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Abstract

Calcium-dependent protein kinases (CDPKs) belong to a unique family of enzymes containing a single
polypeptide chain with a kinase domain at the amino terminus and a putative calcium-binding EF hands
structure at the carboxyl terminus. From Arabidopsis thaliana, we have cloned three distinct cDNA se-
quences encoding CDPKs, which were designated as afcdpk6, atcdpk9 and atcdpkl9. The full-length
c¢DNA sequences for atcdpk6, atcdpk9 and atcdpk19 encode proteins with a molecular weight of 59343,
55376 and 59947, respectively. Recombinant atCDPK6 and atCDPK9 proteins were fully active as
kinases whose activities were induced by Ca®*. Biochemical studies suggested the presence of an
autoinhibitory domain in the junction between the kinase domain and the EF hands structure. Serial
deletion of the four EF hands of atCDPK6 demonstrated that the integrity of the four EF hands was
crucial to the Ca®” response. All the three atcdpk genes were ubiquitously expressed in the plant as
demonstrated by RNA gel blot experiments. Comparison of the genomic sequences suggested that the
three cdpk genes have evolved differently. Using antibodies against atCDPK6 and atCDPKO9 for im-
munohistochemical experiments, CDPKs were found to be expressed in specific cell types in a tempo-
rally and developmentally regulated manner.

' The cDNA and genomic sequences for atCDPK6 (U20633, U20625), atCDPK9 (U20388, U20626) and atCDPK19 (U20624,
U20627) were submitted to GenBank.
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Introduction

Ca** is involved in various physiological and
biochemical responses of plants, elicited by a
number of environmental factors, such as light
and cold stress [10, 15]. Although the precise
mechanism is still not known, it is generally
thought that Ca”™* acts through intracellular pro-
tein mediators. One such mediator is calmodulin
(CaM) which is also present in plants. CaM has
a high binding affinity for calcium and the result-
ing Ca”>* /CaM complex is able to activate a num-
ber of downstream target enzymes. In animal
cells, the target enzymes include CaM Kkinases,
whose activity depends critically on CaM. The
cloning of a plant cDNA encoding a protein with
homology to CaM kinase II has recently been
reported [22], although the encoded protein was
not sufficiently characterized to allow a definitive
identification.

In contrast to animal cells, plant cells contain
a group of kinases, designated as calcium-
dependent protein kinases (CDPKs), which are
dependent only on calcium and does not require
CaM for activation [8]. Molecular cloning of ki-
nases revealed that they are made up of an
N-terminal kinase domain fused to a C-terminal
CaM-like domain [11]. The presence of the lat-
ter presumably allows the enzyme to be directly
responsive to intracellular changes in calcium,
without the need of CaM mediation. In addition
to plants, CDPKs have also been found in Para-
mecium tetraurelia [ 6] and Plasmodium falciparum
[24].

cDNA clones encoding CDPK s have been iso-
lated from a number of higher plants [11, 12, 14,
19, 20, 21} and Southern blot hybridization ex-
periments showed that the enzyme is encoded by
a multi-gene family [12]. In Arabidopsis, at least
3 different cDNAs for CDPK have been charac-
terized [12, 20, 21]. The encoded proteins share
homology in the kinase and the CaM-like do-
mains but are different in other sequences, par-
ticularly at the N-terminus. As far as we know, no
genomic sequence for any plant CDPK has yet
been reported.

In this paper, we report the isolation and char-

acterization of three new members of the Arabi-
dopsis thaliana cdpk gene family. Comparison of
their genome sequences indicates that these genes
are likely to have evolved differently. Using poly-
clonal antibodies to the CDPKs we demonstrated
that this family of enzymes is expressed in specific
cell types in a temporally and developmentally
regulated manner. Finally, our mutagenesis ex-
periments showed that all of the four EF hands
structures are needed for calcium response.

Materials and methods
Plant material

Arabidopsis thaliana (ecotype Columbia) plants
were grown in a growth chamber under a 12 h
light/12 h dark cycle at 20 °C.

Isolation of cDNA clones for atCDPKs

From a ¢cDNA library constructed from poly(A)
RNA isolated from young ovules of Arabidopsis
thaliana, a 1.0 kb fragment was isolated by dif-
ferential screening, cloned into pBluescript vector
(Stratagene) and sequenced. Sequence analysis
revealed homology to the soybean -calcium-
dependent protein kinase (CDPK) [11]. This
clone (atcdpk6) was used to screen an Arabidopsis
AZAPII cDNA library (ecotype C24). Five posi-
tive clones were excised from AZAPII and cloned
into pBluescript vectors. The nucleotide sequence
of double stranded DNA was determined by a
Sequenase dideoxy sequencing kit (United States
Biochemical) using oligonucleotide primers.

During our screening for full-length ¢cDNA
clone as mentioned above, several weakly posi-
tive clones were obtained. Some of these clones
were later sequenced and found to encode an-
other CDPK, designated atCDPKI9.

In another approach, we used the polymerase
chain reaction technique to obtain cDNA clones
encoding kinases from Arabidopsis. Two degen-
erate oligonucleotides corresponding to the amino
acid sequences, KI(A/T)DFG and DVW(T/V/
M)FGYV were synthesized and used for PCR. The



amplified fragments were cloned into pBluescript
(Stratagene) and their sequences determined
(USB). A 160 bp fragment with sequence homol-
ogy to the soybean CDPK cDNA was random-
labelled and used to screen a AZAPII cDNA l-
brary of A. thaliana. Fourteen independent clones
were obtained from 5 x 10° phage screened and
all were found to encode the same CDPK, which
was designated atCDPKD9.

Sequence analysis

DNA and amino acid sequence analyses were
performed using various programs of GCG (Ge-
netics Computer Group, Wisconsin) sequence
analysis package.

RNA gel blot hybridization

Total RNA was isolated from root, stem, leaf,
and flower of A. thaliana using RNaid resin of
BIO101. Poly(A) RNA was isolated with the
Promega PolyATract mRNA Isolation System
following the manufacturer’s instructions.
Poly(A) RNA samples (3 ug) from different plants
parts were electrophoresed through a formalde-
hyde-containing gel and transferred to a Dur-
alon-UV membrane (Stratagene). The RNA gel
blot hybridization was carried out according to
Sambrook et al. [17]. The same filter was hybrid-
ized sequentially to random-prime-labelled
EcoRI-EcoRI fragments of cDNA clones of
atcdpk6, atcdpk19 and atcdpkl9.

Southern blot hybridization

Genomic DNA of A. thaliana was isolated ac-
cording to Dellaporta et al. {4]. DNA (5 ug) was
digested with restriction enzymes, fractionated on
an agarose gel and transferred to Hybond N
membrane (Amersham). cDNA probes used for
RNA gel blot hybridizations were used. Southern
blot hybridizations were performed as described
by Sambrook et al. [17].
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Expression of atCDPK6 and atCDPK9 in E. coli

Sequences flanking the translation initiation
codon atcdpk9 were altered to create a Ndel site
and the 1527 bp Ndel fragment was ligated into
the Ndel site of pET3b (Novagene), Escherichia
coli strain BL21(DE3)pLysE was used to express
the recombinant atCDPK?9 protein. Cells were
grown at 30 °C to an ODg, of 0.7 and then in-
duced with 0.5 mM IPTG. After 3 h of induction,
celis were harvested, lysed and contrifuged for
10 min at 5000 x g. The pellet was resuspended in
50 mM Tris-HCI pH 7.5, l mM EDTA, 0.5 M
NaCl and 1%, Triton X-100 and incubated for 1 h
at room temperature. After centrifugation, the
pellet, consisting mainly of inclusion bodies, was
solubilized with 6 M guanidium hydrochloride.
Refolding and renaturation of the denatured
atCDPK9 was carried out by the rapid dilution
method of Berndt and Cohen [2]. The enzyme
was concentrated and further purified by adsorp-
tion to a Mono Q column (equilibrated in 10 mM
Tris-HCI pH8.0, 0.25 mM mercaptoethanol and
0.02%, Tween 20) and elution with a NaCl gra-
dient (0.04—-0.8 M) in the same buffer.
Full-length atcdpk6 cDNA encoding amino
acids 1 to 529 was cloned by amplifying a cDNA
clone using Vent polymerase (New England Bi-
olabs) and primers with BamHI sites at the 5’
ends. Partial atcdpk6 cDNA encoding amino
acids 1 to 412 with only one EF hand (EF1) and
that encoding amino acids 1 to 490 with three EF
hands (EF3) were cloned by amplifying cDNA
clone using appropriate primers with BamHI sites
at the 5" ends. A partial atcdpk6 cDNA encoding
amino acids 1 to 390 without any EF hand (EFO0)
and that encoding amino acids 1 to 447 with two
EF hands (EF2) were cloned by amplifying
cDNA sequence using primers with Ndel sites at
the 5’ ends. Polymerase chain reactions were per-
formed according to the manufacturer’s instruc-
tions. PCR products were purified from agarose
gel, digested with the appropriate restriction en-
zymes, and cloned into pET16b (Novagene).
After sequence verification, the appropriate clones
were used to transform E. coli strain BL12(DE3)
by electroporation. E. coli cells were grown at
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30 °C to ODgqyo 0.6—1.0 and protein expression
was induced by the addition of 1 mM IPTG for
2-3 hr at 30 °C. Cells were harvested, broken by
sonicaton and the recombinant proteins were pu-
rified using His Bind affinity resin (Novagene)
according to the manufacturer’s instructions. The
proteins were dialyzed against PBS (10 mM so-
dium phosphate buffer pH 7.4, 0.15 M NaCl) and
the cencentration determined according to Brad-
ford [3].

Kinase activity assay

Protein kinase activities were measured accord-
ing to Harper et al. [12]. The reaction mix (25 ul)
contained 0.1 pg of purified protein in 20 mM
Tris-HCI, pH 7.4, and 6 mM MgCl,, with 25 ug
of histone II1-S (Boehringer Manheim) as a sub-
strate. Control reaction contained an equivalent
amount of bovine serum albumin (BSA). Control
levels of phosphorylation were determined by
chelating free Ca®* with 1 mM EGTA. To test
the effect of Ca?*, the reaction mix without
EGTA was supplemented with 1 mM CacCl,. Re-
action was initiated by the addition of 5 uCi
7-32P-ATP (100 uM final ATP concentration)
and the mixture was incubated for 20 min at room
temperature. Samples were spotted onto What-
man 3MM filters followed by immersion in ice-
cold 10% (w/v) trichloroacetic acid with 10 mM
sodium pyrophosphate. Filters were washed with
the above solution three times for 15 min each,
followed by 15 min in 959, ethanol. Radioactiv-
ity on the dried filters was determined by scintil-
lation counting. Each reaction was carried out in
triplicate and the average value was used. Phos-
phorylation of substrates was also monitored by
electrophoresis of samples on SDS polyacrya-
mide gel followed by autoradiography.

To compare the kinase activities of various
atCDPK6 deletion mutants, a fixed amount of
purified recombinant proteins was fractionated
on SDS-PAGE and the protein profile was
scanned by a Visage Image System (Millipore).
The percentage of atCDPKG6 or its derivatives in
the protein samples was estimated and the value
used for the calculation of specific activity.

To investigate their effects on the atCDPK6
activity, inhibitors or calmodulin antagonists, in-
cluding staurosporin, calmodozolium, trifluoper-
izine, KN252a and KN62 (all from CalBiochem)
were added into the reaction system at various
concentrations of atCDPK6. The Ki’s of differ-
ent inhibitors were calculated according to the
Dixon’s graphic method [5]. The effects of four
oligopeptides covering 293-376 amino acids of
atCDPK6 (conjunction sequence between kinase
domain and EF hands structure) were also inves-
tigated. The sequences are as follows:
pepl, 346-365: PLDNAVLSRMKQFRAMN-
KLK
pep2, 293-327: GQLDFSADPWPALSDGAK-
DLVRKMLKYDPKDRLTA
pep3, 318-347: KYDPKDRLTAAEVLNHPW-
IREDGEASDKPL
pep4, 354-376: RMKQFRMNKLKKMALDV-
IAENL

Preparation of antibodies against atCDPKs

Purified atCDPK6 and atCDPKS9 proteins were
used to immunize rabbits using a standard pro-
tocol. Purified antigens were immobilized onto
CNBr-activated Sepharose 4B (Pharmacia) and
antibodies were purified by affinity chromato-
graphy with an antigen-Sepharose 4B column fol-
lowed by a protein A-Sepharose column [7].

Western blot analysis of protein extracts

Different organs of A. thaliana plant were freshly
harvested and grounded in a mortar and a pestle
on ice with phosphate-buffered saline containing
1mM PMSF (Sigma), 10 ug/ml leupeptin
(Sigma) and 100 KI unit/ml Aprotinin (Sigma).
Extracts were clarified by spinning in a microcen-
trifuge at full speed for 10 min at 4 °C. Protein
concentration in the supernatant was determined
by the Bradford method [3]. Equal amounts of
protein were mixed with Laemmli’s sample buffer
and boiled for 2 min before being separated on
10% SDS-polyacryamide gels according to



Laemmli [13]. Proteins in gels were transferred
onto a nitrocellulose membrane (S & S BASS).
Membranes were blocked with a PBST solution
containing 3%, non-fat milk in phosphate buff-
ered saline with 0.05%, Tween-20 for 1 h at room
temperature before incubation with affinity puri-
fied anti-atCDPK6 or anti-atCDPK9 (all were
diluted with PBST to 1 ug/ml). Alkaline phos-
photase conjugated anti-rabbit IgG (Promega, di-
luted 1:1000 with PBST) was used as the second
antibody. Reactions were vizualized with 33 pg/
ml nitroblue tetrazolium and 16.5 pg/ml of 5’-
bromo-4-chloro-3-indolyl phosphate (all from
Promega)in 10 mM Tris-HCl, 100 mM NaCl and
5 mM MgCl, pH 9.5.

Immunohistochemical localization of atCDPK

Different plants organs of A. thaliana were har-
vested and immediately fixed in modified FAA
(509, ethanol, 6%, acetic acid, 5%, formaldehyde
and 59 glycerol) by applying vacuum 2 min every
30 min for 2 h. The materials were dehydrated
through a series of ethanol solutions (50%, 70%,,
959%,, 100%) for 1.5 h each, and then embedded
in paraffin. The paraffin blocks were sectioned in
an ultramicrotome (Reichert-Jung 2050) and
7um sections were transferred to polylysine-
coated glass slides. Slides dried overnight were
hydrated by a series of ethanol solutions (100,
90%,50%,) and washed with PBS twice for 5 min
each. Endogenous peroxidase activity was
blocked by treatment with 3%, H,O, in PBS. The
sections were treated with PBS and 0.19, sapo-
nin (Sigma) for 5 min before incubation with PBS
containing 0.1 saponin, 19, BSA and 29, goat
serum for 1 h at room temperature, then treated
with affinity-purified anti-atCDPK6 or anti-
atCDPK9 IgG at 4 °C overnight. The antisera
were diluted by PBS containing 0.1%, saponin,
1% BSA and 29, goat serum to 5 ug/ml. IgG
from preimmune sera used as control always gave
negative results. After several washes with PBS
with 0.1%; saponin, the sections were treated with
horseradish peroxidase-conjugated anti-rabbit
IgG (Promega, 1:500 diluted with PBS with 0.19
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saponin and 19, BSA) as the second antibody.
The sections were washed with PBS several times
and the signals were developed in GPN solution
(2.5%, nickel ammonium sulphate, 0.05%, diami-
nobenzidine tetrahydrochloride, 0.29, glucose,
0.04%, ammonium chloride and 0.001%, glucose
oxidase, all from Sigma) for 20 min.

Results

Three cDNA sequences encode distinct calcium-
dependent protein kinases

In our attempt to search for genes that are spe-
cifically expressed during embryogenesis, we iso-
lated five cDNA clones that showed sequence
homology to the soybean CDPK [11]. All of them
contained the same open reading frame but they
differed slightly from each other in length at the
5" and 3’ ends. The longest clone was 1.76 kb
long and had an open reading frame of 529 amino
acids, encoding a protein (Mr 59 343) with a ki-
nase domain at the N-terminus and a structure
with four EF hands at the C-terminus. We des-
ignated this gene as atcdpk6 and the encoded pro-
tein atCDPK6. Some weakly hybridizing cDNA
clones were also sequenced and found to encode
another CDPK, designated as atCDPK19. The
longest atcdpk19 clone contained 1.8 kb encoding
along open reading frame, but with no stop codon
upstream of the first methionine. The correspond-
ing genomic clone was later isolated and found to
contain another in-frame methionine located 55
amino acids upstream of this methionine with
several translation stop codons further upstream
of it. Considering that the cDNA clone was 300
to 400 bp smaller than the mRNA band on
Northern blot, we assumed that the first methion-
ine of the genomic clone was used for translation.
RNase protection assays localized the transcrip-
tional initiation site 32 bp upstream of the ATG
for this methionine (data not shown). The en-
coded polypeptide has 533 amino acid residues
with an estimated molecular weight of 59947,
which we designated atCDPK 19.

To obtain DNA probes for genes encoding
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atCDPKa
atCDPK9
atCDPKb

(411-460) ***A**LGEP DAS*LSD**R E** %k kkkk* NADXXUTH** *kkkhkdkns
(422-469) Q*W.K*FGI* DSN.LDEMIK *I*Q*N**Q* D*G**V***R K*NGTGGGIG
(426-471) S*C.T*FGLC DTP.LDDMIK EI*L*N**K* DFS**T***R K*DGVGRS..

AK1l (551-597) Q*C.E*FGVE DVR.IEEL*R ***Q*N**¥** D*N**y**%Q K*SITG.GPV

atCDPK3
atCDPK6

(424-468) QSC.I*HGMT DVF.LED*IK EX*Q¥N**** D***x*yx*%g K*N,.A.GVG
(478-526) L*M.KKYNMG DDKSIKE*IA E****R**K* N****y****x K*NPELVPN*

Iv

atCDPK19 (508-533) QYSRERFNSL SLKLMREGSL QLEGEN

atCDPKa (461-483) *Y*x*xx*gx* *TNk*RD*** H*HDALTGQT VPV
atCDPK9 (470-490) RRTMRNSLNF GTT*PD*SMN V
atCDPKb (472-495) .RTMMKNLNF NIA...DAFG VDGEKSDD

AKl1 (598-611) KMGL*KSF*I A*K*
atCDPK3  (469-483) RRTMKNSLNI *MRDV
atCDPKé (527-529) RRM

Fig. 1. Amino acid alignment of CDPKs from Arabidopsis thaliana. AK1: CDPK1 from Arabidopsis by Harper et al. [12]. atCDPKa
and atCDPKDb from Arabidopsis by Urao et al. [21] and atCDPK3 from Arabidopsis thaliana by Urao et al. [20]. atCDPKS6, 9, and
19 are described in this paper. atCDPK19 is a composite sequence with the N-terminal most sequence being derived from the
cognate genomic clone. Stars denote sequence identity to that of atCDPK19 and gaps represented by dots are introduced to
maximise alignment. a, b are signature domains of serine/threonine kinases and I, II, III and IV are calcium binding EF hands.

protein Kinase in A. thaliana, we carried out PCR
amplification of a cDNA library of 4. thaliana
with degenerate oligonucleotides. One of these
fragments was found to be very similar in se-
guence to the soybean CDPK ¢DNA. Using this
fragment as a probe, a 1.8 kb cDNA clone was
isolated from a AZAPII cDNA library of
A. thaliana. This ¢cDNA encodes a protein
(atCDPKO9) of 490 amino acid residues with a
molecular weight of 55376. There was an in-frame
translation stop codon upstream of the first ATG.

The protein sequences of atCDPK6, atCDPK9
and atCDPK19 all show homology to the soy-
bean CDPK [11], the carrot CDPK [19] and
AKX from Arabidopsis [12]. Recently, Urao et al.
[20, 21] identified three additional Arabidopsis
c¢DNA sequences encoding three novel CDPKs.
Figure 1 shows the amino acid sequence align-
ment of all the CDPKs from Arabidopsis thaliana.
All encoded proteins share a common structure:
the amino terminus contains sequences typical of
catalytic domains of serine/threonine protein ki-
nases and the carboxyl terminus contains four
putative EF-hand Ca?* -binding motifs. Impor-

tant residues for a helix-loop-helix structure are
conserved in each EF-hand motif. The atCDPKs
differ from each other mostly in the extreme N
and C termini although there are also some dif-
ferences in the EF-hand structures.

Recombinant atCDPK6 and 9 are Ca’ * -dependent
protein kinase

Recombinant atCDPK9 was insoluble in E. coli,
and was purified from guanidium HCI extracts of
inclusion bodies using Mono-Q ion-exchange
chromatography. atCDPK6 was more soluble al-
though the expressed protein had extra heterolo-
gous 21 amino acids at the N-terminus, among
which were 10 consecutive histidines. The poly-
histidine tag was used for affinity purification with
His.Bind resins. After elution, the purified protein
contained 80-90%, of a major band of the ex-
pected size, as determined by SDS-PAGE.
Using histone III-S as a substrate, both
atCDPK6 and atCDPK?9 were found to be fully
functional calcium-dependent protein kinases.
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Fig. 2. Kinase activity of full-length atCDPK6 and deletion mutants. A. A graphic representation of kinase activities of different
deletion mutants of atCDPKS in the presence (solid black bar) or absence (striped bar) of Ca®*. The basal kinase activity of the
full-length atCDPK6 was taken as one unit of kinase activity. B. A schematic representation of the structures of different dele-
tion mutants of atCDPK6. Open boxes represent EF hands structure. The full-length atCDPK6 contains 529 amino acids. The
deletion mutants EF3, EF2, EF1 and EF0 contain 490, 447, 412 and 390 amino acids respectively. C. Protein prifiles of the pu-
rified atCDPKG6 and derivatives. Sug each of the purified full-length atCDPK6 and derivatives were separated on 10%, SDS-PAGE
and stained with Coomassie brilliant blue. Lane 1, atCDPK6 with no EF hand; lane 2, atCDPK6 with 1 EF hand; lane 3, atCDPK6
with 2 EF hands; lane 4, atCDPK6 with 3 EF hands; lane 5, full-length atCDPK6. Molecular size markers are given on the left.
D. Comparison of autophosphorylation of full-tength atCDPK6 (lanes 3 and 4) with that of EF2 (lanes 1 and 2) in the presence
(lanes 2 and 4) and absence of Ca?* (lanes 1 and 3). Molecular size markers are given on the left.



There was very little or no kinase activity in the
absence of Ca’>*; however, in the presence of
Ca?", kinase activity was stimulated. atCDPK6
was a active kinase with specific activity of 18
nmol phosphate/mg~' min~"'. Its activity was
stimulated about 25 times by Ca®*. atCDPK9
was less active as compared to atCDPKG®6. It had
a specific activity of 1-2 nmol phosphate Hmg ~'
min~! and induction by Ca®>* was only about
3-5 times. Besides phosphorylating substrates,
both atCDPKs also underwent autophosphory-
lation which was also Ca’* -dependent.

All the 4 EF hands of CDPK are needed for Ca’*
response

To investigate the importance of the EF hand
structure to the atCDPK kinase activity as well as
the Ca’>* response, we constructed cDNA de-
rivatives encoding proteins with different num-
bers of EF hands (0, 1, 2, 3). Full-length
atCDPK6 and four deletion derivatives were as-
sayed for kinase activity as well as Ca>* depen-
dence. The protein profiles in Fig. 2C show that
the major bands for atCDPK6 and derivatives
were of the correct sizes: 59.3 kDa for atCDPK6,
54.7kDa for atCDPK6(EF3), 49.6kDa for
atCDPK(EF2), 45.7kDa for atCDPK6(EF1),
43.6 kDa for atCDPK(EFO0).

Figure 2A shows that the full length atCDPK6
protein, in the presence of 1 mM EGTA and de-
pleted of Ca”*, had a basal level of kinase activ-
ity. Upon addition of Ca>*, the activity increased
about 25 times over the basal level. In the absence
of Ca®*, the atCDPK6 deletion derivatives
showed kinase activity 2.9-5.3 times of the basal
level of the full-length protein. Derivatives with
more EF hands appeared to be more active. In
contrast to the full-length atCDPKS6, kinase ac-
tivities of the deletion mutants were not stimu-
lated by Ca®* but instead were slightly inhibited.
This result demonstrates that all the four EF

hands are needed to mediate the Ca”>* response.
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Biochemical similarities of atCDPKG6 to calmodulin-
dependent kinase

As mentioned earlier, CDPK contains a serine/
threonine kinase domain at the N-terminus and a
calmodulin-like structure at the C-terminus. We
tested the effects of kinase inhibitors as well as
calmodulin antagonists on atCDPK6 activity.

Table 1 shows staurosporin, a general serine/
threonine kinase inhibitor, was a very effective
inhibitor of atCDPK6 with a Ki of 135 nM. Two
other kinase inhibitors, KN252a and KN62, were
also effective although higher concentrations were
required. Of the two calmodulin antagonists
tested, both inhibited atCDPK6 activity, suggest-
ing that the CaM-like domain is important for
kinase activity.

Studies on mammalian Ca®* /calmodulin-de-
pendent protein kinase 11 [18] suggested that the
substrate binding site in the catalytic core is nor-
mally blocked by an autoinhibitory domain thus
rendering the enzyme inactive. Binding of Ca*>*/
calmodulin disrupts the interaction between the
autoinhibitory and the catalytic domain, thereby
activating the kinase and allowing autophos-
phorylation of the kinase as well as phosphory-
lation of exogenous substrates. To see whether
atCDPK6 might contain a similar autoinhibi-
tory domain, four oligopeptides covering the
junction sequence (amino acids 293 to 376) be-
tween the kinase and the calmodulin-like do-
mains were synthesized and assayed for possible
inhibitory activity, only one oligopeptide with the
sequence RMKQFRAMNKLKKMALDYVIA-
ENL (amino acids 354-376 of atCDPK6) was
found to be effective (859, inhibition at 100 uM),
suggesting that it may constitute a part of the

Table 1. Inhibition of atCDPK6 activity.

Inhibitors K; uM)
Staurosporin 0.135
KN252a 0.609
KNé62 215
Trifluoperazine 38

calmodazolium 4.2
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Fig. 3. Distribution of atcdpk mRNAs in various plant or-
gans. About 3 ug of poly(A) RNA of root (R), stem (S), leaf
(L) and flower (F) were loaded in each lane. The same filter
was hybridized sequentially with labelled ¢cDNAs encoding
atCDPK6 (A), atCDPKS9 (B) and atCDPK19 (C). Low- and
high-molecular-weight RNAs (Gibco-BRL) were used as
markers. Numbers are in kb.

autoinhibitory domain. This result confirms the
finding of Harmon et a/. [9] that the junction do-
main in the soybean CDPK can function as an
autoinhibitory domain.

X P B
e
o
n
atcdpk6 atcdpk9

The atCDPKs are ubiquitously expressed in the plant

To study the expression pattern of the atCDPKs,
Poly(A) RNA isolated from different plant organs
isolated were analyzed by RNA gel blot hybrid-
ization using as probes c¢cDNAs of arcdpk6,
atedpk9 and atedpk19. These probes did not cross
hybridize with each other and thus were gene-
specific. Fig. 3 shows that all the three atcdpk
genes are ubiquitously expressed. The transcript
size of atcdpk6 (1.8 kb) and arcdpk9 (1.9 kb) cor-
responded to the size of their respective cDNA
clone isolated. The transcipt size of atcdpkl9 was
about 2.2 kb, 0.3 to 0.4 kb longer than that of the
corresponding cDNA, indicating the latter was
not full-length.

atcdpk6, atcdpk9 and atcdpkl9 are divergent in
evolution

Southern blot hybridizations show only one hy-
bridizing band for atcdpk6 and atcdpk9, suggest-
ing that they exist as single-copy genes (Fig. 4).
On the other hand, the hybridization pattern for

. H-—-

— 6kb
— - .
o — 4kb
1o~
s — 3kb
— 2kb
e
— 16kb
atcdpk19

Fig. 4. Southern bilot hybridization. Genomic DNA from Arabidopsis thaliana was digested by Xbal (X), Pstl (P), BamH1 (B), or
EcoRI (E). Digested DNA samples (10 pg) were subjected to electrophoresis on an agarose gel, transferred to a Hybond N
membrane and probed with random-primer-labelled cDNAs encoding atCDPK6, atCDPK9 and atCDPK19. A 1kb DNA lad-

der (Gibco-BRL) was used as molecular size markers.
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Fig. 5. Structures of the three atcdpk genes. Structures of the 3 afcdpk genes are represented in schematic forms. Exons are shown
as boxes whereas introns are shown as lines. a and b are DNA sequences endoding signature domains of serine/threonine kinases
and 1, II, 111 and IV encode Ca?* -binding EF hands. The start codon ATG and the stop codons TGT, TAA are indicated.

atcdpk19 was more complex, suggesting that it is
encoded by two related genes.

The same atcdpk probes used for RNA gel and
Southern blot hybridizations were used to screen
an Arabidopsis genomic library (Stratagene). Five
clones encoding atCDPK®6, 4 clones encoding
atCDPK9 and 4 clones encoding atCDPK19
were mapped by restriction enzyme digestion fol-
lowed by Southern blot hybridization. The clones
for each atCDPK shared the same coding se-
quence by differed from each other in size. One
genomic clone each for atCDPK6 (4.9 kb),
atCDPK9 (4.4 kb), atCDPK 19(3.3 kb) were fully
sequenced. Figure 5 shows the physical maps for
the coding sequences of the three arcdpk genes.
The atcdpk6 genomic clone contained the entire
encoding sequence for atCDPK6 and about
1.6 kb of 5’ -upstream sequence, the atcdpk9 ge-
nomic clone contained the whole coding sequence
for atCDPK9 and about 1.1 kb of 5'-upstream
sequence, and the atcdpkl9 genomic clone con-
tained the whole encoding sequence for
atCDPK 19 with about 100 bp 5’-upstream se-
quence. The overall sequence identity among the
three genomic clones was only 48-35%,. More-
over, the organizations of the three genes are also
very different. There are eight introns in the
atcdpk6 gene, ranging in size from 69 to 244 bp.

The first intron is the longest. In comparison,
there are only five introns in the atcdpk9 gene,
with different locations from those in the arcdpk6
gene. The introns of atcdpk9 vary in size from
83 bp to 233 bp. In the atcdpk6 gene, there are
introns separating the coding sequences for EF
hands III and IV whereas in the atcdpk9 gene,
there are introns separating coding sequences for
EF hands II and IV. In the arcdpkl9 gene, there

FLSRP FLSRP
71 KD— 3
— — S — — — —
43 kD—
28 kD——
18 kD——
A B

Fig. 6. Western blot analysis of protein extracts from differ-
ent organs of Arabidopsis thaliana. Each lane contained 20 ug
of protein extracts. F, flower; L, leaf; S, stem; R, root; P, pod.
A. Membrane was probed with affinity purified anti-atCDPKae.
B. Membrane was probed with affinity purified anti-atCDPK9.



1270




are 7 introns ranging in size from 72 to 406 bp
(the longest is located at the 3’ end) and the EF
hand IV is interrupted by an intron. The exon/
intron junction sequences of atcdpk6, atcdpk9 and
atcdpkl9 conform to the GT/AG rule of plant
genes. All these data indicate that the three arcdpk
genes are divergent in evolution.

Cell-type distribution of atCDPKs

Purified, recombinant atCDPK6 and atCDPK9
were used to raise antibodies in rabbits. Specific
antibodies were purified by antigen affinity
chromatography. Anti-atCDPK6 IgGs could re-
cognize atCDPK9 and vice versa and both spe-
cific IgG preparations also reacted with E. coli
expressed atCDPK19. The lack of specificity of
these IgGs to any individual atCDPK is under-
standable considering that all the three atCDPKs
have similar functional domains and the antisera
are polyclonal. Figure 6 shows that the affinity-
purified IgGs cross reacted with several bands in
different Arabidopsis organs. These cross-reacting
bands ranged in mass 43-75 kDa, which are likely
to be different atCDPKSs or their proteolytic prod-
ucts. Because there were no positive bands below
43 kDa, we concluded that calmodulins (less than
40 kDa in size) were not recognized by these
IgGs. Although the affinity purified 1gGs could
not discriminate between different atCDPK iso-
forms, there was some subtle difference in the
pattern obtained with anti-atCDPK6 and that
with anti-atCDPK?9. Possibly, this might refiect
the presence of different amounts of isoform-
specific IgG or proteolysis artifact.
Affinity-purified IgGs for atCDPK6 and
atCDPK9 were used for cellular immuno-local-
izations of atCDPKs. The results obtained with
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anti atCDPK6 were quite similar to those ob-
tained with anti-atCDPK9. Preimmune IgG from
the same rabbit, which was used as a negative
control, consistently gave no staining. Figure 7
and 8 show immunolocalization results obtained
with anti-atCDPK9. Because of the cross-
reactivity of these two antibodies and the simi-
larity of the immunostaining results, the results
we present here likely reflect the expression of
most, if not all, of atCDPKs in the plant.

Figs. 7 and 8 show that chloroplast-containing
parenchyma cells in leaves (mesophyll, Fig. 7, D),
stem (collenchyma, Fig. 7A-C), sepal (Fig. 8B,
H) and silique (Fig. 8L-2N) were all stained by
the antibodies, indicating expression of CDPK in
these cells. By contrast, other parenchyma cells
without chloroplasts, like those in the pith
(Fig. 7TH) were not stained. Among the cells in the
epidermis only the guard cells (Fig. 7B) were
stained. Although it is clear that all tissues con-
taining chloroplasts show positive staining, we
could not determine whether the CDPK(s) are
localized in the cytoplasm, associated with the
chloroplast envelope membranes or compartmen-
talised within the chloroplasts. Recently, we have
detected CDPK activity in both chloroplast stro-
mal and thylakoid membrane fractions (data not
shown), suggesting that one or more CDPK could
be imported into chloroplasts after cytoplasmic
synthesis.

In addition to chloroplast-containing tissues, a
number of other tissues were also stained positive
for CDPK. These include tapetum cells (Fig. 8E
and F), nucellus (Fig. 8J), phloem (Fig. 7A and
C), sigmatic or papillae cells (Fig. 8C) and en-
dosperm (Fig. 8L). CDPK expression was de-
tected in suspensor cells of embryos at the globu-
lar to torpedo shaped stage (Fig. 8L, M), although
not at earlier stages (Fig. 8K). Only the cotyle-

«—

Fig. 7. Immunolocalization of atCDPKs in cells of vegetative organs. A. Transverse section of a stem. B. Transverse section of
a stem at a higher magnification. C. Longitudinal section of a stem. D. Transverse section of a leaf. E. Apical meristem of a 4-day
old seedling. F. Transverse section of a root tip (meristem region). G. Transverse section of a root tip. H. Transverse section of
root tip (root hair region). I-L: Longitudinal section of roots, showing different stages of lateral root development. A: bar = 100 um;
B to L: bar = 25 um. AM, apical meristem; C, collenchyma; Cx, cortex; E, epidermis; P, phloem; Rh, root hair; S, stomata; X,

xylem.
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donary-staged embryos (Fig. 8N) were strongly
stained by the antibody, whereas globular to
torpedo-staged embryos were negative (Fig. 8K—
M).

CDPK was present in shoot primordium in-
cluding apical meristem and leaf primordium
(Fig. 7E), floral buds (data not shown), root mer-
istem (Fig. 7F—-H) and meristem for producing
lateral root (Fig. 7I-L). Although CDPK was de-
tected in microsporocyte mother cells (Fig. 8D
and E), the protein level declined during pollen
maturation (Fig. 8H).

Discussion

In this paper we describe the cDNA and genomic
sequences encoding 3 new Arabidopsis CDPKs,
designated as atCDPK6, 9 and 19, which are
different from the 4 CDPK sequences (AKI,
atCDPK 1, atCDPKb, and atCDPK3) reported
previously [12, 20, 21]. A comparison of the 7
Arabidopsis CDPK sequences revealed low se-
quence identify. Using atCDPK19 as a reference,
amino acid sequence identities with atCDPK®6,
atCDPK9, AKl1, atCDPKa, atCDPKb and
atCDPK3 are 52%,, 51.9%,, 52.3%,,67%,, 51.8%,
and 54.8%, respectively. Given this low level of
sequence identity it is therefore not surprising that
the cdpk genes do not cross-hybridize to one an-
other in genomic Southern blot hybridization
expriments (Fig. 4).

We also present here for the first time nucle-
otide sequences of three 4. thaliana cdpk genes,
atcdpk6, 9 and 19. In addition to the low sequence
homology, it is striking that these 3 genes differ in
the number and the size of their introns and exons,
as well as the relative locations of the introns. For
example, atcdpk9 contains 5 introns whereas
atcdpkl19 has 7 introns and atcdpk6 had 8 introns.
The differences in the genomic structures are par-
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ticulary evident when the sequences encoding the
CaM-like domain are compared. The exon en-
coding EF hand I in atcdpk9 but not atcdpk6 and
atcdpk19 is interrupted by an intron whereas the
exon encoding EF hand III in atcdpk6 but not
atcdpk9 and atcdpkl9 is interrupted (Fig. 5).
Based on our results it is unlikely that the cdpk
genes were derived from a common ancestor by
gene duplication events. The results are more
consistent with a devergent evolution of the 3
atedpk and with the hypothesis that introns are
added later on in evolution.

RNA gel blot analysis revealed that the 3 atcdpk
genes are expressed at a low level in all tissues
examined (Fig. 3).

CDPK belongs to a class of calcium-modulated
proteins, including calmodulin, troponin C, myo-
sin light chain, etc., that contain 2 or 4 copies of
a calcium-binding structure called EF hand. It is
thought that the presence of multiple copies of EF
hand in a protein may enhance its affinity for
calcium. Each EF hand consists of a loop of 12
amino acid residues, which is flanked by two
alpha-helixes. The refinement of the crystal struc-
ture of CaM [1] has delineated the crucial role of
the conserved glutamic acid at position 12. Re-
cently Zhao et al. [25] mutated the conserved
glutamic acid residue within the EF hands of
Plasmodium falciparum CDPK in order to under-
stand the role of the individual calcium-binding
site. They found that, for a given EF hand, mu-
tation of the conserved glumatic acid residue to
either lysine or glutamine eliminates the calcium-
binding activity of the particular EF hand. Al-
though the kinase activity was also affected by the
mutation it continued to be calcium-dependent.
By contrast, we found that the deletion of just the
C-terminal EF hand from atCDPK6 rendered the
kinase activity constitutive, although the mutant
activity is reduced to about 209, of the calcium-
stimulated activity of the wild-type enzyme

«—

Fig. 8. Immunolocalization of atCDPKs in cells of reproductive organs. A. Longitudinal section of a flower. B. Transverse sec-
tion of sepal and petal. C. Longitudinal section of a stigma. D-H: Different stages of pollen development. I-N: Different stages
of embryo development. A and N: bar = 100 um. B to M: bar = 25 um. A, anther; E, embryo; Es, embryo sac; I, integument;
M, microsporocyte; N, nucellus; O, ovule; Pt, P, petal; S, sepal; Sc, stigmatic cell; Su, suspensor; T, tapetum.
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(Fig. 2). Our result indicates the integrity of all the
four EF-hand structures are important for the
calcium activation.

Biochemical studies on atCDPK6 were con-
ducted in an attempt to differentiate CDPK from
other kinases and from CaM. We found that the
kinase inhibitors staurosporin, KN252a and
KN62 could all inhibit atCDPK6 activity, sug-
gesting the kinase domains of CDPK are very
much similar to those in other serine/threonine
kinases. In fact, atCDPK6 was more sensitive to
staurosporin (with K; of 135 nM) than many other
kinases. atCDPKG6 is also sensitive to the two
calmodulin antagonists calmodozolium and trif-
luoperizine, indicating the Ca”* -binding motifs
which are similar to those of calmodulin are also
needed for activities. The inhibition of atCDPK6
kinase activity by the synthetic peptide, pep4,
confirmed the finding by Harmon et al. [9] re-
garding the presence of an autoinhibitory domain
in CDPK. This conclusion was further supported
by our finding that the autoinhibitory domain of
the Ca’* /calmodulin-dependent protein kinase I1
(CaM Kinase II), the inhibitory peptide of PKC
and the inhibitory peptide of PKA (data not
shown) can all inhibit atCDPK6 activity. To-
gether, these results suggest a model silimar to
that of CaM Kinase II: in the absence of Ca>*,
the autoinhibitory domain blocks the substrate
binding and renders the kinase inactive whereas
the conformation change upon binding of Ca*>*
releases the inhibition.

However, experiments on the serial deletion of
EF hands structures of atCDPKG6 suggested that
CDPK may not be simply constituted from a fu-
sion of a kinase with a calmodulin. atCDPK6
mutants with less than four EF hands were con-
stitutively active and not responsive to Ca”* . The
mutant activities were 11.6%,-21.4%, that of wild
type in the presence of Ca”>*. Even though the
putative autoinhibitory domain remained intact in
these mutants, it failed to inhibit the kinase ac-
tivity fully. Our interpretation is that the interde-
pendence of kinase domain with CaM-like do-
main was established during evolution and the
right conformation for normal function requires
the contribution of the two domains. It will be

interesting to check if the CaM-like domain alone
could function as a calmodulin.

The presence of 7, and possibly more, isoforms
of CDPK in A. thaliana raises the question of
their physiological functions. Since the CDPKs
differ in their N-terminal sequences it is possible
that they are differentially localized within the cell
and might even possess different substrate speci-
ficities. As a first step toward elucidating the func-
tion of the CDPKs, we determined the tissue and
cell type distribution of this group of enzymes by
immuno-localization. Because polyclonal anti-
bodies were used in these experiments it is very
likely that they reacted with all CDPK isoforms.
Nevertheless, we found that CDPKs are differ-
entially expressed in cells of 4. thaliana with spe-
cific temporal and spatial patterns. The enrich-
ment of this group of enzymes in chloroplast-
containing parenchyma cells, stigmatic (papillae)
cell, phloem, tapetal cells, and meristematic cells,
etc. (Fig. 7 and 8) suggest a role of these enzymes
in these cell types. However, it is clear that the
elucidation of the cellular functions of different
CDPK isoforms depends critically on the identi-
fication of their in vivo substrates. In this connec-
tion, we note that Weaver eral. [23] have re-
ported that nodulin-26, a nodule-specific
membrane protein, is a substrate of a soybean
CDPK. Future work should be directed toward
identification of downstream targets of this group
of kinases.
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