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The circadian oscillator of the cyanobacterium Synechococcus elon-
gatus is composed of only three proteins, KaiA, KaiB, and KaiC,
which, together with ATP, can generate a self-sustained �24 h
oscillation of KaiC phosphorylation for several days. KaiA induces
KaiC to autophosphorylate, whereas KaiB blocks the stimulation of
KaiC by KaiA, which allows KaiC to autodephosphorylate. We
propose and support a model in which the C-terminal loops of KaiC,
the ‘‘A-loops’’, are the master switch that determines overall KaiC
activity. When the A-loops are in their buried state, KaiC is an
autophosphatase. When the A-loops are exposed, however, KaiC
is an autokinase. A dynamic equilibrium likely exists between the
buried and exposed states, which determines the steady-state level
of phosphorylation of KaiC. The data suggest that KaiA stabilizes
the exposed state of the A-loops through direct binding. We also
show evidence that if KaiA cannot stabilize the exposed state, KaiC
remains hypophosphorylated. We propose that KaiB inactivates
KaiA by preventing it from stabilizing the exposed state of the
A-loops. Thus, KaiA and KaiB likely act by shifting the dynamic
equilibrium of the A-loops between exposed and buried states,
which shifts the balance of autokinase and autophosphatase
activities of KaiC. A-loop exposure likely moves the ATP closer to
the sites of phosphorylation, and we show evidence in support of
how this movement may be accomplished.

kinase � phosphatase � phosphorylation � NMR � X-ray

V irtually all light-perceiving organisms display circadian
(�24-h) rhythms in their gene activity, metabolism, physi-

ology, and behavior in anticipation of and preparation for daily
swings in sunlight and ambient temperature (1, 2). These robust
biological rhythms are the result of an endogenous clock called
the circadian clock and have been identified in cyanobacteria (3,
4). In the cyanobacterium Synechococcus elongatus, the clock is
important for reproductive fitness (5, 6), and expression of the
entire genome is under clock control (7, 8).

Only three proteins make up the central oscillator of the S.
elongatus clock (9): KaiA, KaiB, and KaiC. The high-resolution
structures of all three proteins are known (10–15). Remarkably,
the central oscillator can be reconstituted in a test tube (16). A
simple mixture of the three proteins and ATP regenerates the
sustained cellular �24-h rhythm of KaiC phosphorylation. Tem-
perature compensation and mutant rhythm phenotypes ob-
served in vivo are also reproduced by this clock-in-a-test tube.

An ensemble of KaiC molecules exhibits both autokinase and
autophosphatase activities (10, 17, 18). In S. elongatus, the
balance between these two activities swings back and forth on a
daily basis. In vivo, KaiC is hyperphosphorylated during the night
and hypophosphorylated during the day (19, 20). There are two
phosphorylation sites on KaiC, S431 and T432 (21, 22). The
distribution of KaiC phosphoforms over a �24 h period proceeds
as ST-KaiC (unphosphorylated) 3 SpT-KaiC (T432 phosphor-
ylated) 3 pSpT-KaiC (S431 and T432 phosphorylated) 3
pST-KaiC (S431 phosphorylated)3 ST-KaiC (23, 24), although
individual KaiC molecules do not necessarily go all of the way
around the loop (24). Alone, the autophosphatase activity of

KaiC is dominant; KaiA shifts the balance of activities from
autophosphatase to autokinase (10, 17, 19). However, the pST-
KaiC phosphoform recruits KaiB, and, together, they inactivate
KaiA in KaiABC complexes (23–25). With insufficient levels of
active KaiA in solution, the ensemble of KaiC molecules begins
to dephosphorylate. KaiA activity resumes once enough pST-
KaiC has decayed to ST-KaiC [implying that not all KaiC
molecules make it back to the ST-KaiC state before being
restimulated by KaiA to autophosphorylate (24)]. Monomer
shuffling between KaiC hexamers may play a role in synchro-
nization (26, 27).

The phosphorylation cycle of KaiC is apparently integrated
with a transcription/translation oscillator (28) to maintain stable
24-h cellular rhythms in S. elongatus genes (7, 8). Thus, it is of
central importance to understand how KaiA and KaiB shift the
relative autokinase and autophosphatase rates in KaiC. Here, we
present evidence that a segment of residues near the C terminus
of each KaiC subunit determines which activity is dominant. We
propose that when these ‘‘A-loops’’ are buried, KaiC is an
autophosphatase. However, when the A-loops are exposed, KaiC
is an autokinase. We suggest that there is a dynamic equilibrium
between the buried and exposed states of the A-loops, so that an
ensemble of KaiC molecules exhibits both activities simulta-
neously. In the absence of other proteins, KaiC is both an
autokinase and autophosphatase, with the latter activity domi-
nant over the former (10, 17, 19). In this case, according to our
model the dynamic equilibrium favors the buried state of the
A-loops. We propose that KaiA stabilizes the exposed state,
thereby increasing the autokinase rate relative to that of the
autophosphatase. We think that KaiB acts by preventing this
KaiA-mediated stabilization.

Results
The Equilibrium Position of the A-Loop Determines the Steady-State
Phosphorylation Level of KaiC. Shown in Fig. 1A is the NMR
structure of the complex between the C-terminal domain of
KaiA, KaiAC, and a peptide derived from C-terminal residues
488–518 of KaiC, both from Thermosynechococcus elongatus
(29). The x-ray crystal structure of S. elongatus KaiC (Fig. 1B)
shows that residues 488–497 (magenta) are buried in a looped
conformation (15). Here, we refer to this stretch of residues as
the A-loop. ‘‘Tail’’ residues 498–519 are not resolved in this x-ray
crystal structure but are seen to protrude from the top of KaiC
in a later study (30). The homologous solvent-exposed tail
residues from T. elongatus are colored yellow in Fig. 1 A. The
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A-loop � tail segment of KaiC (KaiCAL�tail) from S. elongatus
and T. elongatus are 61% identical and 84% similar. In addition,
residues in T. elongatus KaiAC that interact with KaiCAL�tail

according to the NMR structure share a high level of identity
with S. elongatus KaiAC (29). In the present study, all experi-
ments were performed using S. elongatus proteins, except for one
set of fluorescence anisotropy experiments (Fig. 4B).

A comparison of Fig. 1 A and B suggested that A-loops have
two states, buried as seen in Fig. 1B and exposed as implied by
Fig. 1 A. In our model, the A-loops in an ensemble of KaiC
molecules exist in a dynamic equilibrium between buried and
exposed states, which determines the steady-state level of phos-
phorylation of KaiC. If the equilibrium favored the buried state,
the rate of autodephosphorylation would have been faster than
that of autophosphorylation. In contrast, if the exposed state
were favored, then the autokinase rate would be faster, leading
to a high steady-state phosphorylation level for KaiC. According
to our model, KaiA increased KaiC phosphorylation levels by
stabilizing the exposed state of the A-loops by directly binding
to KaiCAL�tail.

As a test of our model, we made a variant of KaiC to mimic
the exposed state of A-loops. This variant, KaiC487, was trun-
cated after residue 487 and, therefore, missing the KaiCAL�tail

segment. As seen in Fig. 2A (green E), KaiC487 by itself was
constitutively 100% phosphorylated. A recent study has shown
that the steady-state phosphorylation level for S. elongatus KaiC
under increasing concentrations of KaiA does not exceed �85%
(31). Another study has shown, for T. elongatus proteins, that a
ratio of one KaiA dimer to one KaiC hexamer is enough to reach
saturation level of phosphorylation, which is also �100% (32).
KaiA cannot induce 100% phosphorylation of a population of
KaiC molecules because, even under saturating conditions,
A-loops probably still sample the buried state to a minor extent.

Our model predicted that reducing the ability of KaiA to
stabilize the exposed state of the A-loops should lead to a lower
steady-state level of KaiC phosphorylation. We, therefore, pro-
duced a KaiC variant, KaiC497, which was truncated after

residue 497, so that it had the A-loop but was missing the
solvent-exposed tail. The steady-state phosphorylation levels of
KaiC497 alone and in the presence of KaiA were similarly low
(Fig. 2 A and B, black � and Œ), which suggests that the dynamic
equilibrium of the A-loop in both cases is shifted toward the
buried state. A KaiC variant similar to KaiC497 is unable to form
a complex with KaiA, as determined by electrophoretic mobility-
shift assays (30). Truncations partway into the A-loop resulted
in KaiC variants that were hyperphosphorylated (Fig. 2 A, green
�, blue f, and red �), although to a lesser extent than KaiC487
(green E). To a minor extent, these truncated A-loops may still
sample the buried state, thus leading to �100% steady-state
phosphorylation levels. In addition to deletion experiments,
KaiC variants containing point mutations in or bordering the
A-loop were also made to test our model. In the structure of

Fig. 1. The NMR structure of the T. elongatus KaiAC– KaiCAL�tail complex (A)
and x-ray crystal structure of KaiC from S. elongatus (B). (A) The two subunits
of the KaiAC dimer of the KaiAC–KaiCAL�tail complex (PDB ID code 1suy) are
shown as black and gray ribbons. The two bound KaiCAL�tail peptides are
shown as ribbons, with the A-loop segment colored magenta and the tail
segment colored yellow. (B) The N- and C-terminal domains of five subunits of
KaiC (PDB ID code 1tf7) are shown as gray surfaces, whereas those of the
remaining subunit are shown as a blue ribbon. The polypeptide segment
connecting the two domains is shown as a green ribbon. The A-loops are
shown as magenta ribbons. The solvent-exposed C-terminal residues 498–519
are unresolved in this structure. ATP molecules are red and S431 and T432 are
yellow. All figures of Kai protein structures were created using the program
Chimera (40).

Fig. 2. Phosphorylation of KaiC and KaiC variants for KaiC alone (A), KaiC �
KaiA (B), KaiC � KaiA � KaiB (C), and KaiC � KaiB (D). For all images: pink F,
KaiC; black � and Œ, KaiC497; green �, KaiC496; blue ■ , KaiC495; red {,
KaiC494; green E, KaiC487. In A, green � indicates KaiC � KaiCAL�tail (500 �M).
In B, green � indicates KaiC � KaiCAL�tail (500 �M) � KaiA; blue ‚, KaiC �
KaiAN only; and orange }, KaiC � KaiAC only. In C, orange } indicates KaiC �
KaiAC � KaiB. Each data point is the mean of two independent experiments.
Solid lines connect data points for visual clarity. Images of the stained poly-
acrylamide gels are shown in supporting information (SI) Fig. S1. Assignment
of phosphorylated and unphosphorylated KaiC bands resolved by PAGE was
determined from lambda phosphatase assays (Fig. S2). All KaiC samples were
fresh or from freshly frozen samples except for data indicated by black Œ

symbols, which are from KaiC497 reaction mixtures after incubation at 30°C
for 18 h � KaiA � KaiB. It should be noted that the phosphorylation levels of
KaiC487, KaiC494, KaiC495, and KaiC496 after incubation at 30°C for 18 h �
KaiA � KaiB remained similar to those after the initial 12 h (data not shown).
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KaiC, the side chains of residues E487 and T495 appeared to be
hydrogen-bonded to each other (Fig. S3), suggesting that the
buried state of the A-loop was stabilized by this interaction.
Indeed, the E487A substitution created a KaiC variant that was
100% constitutively phosphorylated, whereas the T495A variant
was 80% constitutively phosphorylated (Fig. S4).

KaiC487 and KaiC497 expressed in S. elongatus were, respec-
tively, hyper- and hypophosphorylated as well (Fig. 3A); more-
over, KaiC487 remained hyperphosphorylated even when KaiA
was absent and KaiB was present (Fig. 3A, lanes 4–6), and
KaiC497 remained hypophosphorylated when KaiA was present
and KaiB was absent (lanes 7–9). In addition, ectopic expression
of either KaiC487 or KaiC497 in a WT S. elongatus background

had a dominant negative effect, abolishing circadian rhythmicity
(Fig. 3B), even though they had opposite states of phosphory-
lation. In contrast, rhythmicity was preserved when WT KaiC
was expressed in a WT background, with a slightly longer
free-running period than normal (Fig. 3B and Fig. S5).

KaiC497 and KaiC496, which differ only in the presence or
absence of I497, had opposite steady-state levels of phosphor-
ylation (Fig. 2 A, black Œ and green �). This result suggests that
I497, the terminal residue of the A-loop, plays a critical role in
stabilizing the buried position of the A-loop. It can be seen from
the structure of KaiC (Fig. S6) that I497 is apparently part of an
intrasubunit hydrophobic cluster that includes residues V443,
I445, I467, F483, F486, I489, I490, P494, and T495. Perhaps the
removal of I497 in KaiC496 was sufficient to destabilize the
cluster and thereby shift the dynamic equilibrium of the A-loop
toward the exposed state.

KaiA Activates KaiC Autophosphorylation by Directly Binding to the
A-Loop � Exposed Tail Segment. The structure of the KaiAC–
KaiCAL�tail complex has been solved for the polypeptides from
the thermophilic species T. elongatus, which are more stable
under NMR conditions (Fig. 1 A) (29). To test whether this
interaction is similar for the S. elongatus homologs, we carried
out fluorescence anisotropy assays. The fluorescence anisotropy
of a fluorophore is sensitive to the size of the macromolecule to
which it is attached. An increase in the fluorescence anisotropy
of a labeled peptide after the addition of unlabeled protein can
reflect the formation of complexes. As seen in Fig. 4A, S.

Fig. 3. Phosphorylation states and functional analysis of KaiC487 and
KaiC497 in vivo. (A) KaiC487 and KaiC497 are, respectively, constitutively
hyper- and hypophosphorylated independently of KaiA in S. elongatus. Im-
munoblots of KaiC and its truncated variants were detected in soluble protein
extracts from strains that express: lane 1, WT KaiC; lane 2, no KaiB or KaiC; lane
3, WT KaiC from an ectopic site in a kaiBC null background (KaiA is present);
lanes 4–6, KaiC487 from an ectopic site in a kaiA kaiC-null background (KaiB
is present); lanes 7–9, KaiC497 in a kaiBC-null background (KaiA is present).
The phosphorylation status of KaiC variants, whose mobility differs from WT
was determined by � phosphatase treatment with (lanes 6 and 9) or without
(lanes 5 and 8) the inhibitor EDTA. Total cell extracts from 10 ml of OD750 � 0.5
cyanobacterial cultures were prepared and further analyzed by immunoblot-
ting (41) with polyclonal KaiC antiserum (42) at 1:2,000 dilution. Treatment
with � phosphatase was performed according to the recommendation of the
manufacture (New England BioLabs). Briefly, 100 �g of total protein was
incubated with 400 units of � phosphatase in 50 �l of total volume at 30°C for
30 min. EDTA was used at a final concentration of 50 mM to inhibit the
phosphatase reaction. (B) Ectopic expression of KaiC487 or KaiC497 abolishes
circadian rhythmicity in WT S. elongatus. WT KaiC, KaiC487, and KaiC497 are
expressed from the native kaiBC promoter in a WT (Left) or kaiC null (Right)
background. All strains harbor a bioluminescence reporter gene driven by the
kaiBC promoter.

Fig. 4. Fluorescence anisotropy of 6-iodoacetamidofluorescein-KaiCAL�tail as
a function of concentration of KaiA for S. elongatus (A) and T. elongatus (B)
proteins. ‚ indicates KaiA; �, KaiAC; {, KaiAN; and E, KaiB. Fits of the data
yielded the following Kd values: 24.3 � 0.5 �M, S. elongatus KaiAC �
KaiCAL�tail; 170 � 13 �M, S. elongatus KaiA � KaiCAL�tail; 2.9 � 0.2 �M, T.
elongatus KaiAC � KaiCAL�tail; 14.4 � 1.1 �M, T. elongatus KaiA � KaiCAL�tail.
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elongatus KaiA and KaiCAL�tail interacted, although to a weaker
extent than for the T. elongatus proteins (Fig. 4B). As a further
test of the KaiA–KaiCAL�tail interaction, we added S. elongatus
KaiCAL�tail peptides to a mixture of S. elongatus KaiA � KaiC.
As shown by the green � symbols in Fig. 2B, KaiCAL�tail blocked
KaiA-induced KaiC autophosphorylation, which suggests that
this peptide was competing with KaiC for KaiA binding. The KD
values observed here were much higher than those reported for
full-length KaiA and KaiC binding for S. elongatus (2.5 �M) (33)
and T. elongatus (1.3 �M) (32). We think that these discrepancies
arise from (i) the higher local concentration of KaiCAL�tail

segments on a KaiC hexamer, and (ii) the possibility that the
KaiA-KaiC interaction is more extensive than that observed in
the NMR structure (Fig. 1 A).

KaiAN Attenuates the KaiA–KaiC Interaction and Is Important for KaiB
Function. The N-terminal domain of KaiA, KaiAN (residues
1–135), did not have any detectable affinity for KaiCAL�tail, as
gauged by fluorescence anisotropy experiments (Fig. 4A, {). In
addition, KaiAN has no effect on the phosphorylation activity of
KaiC (blue Œ, Fig. 2B) (10). Thus, the KaiA–KaiC interaction
probably involves only weak, if any, interactions between KaiAN

and KaiC. However, full-length KaiA had a weaker affinity for
KaiCAL�tail and enhanced KaiC autophosphorylation less than
KaiAC (Fig. 4A, ‚ and �; Fig. 2B, pink F and orange �). KaiAN

may attenuate the KaiA–KaiC interaction by affecting the
structure of KaiAC (29).

Apparently, KaiB inactivates KaiA in a complex with pST-
KaiC, which allows the ensemble of KaiC proteins to autode-
phosphorylate (23, 24). We found that KaiAN was important for
this KaiB function. As shown in Fig. 2C (orange �), KaiB had
little effect on KaiAC-induced KaiC autophosphorylation. The
observation that S. elongatus clones that express KaiAC instead
of KaiA generate very weak 40-h rhythms (34) may be attrib-
utable to the inability of KaiB to inactivate KaiAC in a complex
with pST-KaiC.

KaiB Does Not Interact with the A-Loop. It has been shown that the
kinetic ordering of phosphorylation at S431 and T432 for an
ensemble of KaiC proteins in the presence of KaiA and KaiB is
as follows (23, 24): ST3 SpT3 pSpT3 pST3 ST. Apparently,
the oscillation depends on the fast buildup of pSpT-KaiC under
stimulation by KaiA, followed by the slow inactivation of KaiA
on pST-KaiC by KaiB (24). How KaiB achieves this inactivation
is unclear. Does KaiB interact directly with the A-loop? Fluo-
rescence anisotropic experiments did not detect any binding
between KaiB and KaiCAL�tail in either S. elongatus (Fig. 4A, E)
or T. elongatus (Fig. 4B, E). Furthermore, KaiB by itself does not
affect the phosphorylation of KaiC (Fig. 2D) (17, 18, 24). Thus,
KaiB likely affects the dynamic equilibrium of the A-loop
indirectly by hindering its interaction with KaiA.

A-Loop Displacement Probably Moves ATP Closer to the Sites of
Phosphorylation. To the best of our knowledge, the longest
distance reported between the �-phosphate group of ATP and
an acceptor oxygen (serine hydroxyl group) is 5.3 Å in bovine
cAMP-dependent protein kinase (35), which has since been
suggested to be an overestimate (36). In the crystal structure of
KaiC, the A-loops are buried, and the �-phosphate group of ATP
is 8.5 and 6.6 Å from the hydroxyl oxygens of S431 and T432,
respectively (Fig. 5), which explains why KaiC by itself had a low
level of autokinase activity (Fig. 2 A, pink F). It is, therefore,
probable that A-loop exposure significantly repositions ATP
closer to the sites of phosphorylation.

Putative interactions between the adenine base and residues
I472 and D474, as inferred from the structure of KaiC (15), may
help prevent ATP from approaching the sites of phosphorylation
when A-loops are buried (Fig. 5A). A D474A substitution

attenuated the effect of KaiA and KaiB on KaiC phosphoryla-
tion kinetics (Fig. S4, black Œ). The variant I472A (Fig. S4, blue
f), however, was constitutively hyperphosphorylated, suggesting
that ATP could more closely approach T432 and S431. We think
that exposure of A-loops weakens the interaction between I472
and ATP. The ATP seems to also be stabilized by W331 because
a W331A substitution also created a constitutively hyperphos-
phorylated KaiC variant (Fig. S4, green �).

E444 apparently forms hydrogen bonds with A-loop residues
and is part of a short segment (residues 438–444; blue ribbon,
Fig. 5B) that seems to interact with residues at or adjacent to the
P-loop of the CII domain (residues 288–295; gold ribbon, Fig.
5B). We anticipate that this chain of interactions couples the
A-loop and �-phosphate positions. A-loop exposure may disrupt
its interaction with E444, causing the 438–444 segment to shift
and thereby adjust the position of the P-loop, which, in turn,
would move the �-phosphate closer to the hydroxyl groups of
T432 and S431. As a test of this hypothesis, we introduced an
E444D substitution to disrupt the interactions with the A-loop.
We found that this KaiC variant was constitutively hyperphos-
phorylated at �100% in the presence or absence of KaiA and
KaiB (Fig. S4, black F). L297A and L440A substitutions, which
would be a good test of the proposed coupling between the
A-loop and ATP position, yielded insoluble KaiC variants.

Discussion
The A-loop Is the Master Switch That Determines KaiC Activities. KaiC
is both an autokinase and an autophosphatase. The balance
between these two activities is modulated by phosphoform-
dependent interactions between KaiC and KaiA and KaiB, and
by the phosphoforms themselves, irrespective of KaiA and KaiB
(23, 24). Here, we propose how KaiA and KaiB manipulate KaiC
activity: the A-loop is the master switch and its dynamic equi-
librium between buried and exposed states determines the levels
of autokinase and autophosphatase activities (Fig. 6); KaiA
directly binds to and stabilizes the exposed state of the A-loop.
KaiB does not directly interact with the A-loop; we predict that
KaiB stabilizes the buried state of the A-loop indirectly by

Fig. 5. Putative interactions between ATP and KaiC, as inferred from the
x-ray crystal structure (15). Atoms are shown in ball and stick form (gray,
carbon; red, oxygen; blue, nitrogen; cyan, phosphorus). The prime (�) is used
to denote residues from an adjacent subunit. Green lines indicate potential
hydrogen bonds and the distances between the �-phosphorus atom of ATP
and the hydroxyl oxygens of S431� and T432�. (A) The structure of KaiC
suggests that the position of ATP depends in part on interactions with I472,
D474, and W331. (B) The position of the �-phosphorus atom of ATP may be
coupled to the interaction between E444 and the A-loop by way of the P-loop.
The side chains of residues that may be part of this coupling are shown.
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hindering its interaction with KaiA. Indeed, existing data suggest
that KaiB does not affect KaiC activity directly but, rather, blocks
KaiA stimulation of KaiC activity (Fig. 2C, pink F) (17, 18, 24).

A-Loop Burial/Exposure May Be Cooperative. Each buried A-loop in
the KaiC hexamer appears to make several hydrogen bonds with
the adjacent A-loops (Fig. S3). The implication is that exposure
of one A-loop destabilizes the buried states of the adjacent ones
and raises the possibility that the burial and exposure of A-loops
are cooperative processes. However, the rate of ST-KaiC 3
SpT-KaiC has a hyperbolic, rather than sigmoidal, dependence
on KaiA concentration (24), which argues against cooperativity.
We suggest that when a single KaiA binds to a KaiC hexamer (30,
32), it stabilizes the exposed state of the two A-loops to which
it binds (Fig. 1 A), shifting the dynamic equilibrium of the four
remaining A-loops toward the exposed state. This scenario could
produce the hyperbolic dependence for ST-KaiC 3 SpT-KaiC,
as demonstrated by Rust et al. (24).

KaiB Inactivates KaiA by Hindering Its Interaction with A-Loops. Our
data suggest that KaiB induces KaiC autodephosphorylation by
hindering the interaction between KaiA and A-loops. There are
two possible ways by which KaiB inactivates KaiA: either KaiB
interacts directly with KaiA and thereby immobilizes it on
pST-KaiC or the KaiB–pST-KaiC interaction affects the pST-
KaiC–KaiA interaction, such that KaiA is trapped by pST-KaiC.
Our observation that KaiAC-induced KaiC autophosphorylation
was immune to KaiB suggests that KaiAN is necessary for KaiB
activity. Whether the KaiA–KaiB interaction is direct or indirect
is still unclear.

Downstream Effects of A-Loop Exposure. The ATP bound in the CII
domain is too far from S431 and T432 for phosphoryl transfer
(Fig. 5) and explains why KaiC by itself had a greater autophos-
phatase than autokinase activity (Fig. 2 A, pink F). Our data
suggest that I472 helps prevent ATP from approaching the sites
of phosphorylation (Fig. S4), probably through direct interac-
tions with ATP. A-loop exposure likely repositions the ATP
closer to the sites of phosphorylation through weakening the
I472–ATP interaction, and disrupting the E444–A-loop inter-
action, thereby shifting the P-loop.

Differences Between in Vitro and in Vivo Oscillations. The dominant
negative effects of KaiC487 and KaiC497 expression in a WT
background suggest that these KaiC variants, which are unable
to restore rhythmicity to a kaiC-null strain, either participate in

hexamer formation with WT KaiC monomers, rendering them
nonfunctional, or compete with WT subunits for interaction with
the circadian output pathways. The former possibility, supported
experimentally in Fig. S7, contrasts with in vitro data in which
oscillation of WT KaiC phosphorylation is unaffected by addition
of nonshuffling KaiC variants (27). These data suggest that nascent
proteins form mixed hexamers when both WT and mutant KaiC
variants are coexpressed in the cell, such that protein dynamics of
synthesis and degradation may play important roles in vivo that are
not required for the basic oscillation in vitro.

Materials and Methods
Sample Preparation. KaiA and KaiB. The genes encoding KaiA and KaiB from S.
elongatus and T. elongatus were cloned into the pET32a� vector (Novagen)
between BamHI and NcoI sites, the resulting plasmids were used to transform
Escherichia coli BL21(DE3), and sequences were confirmed (Gene Technolo-
gies Laboratory, Texas A&M University) (see Table S1). Transformed E. coli
cultures in log phase in LB at 37°C were induced to overexpress recombinant
KaiA or KaiB with 1 mM isopropyl �-D-thiogalactopyranoside (Calbiochem).
Cells were harvested after 6 h, and pellets were resuspended in 50 mM NaCl,
20 mM Tris�HCl, pH 7.0. Cell suspensions were passed twice through a chilled
French press cell, and lysates were clarified by centrifugation at 20,000 � g for
60 min at 4°C. Tagged proteins were isolated on a Ni-charged chelating
column. Proteases and ATPases were removed by anion-exchange chroma-
tography (buffer A: 20 mM NaCl, 20 mM Tris�HCl, pH7; buffer B: 1 M NaCl, 20
mM Tris�HCl, pH 7; gradient: 0–80% buffer B over 16 5-mL column volumes).
Further details are provided in SI Text.
KaiC. Genes encoding KaiC from S. elongatus and T. elongatus were cloned
into the pGEX-6P-2 vector (GE Healthcare) between BamHI and XhoI sites, and
the resulting plasmids were used to transform E. coli DH5�, which produced
more soluble recombinant KaiC than did E. coli BL21(DE3). KaiC truncation
variants KaiC487, KaiC494, KaiC495, KaiC496, and KaiC497 were constructed
by inserting stop codons to terminate translation after residues 487, 494, 495,
496, and 497, respectively, using the QuikChange method from Stratagene.
Protein purification, analysis, and storage were similar as for KaiA and KaiB
and are described in SI Text.

KaiC Phosphorylation Kinetics. Phosphorylation assays in sterile 1-ml tubes in
a 30°C water bath included KaiA and KaiB at 1.5 �M and 4.5 �M final concen-
trations in the autophosphorylation assay buffer. A ‘‘time zero’’ sample was
taken immediately after KaiC (3.4 �M) was added. Periodically, 38-�l aliquots
were removed and denatured at 60°C for 15 min with 6 �l of SDS/PAGE gel-
loading dye (100 mM Tris�HCl at pH 6.8 with 4% SDS, 0.2% bromophenol blue,
20% glycerol, and 400 mM �-mercaptoethanol). A sample (10 �l) of each was
loaded onto 9 � 10 cm SDS polyacrylamide gels (4% stacking, 6.5% running) with
15 wells (10 � 3 � 0.75 mm). Further details are given in SI Text.

Fluorescence Anisotropy Experiments. Preparation of the KaiCAL�tail peptide
labeled with fluorescein is given in SI Text. Fluorescence anisotropy experi-
ments on the fluorescein-labeled KaiCAL�tail peptide were carried out with a
PC1 photon counting spectrofluorometer (ISS) with a sample temperature of
25°C. The excitation wavelength was set to 487 nm, and orthogonal emission
intensities, I� and I�, were measured at 523 nm; fluorescence anisotropy, r, was
determined using the equation: r � (I� � I�)/(I� � I�). The KaiCAL�tail peptide
concentration in an initial volume of 1.8 ml was 100 nM. Fluorescence
anisotropies were measured as a function of the concentrations of KaiA, KaiA
variants, and KaiB. Dissociation constants were calculated by fitting anisotro-
pic data using DYNAFIT (37) with a simple 1:1 binding model.

Cyanobacterial Strains, Culture Conditions, and Bioluminescence Assays. WT S.
elongatus PCC 7942 and its derivatives were propagated in BG-11 medium with
appropriate antibiotics at 30°C, as described previously (38, 39). Ectopic alleles of
various KaiC constructs, described in Tables S2 and S3, were introduced into
neutral site I of the S. elongatus chromosome (38, 39). Bioluminescence assays of
these strains were performed on a Packard TopCount scintillation counter
(PerkinElmer Life Sciences) according to a previous protocol (39).
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Fig. 6. A-loop model. The steady-state level of phosphorylation of KaiC is
determined by the dynamic equilibrium of the A-loops (AL). If the buried state
of the A-loops (ALburied) is favored, then the steady-state phosphorylation
level of KaiC is lowered; if the exposed state of the A-loops (ALexposed) is
favored, the steady-state phosphorylation level is increased. KaiA stabilizes
ALexposed, whereas KaiB prevents KaiA from doing so by immobilizing it on the
pST-KaiC phosphoform.
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