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ABSTRACT. Calmodulin-like domain protein kinases (CDPKSs) are a family of calcium- but not calmodulin-
dependent protein kinases found in a wide variety of plants and in protists. CDPKs are encoded by large
multigene families, and to assess whether family members play distinct or redundant roles in vivo, we
characterized soybean CDPK isoformgs, andy, which share 66:80% identity in amino acid sequence.

RNA blot analysis showed that the three CDPKs were expressed in most plant tissues examined and in
suspension-cultured soybean cells. Recombinant GDRK and ¥ phosphorylated peptide substrates
containing the four-residue motif R/K-X-X-S/T, but CDIBKvas the most selective for residues outside

of the motif. The CDPKs were inhibited by the general protein kinase inhibitors K252a and staurosporine
and by calphostin C, which is an inhibitor of protein kinase C. The calcium-binding properties of each
CDPK were distinct. Thdy's for Ca* determined by flow dialysis in the absence of substrates were
51, 1.4, and 1.aM for CDPKa, -3, and «, respectively. In the presence of the peptide substrate syntide-2
the Ky of CDPKa decreased to 0.6M. Also, the sensitivity of this isoenzyme’s activity to calcium
varied with protein substrate. The concentrations oftGaquired for half-maximal activityKos) for

each CDPK with syntide-2 as substrate were 0.06, 0.4, ard,Irespectively. These results show that
members of the CDPK family differ in biochemical properties and support the hypothesis that each isoform
may have a distinct role in calcium signal transduction.

CDPKs (Ca*-dependent protein kinases or calmodulin- amino acid sequences of the conserved domains range from
like domain protein kinases) are a large family of protein 50% to 95% in identity.
kinases regulated by calcium but not by calmodull. ( Recently, two classes of protein kinases have been
CDPK was first described), highly purified @), and cloned  described that have catalytic domains related to those of
(4) from soybean. The catalytic domain of CDPK isoenzyme CDPKs but differ in the regulatory domains. The CDPK-
o is most closely related to that of CaMKIl, and its related protein kinases from carrdd9 and maize 20) have
C-terminal regulatory domain, like that of calmodulin, has no functional EF-hands in their carboxyl terminal domains.
four EF-hands (Cd-binding motifs). CDPKs also contain  CCaMK from lily anthers has a regulatory domain that
a short junction domain that links the catalytic and cal- contains three predicted EF-hands and is more similar to
modulin-like domains and functions as an autoinhibi®r ( visinin than to calmodulinZ1). Its activity, unlike that of
7). Numerous DNA sequences have been reported for CDPKs, is stimulated by calmoduliq, 29.

CDPKs from plants (816) and the protisPlasmodium While knowledge of the genes encoding the CDPK family
falciparum (17, 1§. These CDPKs vary in length, but all - of plant protein kinases is growing, information regarding
contain catalytic, junction, and calmodulin-like domains. The e physiological roles of these enzymes is limited. It is

likely that calcium-sensitive CDPKs are involved in mediat-
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58% identical, respectively, to CDRK The most notable
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fied DNA was digested witiXba andHindlll and subcloned

differences in the primary structures of the three kinases areinto Xba-digested pGEX-KG together with axba/Hindlll
that CDPKy has the longest (83 residues) and most basic double-digested cDNA clone of CDPKn pBluescript. For
amino-terminal domain, and it has eight extra amino acids full-length CDPKy, the 3-end of the cDNA clone encoding

between EF-hands Ill and IV in the calmodulin-like domain.

CDPKy was amplified by PCR with the primers'-5

The results reported here show that the three CDPKs differ GCTCTAGACCATATGGTTACAGACATGCT-3 and 5-

in kinetic properties, substrate preferences, arid-®mding

GGAATTCTTAAAGTGTGTGGAACTGCT-3. The frag-

properties. These observations suggest that these CDPKsnent was digested witKba and SpH, ligated to theSpHh-

may play distinct roles in the cell.

EXPERIMENTAL PROCEDURES

Materials Membranes (Hybond-Nand -N) for plaque
and RNA blotting were purchased from Amersham. Syn-

tide-2 and oligonucleotides were synthesized by the Protein

Chemistry and DNA Synthesis Core Laboratories, University

of Florida. Autocamtide and skeletal and smooth muscle
myosin light chain kinase substrates were purchased from

BACHEM California. Protein kinase inhibitors were pur-
chased from Calbiochem (H8, ML7, KN62, and staurospo-
rine), Kamiya Biochemical Company (calphostin C, and
K-252a), and Seikagaku America, Inc. (KN93). Analytical
standards of 100 mM Cagand 1 M MgC} were purchased
from Orion and Fluka, respectively. Solutions ‘6€aCh
(29.6 Ci/g, 10 mCi/mL) andy[-*?P]ATP were supplied by
DuPont NEN. Spectra/Por Macrodialyzer and dialysis tubing
(molecular cutoff~3500) for flow dialysis were obtained
from Spectrum Co. Chelex 100 was purchased from Bio-

Rad. Fluo-3 pentapotassium salt was from Molecular Probes.

All other chemicals were reagent grade or higher.
Plant Materials Soybean cell suspension cultur&y-

digested full-length cDNA clone of CDPK and then
digested withXbd. The resulting fragment was subcloned
in Xba-digested pGEX-KG. To make the N-terminal
deletion mutant of CDPJ, DNA amplified using the primers
5-GCTCTAGACCATATGGGTGTTAGGCAAGAC-3and
5-TAATCCATGGGTGCTCAA-3 was digested wittBst
and Xba and subcloned intoXba-digested pGEX-KG
together with arSst/Xba double-digested cDNA clone of
CDPKy. Constructs expressing active recombinant proteins
were selected and confirmed to be error-free by DNA
sequencing.

Expression and Purification of GST Fusion Protein&
colony of transformeck. coli cells (PR745) was grown
overnight at 37C in 2 mL of LB/ampicillin (0.1 mg/mL),
transferred @ 1 L of M9TB/ampicillin (30), and further
cultured until the Ol was about 0.5. Expression of
recombinant protein was induced by adding IPTG (0.4 mM)
at room temperature.

Cells expressing CDPKwere collected, resuspended in
lysis buffer containing 1 mM PMSF, 16g/mL leupeptin,

20 ug/mL aprotinin, 1 mM DTT, 50 mM Tris, pH 7.5, and
150 mM NaCl, and centrifuged after sonicatior).( The
supernatant was loaded onto a glutathieagarose column

cine maxL.) were maintained and prepared as described equilibrated with 50 mM Tris, pH 7.5, 150 mM NaCl, and

previously 6). Soybean seed$5( maxL. cv. Cobb) were
imbibed for 4 h, disinfected in 10% Clorox for 10 min, rinsed
several times with water, sown in perlite, and grown for 3
weeks in a greenhouse.

RNA Analysis Total RNA was isolated from soybean cell

1 mM DTT and washed with the same buffer. Protein was
eluted with 50 mM Tris, pH 8.0, 1 mM DTT, and 10 mM
glutathione. Fractions containing kinase activity were pooled
and loaded onto Mono-Q equilibrated in 20 mM Tris, pH
7.2, 1 mM Cad, 2% (w/v) betaine, and 1 mM DTT.

suspension cultures, 8-day-old seedlings, and 3-week-oldCDPKB was eluted with a gradient of-@0.5 M NaCl in

plants as described elsewhegd)( RNA was blotted onto
nitrocellulose membranes by downward alkaline capillary
transfer £8), and hybridization was performed by following

equilibration buffer. Fractions containing kinase activity
were pooled and further purified by chromatography on
Mono-Q in the presence of 2.5 mM EDTA instead of

protocols recommended by the membrane supplier in 50% calcium.

formamide at 42C. Specific DNA probes for each isoform
(the B untranslated regions from the cDNA clones encoding
CDPKa and « and the 3untranslated region from cDNA
clone encoding CDPK) were generated using PCR. After
hybridization, the blots were briefly washed several times
in 2x SSC and 0.1% (w/v) SDS at room temperature, twice
for 10 min each in the same buffer, and twice iR 5SC
and 0.1% (w/v) SDS at 42C for 15 min. Due to high
background, the blots hybridized with the CDBpecific
probe were washed further in x1SSC and 0.1% (w/v) SDS
at 65°C for 10 min.

Construction of PlasmidsThe vector pGEX-KGZ9) was
used to express GST fusion proteins of full-length CRPK
-3, and ¥ and an N-terminal deletion mutant of CDPK
containing amino acid residues 6638, CDPKy(66—538)
in Escherichia coli pGST-CDPKa contained the full-
length cDNA insert cut from pHis153®). The 3-end of
the cDNA encoding CDPK was amplified by PCR using
5'-GCTCTAGACCATATGCAGAAGCATGGT-3 and B3-
GCCTTGTATCTGGACAACG-3 as primers. The ampli-

The procedure for purification of CDRK -y, and (66—
538) was as follows. Cell lysis and affinity chromatography
were performed in buffer A (50 mM Tris, pH 7.5, 150 mM
NaCl, 10 mM EDTA, and 2 mM DTT). The debris from
the lysed cells was pelleted by centrifugation, and the
supernatant was loaded onto a glutathieagarose column.
The column was washed with buffer A, and protein was
eluted with buffer B (50 mM Tris, pH 8.0, 10 mM
glutathione, 10 mM EDTA, and 2 mM DTT). Fractions
containing kinase activity were pooled and loaded onto a
column of Mono-Q equilibrated in buffer C (20 mM Tris,
pH 8.0, 2.5 mM EDTA, 5% (w/v) betaine, and 2 mM DTT).
Enzymes were eluted with a gradient of 0 to 0.5 M KCl in
buffer C. Purified recombinant CDRK and $ were
dialyzed against 20 mM Tris, pH 8.0, and 14.4 mM
2-mercaptoethanol and stored-a80 °C in 50% glycerol
(v/v). CDPKy was labile to freeze/thaw, so eluted fractions
with the highest purity were stored at°€.

Determination of Kinetic ParametersEnzyme activity
assays were performed by a modification of the procedure



Soybean CDPKs Biochemistry, Vol. 37, No. 19, 199&%803

described previously6j. The reaction mixture contained 100 mM CaC} in Chelex-treated water and kinase assay
50 mM HEPES, pH 7.2, 10 mM Mggll mM EGTA, 1.1 buffers containing>1 uM free calcium were confirmed by
mM CaCh, 2 mM DTT, 0.1 mg/mL BSA, the indicated atomic absorption spectrometry.
amount of substrates, 5 nM recombinant CDPK, ang @0 Calcium Binding StudiesThe calcium binding properties
[y-32P]ATP (500 cpm/pmol). The concentrations of synthetic of CDPK isoenzymes were studied using flow dialysis
peptides (syntide-2, autocamtide, and skeletal and smoothmethod 86—38). The experiments were performed using a
muscle myosin light chain kinase substrates) and histone IlISdialysis apparatus (Spectra/Por Macrodialyzer) at room
in the assays were 1Q@M and 0.5 mg/mL, respectively. temperature (24- 2 °C). The apparatus consisted of two
Kinetic parameters (appareiit, andVma) were determined  dialysis cells that were separated by a dialysis membrane.
from double-reciprocal plots. Concentrations of synthetic The upper cell chamber contained-30 uM metal-free
peptides were determined from amino acid composition protein sample in 1 mL of buffer A (50 mM HEPES, pH
analyses carried out by the Protein Chemistry Core Facility, 7.5, and 100 mM KCI), and the lower chamber was filled
University of Florida. Each kinetic parameter was deter- with 1 mL of buffer A and was continuously pumped to the
mined by averaging at least four independent assay resultseffluent collector at a flow rate of 3 mL/min. Enzymes used
Determination of IG, Values with Protein Kinase Inhibi-  for the calcium binding studies were purified as described
tors. Stocks of protein kinase inhibitors (1 mg/mL) were above except that betaine was omitted from the buffers for
prepared in DMSO or water as recommended by the the anion-exchange chromatography.
suppliers. For inhibitors dissolved in DMSO, assays were The C&" titration was initiated by adding an aliquot of
performed in a final concentration of DMSO of 0.01% (v/ 1.5-7.5 uM “5CaCl to the protein sample in the upper
v). The concentration of syntide-2 was 1001. Values of chamber and continued by adding 1=26uL of different
ICso were determined from plots of the mean of enzyme CacCl stock solutions in each cycle. The final chase-out was
activities from at least four determinations versus inhibitor carried out with 4 mM CaGl The effluent was collected
concentration. in 1.5-mL fractions in microcentrifuge tubes every 30 s. Each
Remeal of Contaminating Calcium Glass containers was mixed with 2 mL of SintiVerse (Fisher) for the
were avoided in the experiments involving calcium binding radioactivity measurement in a scintillation counter (Beck-
measurements. Plastic bottles were filled with deionized man). Steady states of radioactivity were reached at the third
water and autoclaved. Small containers and graduatedfraction of each cycle. The average counts from the last
cylinders were soaked in 0.1 M HCI and rinsed thoroughly two fractions (third and fourth) of each cycle were taken to
with deionized water. Water and solutions used for flow calculate the free calcium concentration from the known
dialysis were decalcified by passage through a Chelex-100initial calcium concentration. The moles of bound calcium
column @1). The membranes for the flow dialysis were per mole of protein was calculated by combining the
stored in 10 mM EGTA at 4C and thoroughly rinsed with  concentration of bound calcium and protein concentration
deionized water followed by final washes in Chelex-treated as described3g). Control experiments in the absence of
water prior to flow dialysis. Stock solutions of enzymes were protein sample confirmed that a steady state was reached
dialyzed in Chelex-treated buffer A (50 mM HEPES, pH within 1.5 min and showed that the loss $fCaCb by
7.5, and 100 mM KCI) in the presence or absence of 14.4 diffusion during flow dialysis through the membrane was
mM 2-mercaptoethanol at€ overnight and passed through negligible ¢-5%).
a Chelex column equilibrated with buffer 82). Following The calcium binding data were processed according to the
the Chelex treatment, the protein samples were concentratedill model (39, 40 using KaleidaGraph. The Hill model
using a centrifugal concentrator (Centricon-10, Amicon) provides information regarding the degree of cooperativity
which was prewashed with Chelex-treated buffer A. (Hill constant,a), the maximum number of Ga binding
Free Calcium MeasurementsContaminating C¥ in sites (1), and the apparent dissociation constég) ccord-
water, buffers, and protein samples was measured using théng to the equation
fluorescent C& indicator Fluo-3 (33), as described else-
where @4, 35. Fluorescence was measured with a Perkin- o
Elmer LS5 spectrofluorometer. Calcium calibration buffers == =«
from Molecular Probes were used for generating a standard Ky +X
curve following the recommendations of the supplier. Fluo-3
(0.5-5 uM) was added to a 2-mL sample for the measure- wherer andx denote the average number of moles of‘Ca
ment of free calcium. A fluorometer cuvette was soaked in bound per mole of protein and the free?Caoncentration,
0.1 M HCI for at least 30 min and rinsed thoroughly with respectively 86, 40, 4).
deionized water before the fluorescence measurement. Free Protein Concentration DeterminationProtein concentra-
calcium concentrations in €dEGTA buffers containing<1 tions were determined by the BioRad dye-binding asday (
uM free calcium were verified also by using Fluo-3. The using bovine serum albumin as a standard or by absorbance
contaminating calcium concentration in Chelex-treated flow at 280 nm using extinction coefficients calculated for each
dialysis buffer (50 mM HEPES, pH 7.5, and 100 mM KCI) isoenzyme43). Protein concentrations determined by either
and protein solutions was less than g\ according to the ~ method were in good agreement.
fluorescence measurement with Fluo-3 and atomic absorption Effects of Calcium on Enzyme Adty and Autophospho-
spectrometry. The residual bound?€an CDPK samples rylation. Kinase assays were performed in the presence or
after passage through a Chelex-100 column was less tharabsence of calcium as described above, with the following
0.3 mole of C&" per mole of enzyme. Concentrations of changes. The assays were carried out in a buffer containing
various CaGl stock solutions that were made by diluting 50 mM HEPES, pH 7.4, 100 mM KCI, 5 mM Mgg&12 mM
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Ficure 1: RNA blot hybridization analyses of the three soybean
CDPKs. Total RNA (1Qug) from 3-week-old soybean plants (lanes
1-5), 8-day-old seedlings, (lane 6), and soybean cell cultures (lanes
7—8) was fractionated in a formaldehydagarose gel, blotted, and
hybridized with specific probes for CDRK(A), CDPKg (B), and
CDPKy (C) as described in Experimental Procedures. The ethidium
bromide stained gel (D) demonstrates that equal amounts of RNA
were loaded in each lane. Samples: lane 1, root; lane 2, stem; lan
3, shoot tip; lane 4, petiole; lane 5, leaf; lane 6, whole seedling;
lane 7, 3-day-old cell culture; lane 8, 7-day-old cell culture. The
relative amounts of each CDPK mRNA were determined by analysis
of the digitized image by the computer program NIH Image 1.61.
The values were adjusted for RNA loading, and the highest amount
of each mMRNA was assigned a value of 1.00. The relative amounts
in lanes -8 were as follows: CDP¥, 0.35, 0.40, 0.17, 0.35, 0.33,
0.02, 0.99, 1.00; CDPK 0.41, 0.35, 0.46, 0.46, 1.00, 0.55, 0.15,
0.21; CDPK, 1.00, 0.48, 0.25, 0.40, 0.19, 0.12, 0.35, 0.24.

DTT, 60 uM [y-*?P]ATP (about 500 cpm /pmol), 10&M
syntide-2, and 10 ng of each isoenzyme ati22 °C for 6

min in the presence of free calcium at varying concentrations
from 0.1 to 100uM or in the absence of calcium (1 mM
EGTA). C&'/EGTA buffers containing 021 uM free
calcium in the presence of 0.2 mM free EGTA were prepared
according to Tsien and Pozza#d). Assay buffers contain-
ing free calcium from 5 to 10@M were made by direct
dilution from 0.1 M CaC} standard solution (Orion) as
recommended by Bers et ad5). Activity assays of CDPIK
using protein substrates were performed in the same assa
mixture except that 2g/mL enzyme was used and 0.5 mg/
mL histone IlIS or 0.2 mg/mL recombinant soybean serine
acetyltransferase (SAT) was substituted for peptide sub-
strates. Autophosphorylation of each isoenzyme was per-
formed with 2.54g of CDPK in 25uL of assay buffer for

15 min at room temperature.

RESULTS

RNA Expression Pattern of CDPK Isoformés a step
toward understanding the roles of CDPK family members
in soybean, the expression pattern of mMRNA encoding each
isoform was determined. Blots of total RNA from different

Lee et al.

highest in cell culture and lowest in seedlings and shoot tips.
CDPKp3, which was originally isolated from a plumule
library, was highest in leaves and lowest in cell culture.
CDPKy, which was originally isolated from a library made
from tissues enriched in nitrogen-fixing root nodules, was
most highly expressed in roots and was lowest in leaves and
seedling.

Expression of CDPK Fusion Proteins in E. coli and
Purification. The three full-length enzymes and an amino-
terminal deletion mutant of CDPK CDPKy(66—538), were
expressed as glutathiosaransferase (GST) fusion proteins.
Recombinant enzymes were highly purified by affinity
chromatography on glutathion@garose and anion-exchange
chromatography (data not shown). The activities of CBPK
and # were stable in the absence of reducing agents and at
low ionic strength, and these enzymes could be stored in
50% (v/v) glycerol at—80 °C without appreciable loss of
activity. In contrast, CDPIt and CDPK/(66—538) required
reducing agents and300 mM KCI or NaCl during dialysis
and could not be frozen without almost complete loss of
activity. These enzymes were also expressed asftton

Sroteins, but because HiSCDPKy required high ionic

strength to maintain solubility and activity, further purifica-
tion of this protein by anion-exchange chromatography was
not possible. In addition, His-CDPKy(66—538) bound to
phenyl-Sepharose at low ionic strength in the presence of
Ca2*, but it could be eluted onlyyb6 M urea.

Substrate Specificities and Kinetic Parameter3he
activities of soybean CDPKs with various synthetic peptides
and histone IS were determined in the presence or absence
of C&" (Table 1). Histone IlIS, a good substrate for CDPK
purified from soybean cell culture8), was phosphorylated
by all three isozymes, but CDRKwas 10-fold less active
than the other isoenzymes with this substrate (Table 1). Other
proteins such as casein and bovine serum albumin were not
phosphorylated by any of the recombinant isoenzymes (data
not shown).

Substrate peptides containing the motif basic-X-X-Ser/Thr,
in which the basic residue is arginine or lysine, X is any
residue, and serine or threonine is the phosphorylated residue,
are good substrates for CDPKH).( The specific activities

Y% the soybean CDPKs with 1QfM of each of four peptides

containing this motif, syntide-2, autocamtide, and substrate
peptides of skeletal and smooth muscle myosin light chain
kinases, were compared (Table 1). Phosphorylation of the
peptide substrates by CDIKand CDPK3 with these
substrates was stimulated-220-fold by C&", whereas the
activities of CDPK/ and the amino-terminal deletion mutant
CDPKy(66—538) were stimulated 52480-fold. There was
little difference in the activities of CDPK and CDPK-
(66—538), showing that the N-terminal 65 residues of this
isoenzyme are not required for catalytic activity. All four
peptides were good substrates for CDPad CDPK/(66—
538), and the maximal activity of these enzymes with each

organs of soybean plants or from suspension-cultured cellspeptide varied<1.4-fold. The maximal activities of CDRK

were hybridized to DNA probes specific for genes encoding
each of the CDPK isoenzymes (Figure 1). Transcripts of
CDPKa, -, and ¥ were expressed in roots, leaves, petioles,
stems, and shoot tips of 3-week-old plants, in 8-day-old
seedlings, and in suspension cell cultures of different ages.
However, the relative distribution of each transcript differed,
as indicated in the caption of Figure 1. CD&KRNA was

and CDPK3 varied over wider ranges, 12- and 3.6-fold,
respectively. While syntide-2 and autocamtide were good
substrates for both CDRKand CDPK3, MLCK substrate
peptides were good substrates for CORKout not for
CDPKa. These results show that the CDPK isoenzymes
exhibit substrate selectivity with both protein (histone 111S)
and peptide substrates.
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Table 1: Activity of CDPK Isoforms with Various Substrates

enzyme ca" histone IlIS syntide-2 autocamtide MLCKsk MLCKsm
CDPKa + 0.045 1.67 0.81 0.15 0.14

- nce 0.075 0.025 0.005 0.005
CDPK3 + 0.45 3.55 2.41 0.98 1.82

- 0.02 0.14 0.07 0.03 0.08
CDPKy + 0.25 1.86 1.82 1.92 1.57

- ncP 0.03 0.01 0.004 0.03
Y (66-538) + 0.28 1.89 2.12 1.65 1.56

- no 0.02 0.008 0.007 0.008

2 Enzyme activitiesgmol min~ mgt) were measured as described in Experimental Procedures with 0.5 mg/mL histone 111S.d1 $9athetic
peptide in the presence of 1 mM EGTACa") or 1 mM EGTA plus 1.1 mM C& (4-C&"). The standard error of each mean value of enzyme
activities was less than 10% of the tabulated mean vélod, not detectable.

Table 2: Kinetic Parameters of CDPK Isoforms with Two Peptide  Table 3: Effect of Protein Kinase Inhibitors on CDPK Isoenzyies
Substrates

enzyme staurosporine K-252a calphostin C
syntide-2 MLCKsk CDPKa 011 0.8 9.0
Vinax Vinax CDPKg 0.12 0.8 5.0
enzyme  Vmax Km Kn Vinax Km Kn CDPKy 0.07 0.3 1.6
CDPKo. 2.4+0.3 18.2+15 0.13 5725 3700+ 1900 0.001 a|Cso (M) was determined from a plot of CDPK activity versus
CDPKS 55+0.7 342+10 0.16 3.8:0.8 282+46 0.013 concentration of inhibitor.

CDPKy 25+0.1 16.6+0.7 0.15 206:-01 27+0.8 0.074

2Values of apparentmax (umol min~* mg1) andKn, («M) were
determined from double-reciprocal plots.

(v/iv) DMSO did not affect kinase activity. Staurosporine,
an inhibitor of broad specificity that is suggested to interact
with an essential region of the catalytic domain of protein

Symtide 2 kR RRLEIvoRLPENK kinases 46), inhibited the CDPKs with Ig's between 70

MLCsk AKRPOQRATSNVFES and 120 nM (Table 3). K-252a, another general inhibitor

MLCsm KKRAARAT ? ? VF ? of protein kinase47) which competes with ATP, inhibited
-2 P+1 +4 the CDPKs, with IGy's between 300 and 800 nM (Table

FIGURE2: Sequences of substrate peptides. Residues are numbered). The IGq's for both of these inhibitors were-12 orders
relative to the phosphorylated residue at position P. Residues amino-of magnitude higher than those observed with PKC, PKA,
terminal to P have negative numbers, and those carboxyl-terminal 5, pMLCK (46-48). KN62, a compound that inhibits
to P have positive numbers. CaMKII competitively with respect to calmodulin, did not
inhibit the CDPKs significantly when added at a concentra-
To examine further the difference in substrate preference, tion (10 uM) that inhibits over 80% of CaMKII activity.
we determined the kinetic parameters for the CDPKs with Other inhibitors that had little or no effect on the CDPKs
two of the peptide substrates (Table 2). When syntide-2 waswere 50uM H8 (49), 30 uM KN93 (50), and 50uM ML7
the substrate, values of apparhtandVmax for each CDPK (51). Calphostin C, which is reported to specifically inhibit
varied by only 2-fold. Comparison of the ratio Wf,. to protein kinase C through interaction with its regulatory
Km, Which is an indicator of catalytic efficiency, shows that domain, inhibited all three CDPK isoforms (Table 3), but
syntide-2 is an equally good substrate for all three isoen- the 1G;, values were 42 orders of magnitude greater than
zymes. In contrast, skeletal muscle myosin light chain kinase those for protein kinase G}€).

peptide is a good substrate for only CDPK Values of C&" Binding Properties of CDPKs Binding of C&" to
apparen¥max varied only 2-3-fold, while values of apparent  CDPK isoenzymes in the absence of substrates ¢t Mgs
Km varied 16-140-fold. Comparison of the ratios ®ax measured by flow dialysis as shown in Figure 3 A-C.

to Km shows that CDPK has a strong preference for syntide- Binding of Ca&* to CDPKS, but not to the other CDPKs,
2, while CDPKB has some preference and CDPHKas only saturated in the concentration range tested. Nonspecific
a slight preference for this substrate. Syntide-2 and auto-binding of C&" at around 10:M free C&" was observed
camtide contain aliphatic amino acid residues at positions for all three enzymes. This may be attributed to the
P—5, P+1, and P-4, whereas the MLCK peptides do not limitation of the flow dialysis method3g, 59, and data for
(Figure 2). One or more of these residues may be determi-[Ca?*]qee >100 uM were ignored in the fitting of the data
nants for phosphorylation of a site by CD&K to the Hill model.

pH Optima The effect of pH 6-10 on phosphorylation The values of the Hill parameteis, n (number of binding
of syntide-2 by the three CDPKs was determined (data not sites), anda (Hill constant) determined from the best-fit
shown). The activity of each isoenzyme was maximal model for CDPK3 were 1.4uM, 3.2, and 1.6, respectively.
between pH 7 and 8, but CDRKand 3 were more tolerant ~ Although CDPKS contains four predicted EF-hands, the
of pH between 8 and 9. The broad pH optimum of CPK  4-site Hill model gave a poorer fit for the data (Figure 3B).
and $ is similar to that of CDPK purified from soybean The value ofa greater than 1 indicates that CDPIinds
(3). C&" with positive cooperativity.

Effect of Protein Kinase Inhibitors The effect of several Because full-length CDPK precipitated when dialyzed
classes of protein kinase inhibitors on the activity of soybean overnight against the buffer used forCdinding measure-
CDPKs was determined. Control assays containing 0.01% ments, the N-terminal deletion mutant CD&6—538),
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Ficure 4: Binding of C&" to CDPKo. in the presence of substrates.
Flow dialysis was performed to examine the effect of syntide-2
and/or ATP on the binding of Ca by CDPKa. The sample in the
upper chamber containedM CDPKa and 1.5uM 45CaCk in
dialysis buffer (50 mM HEPES, pH 7.5, 100 mM KCI, and 5 mM

MgCly) plus either 6QuM ATP (®) or 100uM syntide-2 and 60

uM ATP (O). The curves drawn with solid lines were determined
by fitting the data to a 4-site Hill model. The control experiment
(- - -) performed in 50 mM HEPES, pH 7.5, and 100 mM KCI

41 (Figure 3A) is shown for comparison.

-2/ Dt s B ety O I e maximal activity Ko.) for CDPKg and 4 were 0.4 and 1
[Ca™] 4rae (4M) [Ca™] rree (M) uM, respectively. These values were lower than ks,
" and comparison of the curves for Taactivation and C&

Ficure 3: C&" binding and activation of CDPKs. Direct &a binding for these isoenzvmes (Figure 3) suggested that
binding (A—C) and the effect of Ca on the activities (D-F) of binding of 1—2 calcium ioyns ef r‘r?olecult)a of ge%\z me is
CDPKa (A and D), CDPK3 (B and E), and CDPK (C and F) 9 p Yy

were determined as described in Experimental Procedures. Forsufficient for significant activation. Another contributing
determination of CH binding by flow dialysis, the protein  factor could be that the presence of ATP and peptide

concentration was 2M in 50 mM HEPES, pH 7.5, containing  sypstrate in the activity assay may affect the calcium binding

100 mM KCI at 24+ 2 °C. For CDPKy, 2 mM DTT was added . . .
for enzyme stability. Combined data from at least two determina- properties of these isoenzymes, as is the case for GDPK

tions for each isoenzyme are shown. The data were fit to 3-site (S€€ below).

(dashed lines in panels A and C) and 4-site (solid lines) Hill models  TheK, s of CDPKo was 0.06«M (Figure 3D). This value

by the program KaleidaGraph. The dashed line in panel B is for a ' ¢ :

3.2-site Hill model that gave the best fit of the data. Phosphorylation was 10-fold lower than thKO'.‘SS of the other wo enzyrrles

of syntide-2 was determined at various free?Ceoncentrations ~ and nearly 3 .orders of magnitude lower than Iﬂ;géor C":f

that were controlled by calcium buffers or by the presence of 1 of CDPKa (Figure 3A). Moreover, the saturation of kinase

mM EGTA (indicated as zero €aon the abscissa). Data from activity of CDPKa. occurred at 0.3:M free C&*, which is

té‘rrr%‘? Lﬁgﬁgg%ﬁg Og'f;ﬁ:g'rgaggc; t‘;g:}sa‘:h isoenzyme are showng, - halow the concentration at which 1 mole of calcium is
' bound per mole of CDPK. The basis for the difference

betweerKy andKo s was examined in experiments described

which is more stable when freshly prepared, was used for below.
the calcium binding measurements. These two enzymes did Effect of ATP and Peptide Substrate op figr Ca2t of
not differ in the dependence of their activities on various CDPKo. The composition of the enzyme mixtures used for
concentrations of Ca (data not shown). The data were the calcium binding and activity assays differed in the
better fit by a 4-site rather than a 3-site binding model (Figure presence of DTT, M, ATP, and peptide substrate. To
3C). For the 4-site model the valueskf anda. were 1.6 examine whether interaction of CDRKwith these com-
#M and 0.5, respectively. Thiq was similar to that of  pounds was the basis for the great sensitivity of CDRE
CDPKg, butin sharp contrast to CDithe value ofuwas o Ca?t concentration in activity assays, they were added
less than 1. This suggests that CDPKound C&" with alone or in combination to CDRK, and C&" binding was
negative cooperativity. measured by flow dialysis as described in Experimental

CDPKa bound C&" with a Kq much higher than those of ~ Procedures. MgGland DTT did not affect the Ga binding
the other two isoenzymes. This CDPK is predicted to have of CDPKa (data not shown), and they were added to all
four functional EF-hands, and the 4-site Hill modBf (= experiments involving substrates. Addition of ATP de-
0.94) gave only a slightly better fit than the 3-site model creased th&yto 19uM (Figure 4). An even more dramatic
(R2=0.91). For the 4-site model the valueskf and o shift in Kqto 0.64M was observed when the peptide substrate
were 51uM and 0.8, respectively. This value ki is similar syntide-2 and ATP were added (Figure 4) or when syntide-2
to the value of 8QuM (n = 3.9) determined by equilibrium  was added alone (data not shown). These results demonstrate
dialysis for PfCDPK §3). that the activation of CDP& by C&* correlates well to the

Activation of CDPKs by C&. To examine how Ca enzyme’s binding of CH in the presence of substrates. In
binding affects kinase activity, the kinase activity in the addition, because €abinding saturated in these conditions,
presence of various €a concentrations was determined the data showed that CDRKbinds 4 moles of Cd per
(Figure 3, panels BF). The C&" concentrations for half-  mole of protein with high affinity.
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Ficure 5: Effect of protein substrates on the calcium sensitivity
of CDPKa.. The activity of CDPKx was determined at various
concentrations of free Gawith either 0.2 mg/mL SAT@®) or 0.5
mg/mL histone IlIS Q) as a substrate.
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Ficure 6: Effect of C&" on autophosphorylation of CDPKs.
Autophosphorylation of CDP¥ (@), CDPKS (O), and CDPK

(x) in the presence of various concentrations of free calcium was tions and in suspension-cultured soybean cells.

determined as described in Experimental Procedures.

Ko.5 of CDPKa in the Presence of Protein SubstrateBo
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DISCUSSION

In animals, cellular responses to calcium are brought about
(in part) by two families of protein kinases, protein kinase
C (PKC) and the calmodulin-dependent protein kinases.
Activation of conventional PKCs (isoforms, 5, andy) is
dependent upon phosphatidylserine, diacylglycerol, and the
binding of C&" to the C2 domain. Activation of the
calmodulin-dependent protein kinases (phosphorylase kinase,
myosin light chain kinases, and CaMKs-IV) occurs
through the binding of calcium to calmodulin. PKCs and
several of the calmodulin-dependent kinases are multifunc-
tional enzymes that have broad substrate specifibdy $5.
They are widely distributed in various tissues and cell types,
and they are activated by a variety of external signals. The
work reported here indicates that CDPKs also have many
of these characteristics. An important question under active
investigation is how different stimuli are able to bring about
specific responses while using calcium as the second
messenger and a common set of calcium-regulated kinases.
One answer suggested for PKC is that cellular signals direct
the translocation and compartmentalization of specific iso-
types and thus target them to the locations of substrates
involved in specific physiological function®§).

The CDPKs examined in this study are present in
numerous parts of soybean plants grown in standard condi-
Some
members of the CDPK family are expressed in a single tissue
(14) or in a developing seed 8), while expression of others
is induced by environmental stres®),(mechanical strain,

ask whether protein substrates also affect the calcium OF the hormone auxinlf). Since the expression patterns

sensitivity of the activity of CDPI4, assays were performed

of the soybean CDPKs overlap, and since each CDPK is

with the substrates histone IS and serine acetyltransferasePrésent in normal growth conditions (Figure 1), they may

(SAT). Histone llIS is not a preferred substrate of CQPK
(Table 1), but phosphorylation occurred sufficiently well to
detect the effect of Ca on the kinase activity. Thkg s for
histone [l1IS phosphorylation by CDRKwas about 4«M
(Figure 5), which was 67-fold higher than that for syntide-2
phosphorylationies = 0.064M). Saturation of histone IS
phosphorylation occurred at30 uM free C&". When
soybean SAT [a CDPK substrate identified by interaction
cloning (B.-C. Yoo and A. C. Harmon, submitted)] was used
as a protein substrate for CDBKthe Kos was 0.07uM.

represent the constitutively expressed CDPKs, and it is
possible that they play roles early in signal transduction
pathways.

To ask whether the CDPKs have distinct or overlapping
roles in vivo, we characterized the substrate specificity and
the kinetic and calcium binding properties of the isoenzymes.
All three phosphorylated peptides contain a basic-X-X-Ser
motif, but each isoenzyme has different values of apparent
Km and Vmax for each of the peptides. While CDRK
phosphorylated four test peptides equally well, CBPK

These results show that phosphorylation of certain substratespreferentially phosphorylated syntide-2. Recently, Bach-
can occur at very low concentrations of free calcium despite mann et al. §7) showed that serine-543 in nitrate reductase

CDPKa's intrinsically low affinity for binding C&". In vivo
the response of CDRKto changes in free Ca could be

is phosphorylated by partially purified CDPK from spinach.
Analysis of synthetic peptides in which residues surrounding

greatly influenced by the substrates that are present in thethe phosphorylation site were varied showed that the motif

cell.

Autophosphorylation of CDPKs in Response td'Carhe
effect of C&* on autophosphorylation of the soybean CDPKs
was determined (Figure 6). The valuesafs for CDPKa,

-, and ¥ were 0.03, 0.3, and 03M, respectively. These
values were similar to the respective valueskgg (0.06,
0.4, and 1uM) for phosphorylation of syntide by each
isoenzyme. It should be noted that, in measurementsdf Ca
binding to CDPKx in the presence of Mg-ATP, no high-
affinity calcium binding site was observed (Figure 4). If
the calcium contamination in the flow dialysis buffers was
as high as the limit of detection (Oud/), then a site having

a Ky below 0.1uM would not have been observed in our
experiments.

preferred by the spinach CDPK was hydrophobic-X-basic-
X-X-Ser, where the hydrophobic residue at®was leucine.
These observations agree with our conclusion that the
presence of a branched-chain aliphatic amino acid at one or
more of the positions P5, P+1, and P-4 is a determinant

for phosphorylation by some CDPK isoenzymes. However,
a systematic analysis of phosphorylation motifs is needed
to define the importance of the hydrophobic residues for each
isoenzyme.

The soybean CDPKs differed in their susceptibility to
inhibition by the protein kinase inhibitors staurosporine,
K-252a, and calphostin C, with CDRKbeing the most
sensitive to inhibition by all three compounds (Table 3). The
CDPKs were less sensitive than PKC to calphostin C and
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less sensitive than PKA, PKC, MLCK, or CaMKIl to the
general protein kinase inhibitors. Thesl{S for staurospo-

Lee et al.

like domain (CLD) of CDPK, or it could act indirectly by
promoting interaction between CLD and the enzyme’s

rine and K-252a observed in our experiments are similar to autoinhibitory domain. The autoinhibitory domain contains

the concentrations of these inhibitors needed for inhibition
of various responses of plant cells to stim&38(59. Since
the PKC inhibitor calphostin C and the calmodulin antago-
nists trifluoperazine §0) and W-7 @) inhibit CDPKs,

a pseudosubstrate site and a CLD binding site. The binding
of Ca&" to CLD is proposed to release the autoinhibitory
domain from the catalytic domain by a mechanism that
involves (in part) binding of the CLD to the autoinhibitory

experiments using these compounds with plant cells mustdomain, thus activating the enzynte<7, 64). If syntide-2

be interpreted with caution.

The three CDPKs differed dramatically in calcium binding
properties in the absence of substrates. While the ridgan
of CDPKS and  were similar (1.4 and 1.6@M, respec-
tively), the shapes of the €abinding isotherms of these
enzymes were distinctive (Figure 3). The valueKgffor
these two isoenzymes are similar to tkgs reported for
calmodulin (1.5-5 uM) (36). In contrast, CDPK had a
much higherKy of 51 uM, which is similar to theKy (80
uM) reported for PFCDPK%3). The remarkable differences
between theKy's of these CDPKs is especially interesting
in view of the degree of similarity in the sequences of the
calcium binding domains of these enzymes. CDbP#hd

binds to the enzyme’s active site in the absence of calcium,
the autoinhibitory domain would be free to interact with
CLD. Support for this mechanism comes from the observa-
tion that the activity of CDPK with syntide-2 is significantly
greater than zero in the absence ofCérable 1). This
observation shows that substrate peptides are able to bind
to the active site in the absence of calcium.
Autophosphorylation and phosphorylation of peptide and
protein substrates by CDPKs are clearly stimulated by
calcium, but the concentrations of calcium required for
stimulation of these activities are lower than tkgs for
C&" measured in the presence of substrates. Several factors
could individually or collectively contribute to these observa-

CDPKg are 80% identical with each other, and each is about tions. Binding of C&" to only one high-affinity site may

55% identical with CDPK. CDPKa is only 32% identical
with PfCDPK.

The effects of calcium on activities of the three CDPKs
also differed. With syntide-2 as substrate, tkgs's for
CDPKg and ¥ were similar to each other but an order of
magnitude greater than that for CD&K In addition, the
value ofKgs for each CDPK was lower than its respective
value ofK4. The most dramatic difference was the nearly
900-fold difference between th&y and Kgys values of
CDPKa. Inclusion of syntide-2 with CDPK during C&*
binding measurements reduced g 85-fold and showed

be all that is required for activation. The detection limits of
our procedures may have precluded detection of a binding
site with a Ky below 0.1 uM. It is also possible that
autophosphorylation that occurs at low concentrations of
calcium affects theKq and/or theKgs for Ca&". While
autophosphorylation does not cause the activity of CDPKs
to become independent of calcium (unpublished observa-
tions), it could shift theKy for Ca&2t downward. The low
values ofKg s could result from a combination of substrate
binding and autophosphorylation. Our observations suggest
that regulation of CDPKs in vivo is more complicated than

that peptide substrate affected the calcium binding propertiessimple binding of C&" and that factors such as the types of

of the enzyme. TheKos (15 uM) for CDPK from P.

falciparumwas also observed to be lower than the enzyme’s

K4 (80 uM) determined by equilibrium dialysis in the absence
of substrates§3). Because 1 mole of Gawas bound per
mole of PFCDPK when the free calcium concentration was
15uM, it was concluded that occupation of only one of the
enzyme’s four calcium binding sites was sufficient for
activation. It is possible, however, that the calcium binding
affinity of PFCDPK is increased in the presence of substrate,
as is the case for soybean CD#K

The K5 of CDPKa varied 55-fold with two protein

substrates present may be involved.

Our results demonstrate that three soybean CDPK isozymes
differ in their RNA expression patterns, biochemical and
kinetic properties, and €& binding properties. Although
all three CDPKs phosphorylate peptides having the same core
motif, each isoform differs in its selectivity for substrate
peptides varying in sequence surrounding this motif. The
CDPKs also differ in basal activity, fold-activation by €a
Kg, andKo s for C&™. These results support the hypothesis
that CDPKu, -3, and ¥ are multifunctional protein kinases
that may play distinct roles in mediating responses t&"Ca

substrates, histone I1IS and SAT (Figure 5). These resultsgjgnals.” |dentification of the endogenous substrates of these

show that substrates affect the calcium sensitivity of CDPK
to different degrees. The inducible €affinity of CDPKa

protein kinases is in progress in our laboratory.

by certain substrates could serve as another mechanismACKNOWLEDGMENT

controlling the CDPK activity in vivo, since such substrates
could be phosphorylated at resting levels of free calcium,
which have been measured in living plant cells to be-100
200 nM.

This striking shift of theKq of CDPKa observed in the
presence of syntide-2 resembles the change inkihef
calmodulin induced by complex formation with its numerous
target proteins or peptides such as MLCK, cyclic nucleotide
phosphodiesterasé), caldesmon, mastoparaf?j, and

calmodulin binding peptides derived from plasma membrane

calcium pump €3) and calcineurin 32). The effect of
syntide-2 on the&kyq of CDPKa could be explained in two
ways. Syntide-2 could interact directly with the calmodulin-
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