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Plant calcium-dependent protein kinase-related kinases (CRKs) do not 
require calcium for their activities 

Tsuyoshi Furumoto, Noriyuki Ogawa t, Shingo Hata, Katsura Izui* 
Laboratory of Applied Botany, Faculty of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606-01, Japan 

Received 14 August 1996; revised version received 20 September 1996 

Abstract In plants, calcium-dependent protein kinases 
(CDPKs) make up a large family that is characterized by a C- 
terminal calmodulin(CaM)-Iike domain. Recently, a novel carrot 
cDNA clone encoding an atypical CDPK, which has a 
significantly degenerate sequence in the CaM-like domain, was 
found and named CDPK-related protein kinase (CRK) [Lindzen, 
E. and Choi, J.H. (1995) Plant Mol. Biol. 28, 785-797[. We 
obtained two different cDNA clones from maize which encode 
CRKs. For the first enzymatic characterization of CRK, a maize 
cDNA clone was expressed in E. coil The recombinant protein 
efficiently phosphorylated casein, a conventional protein sub- 
strate. Notably, in this in vitro phosphorylation assay, the kinase 
activity did not require calcium as an activator. Thus, CRKs were 
suggested to be novel calcium-independent protein kinases having 
a degenerate CaM domain, the function of which remains to be 
elucidated. 
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the o ther  was part ial  (2.1 kb), bo th  being more  abundan t ly  
expressed in roots  than  leaves as judged from Nor the rn  blot  
analysis. They were found  to encode atypical C D P K s  which 
had  recently been found  in carrot  and  named  CDPK-re la t ed  
kinase (CRK)  [4]. C R K  was discr iminated f rom C D P K  
th rough  its degenerate  sequence in the CaM-l ike  domain  in- 
cluding four  Ca2+-binding EF-hands .  A l though  the activities 
of  C R K s  were speculated to be Ca2+-dependent  [4], their  en- 
zymatic  propert ies  have not  been examined.  Thus,  we decided 
to confirm and  to character ize C R K  activity by means  of  
funct ional  expression in Escherichia coli. A full-length 
c D N A  was inserted into an  expression vector  so tha t  it was 
in-frame with the N- te rminus  of  ]3-galactosidase. A cell-free 
extract  of  E. coli t r ans formed  with the r ecombinan t  p lasmid 
efficiently phosphory la ted  several convent ional  subst ra te  pro- 
teins such as casein, h is tone III  S, myelin basic prote in  and  
myosin light chain.  Unexpectedly,  however,  the kinase activity 
was nei ther  enhanced  by Ca 2+ nor  inhibi ted by excess EGTA.  

2. Materials and methods 

1. Introduction 

Calc ium-dependent  prote in  kinases (CDPKs)  represent  a 
third family of  calcium (Ca2+)-regulated prote in  kinases 
[1,2]. They are biochemical ly  dist inct  f rom prote in  kinase C 
and  Ca2+/ca lmodul in (CaM)-dependen t  prote in  kinases since 
they require nei ther  lipid nor  ca lmodul in  for act ivat ion.  Wi th-  
in a single polypeptide,  C D P K  conta ins  a catalytic doma in  for 
ser ine/ threonine phosphory la t ion ,  a junc t iona l  domain  in- 
volved in au to inhib i t ion ,  and  a CaM-l ike  regulatory domain  
with four  Ca2+-binding EF-hands .  In p lants  C D P K s  comprise  
the mos t  a b u n d a n t  Ca2+-regulated prote in  kinases, t hough  
their  physiological  funct ions  are largely unknown .  

Dur ing  the course of  our  s tudy on the maize C D P K  which 
was suggested to be involved in the regulatory phosphory l -  
a t ion of  phosphoeno lpy ruva t e  carboxylase  for C4 pho tosyn-  
thesis [3], we incidentally isolated two different c D N A  clones 
f rom maize. One  was presumably  of  full length (2.2 kb) and  
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The nucleotide sequence data reported in this paper have been 
submitted to the DDBJ/GenBank/EMBL databases under the acces- 
sion numbers, D38452 (ZmPK2), D84507 (ZmCRK1) and D84508 
(ZmCRK3). 

2.1. Cloning and sequencing of maize protein kinases 
Four cDNA fragments encoding putative CDPKs were amplified by 

PCR using degenerate primers (accession numbers: D87043, D87044, 
D87045 and D87046) and a maize library as templates (Y. Saijo, S. 
Hata, J. Sheen and K. Izui, unpublished). A maize (Zea mays H84) 
leaf cDNA library in )~gtl0 [4] was screened with a mixture of ;~2p_ 
labeled cDNA fragments as probes, under low stringency conditions, 
as described [5]. A faintly positive clone, designated as ZmPK2, was 
found. Since ZmPK2 lacked a 5' part, we next screened a maize root 
cDNA library in Xgtl0 (constructed from roots of 6-day-old seedlings 
by T. Masuda of this laboratory) using 32p-labeled ZmPK2 as a 
probe. 18 positive spots were detected for 4.5× 10 n clones, and two 
recombinant phages with relatively long cDNA inserts, designated as 
ZmCRK1 and ZmCRK3, were further analyzed. After subcloning the 
cDNAs into pBluescriptII, exonuclease Ill-generated deletions were 
prepared with an Erase-a-base kit (Promega). The nucleotide sequence 
was determined for both strands using an ABI PRISM Dye Termi- 
nator Cycle Sequencing Kit and a DNA Sequencing System 373A 
(Perkin Elmer). 

2.2. Expression of ZmCRK3 in E. coli 
The protein-coding sequence of the original ZmCRK3 plasmid was 

not in-frame with the N-terminus of ]3-galactosidase on the vector. 
Therefore, the plasmid was cut with Sacl, and then successively treat- 
ed with exonuclease III, S1 nuclease, Klenow polymerase and T4 
DNA ligase. The resulting plasmid, designated as ZmCRK3E, lacked 
28 base pairs compared to ZmCRK3 and was proved to have the 
correct open reading frame by determination of its nucleotide 
sequence. E. coli XL1- Blue cells transformed with ZmCRK3E were 
grown in LB medium containing 1 M sorbitol, 25 mM glycine betaine, 
50 ~g/ml ampicillin and 0.5 mM isopropyl-l-thio-13-D-galactopyrano- 
side. After precultivation at 37°C for 30 h in 5 ml of the medium, they 
were grown at 37°C for 3 h and then at 25°C for an additional 3 h in 
50 ml of the medium. Enzyme extracts were prepared essentially as 
described [7,8] except for minor changes in the extraction buffer, viz. 
the addition of 0.5 mM phenylmethanesulfonyl fluoride, omission of 
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50 mM EDTA and lysozyme treatment. The protein concentration 
was determined with a Bio-Rad Protein Assay using bovine serum 
albumin as a standard. The standard reaction mixture (final volume, 
10 ~tl) comprised 0.1 mM [7-32P]ATP (2 ~Ci), 50 mM Tris-HCl (pH 
8.0), 5 mM MgCI2, 0.1 mM CaCI2, 10 ~tg substrate protein (c~-casein, 
histone IIIS, myelin basic protein or myosin light chains (Sigma)), and 
the crude enzyme, 10 lag protein. It was incubated at 30°C for 30 min 
and subjected to 10% SDS-PAGE, the radioactivity then being deter- 
mined by autoradiography or with a Bio-imaging analyzer (Fuji). 

2.3. Other methods 
For Northern blotting, 3.5 ~tg each of poly(A) + RNA was separated 

by electrophoresis in denaturing 1% agarose gels, and then transferred 
to a Hybond-N + membrane (Amersham). The membrane was probed 
with a :~2p-labeled ZmPK2 fragment (1 kb in length; within the coding 
region) and then washed under high stringency conditions as pre- 
viously described [6]. Genetyx-Mac software (Software Development) 
was used for both analysis of the sequence data and construction of a 
phylogenetic tree of protein kinases. 
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3. Results 

In the initial screening experiment,  a c D N A  clone, desig- 
nated as ZmPK2,  for a putative protein kinase was isolated. 
Al though  Z m P K 2  was truncated at its 5' end, the c D N A  (1.9 
kb in length) showed an open reading frame for a protein 
kinase domain fol lowed by a novel  C-terminal domain (see 
legend to Fig. 1). Interestingly, the nucleotide sequence o f  
Z m P K 2  did not  correspond to that o f  any probe which en- 
codes  a putative C D P K ,  showing  only weak similarity. Since 
our efforts to obtain the 5' part o f  the Z m P K 2  gene were 
unsuccessful,  we examined the m R N A  level o f  Z m P K 2  in 
some parts o f  maize seedlings. Northern blott ing with the 
coding region o f  Z m P K 2  as a probe showed that a single 
band, corresponding to 2.2 kb, was  much more strongly de- 
tected for roots than for leaves (data not  shown).  Therefore, 
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Fig. 1. Amino acid sequence alignment of ZmCRK3, ZmCRKI, carrot CRK [4] and Arabidopsis CDPK(ATHCALLIPR) [10]. The 5' end of 
ZmPK2 (see text) corresponds to amino acid 125 in the ZmCRK1 sequence. Dots indicate identical residues with those above. Dashes denote 
gaps introduced to facilitate the alignment. Roman numerals designate the positions of kinase subdomains [11]. A consensus N-myristoylation 
signal and four typical EF-hands are boxed. 
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Fig. 2. Phylogenetic tree for the kinase domains of CRKs and other 'CaM group' kinases [12]. The UPGMA method [13] was applied using 
Genetyx-Mac software. The values near the branches give branch lengths as the numbers of amino acid substitutions per site. Accession num- 
bers of the DDBJ/GenBank/EMBL data bases are indicated on the right. 

we next screened a maize root cDNA library in Xgtl0 using 
the coding region of ZmPK2 as a probe and obtained two 
clones, designated as ZmCRK1 and ZmCRK3. Subcloning 
and sequencing showed that ZmCRK1 was a longer partial 
clone (2.1 kb in length) and encoded the same protein as 
ZmPK2. On the other hand, ZmCRK3 (2.2 kb in length) 
contained the entire coding sequence for a 607 amino acid 
polypeptide with a calculated molecular mass of 67.4 kDa. 
The predicted protein of ZmCRK3 was related to, but signif- 
icantly different from, that of ZmCRK1 (see Fig. 1). Although 
no in-frame stop codon was found upstream of the first ATG 
codon of ZmCRK3, we assume that it represents the transla- 
tion initiation codon because the size of the cDNA excellently 
corresponds to that of the transcript estimated by Northern 
blot analysis. Since ZmCRK3 and ZmCRK1 are very similar 
(95% identical at the nucleotide level in the coding region), the 
results of Northern blotting described above suggest that both 
molecular species are mainly expressed in roots. 

Fig. 1 shows the amino acid sequence alignment of 
ZmCRK3, ZmCRK1 and similar kinase polypeptides. Evi- 
dently, our maize cDNAs encoded members of the protein 
kinase superfamily. After their amino acid sequences had 
been completely deduced, it turned out that our clones were 
highly homologous to the recently cloned carrot CRK [4]. The 
overall amino acid identity of ZmCRK3 with carrot CRK was 
58%. The identities in the N-terminal region (1-148th resi- 
dues), the kinase domain (149M17th residues), and the C- 
terminal region consisting of junctional and 'CaM-like do- 
mains' (418-607th residues) were 30, 77 and 55%, respectively. 
In contrast, the identity of CaM-like domain of ZmCRK3 
(149 residues) with maize CaM was only 21%. 

Closer inspection of the sequences revealed that both 

ZmCRK3 and carrot CRK have putative myristoylation sig- 
nals at their N-termini, and that the N-terminal region is pro- 
line-rich (22-26 residues out of 148 residues) and the motif 
PFPPPSPAKHIKA is strictly conserved among the maize and 
carrot CRKs. The kinase domain is a typical serine/threonine 
kinase domain with 11 canonical subdomains. On the other 
hand, their C-terminal CaM-like domains are quite atypical, 
when compared with the CaM-like domain of CDPK of Ara- 
bidopsis thaliana. Although all invariant residues required for 
Ca2+-binding [9] are conserved in all EF-hands of CDPK, 
they are only partially conserved in the corresponding region 
of CRKs. The junctional domain, which is known to be well- 
conserved among CDPKs [10], is also degenerate in CRKs. 
Except for the carrot CRK, a database search did not detect 
significantly homologous proteins to the proline-rich and C- 
terminal domains. 

Fig. 2 shows a phylogenetic tree of the catalytic domains of 
CRKs, CDPKs and other protein kinases. The CRKs clearly 
belong to a distinct subfamily. Another phylogenetic tree 
based on the amino acid sequences of entire polypeptides 
showed a similar pattern (data not shown). The carrot CRK 
was once reported to be more similar to CDPKs than to 
Plasmodium putative CDPK [4]. However, the Plasmodium 
enzyme is highly degenerate so that it is not considered to 
be a typical member of the CDPK subfamily [11]. 

The expression plasmid, ZmCRK3E, encoded 18 amino 
acids of ~-galactosidase, 46 amino acids of an additional pep- 
tide derived from the polycloning site and 5' non-coding re- 
gion, and 607 amino acids of the entire kinase protein. As 
described under Section 2, a cell-free extract of E. coli trans- 
formed with a recombinant ZmCRK3 plasmid was prepared. 
As shown in Fig. 3, the enzyme preparation efficiently phos- 
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Fig. 3. Effects of Ca 2+ and EGTA on protein kinase activities. (A) Autoradiogram of the reaction products after SDS-PAGE analysis. The 
casein kinase activities of extracts of E. coli transformed with ZmCRK3E (hines 1 3), an expression plasmid of a maize CDPK (ZmCDPK9; 
lanes 4,5), and pBluescriptII without an insert (lane 6) were determined. The incubation was carried out as described under Section 2 with 0.1 
mM Ca 2+ (lanes 1,4,6), 0.1 mM Ca 2+ plus 1 mM EGTA (lanes 3,5), or 1 mM Ca 2+ (lane 2). The arrow indicates the position of casein. (B) 
Variation of kinase activities with increasing concentrations of EGTA. The standard reaction mixtures for ZmCRK3E (D) and ZmCDPK9 (e) 
contained 0.1 mM Ca 2+. The incorporation of a2p from [~/-:~2p]ATP into casein was determined. The error bar indicates S.E.M. for 3-6 assays. 

phorylated casein, a conventional  substrate protein, in the 
presence of  0.1 m M  Ca 2+ (lane 1). Under  the conditions em- 
ployed, the other  exogenous substrates such as histone HIS, 
myelin basic protein and myosin light chains were also phos- 
phorylated (data not  shown). As described elsewhere (Y. Sai- 
jo, S. Hata, J. Sheen and K. Izui, unpublished), the activity of  
a typical CDPK,  ZmCDPK9,  was almost completely inhibited 
by the addition of  an excess amount  (1 mM) of E G T A  (lanes 
4,5). In contrast, the Z m C R K 3  activity was not affected by 
E G T A  (lanes 1,3). The inclusion of  1 m M  Ca 2+ was not 
activating but rather inhibitory (lanes 1,2). Therefore, it was 
demonstrated that Z m C R K 3  does not  require calcium as a 
cofactor. 

4. Discussion 

In this study, for the first time, we isolated two maize 
c D N A s  encoding C R K s  from a monocotyledonous plant. 
These results substantiate the prediction of  Lindzen and 
Choi [4] that CRKs  are widely conserved among angiosperms, 
forming a small gene family. Furthermore,  we demonstrated 
the protein kinase activity of  a maize C R K  by means of  pro- 
karyotic expression of  the enzyme (Fig. 3). 

C R K s  are structurally distinct from common CDPKs  (Fig. 
1). Lindzen and Choi [4] also speculated that the 'calmodulin- 
like' domain of  C R K s  may be functional in a calcium-depen- 
dent manner,  despite its degeneracy. In contrast to their pre- 
diction, Z m C R K 3  was very active in the presence of  an excess 
amount  of  E G T A  (Fig. 3). However,  it should be borne in 

mind that the in vitro phosphorylat ion activity does not al- 
ways reflect the in vivo character of  the enzyme. For  example, 
Urao  et al. [14] expressed a typical C D P K  protein in E. coli, 

but they could not detect the enzyme activity even in the 
presence of  Ca 2+. In addition, it is still possible that Ca 2+ 
associates with the C R K  protein. Thus, we cannot even rule 
out  the possibility that C R K s  might phosphorylate their nat- 
ural substrates, which are unknown at present, in a calcium- 
dependent manner. Nevertheless, on the basis of  the results of  
the in vitro phosphorylation assay (Fig. 3), together with the 
dendrogram (Fig. 2), we would like to suggest that CRKs  
make up a distinct subfamily of  calcium-independent serine/ 
threonine kinases in the protein kinase superfamily. It would 
be of  interest to clarify the function of  the degenerate calmo- 
dulin-like domain. 

CRKs  may associate with plasma membranes,  since they 
have an N-terminal myristoylation mot i f  (Fig. 1). Regarding 
the expression of  C R K  genes, we have only preliminary data 
indicating that they are mainly expressed in roots. Obviously, 
elucidation of  their physiological roles is of  great importance. 
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