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The hexameric form of the KaiC protein is a core of the 
cyanobacterial biological clock, and its enzymatic activi-
ties exhibit circadian periodicity. The instability of the 
monomeric form of nucleotide-free KaiC has precluded 
its storage and detailed analyses of the activities of the 
reassembled hexamer. Here, we provide a protocol for 
preparing nucleotide-free KaiC monomer that is stable 
in solution and for triggering its reassembly into intact 
KaiC hexamer by the addition of ATP. A phosphate buf-
fer containing glutamic acid and arginine enhanced the 
stability of KaiC monomer considerably. In addition, we 
found that reassembled KaiC hexamer was functionally 
active as the intact hexamer. This protocol provides a 
methodological basis for further analyses of first-turnover 
events of the ATPase/autokinase/autophosphatase activi-
ties of the KaiC hexamer.
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KaiC, a core protein of the cyanobacterial circadian clock, 
self-assembles into a hexameric form upon binding ATP [1]. 
The KaiC hexamer exhibits rhythmic ATPase/autokinase/
autophosphatase activities [2,3] both in vivo [4] and vitro 
[5] in the presence of ATP and two other clock-proteins, 

KaiA and KaiB. These rhythms satisfy three characteristics 
shared among a wide range of circadian clocks: self- sustained 
circadian oscillation [5], minimal dependence of period on 
ambient temperature [5] (temperature compensation), and 
entrainment of the oscillator by external stimuli [6]. The 
ATPase activity of KaiC, which exhibits a close correlation 
with the oscillatory frequency [3], is considered to be one of 
the period-determining factors of the cyanobacterial circa-
dian clock.

Recent studies have indicated that the monomeric form 
of KaiC is useful in analyses of the properties of the KaiC 
 hexamer. The KaiC monomer consists of an N-terminal C1 
domain and a C-terminal C2 domain. Chang et al. prepared 
a monomeric truncate of the C1 domain and proposed that 
it could interact with KaiB [7]. Nishiwaki et al. prepared 
full-length KaiC monomer in the presence of excess ADP 
(0.1 mM), and used this molecule to analyze the auto- 
dephosphorylation kinetics of the KaiC hexamer [8]. How-
ever, a major problem concerning the monomeric KaiC has 
been its instability in the absence of any nucleotides (ATP/
ADP). This technical issue has precluded not only storage of 
nucleotide-free KaiC monomer, but also detailed physico-
chemical measurements, e.g., pre–steady-state analysis of 
enzymatic activities upon addition of ATP to nucleotide-free 
KaiC monomer.

In this paper, we describe an experimental protocol for 
preparing and storing nucleotide-free KaiC monomer with 
improved stability. The stable monomeric conformation of 
KaiC was verified by size-exclusion chromatography (SEC) 
and small-angle X-ray scattering (SAXS) techniques. The 
biological intactness of the KaiC monomer was confirmed 
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using a software CRYSOL [20], and was fitted to the exper-
imental SAXS curve of the reconstructed KaiC using the Q 
range from 0.01357 to 0.41293 Å–1.

In both the rigid-body and ensemble modeling, each 
protomer of KaiC was treated as rigid C1 (residues from 14 
to 250) and C2 bodies (residues from 257 to 500) connected 
by a flexible linker with flexible N- (residues from 1–13) and 
C-termini (residues from 501 to 519) (see details in Table 2). 
The atomic coordinate of the rigid parts were taken from the 
known X-ray crystal structure of KaiC (2GBL) [19]. During 
the rigid-body refinements, the flexible linker and two ter-
mini were assumed as dummy residues, and the relative 
arrangement of the two rigid bodies were refined against the 
experimental data while keeping the protein-like geometry 
of the dummy residues. In the ensemble modeling, a pool of 
10,000 hypothetical rigid-body structures of the KaiC mono-
mer was produced as the rigid-body refinements, from which 
a plausible ensemble was refined against the experimental 
SAXS data of the nucleotide free-KaiC monomer shown in 
Figure 3B. The details of the refinement procedure and 
refinement statistics are summarized in Table 2.

Reconstruction of KaiC Hexamer
The KaiC hexamerization was induced by mixing a solu-

tion containing the nucleotide-free KaiC monomer with a 
P-buffer containing ATP to a final concentration of 1 mM 
ATP.

Results
Solution conditions optimized for nucleotide-free KaiC 
monomer

The KaiC hexamer spontaneously disassembles into the 
monomeric species in the absence of ATP. Due to the limited 
stability of the KaiC monomers, however, the protein irre-
versibly forms a large soluble aggregate in Tris buffer 
(50 mM Tris/HCl, 150 mM NaCl, 5 mM MgCl2, 3 mM DTT, 
pH 8.0) as determined by SEC (red line in Fig. 1A). Although 
aggregations could be temporarily reduced by fractionating 
nucleotide-free KaiC monomer by SEC, a dramatic increase 
in the radius of gyration (Rg), as determined by SAXS, indi-
cated that the protein reassembled into soluble aggregates 
even on ice (Fig. 1B). This aggregation not only lowers the 
yield of the nucleotide-free KaiC monomer, but also hinders 
quantitative biophysical measurements. We found that the 
use of the P-buffer (50 mM NaH2PO4/NaOH, 150 mM NaCl, 
5 mM MgCl2, 3 mM DTT, pH 7.8) containing 50 mM L-argi-
nine and 50 mM L-glutamic acid dramatically improved the 
stability of the disassembled species. The presence of phos-
phate anions slowed disassembly of the KaiC hexamer, but 
the lower-order species persisted without being trapped in 
soluble aggregates (blue line in Fig. 1A). Because the Rg 
value remained nearly constant (Fig. 1C), this improvement 
enabled us to fractionate the purified KaiC monomer on SEC 
and store it stably at least for 4 h at 10°C.

biochemically by investigating the phosphorylation cycle of 
the reconstructed KaiC hexamer. This protocol provides a 
practical means for further biochemical and biophysical 
analyses of KaiC, which should facilitate a greater under-
standing of the cyanobacterial circadian clock.

Materials and Methods
Phosphorylation Cycle of Purified KaiC Protein

Recombinant Kai proteins were expressed and purified as 
previously described [9,10]. Using the purified Kai proteins, 
the KaiC phosphorylation cycle was reconstructed in vitro as 
previously described [2,5].

Preparation of Nucleotide-free KaiC Monomer
Disassembly of the KaiC hexamer was induced by remov-

ing ATP molecules present in a purified fraction containing 
KaiC hexamer. Unless otherwise stated, this was accomplished 
by passing the sample through a column  (HiprepDesalting 
26/10 , GE Healthcare) thoroughly equilibrated with a buffer 
(P-buffer: 50 mM NaH2PO4, 150 mM NaCl, 5 mM MgCl2, 
2 mM DTT, pH 7.8) containing 50 mM L-arginine and 50 mM 
L-glutamic acid. The ATP-depleted fraction was collected 
and incubated on ice for 24 h, and then subjected to size- 
exclusion gel chromatography (SEC) (Superdex200, GE 
Healthcare) to obtain a purified fraction containing nucleotide- 
free KaiC monomer.

SAXS
SAXS data were taken at RIKEN Structural Biology 

Beamline I (BL45XU) using either a Pilatus 300K-W detec-
tor or a charge-coupled device equipped with an X-ray image 
intensifier [11], each of which was calibrated against the 
powder diffraction peak of silver behenate [12]. A series of 
diluted samples and a matching buffer were introduced into 
the respective chambers of an octuplet cuvette [13], and then 
irradiated individually to obtain a data set of the scattering 
curves, I (Q), where Q=4πsinθ/λ, 2θ is the scattering angle 
and λ is the X-ray wavelength (0.9 or 1.0 Å). After scaling to 
the X-ray intensity, the exposure time, and the particle con-
centration, the contribution of the buffer was removed by 
interchamber subtraction as previously described [13]. The 
innermost portion of I(Q) was fitted under the Guinier 
approximation [14] using the following equation:

LnI (Q) = LnI (0) – 
R2

g Q2

3
where I(0) and Rg are the forward scattering intensity and the 
radius of gyration, respectively. Molecular mass standards 
for SAXS experiments were prepared as previously reported 
[15]. Rigid-body modeling, ensemble-optimization model-
ing, and P(r) determination were conducted by using the 
software packages BUNCH [16], EOM [17], and GNOM 
[18], respectively. The theoretical SAXS curve of the crystal 
structure of hexameric KaiC (2GBL) [19] was calculated 
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Intactness of nucleotide-free KaiC monomer
Several lines of evidence confirmed the intactness of our 

preparation of nucleotide-free KaiC monomer. First, we 
investigated the monomer’s size and shape using SAXS 
(Fig. 2A). Molecular mass estimated from the forward scat-
tering intensity of the KaiC monomer, I(0), was 51.5±0.6 kDa, 
consistent with the mass calculated from its amino acid 
sequence (58.0 kDa) (Table 1). Second, we confirmed that 
the monomer could undergo reversible hexamerization upon 
addition of ATP, as validated by the identity of the SAXS 
curve taken 6 min after addition of ATP to the curve calcu-
lated from the X-ray crystal structure of the KaiC hexamer, 
and also by the 6.05±0.08-fold increase in I(0) upon addition 

Figure 1 Conditions optimized for nucleotide-free KaiC monomer. 
(A) Fractionation of nucleotide-free KaiC monomer by size-exclusion 
chromatography. (B) Irreversible aggregation of nucleotide-free KaiC 
monomer in a Tris buffer. Fractionated nucleotide-free KaiC monomer 
(1.53 mg/mL) by SEC was incubated at 10°C, and the aliquots taken 
from the solution at the indicated time points were used for SAXS mea-
surements. Natural logarithm of X-ray scattering intensity [LnI(Q)] is 
plotted against the square of scattering angular momentum (Q2). Each 
dotted line shows the linear fit of LnI(Q) using the Q range from 
0.01866 Å–1 to Qmax<1.3/Rg, whose slope is related to the radius of gyra-
tion (Rg) of particles. The plots from bottom to top represent measure-
ments at 0.1, 0.5, 1, 2, and 5 h, all at 10°C. Each plot is longitudinally 
shifted for clarity of presentation. The inset indicates the time evolution 
of Rg. (C) Enhanced stability of nucleotide-free KaiC monomer in a 
P-buffer (50 mM NaH2PO4/NaOH, 150 mM NaCl, 5 mM MgCl2, 3 mM 
DTT, pH 7.8) containing 50 mM L-arginine and 50 mM L-glutamic 
acid. Experimental procedure is the same as in Figure 1(B) except for 
the concentration of KaiC monomer used (0.70 mg/mL). The plots 
from bottom to top represent the measurements at 0.1, 0.5, 1, 1.5, 2, and 
4 h, all at 10°C.

Figure 2 Functional KaiC hexamer reconstructed from intact 
nucleotide-free KaiC monomer. (A) Comparisons among experimen-
tal and theoretical SAXS curves. The red line represents the experi-
mental SAXS curve of the nucleotide-free KaiC monomer at infinite 
dilution at 10°C. The SAXS curve, displayed as the gray line, was taken 
at 30°C 6 min after addition of ATP to nucleotide-free KaiC monomer 
(1.69 mg/ml). Black and blue lines represent the theoretical SAXS 
curves of the KaiC hexamer (χ=1.59) and one protomer in the KaiC 
hexamer (χ=3.12), respectively, calculated from the X-ray crystal struc-
ture of KaiC [19]. The 6-fold increase in the I(0) value, which is high-
lighted by the arrow, indicates reversible hexamerization upon the 
addition of ATP. The inset depicts the experimental pair-distribution 
function, P(r), for the KaiC monomer (thin line), as well as the theo-
retical P(r) for the protomer in the KaiC hexamer (dotted line). (B) 
Comparison between the in vitro phosphorylation cycles (at 30°C) of 
KaiC reconstructed from the nucleotide-free monomer (filled circles) 
and KaiC never forced to monomerize (open squares).
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curve predicts a compact conformation for the KaiC mono-
mer (Figs. 3A and B, Table 2). Ensemble modeling of the 
KaiC monomer resulted in minor improvement of the fitting 
quality (χ from 2.68 to 2.39 in Fig. 3B, Table 2), suggesting 
that the compact conformation with a shorter C1–C2 inter- 
domain distance predominates in solution (Fig. 3C). Despite 
the structural changes and flexibility, the SAXS data con-
firmed that nucleotide-free KaiC prepared according to our 
protocol is purely monomeric.

Discussion
The molecular mass of the aggregated KaiC monomer 

could be roughly estimated from its SEC elution volume to 
be in the range of 0.7–2 MDa (Fig. 1A). Because this aggre-
gate never disassembled, even after the addition of ATP, the 
nucleotide-binding sites in the aggregate must be totally 
blocked due to non-native self-associations of the mono-
meric species. Therefore, it is important to prevent the low-
er-order species of KaiC from being trapped in the soluble 
aggregate.

of ATP (Fig. 2A). We also confirmed that the re-assembly of 
the KaiC hexamer completed within 5 min at 30°C. Third 
and finally, the in vitro phosphorylation cycle of KaiC hex-
amer reconstructed from the nucleotide-free KaiC mono-
mer was virtually indistinguishable from that of KaiC never 
forced to monomerize (Fig. 2B). In both cases, the ratio of 
the phosphorylated KaiC was increased and then decreased 
repeatedly in the circadian fashion with almost identical 
amplitude, and no phase shifts were observed between them. 
Together, these observations confirmed the intactness of the 
nucleotide-free KaiC monomer prepared as described above.

The Rg value (30.7±0.4 Å) for the nucleotide-free KaiC 
monomer was smaller than that expected for one protomer 
(32.0 Å) from the X-ray crystal structure of the KaiC hex-
amer [19]. The pair-distribution function of the nucleotide- 
free KaiC monomer also suggested that it adopts a more 
compact conformation than the protomer in the KaiC hex-
amer (Fig. 3A). These discrepancies are not surprising, 
because the protomer of KaiC is expected to be flexible and 
to undergo structural changes upon monomerization. In fact, 
a rigid-body model refined against the experimental SAXS 

Table 1 SAXS Structural Parameters

Rg
 a 

(Å)
Rg

 b

(Å)
I(0) a

(a.u.)
I(0) b

(a.u.)
Dmax

 c

(Å)
Vp

 d

(Å3)

MM  
from I(0) e

(kDa)

MM  
from Vp

 f

(kDa)

MM g

(kDa)

Apo KaiC Monomer 30.7±0.4 30.1±0.1 1.37±0.01 1.32±0.01 95 8.9×104 51.5±0.6 54 58.0

BSA 28.5±0.3 n.d. 1.77±0.02 n.d. n.d. n.d. n.d. n.d. 66.4
a Guinier analysis using the Q range from 0.01847 to Qmax<1.3/Rg. b Estimates in real space upon P(r) determination. c Maximum dimension esti-
mated by using GNOM package. d Porod volume estimated from the GNOM output file (Q range from 0.1873 to 0.4127 A–1) by using ATSAS 
package [28]. e Molecular mass calculated by using the I(0) value for BSA as the standard. f Molecular mass calculated according to an empirical 
relationship (MM=VP/1.65) [28]. g Theoretical molecular mass calculated according to amino acid sequences.

Table 2 SAXS shape-reconstruction statistics for apo KaiC monomer

apo KaiC Monomer
Shape Reconstruction BUNCH08

Q range (Å–1) 0.01847–0.41293
Real Space Range (Å) 0–92
Symmetry P1
Total Number of Residues 519

Total Number of Dummy Residues 38
Dummy Residues 1–13, 251–256, 501–519

Total Number of Known Residues 481
Known Residues Treated as Rigid Bodies 14–250, 257–500

SQRT(χ2) (mean±S.D.) 2.640–2.712 (2.674±0.023)
Number of Models Reconstructed 10
DAMAVER NSD (mean±S.D.) 0.964–1.101 (1.041±0.048)

Shape Reconstruction EOM2.0
Q range (Å–1) 0.01847–0.41293
Symmetry P1
Number of Theoretical Curves (Pool Structures) 10000
SQRT(χ2) (mean±S.D.) 2.393–2.397 (2.396±0.002)
Number of Ensembles Reconstructed 5
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The lifetime of nucleotide-free KaiC monomer was 
extended by inclusion of 50 mM phosphate, 50 mM L- 
glutamic acid, and 50 mM L-arginine in the buffer (Fig. 1C). 
Although phosphate stabilizes the native structure of pro-
teins in accordance with the Hofmeister series at high con-
centration, the effect is not significant at concentrations 
below 50 mM [21]. Instead, phosphate may bind to the KaiC 
monomer and prevent non-native self-association [22]. Glu-
tamic acid also stabilizes proteins [23], whereas arginine 
enhances the solubility of proteins and is thus often used to 
recover recombinant proteins from aggregates [24]. Further-
more, Golovanov et al. demonstrated that the presence of 
50 mM glutamic acid and 50 mM arginine increased protein 
solubility [25]. Therefore, under these conditions, it is likely 
that these three factors have contributed synergistically to 
prevent trapping of nucleotide-free KaiC monomer into sol-
uble aggregates. Non-native self-association sites might be 
sequestered by adopting the compact nucleotide-free mono-
meric form (Fig. 3A), in which the C1–C2 inter-domain dis-
tance is shorter (Fig. 3B). A similar stabilizing effect is also 
anticipated in cells, in which various sugars and polyols sta-
bilize the native structures of proteins.

The ensemble modeling of the KaiC momomer gave rise 
to the slight improvement of the quality of fitting to the 
experimental SAXS data (χ from 2.68 to 2.39). However, the 
resulted χ value was still larger than unity, indicating that the 
structure of KaiC monomer in solution can be explained 
strictly neither by the sole rigid-body model (Fig. 3A) nor 
their ensemble model (Fig. 3C). This discrepancy may come 
from a partial deformation of the C2 domain in the KaiC 
monomer, because a truncated construct of KaiC without the 
C1 domain cannot form a hexameric ring as stable as that 
without the C2 domain [26].

Conclusion
In this study, we established a protocol for preparing 

nucleotide-free KaiC monomer and triggering its reassem-
bly into intact KaiC hexamer by adding ATP. This protocol 
should be useful for not only building stable mosaic hexam-
ers of KaiC [27], but also characterizing first-turnover events 
of the ATPase [3]/autokinase [2]/autophosphatase [2] activi-
ties of the KaiC hexamer, each of which is crucial for the 
temperature-compensated circadian periodicity of the Kai- 
protein clock system. Our protocol offers an ideal means for 
performing pre–steady-state analyses of KaiC in the absence 
of ADP, which may competitively inhibit ATP binding. Thus, 
this method should facilitate a greater understanding of the 
unique properties of the KaiC protein.
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