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Casein kinase I (CKI) is a serine/threonine protein kinase that performs various

functions in the cell, such as DNA repair, cell-cycle regulation, cytokinesis,

vesicular trafficking, morphogenesis and circadian-rhythm regulation. CKI

proteins contain a highly conserved catalytic domain at the N-terminus and a

highly diverse regulatory domain that is responsible for substrate specificity at

the C-terminus. In this study, CKI from rice (riceCKI) was overexpressed in

Escherichia coli with an engineered C-terminal His tag. RiceCKI was then

purified to homogeneity and crystallized at 293 K. X-ray diffraction data were

collected to a resolution of 2.0 Å from a crystal belonging to the monoclinic

space group C2, with unit-cell parameters a = 108.83, b = 69.60, c = 55.85 Å,

� = 109.47�. The asymmetric unit was estimated to contain one monomer.

1. Introduction

Casein kinases (CKs) are a family of serine/threonine protein kinases

that play critical roles in cell division, cell growth, metabolism and

differentiation (Tuazon & Traugh, 1991; Gross & Anderson, 1998).

CKs can be divided into two subgroups, CKI and CKII, which have

distinctive structures, functions and responses to effector molecules

(Tuazon & Traugh, 1991).

Casein kinase I (CKI) performs various functions in both the

cytoplasm and nucleus, such as DNA repair, cell-cycle regulation,

cytokinesis, vesicular trafficking, morphogenesis and circadian-

rhythm regulation (Gross & Anderson, 1998; Honaker & Piwnica-

Worms, 2010; Rumpf et al., 2010; Sugiyama et al., 2010; Mehra et al.,

2009; Bid̀re et al., 2009), and is highly conserved from plants to

animals. CKI exclusively uses ATP as a phosphate donor to phos-

phorylate serine and threonine residues of target proteins. Glycogen

synthase, tumour suppressor p53, the cyclic AMP-responsive element

modulator CREM and type 1 protein phosphatase inhibitor 2 are well

known substrates of CKI (Marin et al., 1994; Milne et al., 1992). CKI

contains two distinct domains: a highly conserved catalytic domain

at the N-terminus and a highly diverse regulatory domain that is

responsible for substrate specificity at the C-terminus (Liu et al., 2003;

Vancura et al., 1994).

Six CKI isoforms have been isolated in plants and at least 21

putative isoform sequences have been predicted in Arabidopsis

thaliana (Klimczak et al., 1995). Additional CKI genes have been

isolated from a variety of plant species, including wheat, maize and

rice (Dobrowolska et al., 1991; Sasaki et al., 2002). Although there

is evidence for the involvement of plant CKIs in the regulation of

hormone-related functions and plant-root development (Liu et al.,

2003), their physiological functions still await elucidation.

A CKI-like protein from rice (GenBank ID BAB92346; hereafter

referred to as riceCKI) was identified during a sequencing project of

rice chromosome I and is not well characterized (Sasaki et al., 2002).

Full-length riceCKI contains 472 residues with an N-terminal cata-

lytic domain (residues 1–293) and a C-terminal regulatory domain
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(residues 300–472). Its substrate-recognition and regulatory

mechanisms are unknown.

Although several structures of the catalytic domain of CKI have

been identified to date (Xu et al., 1995; Longenecker et al., 1996), no

structures of plant CKIs are available. The structure most closely

related to riceCKI is a truncated mutant of mammalian CKI (PDB

entry 1cki; Longenecker et al., 1996), which shares 34% sequence

identity. In the present study, we overexpressed, purified and crys-

tallized truncated riceCKI (residues 1–428), which contains part of

the C-terminal regulatory domain, as a first step towards elucidating

the molecular structure and catalytic mechanism of a plant CKI.

Details of the atomic structure of riceCKI should enable us to

understand the catalytic and regulatory mechanism of plant CKIs.

2. Materials and methods

2.1. Expression and purification

To express C-terminally His-tagged enzyme, the coding region

including the regulatory domain of riceCKI (corresponding to resi-

dues 1–428) was cloned into pET26b. The plasmid was transformed

into Escherichia coli BL21 (DE3) competent cells and its expression

was induced in LB medium when the OD600 reached 0.75 by treating

the bacteria with 0.5 mM isopropyl �-d-1-thiogalactopyranoside

(IPTG) overnight at 293 K. Cells expressing riceCKI were pelleted

by centrifugation, resuspended and lysed by sonication in 25 ml lysis

buffer (20 mM Tris pH 7.9, 500 mM NaCl, 25 mM imidazole). The

lysate was centrifuged at 16 000 rev min�1 for 1 h at 277 K, after

which the supernatant fractions were applied onto a gravity-flow

column (Bio-Rad) packed with Ni–NTA affinity resin (Qiagen).

Unbound bacterial proteins were removed from the column using

wash buffer (20 mM Tris pH 7.9, 500 mM NaCl, 60 mM imidazole).

The C-terminally His-tagged riceCKI was eluted from the column

using elution buffer (20 mM Tris buffer pH 7.9, 500 mM NaCl,

250 mM imidazole). The elution fractions were collected on a 500 ml

scale to 3 ml. Fractions containing more than 80% homogeneous

riceCKI, as shown by SDS–PAGE, were selected, combined and

concentrated to 10–15 mg ml�1 using a concentration kit (Millipore).

The concentrated protein was applied onto a Superose 6 gel-filtration

column (GE Healthcare) that had been pre-equilibrated with a

solution consisting of 20 mM Tris pH 8.0, 150 mM NaCl. RiceCKI

(molecular weight 51 000 Da) eluted at around 16.5 ml and was

collected and concentrated to 6–7 mg ml�1. The peak was confirmed

to contain riceCKI by SDS–PAGE. Purified riceCKI contained the

additional residues AAALEHHHHHH at the C-terminus. The hexa-

His tag at the C-terminus was not removed.

2.2. Crystallization

Crystallization conditions were initially screened at 293 K by the

hanging-drop vapour-diffusion method using screening kits from

Hampton Research (Crystal Screen, Crystal Screen 2, Natrix,

MembFac, Crystal Screen Lite, Crystal Screen Cryo and Index HT)

and Emerald BioStructures (Wizard I, II, III and IV). Initial crystals

were grown on plates by equilibrating a mixture consisting of 1 ml

protein solution (6–7 mg ml�1 protein in 20 mM Tris pH 8.0, 150 mM

NaCl) and 1 ml condition No. 41 from Crystal Screen Lite [0.1 M Na

HEPES pH 7.5, 5%(v/v) 2-propanol, 10%(w/v) polyethylene glycol

4000] against 0.4 ml reservoir solution. Crystallization was further

optimized using a range of concentrations of protein, polyethylene

glycol 4000 and 2-propanol and a range of pH values. Crystals

appeared within two months and grew to maximum dimensions of

0.3 � 0.3 � 0.1 mm (Fig. 1) in the presence of 0.1 M Na HEPES pH

7.6, 5%(v/v) 2-propanol, 12%(w/v) polyethylene glycol 4000. The

crystals were triangle-shaped and diffracted to a resolution of 2.0 Å.

2.3. Crystallographic data collection

For data collection, crystals were transiently soaked in a solution

corresponding to the reservoir solution supplemented with 40%(v/v)

glycerol. The soaked crystals were then cooled in liquid nitrogen. A

native diffraction data set was collected from a single crystal to 2.0 Å

resolution using a MAR CCD detector (crystal-to-detector distance

of 250 mm, 1� oscillation per image, total rotation angle of 180�) on

beamline BL-4A at Pohang Accelerator Laboratory (PAL), Republic

of Korea. The data sets were indexed and processed using HKL-2000

(Otwinowski & Minor, 1997).

3. Results and discussion

His-tag affinity chromatography followed by gel-filtration chroma-

tography produced 90% pure riceCKI and no contaminating bands

were observed upon SDS–PAGE analysis (Fig. 1). The calculated

monomeric molecular weight of riceCKI including the C-terminal

His tag was 51 000 Da and its size-exclusion chromatography elution
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Figure 1
Gel-filtration chromatography and SDS–PAGE of riceCKI. Molecular weights are
labelled in kDa.

Figure 2
Crystals of casein kinase I-like protein from rice (riceCKI). Crystals grew in two
months in the presence of 0.1 M Na HEPES pH 7.6, 5%(v/v) 2-propanol, 12%(w/v)
polyethylene glycol 4000. The approximate dimensions of the crystals were 0.3 �
0.3 � 0.1 mm.



peak suggested that it exists as a monomer in solution (Fig. 1). Gel-

filtration standards (Bio-Rad) consisting of a mixture of molecular-

weight markers (thyroglobulin, 670 000 Da; globulin, 158 000 Da;

ovalbumin, 44 000 Da; myoglobulin, 17 000 Da; vitamin B12, 1350 Da)

were used for size calibration.

An initial needle-shaped crystal that diffracted poorly was

obtained from Crystal Screen Lite condition No. 41 (Hampton

Research). Optimization of the crystallization conditions using a

range of concentrations of protein, polyethylene glycol 4000 and

2-propanol and a range of pH values led to diffraction-quality crystals

with a triangular shape (Fig. 2). The optimized crystals grew to

dimensions of 0.3 � 0.3 � 0.1 mm in two months and diffracted to

2.0 Å resolution (Fig. 3). The crystals belonged to space group C2,

with unit-cell parameters a = 108.83, b = 69.60, c = 55.85 Å, �= 109.47�.

Diffraction data statistics are given in Table 1.

Assuming the presence of one monomer in the crystallographic

asymmetric unit, the Matthews coefficient (VM) was calculated to

be 2.17 Å3 Da�1, which corresponds to a solvent content of 43.26%

(Matthews, 1968). The molecular-replacement phasing method was

conducted with Phaser (McCoy et al., 2007), using a truncated mutant

of mammalian CKI (PDB entry 1cki), which shares 34% sequence

identity, as a search model. A clear solution with rotation-function

and translation-function Z scores of 26.2 and 24.8, respectively,

was initially obtained. Initial refinement with REFMAC5 (Vagin &

Teplyakov, 2010) using the initial Phaser model gave an Rwork of

35.8% and an Rfree of 40.7%. Further structural refinement is in

progress.
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Figure 3
A diffraction image (1� oscillation) of the riceCKI crystal with 2.0 Å resolution
limit.

Table 1
Diffraction data statistics for riceCKI crystals.

Values in parentheses are for the highest resolution shell.

X-ray source BL-4A, PAL
Wavelength (Å) 0.9999
Space group C2
Unit-cell parameters (Å, �) a = 108.83, b = 69.60, c = 55.85,

� = 109.47
Resolution limits (Å) 50–2.0
No. of observations 98488
No. of unique reflections 26484
Mean I/�(I) 33.7 (6.4)
Completeness (%) 99.9 (100)
Rmerge 10.5 (31.8)
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