosphorylation of the D/pT
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form of KaiC. T432 in the D/pT form was rapidly depho-
sphorylated within 3 h, whereas the amount of KaiB that
was associated with KaiC-DT continued to increase gradually
for 6h (Figure 3E). These results explain why KaiB-KaiC
binding coincided with the accumulation of only pS/T form.
When the pS/pT form is generated, dephosphorylation of
T432 occurs regardless of the presence of KaiB (Figure 2C and
data not shown). KaiB-KaiC interaction occurs more slowly
than dephosphorylation of T432 in the pS/pT form; conver-
sion of the pS/pT to the pS/T form will have already
been completed by the time KaiB-KaiC binding reaches
the maximum level. Thus, KaiB appears to bind only with
the pS/T form.

In contrast to S431, T432 phosphorylation appeared to
have no effect on the Kai protein interactions, because
KaiC-AA (a nonphosphorylatable mutant) and KaiC-AT
(~50% was phosphorylated after 40h of incubation) pro-
duced similar results in the immunoprecipitation assays
(Figure 3C). As seen in Figure 3E, the association between
KaiB and KaiC-DE produced a binding profile that was similar
to that of the association between KaiB and KaiC-DT, which
suggests that S431 phosphorylation is crucial for the
KaiB-KaiC association, whereas T432 phosphorylation has
little effect. Based on the results shown in Figure 3, we
concluded that S431-phosphorylated KaiC recruits KaiB and
resulting KaiB-KaiC complex then binds KaiA.

Phosphate uptake occurred in the ~ 440-kDa

KaiC homohexamer fraction

What is the role of the interactions among the Kai proteins
that are induced by S431 phosphorylation? Because KaiA

Figure 3 Relationships between the physical interactions among
the KaiA, KaiB, and KaiC and KaiC phosphorylation. (A) KaiA,
KaiB, and FLAG-KaiC were incubated under the standard condi-
tions. Aliquots of the reaction mixture were collected every 4 h and
subjected to immunoprecipitation using anti-FLAG M2-conjugated
beads. KaiA and KaiB in the precipitates were separated by
SDS-PAGE. A sample of KaiA and KaiB incubated without FLAG-
KaiC was used as a control. (B) The relative amounts of KaiA, KaiB
(upper panel), and each phosphorylated form of KaiC (lower
panel) in the precipitates are plotted against the incubation time.
The average level of each trace was normalized to 1. Data were
represented as mean +s.d. (n =3 for KaiA and KaiB). (C) Binding of
KaiA and KaiB to the KaiC mutants. WT and mutant FLAG-KaiC
proteins were incubated in the presence or absence of KaiA and
KaiB for 40h, the time at which the maximum amounts of KaiA
and KaiB bound to WT-KaiC. The samples were then subjected
to immunoprecipitation. KaiA and KaiB in the precipitates were
resolved by SDS-PAGE. The phosphorylation states of the KaiC
proteins were examined simultaneously. (D) The relative amounts
of KaiA and KaiB copurified with the FLAG-KaiC variants in the
presence or absence of KaiB and KaiA, respectively. The amounts of
KaiA (left) and KaiB (right) bound to WT-KaiC after a 40-h incuba-
tion under the standard conditions were assigned a value of 1. Data
were represented as mean+s.d. (n=3). (E) Changes in the relative
amounts of the D/pT form of KaiC-DT and the coprecipitated KaiB
with respect to time. After KaiC-DT was incubated with KaiA and
KaiB under the standard conditions, aliquots of the reaction were
subjected to immunoprecipitation at the time points indicated on
the abscissa, followed by SDS-PAGE. The time course of the
interaction of KaiC-DE with KaiB was also examined. KaiB similarly
associated with KaiC-DE and KaiC-DT. The relative amounts of the
D/pT form of KaiC-DT at time 0 and the KaiB that coprecipitated
with KaiC-DT or KaiC-DE after 40h of incubation (shown in (C))
were assigned a value of 1. Data were represented as mean+s.d.
(n=3).
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promotes KaiC phosphorylation and KaiB negates this KaiA
activity (Kitayama et al, 2003), the interactions among the
Kai proteins are likely to regulate phosphate incorporation
into KaiC. Based on the molar ratio of the Kai proteins both
in vivo and in vitro, we previously presented models in which
KaiA enhances phosphorylation of KaiC by repeated weak
association with KaiC. On the other hand, KaiB-KaiC com-
plex binds strongly to KaiA to prevent the incorporation of
phosphate (Kitayama et al, 2003, Kageyama et al, 2006). To
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test this model experimentally, we examined the size of the
Kai protein complex into which phosphate was incorporated.
We incubated KaiA, KaiB, and KaiC with ATP, and aliquots
of the reaction mixtures were incubated for 30min with
[y-32P] ATP every 4 h. To confirm the rhythmic phosphoryla-
tion of KaiC, the samples were subjected to SDS-PAGE
followed by autoradiography. As shown in the autoradiogram
in Figure 4A, we observed robust phosphate uptake rhythm.

Samples were analyzed using gel filtration chromatogra-
phy and each fraction was further subjected to SDS-PAGE
and autoradiography. The results obtained at 8 and 20h,
corresponding to the first trough and the second peak in the
circadian phosphate incorporation profile, respectively
(Figure 4A), were then compared. At 20h, a single peak
corresponding to a ~440 kDa KaiC homohexamer (Nishiwaki
et al, 2004) was predominant and high levels of radio-
activity were detected in this peak, suggesting that
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Figure 4 Phosphate was incorporated into the ~440kDa fraction,
which contained the KaiC homohexamer. (A) KaiA, KaiB, and KaiC
were incubated at pH 7.5. Aliquots of the reaction mixture were
collected every 4h, [y-32P] ATP was added, and incubation was
continued for an additional 30 min. Samples were subjected to SDS-
PAGE followed by autoradiography. Under these conditions, the
period of the phosphorylation cycle was ~20h. (B) The samples
were separated by gel filtration chromatography at 8 and 20h,
which corresponded to first trough and second peak, respectively.
Proteins were monitored by absorbance at 280 nm. Fractions were
collected and subjected to SDS-PAGE, followed by autoradiography
to determine the size of the protein complex in which the autopho-
sphorylation reaction took place. Thyroglobulin (669 kDa), Ferritin
(440kDa), and albumin (67 kDa) were used as standards. After 20 h
of incubation, a single ~440-kDa (homohexamer) peak was pre-
dominant. At 8 h, the proteins were eluted as >440-kDa complex.
Radioactivity was eluted only with the 440-kDa fraction. After 20h
of incubation, high levels of **P were detected in the fractions
corresponding to the ~440-kDa peak, whereas little phosphate was
incorporated after 8h of incubation. As we used a silica-based
column in this experiment, which is unstable above pH 8.0, reac-
tions and subsequent separations at pH 7.5.
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KaiA-KaiC binding was too weak to be detected by gel
filtration chromatography. At 8h, the major peak corre-
sponded to a larger protein complex (>440kDa), and no
radioactivity was detected in this peak. A trace amount of
radioactivity was detected in the fraction corresponding to
~440kDa. These results support our previous models based
on the molar ratio of KaiA, KaiB, and KaiC (Kitayama et al,
2003, Kageyama et al, 2006). KaiA enhanced the autokinase
activity of KaiC by repeated weak association and dissocia-
tion with KaiC without forming stable complex. In the depho-
sphorylation phase, the large protein complex trapped KaiA
and prevented repeated transient KaiA-KaiC interactions,
resulting in inhibition of phosphate incorporation into KaiC.

Discussion

Phosphorylation state regulates autokinase and
autophosphatase activities of KaiC
In this study, we succeeded in separately analyzing the
profiles of S431 and T432 phosphorylation in KaiC (Figure
1A-C), and found that the KaiC phosphorylation cycle was a
sequence of four steps. To clarify the mechanisms underlying
these sequential reactions, we mutated KaiC at the phosphor-
ylation sites. Using these mutants, we revealed that the
phosphorylation state of each of these two residues regulates
the phosphorylation/dephosphorylation of the other residue.
As illustrated in Figure 5, it was suggested that the product
of step 1 (phosphorylated T432) allowed the same type of
reaction in step 2 (phosphorylation of S431), as S431 phosphor-
ylation can proceed efficiently after T432 phosphorylation
(Figure 2B). Similarly, in steps 3 and 4, dephosphorylated
T432 enabled dephosphorylation of S431, resulting in the

pS/pT
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Step 2 Step 3
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>
o . .
Activation o % Activation
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Figure 5 A model for the basis of the KaiC phosphorylation cycle.
The KaiC phosphorylation cycle consists of four sequential reac-
tions. During steps 1 and 2, KaiC has an autokinase activity and
during steps 3 and 4, KaiC serves as an autophosphatase.
Phosphorylation of S431 to create the double-phosphorylated form
(pS/pT) switches KaiC from an autokinase to an autophosphatase,
whereas dephosphorylation of S431 to form the completely depho-
sphorylated form (S/T), switches KaiC from a phosphatase
to a kinase. Phosphorylation of T432 activates phosphorylation of
S431. Likewise, dephosphorylation of S431 activates dephosphor-
ylation of T432.
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completely dephosphorylated S/T form (Figure 2C). Thus,
the phosphorylation state of T432 is crucial for the formation
of the double-phosphorylated and double-dephosphorylated
(nonphosphorylated) forms during the reaction cycle.
Importantly, changes in the phosphorylation state of S431
resulted in switching the KaiC activity between an autokinase
activity and an autophosphatase activity (Figure 5). The
switching from the autokinase activity to the autophospha-
tase activity occurred between steps 2 and 3; the product of
the former step (phosphorylated S431) promoted the opposite
reaction in the latter step (dephosphorylation of T432). In the
same way, the switching from the autophosphatase activity to
the autokinase activity took place between steps 4 and 1. This
explains why both S431 and T432 are necessary for the
in vitro oscillation of KaiC phosphorylation. When S431 is
not phosphorylated, KaiC can serve as kinase, whereas, when
S431 is phosphorylated, KaiC functions as autophosphatase.

Effect of the phosphorylation states of S431 and T432
on the structure of KaiC

How does the phosphorylation state of one residue regulate
the phosphorylation/dephosphorylation of the other residue?
Pattanayek et al (2004) determined the crystal structure of
KaiC and found that ATP molecules bound at the inter-
faces between the monomer subunits. The phosphorylation
sites on the adjacent monomer were within 10 A of the ATP
v-phosphate (Xu et al, 2004). These facts indicate that the
autophosphorylation reaction takes place at the subunit
interfaces. Thus, it is possible that phosphorylation of S431
and T432 affects the structure at the subunit interfaces in the
KaiC hexamer to regulate the activity of KaiC.

Xu et al (2004) reported that phosphorylation of T432
results in additional contacts at the subunit interfaces;
the phosphate group on T432 forms a hydrogen bond with
the catalytic carboxylate (E318) from the adjacent subunit.
Catalytic carboxylates in ATPases are known to activate water
molecules that then attack the ATP y-phosphate (Story et al,
1992). Therefore, it is expected that E318 activates hydroxyl
groups at the phosphorylation sites of KaiC, resulting in the
transfer of ATP y-phosphates to these residues. Here, we
demonstrated that phosphorylated T432 allowed the phos-
phorylation of S431 (step 2). Newly established hydrogen
bonding between phosphorylated T432 and E318 might affect
the orientation of E318 to facilitate S431 phosphorylation.
Phosphorylation of T432 also results in intersubunit contacts
with other residues (summarized in Xu et al, 2004). Although
the functions of these residues are not clear, phosphorylated
T432 might regulate the phosphorylation of S431 by tighten-
ing the intersubunit associations within the KaiC hexamer.

In contrast to T432, the contributions of phosphorylated
S431 to the intersubunit contacts are relatively small (Xu et al,
2004), although the phosphate group of S431 forms hydrogen
bonds with H429 and T426 in the same subunit (Xu et al,
2004). Because the phosphorylation state of S431 determines
whether KaiC functions as an autokinase or an autophospha-
tase (Figure 5), it is possible that these additional intramole-
cular bonds switch KaiC to the autophosphatase activity.

KaiA and KaiB interact with KaiC to maintain the
high-amplitude rhythm of the phosphorylation cycle
Last year, we reported the time-dependent protein complex
formation including KaiA, KaiB, and KaiC in vitro (Kageyama
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et al, 2006). More recently, Mori et al (2007) provided
structural evidence for this observation using electron
microscopy. However, whether the phosphorylation cycle
drives the protein associations, or vice versa was unclear.
In the present study, we showed that interactions among the
Kai proteins occur as a result of phosphorylation of S431
(Figure 3).

We found that KaiA and KaiB had little effect on depho-
sphorylation of KaiC-DT or KaiC-SE (Figure 2C and data not
shown), suggesting that switching of KaiC from an auto-
kinase to an autophosphatase is predominantly regulated
by the phosphorylation state of KaiC (step 3). Furthermore,
our previous radioactive phosphate uptake assay showed that
a small amount of phosphate was incorporated into KaiC
even when KaiA was not included in the reaction (Iwasaki
et al, 2002, Kitayama et al, 2003). We also confirmed that the
ratio of phosphorylated serine and threonine was not altered
by the presence of KaiA, whereas KaiA increased the total
amount of phosphorylation of both residues (Iwasaki et al,
2002). These results imply that steps 1 and 2 can proceed
without KaiA. In addition, dephosphorylation of S431 (step 4)
proceeded efficiently in the absence of KaiA and KaiB (Figure
2C and D). Taken together, these observations indicate that
KaiC has the potential to progress through all the steps of the
phosphorylation cycle without KaiA and KaiB.

However, robust circadian oscillations were not observed
when KaiC was incubated in the absence of KaiA and KaiB
(Kageyama et al, 2006). It is possible that in the absence of
KaiA only a small fraction of the KaiC subunits in the system
start the phosphorylation cycle, which may be difficult to
detect with CBB staining. KaiA may be responsible for gen-
erating the high-amplitude rhythm by increasing the number
of KaiC subunits into which phosphate groups are incorpo-
rated by weak interaction with KaiC.

If each KaiC molecule is phosphorylated and starts the
phosphorylation cycle ad libitum, the overall rhythmicity
would disappear. This, however, is not the case. In fact,
phosphate uptake to KaiC was rhythmic and limited to
time-windows of 20-32 or 44-56h (Figure 1B). We assume
that KaiB could be responsible for synchronizing the phos-
phate incorporation into the KaiC subunits. As shown in
Figures 3 and 4, association between KaiB and S431-
phosphorylated KaiC could inhibit aberrant phosphorylation
by trapping KaiA to decrease the concentration of active KaiA
in the system. Furthermore, the phosphorylatable forms
coexisting with the S431-phosphorylated KaiC subunit in
the same hexamer should be integrated into the high-mole-
cular-weight Kai protein complex that could not incorporate
phosphate (see Figure 4). As the dephosphorylation of S431
proceeds, KaiA and the KaiC hexamer are released from the
Kai protein complex and the next cycle of phosphate uptake
proceeds.

Multisite phosphorylation may play important roles

in circadian rhythm generation

In this study, we found that the phosphorylation states of
S431 and T432 regulate the phosphorylation/dephosphoryla-
tion reactions at the adjacent residue, which is the basis for
the phosphorylation cycle. Recent computational studies
have shown that a multisite phosphorylation mechanism,
such as the one found in the MAPK cascade, can theoretically
generate oscillations (Chickarmane et al, 2007). Several
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eukaryotic clock proteins are also phosphorylated at multiple
sites (Gallego and Virshup, 2006). In eukaryotic circadian
systems, transcription/translation-derived oscillatory pro-
cesses based on the negative feedback regulation of clock
genes have been proposed as the core generators of the
oscillations (Dunlap et al, 2004). Multisite phosphorylation
of eukaryotic clock proteins, however, may also be involved
in the generation of circadian rhythms. In mouse crypto-
chrome 2, phosphorylation of S557 allows subsequent
phosphorylation at §553, resulting in degradation by ubiqui-
tin-proteasome pathway (Harada et al, 2005). Twenty-one
phosphorylated residues of mouse period 2 (mPER2) have
been identified (Vanselow et al, 2006). Phosphorylation at
S$659 and downstream serine and threonine residues results
in stabilization of mPER2, whereas phosphorylation at
other sites leads to mPER2 degradation (Vanselow et al,
2006). Thus, phosphorylation cycles of eukaryotic clock
proteins would be generated by alternating phosphorylation
and degradation processes. The latter process may serve as
an alternative process to the dephosphorylation of KaiC,
because it could decrease the amount of the phosphorylated
species.

Materials and methods

Bacterial strains

We used Escherichia coli DH5a and BL21 cells as hosts for plasmid
construction and expression of glutathione S-transferase (GST)
fusion proteins, respectively.

Site-directed mutagenesis

The kaiC ORF cloned into the BamHI and Notl sites of pGEX6P-1
(GE Healthcare) (Iwasaki et al, 2002) was mutagenized using
the overlap extension method and PCRs as described previously
(Nishiwaki et al, 2000) to obtain constructs for expression of GST-
KaiC fusion proteins containing the following mutations: Ser431 to
aspartic acid (S431D); Thr432 to glutamic acid (T432E); and Ser431
to aspartic acid and Thr432 to glutamic acid (S431D;T432E).

The primers used to introduce the S431D, T432E, and S431D;T432E
mutations were 5'-ATTACTGACTCCCATATCGATACAATT-3' and 5'-A
ATTGTATCGATATGGGAGTCAGTAAT-3’; 5'-ATTACTGACTCCCATATC
TCAGAAATT-3’ and 5-AATTTCTGAGATATGGGAGTCAGTAAT-3';
and 5'-ATTACTGACTCCCATATCGATGAAATT-3' and 5'-AATTTCATC
GATATGGGAGTCAGTAAT-3/, respectively. The primers used to
introduce the S431A, T432A, and S431A;T432A mutations were
described by Nishiwaki et al (2004). We named the proteins
containing the S431A, S431D, T432A, T432E, S431A;T432A, and
S431D;T432E mutations as KaiC-SA, KaiC-DT, KaiC-AT, KaiC-SE,
KaiC-AA, and KaiC-DE, respectively.

The expression construct for KaiC tagged with the FLAG epitope
at its C terminus (Kageyama et al, 2006) was subjected to site-
directed mutagenesis using a QuikChange II site-directed mutagen-
esis kit (Stratagene) according to the manufacturer’s protocol.
Primers used in the PCRs were the same as those described above.

Bacterial expression and purification of the Kai proteins

Recombinant KaiA protein was produced in E. coli and purified as
described previously (Nishiwaki et al, 2004). Recombinant KaiB
protein was expressed in E coli as described previously (Kitayama
et al, 2003). Cells expressing KaiB were collected, resuspended in
buffer Z (20 mM Tris at pH 8.0, 10 mM NaCl, and 0.5 mM EDTA),
and homogenized by sonication. The homogenate was centri-
fuged at 24000 x g, and the supernatant was applied to a
glutathione Sepharose 4B column (GE Healthcare). After washing
the column with 20 column volumes of buffer Z, the GST-KaiB
fusion protein was eluted with three column volumes of glutathione
solution (50 mM Tris at pH 8.0, 10mM NaCl, and 20 mM reduced
glutathione). After removing glutathione using an Econo-Pac 10DG
column (BioRad), GST-KaiB was subjected to PreScission protease
digestion (GE Healthcare) at a concentration of 20U/mg of
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protein in the presence of 1 mM DTT overnight at 4°C. The digestion
reaction was applied to a Resource Q column (GE Healthcare).
KaiB was eluted from the column with a 0-300 mM NaCl gradient.
After the NaCl concentration of the fractions containing KaiB was
adjusted to 300 mM, KaiB was further purified using a Superdex 75
column (GE Healthcare). Recombinant KaiC protein was expressed
and purified as described previously (Nishiwaki et al, 2004) with
some modifications. The eluate from the glutathione Sepharose 4B
column was first applied to a HiPrep Sephacryl S300 column (GE
Healthcare), and the fractions containing KaiC were collected
and applied to a Resource Q column. KaiC was then eluted with a
90-450 mM NacCl gradient. Protein concentrations were determined
by the Bradford method using the Quick Start Bradford dye reagent
(BioRad). The purity of the proteins was >95% as determined by
SDS-PAGE.

In vitro assay of KaiC phosphorylation

The reconstitution of the KaiC phosphorylation cycle was
performed as described previously (Kageyama et al, 2006). Briefly,
KaiA, KaiB, and KaiC were incubated in buffer A (20 mM Tris at pH
8.0, 150 mM NacCl, 5mM MgCl,, and 1 mM ATP) at 30°C. The final
concentrations of KaiA, KaiB, and KaiC were 1.2, 3.5, and 3.5 uM,
respectively. The conditions described here are referred to as the
‘standard conditions’ in this study.

Nanoflow liquid chromatography/electrospray ionization
mass spectrometry

The digested protein samples were separated using the Ultimate
nano-LC system (Dionex) running at a column flow rate of 200 nl/
min on a 75-pum i.d. —150-mm column (C,g-PepMap; Dionex). The
peptides were eluted using a linear gradient (solution A: 0.05%
formic acid/water; solution B: 0.05% formic acid/acetonitrile),
which started at 5% solution B and rose to 20% solution B over
80 min. The column effluent was introduced continuously into the
nanoflow electrospray ion source of a quadrupole/time-of-flight
mass spectrometer (Micromass). The phosphorylated (D**’SHIpSTIT,
DSHISpTIT, and DSHIpSpTIT) and nonphosphorylated (DSHISTIT)
peptides were identified in the tandem mass spectrometry mode as
described previously (Nishiwaki et al, 2004). The relative amounts
of the peptides were roughly estimated in the positive-ion mode of
ESI-MS from the integrated peak areas of the corresponding doubly
protonated ions (Figure 1A), which gave approximately the same
ionization efficiencies, irrespective of the sites or degree of
phosphorylation (Satomi et al, 2005).

Separation of KaiA, KaiB, and each phosphorylated form

of KaiC by SDS-PAGE

Kai proteins were incubated under the standard conditions. At each
time point, an aliquot of the reaction mixture was mixed with an
equal volume of 2 x SDS sample buffer (125 mM Tris at pH 6.8, 4%
SDS, and 20% glycerol). To separate the phosphorylated forms of
KaiC, samples were subjected to SDS-PAGE on a gel of 11% T with
0.67% C using an EPL156DA (Advantec) or a NA-1012L (Nihon
Eido) electrophoresis apparatus, followed by CBB staining
using Quick-CBB PLUS (Wako). To resolve KaiA and KaiB, we used
a gel of 13% T with 2.7% C. For densitometric analysis, we used a
GS-800 calibrated densitometer (BioRad) and ImageJ 1.33u soft-
ware (National Institutes of Health, USA).

Phosphate uptake analysis

Kai proteins were incubated under the standard conditions. At each
time point, an aliquot of the mixture was mixed with [y->?P] ATP
(12.3kBg/ul, 12.3GBq/mmol) and incubated for an additional
30 min at 30°C. The reaction was stopped by adding 2 x SDS sample
buffer. To examine the circadian profile of phosphate uptake,
the samples were separated by SDS-PAGE (11% T with 0.67% C),
stained with CBB, and subjected to autoradiography using a
BAS2000 image analyzer (Fuji). To compare the phosphate
incorporation into WT and mutant KaiC, KaiC proteins were
incubated without KaiA and KaiB for ~16h to completely depho-
sphorylate the proteins before the start of the assays. KaiA, KaiB,
and [y->’P] ATP were then added to the reaction mixtures at
time 0. The samples were separated by SDS-PAGE, transferred
onto Immobilon-P membranes (Millipore), and detected using
autoradiography.
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Immunoprecipitation

KaiA, KaiB, and KaiC with the FLAG epitope tag (KaiC-FLAG) were
incubated under the standard conditions in the presence of 2 mg/ml
BSA. At each time point, a 135-pl aliquot of the reaction mixture
was mixed with 540 ul of Buffer B (20mM Tris at pH 8.0, 150 mM
NaCl, 5mM MgCl,, 1 mM ATP, and 2 mg/ml BSA) and a 30-ul bed
volume of prewashed anti-FLAG M2 Affinity Gel freezer-safe beads
(Sigma), followed by incubation for 30 min at room temperature
with gentle agitation. Then, the beads were washed five times with
1 ml of Buffer B. Trapped proteins were eluted twice by the addition
of 35l of 2 x SDS sample buffer in the absence of 2-mercaptoetha-
nol. For detection of KaiA and KaiB, samples were separated by
SDS-PAGE (13% T with 2.7% C).

High-performance gel filtration chromatography

KaiA (4.8.uM), KaiB (14 uM), and KaiC (14 uM) were incubated in
buffer C (20mM Tris at pH 7.5, 150 mM NaCl, 5mM MgCl,, and
1mM ATP) at 30°C. At each time point, a 20-ul aliquot of the
reaction was mixed with [y->*P] ATP (12.3 kBq/pl, 12.3 GBq/mmol)
and incubated for an additional 30 min at 30°C. Then, the proteins
were size-fractionated at 30°C using a Lachrom D-7000 system
(Hitachi) and a TSKgel G4000SWy;, (Tosoh Bioscience) equilibrated
with buffer C. Proteins were monitored by absorbance at 280 nm.
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SDS-PAGE, followed by autoradiography. As we used a silica-based
column in this experiment, which is unstable above pH 8.0, we
performed reactions and subsequent separations at pH 7.5.
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