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ABSTRACT. The activity of calmodulin-like domain protein kinase (CDPK) is regulated by the direct binding

of C&*. Unmodified soybean CDRK and a chimeric enzyme in which the calmodulin-like domain
(CLD) was replaced by VU-1 calmodulin had similar valuesvgs,,, (3.19, 3.46, and 3.60, 3.98nol/
min/mg, respectively), and each was activatee-30-fold by C&". To determine if activation results

from the binding of the CLD to the autoinhibitory (junction) domain of COPIK a manner analogous

to the activation of calmodulin-dependent enzymes by calmodulin, recombinant CLD and truncation mutants
of CDPKa were expressed in bacteria and highly purified. In blot overlays, biotinylated CLD bound to
mutants containing residues 31228 of the junction domain. In an electrophoretic mobility shift assay
CLD bound synthetic peptides containing residues-33® in a calcium-dependent manner, providing
direct evidence for binding of CLD to a site in the junction domain. Mutants of CREm which all

or part of the CLD had been deleted were constitutively inactive. Addition of0CLD to these
mutants in the presence, but not the absence, of calcium stimulated their activities, but to various degrees.
Hiss-CDPKo(1—328), which contained none of the CLD, was activated only 5-fold, but the activity of
Hiss-CDPKo(1—398), which retained nearly half of the CLD in its sequence, was stimulated 64-fold.
The latter activity approached that of unmodified COP&nhd was half maximal at a CLD concentration

of 7 uM. Our results suggest that binding of CLD to the junction domain contributes to, but is not
sufficient for activation. Although calmodulin supported full activity of the chimeric enzyme, its addition

to Hisss=CDPKa(1—398) resulted in activity that was only 6% of that of the unmodified enzyme and
which was half-maximal at 2@M Arabidopsiscalmodulin. These results support the conclusion that
simple binding of the calmodulin-like domain to the junction domain is not sufficient for activation.

It is well established that calcium plays a role as a second by the direct binding of C& to its regulatory domain that
messenger in diverse physiological processes in plants (Bushis similar in primary structure to calmodulin (Harmon et al.,
1993; Gilroy et al., 1993; Hepler & Wayne, 1985; Poovaiah 1987; Harper et al., 1991; Putnam-Evans et al., 1990). This
& Reddy, 1993). The principal targets of calcium signals unusual structural feature places CDPK in a new class of
are calcium-modulated proteins, and the most well-studied calcium-regulated protein kinases.
calcium-modulated proteins in plants are calmodulin and
calcium-dependent, calmodulin-independent protein kinase
(CDPK) (Roberts & Harmon, 1992). Calmodulin has no
intrinsic enzymatic activity, but when complexed with’Ca
it binds to and modulates the activities of various enzymes.
In contrast, _calmodulin-like domain_ protein kinase
(calcium-dependent protein kinase, or CDPK) is activate

CDPKs contain four domains (listed in order from the
amino terminus to the carboxyl terminus): an amino-terminal
domain that varies in length and sequence among CDPKs
and has no similarity to other proteins; a protein kinase
catalytic domain most closely related in sequence to the
d catalytic domains of Ca/calmodulin-dependent protein
kinases; a junction domain that functions in autoinhibition;
and a calmodulin-like domain. The calmodulin-like domain
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features of phosphorylation sites recognized by the enzyme1994). Deletion mutagenesis for constructing gti®PKa-
but which is missing a phosphorylatable residue. This (1—328), pHis-CDPKo(1—333), pHig-CDPKo(1—339),
sequence interacts with the active site and blocks entry of pHiss-CDPKo.(329—-508), and pGEX-KG/CDPK(1—-312)
substrate (Kemp & Pearson, 1991; Soderling, 1990). Re-was performed by employing expression-cassette PCR (Mac-
moval of the junction and calmodulin-like domains from ferrin et al., 1990) and pAY as a template. The numbers in
CDPK results in a constitutively active enzyme, while parentheses indicate amino acid residues of CPRHiss-
removal of the calmodulin-like domain alone results in an CDPKa(1—398) was made by exploiting restriction sites,
enzyme that is inactive (Harmon et al., 1994; Harper et al., and the resulting encoded polypeptide contained four extra,
1994). A study with synthetic peptides showed that a peptide vector-encoded amino acid residues (LIHR) at the carboxyl
corresponding to residues 31832 of the junction domain  terminus. For construction of pHIECDPKo(1—328)-
of soybean CDPK competitively inhibited activity with VUCHL1, which encodes a CDRikcalmodulin chimera, a
respect to a peptide substrate (Harmon et al., 1995). These&eDNA insert encoding CDP#(1—328) was amplified by
observations support the hypothesis that CDPKs are auto-PCR and ligated into an intermediate vector, pUC19.
inhibited in the absence of calcium by a pseudosubstratepVUCH1 was digested witBcll and BanH| and ligated to
mechanism. the intermediate vector. The resulting plasmid was cut with
A well-documented conformational change occurs in Ndd and BanHI and cloned into the expression vector,

calmodulin upon binding C4 that allows the CH/CaM PETh-3b. Other expression vectors used were pET-15b
complex to bind to target enzymes and modulate their (Novagen) and pGEX-KG. Sequences of all constructs were
activities (Ikura et al., 1992). If a similar conformational Verified (Sequenase version 2.0, Amersham Life Science).
change occurs in CLD in the presence of calcium, such a Expression and Purification of Full-Length and Mutants
change could bring about activation of CDPK. Since CLD of CDPKa.. E. coli hosts for the expression of pETh-3b-
is covalently attached and is adjacent to the junction domainand pET-15b-derived vectors were BL21(DE3) or BL21-
of CDPK, it is possible that a conformational change could (DE3)pLys S, and the host for pGEX-KG-derived vectors
be transmitted through the peptide chain to the junction was PR 745. Protease inhibitors (1 mM PMSF, i) of
domain, and activate the enzyme (the conduit model). leupeptin/mL, and 2@g of aprotinin/mL) were added to all
Alternatively, the conformational change could lead to Of the cell resuspension buffers. Extraction and purification
binding of CLD to the junction domain (the binding model) steps were performed at’€. Cells expressing Hisusion

in a mechanism similar to the activation of CaMKIl and proteins were resuspended in binding buffer (20 mM Tris,
MLCK by calmodulin (Soderling, 1990; Somlyo & Somlyo, 0.5 M NaCl, 5 mM imidazole, pH 8.0) and sonicated, and
1994). It is also possible that a combination of the two cellular debris was pelleted by centrifugation. The super-

mechanisms occurs. natant was made 1% (v/v) in Triton X-100 and filtered
In this work, we used a molecular genetic approach to through a 0.2um filter. The filtrate was loaded onto a nickel
investigate the’ nature of the activation of CDPK by?Ca chelation column prepared from iminodiacetic acid-Sepharose

chimeric CDPK in which calmodulin was substituted for the and connected to an FPLC (Pharmacia). The column was
calmodulin-like domain of CDPK was constructed and Washed with 10 column volumes of wash buffer (20 mM
shown to be fully active and regulated by %a To Tr_|s, O.5_M NaCl, 60 mM |m|d_azole, pH 8.0) and eluted
determine whether activation of the CDRH:s achieved by ~ With elution buffer (20 mM Tris, 0.5 M NaCl, 400 mM
binding between the junction domain and calmodulin-like 'Midazole, pH 8.0). Fractions containing expressed proteins
domain, the calmodulin-like domain (CLD) was individually Were pooled and dialyzed overnight with three 4 L changes
expressed and tested for binding and activation of a series®f Mono Q equilibration buffer (20 mM Tris, pH 8.0, 2.5
of mutant CDPKxs in which all or part of the CLD had been MM EDTA). Dialyzed samples were loaded onto a Mono
deleted. Our results show that binding of the CLD to the Q» HR 5/5 column (Pharmacia) and eluted with a gradient
junction domain contributes to activation but indicate that °f 0—0.5 M NaCl in equilibration buffer. Fractions of the

binding is not sufficient for complete activation. highest purity as determined by SPBAGE were pooled
and concentrated by ultrafiltration (Centricon 10, Amicon).
EXPERIMENTAL PROCEDURES Concentrated proteins were washed with 20 mM Tris, pH

8.0, and 0.1 mM DTT while in the concentration device.
Materials. Syntide-2 (Hashimoto & Soderling, 1987) and  Glycerol was added to the final concentration of 10% or 50%
CDPKa peptides (Harmon et al., 1994) were synthesized (v/v), and the enzyme was stored-a70 or —20 °C.
by the Protein Chemistry Core Laboratory at the University  Cells expressing pGEX-KG/CDRK1—312) were treated
of Florida. Glutathione agarose and iminodiacetic acid- as above except that the cell resuspension buffer (buffer A)
Sepharose were purchased from Sigma. pGEX-KG (Guanwas 50 mM Tris, pH 8.0, and 150 mM NaCl. The extract
& Dixon, 1991) was a gift from Dr. E. Schaller (University was loaded onto a glutathione-agarose column equilibrated
of Wisconsin), as were pVUCH1 (Roberts et al., 1985) from in buffer A. After extensive washes with buffer A, bound
Dr. D. Roberts (University of Tennessee), ACaM-2 from Dr. proteins were eluted with 50 mM Tris and 10 mM reduced
R. Zielinski (University of lllinois), CaMPKIl from Dr. T.  glutathione, pH 7.2. Fractions containing kinase activity
Soderling (Vollum Institute, Oregon Health Sciences Center, were pooled and chromatographed on Blue-Sepharose as
Portland, OR), and pETh-3b from Dr. D. McCarty (Univer- previously described (Putnam-Evans et al., 1990).
sity of Florida). Escherichia coliPR 745, was from Dr. D. Recombinant calmodulin-like domain (CLD) was purified
Randall (University of Missouri). by a modification of methods used for the purification of
Plasmid Construction and Site-Directed Deletion Mu- calmodulin (Anderson, 1983; Roberts et al., 1985). Cells
tagenesis Plasmids pHis1530 and pAY, each encoding full- expressing CLD were resuspended in lysis buffer (50 mM
length CDPKy, were described previously (Harmon et al., Tris, pH 7.2, 0.5 M NaCl, 2 mM EDTA, 1 mM DTT) and
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sonicated. Clarified cell extracts were boiled for 5 min, and following modifications. Samples were prepared by com-
denatured proteins were pelleted by centrifugation. The bining calmodulin-like domain (100 pmol) with 100 or 1000

supernatant was made 5 mM in Ca@hd was loaded on
phenyl-Sepharose equilibrated with 20 mM Tris, 1 mM
CaCl, pH 7.2. After extensive washing with 20 mM Tris,
pH 7.2, and 0.5 mM Cagl CLD was eluted with 20 mM
Tris and 2.5 mM EDTA, pH 7.2. Pooled fractions from
phenyl-Sepharose were applied to Mono Q HR 5/5 equili-
brated with 20 mM Tris, 2.5 mM EDTA, pH 7.2. Proteins
were eluted with a 0.5 M NaCl gradient in the same
buffer. Fractions containing CLD were dialyzed extensively
against 5 mM NHHCO; and then against 20 mM Tris, pH
7.2, and 0.1 mM DTT.

Biotinylation of Calmodulin-Like Domain and s@rlay.
CLD was biotinylated as described by Billingsley et al.
(1985) with Biotin-X-NHS (Calbiochem) in the presence of

pmol of indicated CDPI peptides in the presence of 1 mM
CaClL or 2 mM EGTA. Samples were electrophoresed at
300 V and 10°C for 28-48 h in 1.5 mm polyacrylamide
slabs (16x 18 cm) containing 10% (w/v) acrylamide, 0.5%
(w/v) bisacrylamide, 40% (w/v) glycerol, 20 mM Tris, 23
mM glycine, pH 8.6, and with either 1 mM CaQir 2 mM
EGTA. Pre-electrophoresis was performed at 400 V and 10
°C for 1.5 h. The reservoir buffers contained 20 mM Tris,
pH 8.6, 23 mM glycine, and either 1 mM CaQir 2 mM
EGTA. The reservoir buffers were replaced several times
during electrophoresis. Urea/glycerol gel electrophoresis was
carried out as above except 4 M urea was added to the
polyacrylamide gel and samples.

Other Procedures The concentration of syntide-2 was

1 mM CaC}. For the overlay assay, proteins were separated determined from amino acid composition analysis done in

by electrophoresis in SDSolyacrylamide gels in the
presence of 1 mM EGTA and electroblotted to nitrocellulose.
Blots were blocked in 5% (w/v) nonfat dry milk, 50 mM
Tris, pH 7.5, and 300 mM NacCl for 1 h at room temperature
with constant agitation and washed in TBS (50 mM Tris,
pH 7.5, 300 mM NacCl) for 10 min. Blots were incubated
in TBS containing 1% (w/v) gelatin with biotinylated CLD
(5 ug/mL) for 2 h in the presence of 1 mM CaGlind then
washed twice with TBS plus 1 mM Ca£l Biotinylated
CLD was detected with ExtrAvidin-alkaline phosphatase
conjugate (Sigma) at a 1:1000 dilution. Control experiments
contained 5 mM EGTA in place of Ca£l

Protein Kinase AssaysActivity assays were performed
as described by Harmon et al. (1994) with the following
modification. The assay buffer contained 50 mM HEPES,
pH 7.2, 10 mM MgC}, 1 mM EGTA, 0.4 mg of BSA/mL,
with or without 1.1 mM CaGl Truncated CDPKs were
assayed in a volume of 2L with 200 uM syntide-2

the Protein Sequencing Core Facility, University of Florida.
The concentration of recombinant proteins were measured
by the Bio-Rad dye-binding assay, based on the method of
Bradford (1976). Concentrations of CLD ardabidopsis
CaM-2 were estimated with the method of Lowry et al.
(1951). Digital images of polyacrylamide gels and nitro-
cellulose blots were obtained as previously described (Har-
mon et al., 1994).

RESULTS

CDPKa-Calmodulin Chimera is Similar to CDRK in
Activity. To assess whether calmodulin is able to function
in place of CDPKt's CLD, a chimeric enzyme was made
in which CLD was replaced by a synthetic CaM, VU-1. The
sequence of VU-1 is a conservative hybrid between plant
and vertebrate CaM, and the protein is functionally compa-
rable to CaM (Roberts et al., 1985). The chimeric enzyme

(peptide substrate), 20 nM recombinant enzyme, and thecontained the first 328 amino acids of CD&Kthe amino-

indicated concentrations of CLD. BSA was added in place
of CLD to keep the total protein concentration constant in
all tubes. The dependence of the activity of HBEDPKa-
(1—398) on the concentration of CLD was done as above
except with 100uM syntide-2, 1 mM DTT, and 1 mg of
BSA/mL. The activity of recombinant calcium/calmodulin-

terminal, catalytic, and junction domains), but CLD (the
carboxyl-terminal 180 residues of CDBK3AERL...GY-
FKsog) was replaced by the complete VU-1 sequence
(1ADQL...MMAK 149). The number of residues separating
the junction domain and the first EF hand was conserved
between the chimeric enzyme and CDieKrigure 1).

dependent protein kinase Il was determined as described in Both CDPKa. and the chimera were expressed assHis

Harmon et al. (1994) with 2 or 2@M CLD and with
ACaM-2 as a control.

To facilitate comparison of activities of proteins of
different sizes, activities are reported on a molar basiso{
min~! umol~* = min~1). Moles of enzymes were calculated
from molecular weights predicted from cDNA sequences:
Hiss-CDPKa, 59 339; Hig-CDPKa(1—398), 47 149; His
CDPKa(1—339), 40 403; HisCDPKa(1—333); 39 788;
His-CDPKay(1—328), 39 232; GST-CDP#{(1—312), 63 160;
CLD, 21 124; ACaM-2, 16 689.

Tryptic Digestion CDPKo and truncation mutants (0.2
mg/mL) were digested with 1@g of trypsin/mL (TPCK-
treated, Worthington) in buffer containing 1 mM EGTA, 30
mM NacCl, and 30 mM Tris-HCI (pH 7.5) at 25C. At
various times an aliquot was removed and added toup0
of soybean trypsin inhibitor/mL to terminate digestion.
Activity was determined as described above.

Electrophoresis SDS-PAGE was conducted according
to the method of Laemmli (1970). GlycerdPAGE was

tagged fusion proteins and purified by metal chelation
chromatography. Since a high degree of purification was
essential in order to accurately assess the effect of the
substituted sequence, the proteins were purified further on
Mono Q HR 5/5 (A and B in Figure 2). Both proteins were
eluted at 200 mM NacCl.

The activities of CDPI¢& and the chimera were stimulated
30—70-fold by calcium, and both enzymes had similar values
of apparent M.ax (Table 1). The apparetdy for syntide-2
was slightly higher for the chimera than for CDRKTable
1). These results show that calmodulin can mimic the
properties of CLD in transducing the calcium signal to
activate fully the catalytic activity of CDPK. While these
results suggest that CLD and VU-1 may use a mechanism
involving Ca&*-dependent conformational changes to activate
the protein kinase, they do not reveal what the mechanism
is. We undertook the following work to ask if activation
results from the binding of the CLD to the junction domain
of CDPKa in a manner analogous to the activation of

performed as described in Persechini et al. (1986) with the calmodulin-dependent enzymes by calmodulin.
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Descriptive
Full Name name Diagram
Hisg-CDPKo Full length
Hisg-CDPKo(1-328)-VU1 Chimera
Hisg-CDPKo(1-398) A61%CLD
Hisg-CDPKo(1-339) A94%CLD
Hisg-CDPKo(1-333) A97%CLD
Hisg-CDPKo(1-328) A100%CLD
GST-CDPK«(1-312) Catalytic
domain
CDPKo(329-508) CLD

Ficure 1. Structural features of recombinant proteins used in this study. Unmodified @DWRIS expressed as fusion protein with an
affinity tag containing six histidine residues (list the amino terminus. The domains of CDdPKre labeled as follows: amino-terminal
domain of undefined function (U), catalytic domain (Cat), junction domain (J), calmodulin-like domain (CLD). Residue numbers marking
the boundaries of domains are indicated below the molecular diagram. The chimeric enzyme has the same structure escépRKat
synthetic calmodulin (VU-1) replaces CLD. TReCLD mutants were produced by deletion of all or part of the CLD. The constitutively
active mutant GST-CDP#&(1—312), which contains the amino-terminal and catalytic domains plus a few residues of the junction domain,
was expressed as a fusion protein with glutathiSrieansferase (GST) at the amino terminus. CLD (residues-328 of CDPkx) was

not expressed as a fusion protein.

[ = Table 1: Kinetic Parameters of CDIekand the Chimeric Enzyme,
| CDPKa(1—328)-VU-1

[ | _| enzyme Kinpp (14M) Vinas,, (HMoOl/min/mg)
, ' l CDPKa. 24.4,28.6 3.19,3.46
CDPKa(1-328)-VU-1 ~ 37.8,49.5 3.60,3.93

-l - | -l |
b | i 0 — ' aKinetic parameters for enzymes were determined from double-
l ‘ : reciprocal analysis of data obtained at an ATP concentration g0
and various concentrations of syntide-2 as peptide substrate. Results
— are reported from two independent experiments.
E""
L]

s

| , | l k- . major event that activates the enzyme, then CLD should not
, | have to be covalently attached to the rest of the enzyme in

order to accomplish activation. In preparation for testing

this prediction, several truncation mutants (Figure 1) were

expressed, purified, and characterized.

Expression vectors that produce either N-terminalsHis
, tagged or N-terminal GST-tagged fusion proteins were used.
I _i The His-tagged proteins were purified by metal chelation

o - |
|

| — . and anion exchange chromatography. sfi®©PKo(1—398)
|| | """‘.l was eluted from Mono Q HR 5/5 with a NaCl gradient, but

: Hise-CDPKa(1—328), -(1-333), and -(+339) were recov-

) ) _ B _ ered in the flow-through fractions. The chromatographic

F'r‘élt-’;'rfls?( Zupl;r\'l%r%féﬁg?r;‘gé“g”;fg&tr%'”ﬁbrgsui;“(i'r?igf/cogbgz:?“lt behavior of the latter three proteins corresponded to the
gmide gel ?n the presi,nce gf SDS,pWhich was s(t)aﬁneyd V\%th deletlon_c_)f acidic CaM—hke domain (calculated P 4..2).
Coomassie Blue. Lane 1, BE€DPKo; 2, Hiss-CDPKa(1—328)- The purified recombinant enzymes are shown in Figure 2.
VU-1; 3, Hisss=CDPKo(1—328); 4, Hig-CDPKa(1—333); 5, His- Purification of the catalytic domain (residues 312) of
CDPKa(1-339); 6, Hig-CDPKa(1—398); 7, CLD; 8, GST-  CDPKa proved to be more difficult. Unlike the other His

CDPKa(1—312); 9, GST-CDPK(1—312) treated with thrombin : ; _ : :
for 50 min. The dot to the left of lane 8 indicates the position of proteins, HigCDPKo(1-312) did not bind to the metal

GST-CDPK(1-312). The positions of CDP#(1—312) and GST chelation column in the presence of 60 mM imidazole. Also,
in lane 9 are indicated by single and double dots, respectively. Thewhen this protein was applied to the hydrophobic chroma-
positions of molecular mass markers are indicated by the lines to tography resin, phenyl-Sepharose, it could not be eluted
the left of each panel. From top to bottom they are phosphorylase i
b, 94 kDa; BSA, 67 kDa; ovalbumin, 43 kDa; carbonic anhydrase, ;Jhn(;e(?;tzgl ’;?C uég;;\;gsa:rgpgéﬁ_d];u;nge\:g{éiﬁxgl'igjvségnitgf
30 kDa; and soybean trypsin inhibitor, 20 kDa. cataly . P .
purification by affinity chromatography on glutathione aga-
Expression, Purification, and Properties of Truncation rose followed by chromatography on Blue-Sepharose, a resin
Mutants If binding of CLD to the junction domain is the useful for the purification of CDPK (Putham-Evans et al.,

|
20— ’
|

1 2 3 45 6 7 8 9
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1990) and other protein kinases (Jeno & Thomas, 1991). A B (o]
Unlike native CDPK, GST-CDP#(1—-312) was not ef- 94_'-_'-.' T | '
fectively eluted from this resin by 0.2% (w/v) CHAPS, and s |
only 5% of the applied activity was recovered. These 67— _
observations suggest that the CDPK catalytic domain is more 2 | -
hydrophobic in nature than the full-length enzyme. The - :
specific activity of GST-CDPK(1—312), which contains ~ **~
the catalytic domain plus 14 residues of the junction domain,
was 0.65umol/min/mg (41 min?t or 24% of the activity of
full-length CDPKo). As reported previously (Harmon et al.,
1994; Harper et al., 1994), its activity was not affected by
either the presence or absence of calcium. The low specific
activity was due in part to the presence of other proteins in
the preparation (see lane 8 in Figure 2), some of which might 20-|
be derived proteolytically from GST-CDRK1—-312). Other i
L

factors contributing to the low specific activity could be the i :&r : _
hydrophobic nature of this mutant enzyme, the presence of *~5"2 3 4 5 6 78 1 2 3 4 5 6 78 1 2

some of the residues of the junction domain, and/or the g re3: Binding of biotinylated CLD by full-length and truncated

inherent instability of the truncated enzyme. CDPKa. Proteins (2ug) were resolved by electrophoresis in a

CLD was not expressed as a fusion protein (see Experi- 12% SDS-polyacrylamide gel in the presence of 1 mM EGTA

mental Procedures), because it could be purified successfullyand blotted onto nitrocellulose.  The blots were overlaid with
biotinylated CLD in the presence of €a(A and C) or EGTA (B)

by methods (heat treatment and calcium-dependent Chroma-as described in Experimental Procedures. (A, B) Lane 1, GST,; 2,

tography on phenyl-Sepharose) used for calmodulin purifica- GsT-CDPK(1—312); 3, Hig-CDPKa(1—328); 4, Hig-CDPKo.-
tion. Preparations of purified CLD contained two polypep- (1—333); 5, His-CDPKo(1—339); 6, Hig-CDPKa(1—398); 7,
tides observed in SDSPAGE (lane 7 in Figure 2). Both CH:E?;&EEK%;& (t:LDt' éC)_tlF]at?]e 1, SSfT-CS[?)PK(_l—Srth); GStT_-

i i ili i - reated wi rompin ror min. € positons
polypeptides showed a caIcmm-dependent mobility shlft_on of CDP}(((I(].—S?LZ) and GST in lane 2 are indicated by sﬁngle and
gel Qlectrophoregs and could bind phenyl-Sepharose in 8double dots, respectively. The molecular mass markers are the same
calcium-dependent manner (data not shown), therefore bothas those described in the legend to Figure 2.
components of CLD are functional. Analysis of recombinant
CLD by mass spectrometry revealed that it is proteolytically 3). This observation agrees with previous experiments in
cleaved during expression between Arg483 and Lys484 (Jorgwhich biotinylated soybean calmodulin failed to bind full-
Heierhorst and Bruce Kemp, personal communication). length CDPK (Harmon et al., 1994). In the presence of

Calmodulin-Like Domain Binds t&A\CLD Mutants If calcium, the binding site for CLD may not be accessible to
activation of CDPK involves the binding of the CLD to the biotin-CLD due to steric hindrance and/or occupation of the
junction domain, then CLD should bind to CDPK mutants binding site by the intrinsic calmodulin-like domain. The
that contain the junction domain. To test this prediction, observation that biotin-CLD is unable to bind full-length
biotinylated CLD was incubated with nitrocellulose blots of CDPK supports the hypothesis that binding of the CLD to
full-length and truncated CDPK in the presence (Figure 3A) the junction domain is intramolecular and not intermolecular.
or absence (Figure 3B) of calcium. The background staining This hypothesis is further supported by the observations that
of the blots incubated with calcium was high relative to that native soybean CDPK (Putnam-Evans et al., 1990) and
of the blot incubated without calcium, regardless of whether recombinant CDPK (data not shown) are monomeric
nonfat milk, BSA, or gelatin was used for blocking the enzymes that do not dimerize in the presence of calcium.
membrane. The strongest signals were observed in lanes CLD Forms Complexes with Junction Domain Peptides
containing Hig-tagged truncation mutant&CLD) ending To further examine the binding of CLD to the junction
at residues 328, 333, 339, and 398, all of which contain the domain, synthetic peptides corresponding to the junction
junction domain (lanes-36, Figure 3A). Binding of biotin- domain were mixed with CLD and subjected to electro-
CLD to these proteins was greatly enhanced in the presencephoresis in non-denaturing glycerol polyacrylamide gels in
of calcium (compare Figure 3A and B). Weak staining of the presence and absence of 4 M urea. The positively
both GST-CDPK(1-312) (lane 2) and GST (lane 1) was charged synthetic peptides migrated toward the cathode and
observed. GST-CDP#{(1—312) was cleaved by digestion did not enter the gel (data not shown). Two bands were
with thrombin into GST and CDP#&(1—312) (Figure 2, observed in lanes containing CLD (predicted=p 4.2 and
lanes 8 and 9), and very weak staining of both polypeptide MW 20 124) (lanes 1, Figure 4). The slower migrating band
products was observed (Figure 3C). Biotin-CLD did not bind was an artifact due to oxidation of the CLD, since this band
to the calmodulin-like domain (Figure 3, lanes 8), which was not present in samples treated with 10 mM DTT (data
contains residues 32%08. These results confirm that a not shown). Complexes of CLD and basic peptides had
CLD-binding site is not located in the calmodulin-like mobilities different than either of the two CLD species.
domain. In addition this observation suggests that there is In the presence of G4 the mobility of CLD was not
no intermolecular interaction between CLDs of separate greatly affected by equimolar (100 pmol) CDR{02—332),
molecules of CDPk. Taken together these results show -(310-332), or -(318-332) (Figure 4A, lanes 2, 4, and 6),
that a binding site for CLD is present in the junction domain but a 10-fold molar ratio of the peptides to CLD resulted in
between residues 312 and 328. the appearance of bands corresponding to complexes and

Although biotin-CLD bound taACLD mutants of CDPI4, the concomitant diminution of the CLD bands (Figure 4A,
it bound only weakly to full-length enzyme (lanes 7 in Figure lanes 3, 5, and 7). Inclusion of 4 M urea in the gel did not
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— Ficure 5: Effect of CLD on inhibition of GST-CDPK(1—312)
P e e by peptide 316-332. The activity of GST-CDP¥(1—312) assayed
—_— in a mixture containing 1M BSA and 100uM syntide-2 in the
C presence of calcium was 0.48nol min-t mg1. Activity was
measured in the presend®)(or absencem) of 20 uM CLD and
e — . RN various concentrations of CDRK310-332). Data points are the

mean and standard deviation of determinations from two indepen-
dent experiments.

Added CLD Reerses Inhibition of Constitutely Active
CDPK by Peptide 316332 GST-CDPKx(1—312) contains
the catalytic domain and a few residues of the junction
LA A A B A B B & domain, and it is active in the presence or absence of calcium
| (Harmon et al., 1994). Consistent with the hypothesis that
Fiure 4: Complex formation between CLD and synthetic peptides. CDPK is autoinhibited by a pseudosubstrate sequence located
CLD (100 pmol, 2ug) was electrophoresed in non-denaturing gels in the junction domain, GST-CDRK1—-312) is inhibited
alone (lane 1) or in the presence of 100 (even lanes) or 1000 pmolby peptide CDPK(310-332) which corresponds to the

(odd lanes) of each of the following peptides: lanes 2 and 3, i i i i
CDPKa(302-332): lanes 4 and 5, CDRK310-332); lanes 6 and . CorpQxyl end of the junction domain (Figure 5). The
7, CDPKa(318-332); lanes 8 and 9, CDRK302-317). (A) inhibition is competitive with respect to syntide-2, and the

CaCb (1 mM) was added to all samples and gel buffers, and Ki iS.SuM (Harmon et al., 1994)- Since a CLD—binding
samples were analyzed by electrophoresis in a glycerol gel. (B) site is also located between residues 310 and 332 (Figure

Same as A, except 4 M urea was added to all samples and buffers5), we asked if inhibiton CDPK(1—312) by peptide
(C) Samples were analyzed by electrophoresis in the presence of 2CDPK(1(310—332) could be reversed by CLD. Addition of
mM EGTA and 4 M urea. L. . . .
20 uM CLD to an activity assay in which the concentration

of inhibitory peptide was varied protected the enzyme from
inhibition (Figure 5). The results suggest that binding of
CLD and the catalytic domain to peptide 31832 is
mutually exclusive and support the binding model of
activation.

CLD ActivatesACLD Mutants To test whether CLD can
activate CDPK in trans, the effect of adding CLD to four

alter these results (Figure 4B). The greater mobility of the
CLD-CDPKo(318-332) complex (Figure 4A and B, lane
7) relative to that of complexes with the other two peptides
(lanes 3 and 5) can be attributed to the lower content of basic
amino acids in this peptide relative to the others. A fourth
peptide, CDPI§(302—317), corresponding to residues in the

amino-terminal region of the junction domain, did not form ACLD mutants in the presence or absence of calcium was

a complex with CLD at either 1:1 or 10:1 molar ratios (Figure determined. Since the exact location of the CLD binding

4A and B, lanes 8 and 9). Taken together, these results ShOWsite was unknown, three mutants terminating at residues 328,

tha_t a minimal binding site for CLD is Io_cated between_ 333, and 339 near the interface between the junction and
reS|dqe§ 318 and 332. These resylts are in agreement W'tn:almodulin—like domains were tested. The fourth mutant
the biotin-CLD bk.)t QVEV'?‘V experiment (Flgure 3) which terminated at residue 398 and contained one complete and
locates the CLD binding site between residues 312 and 328. partial EF-hand. To control for nonspecific effects of
To test whether complex formation was dependent on protein concentration in these assays, the total protein was
calcium, mixtures of CLD and peptides were examined in held constant by addition of BSA. In the absence of CLD
gels containing EGTA. When urea was omitted from the the activities of Hig:CDPKo(1—328), -(1-333), -(1-339),
gels, CLD and peptides formed aggregates that did notand -(1-398) were low both in the presence and absence of
migrate into the gel (data not shown). Addition of 4 Murea C&" but full-length CDPKx was activated 44-fold by Ca
prevented aggregation and allowed entry of the protein into (Table 2,—CLD). These results are consistent with previous
the gel. There was no difference between the pattern of studies showing that the junction domain (residues-302
migration in lanes containing CLD alone and lanes containing 332) functions as an autoinhibitory domain (Harmon et al.,
mixtures of CLD and peptides (Figure 4C). Comparison of 1994; Harper et al., 1994). Furthermore, they show that the
these results to those in Figure 4B shows that binding of the presence of most of two EF hands is not sufficient for
peptides to CLD is dependent on the presence of calcium.activation of the enzyme by €a Addition of 20uM CLD
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Table 2: Effect of CLD on the Activity of Full-Length and Mutant
CDPKa. (min~1)2

—ca* +Ca*
enzyme -CLD +CLD -CLD +CLD
Hiss-CDPKa. 42 3.6 157 157
Hiss-CDPKa(1-398) 1.9 2.4 0.80 54
Hiss-CDPKa(1-339)  0.43 0.81 0.60 5.7
ncb 0.32 nd 2.8
Hise-CDPKa(1-333)  0.76 1.5 0.61 4.4
0.16 0.80 0.12 8.9
Hise-CDPKa(1-328)  0.39 0.51 0.23 1.2

a Specific activities are reported on a molar basis. Activities were
determined at a syntide-2 concentration of 200, in the presence of
20 uM CLD (+CLD) or 20uM BSA (—CLD), and in the presence or
absence of C4. Values in each row are for a single enzyme
preparation® nd, not determined.
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FiIcure 6: Activation of CDPka and truncation mutants by
digestion with trypsin. CDPK (closed circles), HisCDPKao(1—

398) (open squares), or HIE€DPKa(1—-328) (closed diamonds)
were digested with trypsin as described in Experimental Procedures
Aliguots were removed during the time course of digestion, and
the activity in the absence of calcium was determined. Data points
are the mean and standard deviation of determinations from two
independent experiments.

to full-length CDPKka in the presence or absence of calcium
had no effect on activity (Table 2). With the exception of
one trial with CDPKx(1—333), addition of CLD in the
absence of calcium to th®CLD mutants stimulated activity
<2-fold, while addition of CLD in the presence of €a
stimulated activity 5-73-fold (Table 2). While the three
shortest mutant CDPis achieved only 1%8% of the
specific activity of full-length enzyme, each was stimulated
at least 5-fold by the addition of CLD. In experiments with
different preparations, HiSCDPKa(1—398) was consistently
activated to a greater extent by addition of CLD than were
the mutants in which all four EF hands were deleted (data
not shown). In the presence of 201 CLD and C&", the
specific activity of Hig-CDPKa(1—398) was 40% of that
of full-length enzyme.

To examine whether CLD was unable to activate the
ACLD mutants because they were inherently inactive, we

Biochemistry, Vol. 35, No. 37, 1996.2035
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FIGURE 7: Activation of Hig-CDPKa(1—398) by addition of CLD

or calmodulin. CLD (circles) oArabidopsiscalmodulin (squares)
was added to 20 nM HiSCDPKo(1—398), and the activity of was
determined in the presence of calcium as described in Experimental
Procedures except that the concentrations of BSA and syntide-2
were 1 mg/mL (15«M) and 100uM, respectively. The activity

of full-length enzyme in these conditions was 201 min Data

are the mean and standard deviations of determinations from two
independent experiments.

20 min. Examination of the digested enzymes by SDS
PAGE showed that all three enzymes were converted to
single species of 34 kDa after 20 min, and this protein was
resistant to further digestion (data now shown). Digested
Hiss-CDPKo(1—398) and full-length CDPK had6% of

the activity of undigested enzymes measured under optimal
conditions. His-CDPKa(1—328) was activated by digestion

to the same degree as KiSDPKa(1—398), and this level

of activity was higher than that obtained by addition of the

0 125

"CLD to this His-CDPKa(1—328) (Table 2). These experi-

ments show that, although BiIE€DPKao(1—328) was capable
of activity, CLD was unable to fully stimulate its activity.
Calmodulin is Not as Effecie as CLD in Actiation of
Hiss-CDPKo(1-398) The dependence of the activity of
Hiss-CDPKo(1—398) on the concentration of CLD or
Arabidopsiscalmodulin was determined (Figure 7). At 100
uM CLD the truncated enzyme was activated 480-fold to a
specific activity of 4.8«mol/min/mg, which when compared
on a molar basis is 108% of that of full-length enzyme
measured in the same conditions. THg; for CLD was 7
uM. The high specific activity shown in Figure 7 can be
attributed to improved conditions, since when the experiment
was performed with the same assay conditions and CLD
preparation used for the experiments in Table 2, the maximal
activity was 50% (molar basis) of that of full-length enzyme
and theKos was 12uM (data not shown). No increase in
the activation of His CDPKa(1—328) by CLD was observed
when the improved conditions were used. The results in
Table 2 and Figure 7 show that the presence of a partial
CLD sequence in HisCDPKo(1—398) contributes to the
ability of added CLD to stimulate activity.

asked if the mutants could be activated by an alternate means. Calmodulin was much less effective than CLD in activa-

Removal of the junction domain, which is rich in basic
residues, by digestion with trypsin should result in an enzyme
that is active in the absence of calcium. #H@DPKao(1—
328), Hig-CDPKo(1—398), and full-length enzyme were
digested with trypsin for various times, and their activities
were measured in the absence of calcium (Figure 6). All
three enzymes had little activity at time zero, but their
activities increased during digestion and then leveled off after

tion of Hiss-CDPKa(1—398). Activity was stimulated 19-
fold to a maximal specific activity of 0.1@mol/min/mg
(Figure 7). TheKgs was 20uM. Similar results were
obtained when VU-1 calmodulin was used in place of
Arabidopsiscalmodulin (data not shown). These results
suggest that activation of CDRKand the CDPI&-VU1
chimera occurs by a mechanism other than simple bind-

ing.
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junction @ that the calmodulin-like domain binds to the junction domain
domain T——p with a Kg of 6—7 /,tM
- inactive Since CLD can bind to a site in the junction domain, the
active site Cat guestion of whether their interaction is inter- or intra-
molecular arises. Gel filtration chromatography performed
in the presence or absence of calcium shows that active native
Conduit ¥, Ca2* Binding soybean cell CDPK (Putnam-Evans, 1990) and recombinant
Model Model CDPKa (data not shown) are monomeric. In addition,
isolated CLD does not bind to full-length CDBK(Figure

3). These observations indicate that intermolecular binding
of CLD to the junction domain does not occur and support
the idea that the binding is intramolecular.

To test the second prediction of the model, we measured
active active the activity of the truncation mutants in the presence and

FicURES: Models for regulation of CDPK activity. In both models ~ @Psence of added CLD in the presence or absence of calcium.

CDPK is autoinhibited in the absence ofCay the interaction of ~ Each of theACLD mutants contained all of the junction

a pseudosubstrate sequence (V-shaped portion of the junctiondomain and in the absence of CLD all were inactive

domain) with the active site. Activation occurs when the binding regardless of the calcium concentration. Addition of CLD

of C&* to the calmodulin-like domain causes a conformational . . <
change in the CLD. In the conduit model (left arrow), the in the presence of calcium stimulated the activity of all the

conformational change in the CLD affects the conformation of the Mutants but to various degrees (Table 2). Although CLD
adjacent junction domain and pseudosubstrate. In the intramolecularcould bind to all theACLD mutants (Figure 3), it did not
binding model (right arrow), the conformational change in the CLD highly activate mutant enzymes missing all of the calmodu-
allows it to bind to a binding site located in the junction domain. |in-like domain. Since the truncated enzymes could be
activated by treatment with trypsin, the low degree of
DISCUSSION activation by CLD was not due to the inherent inactivity of
. . _— the mutants. These data suggest that binding of CLD to the
In this work, we explored whether intramolecular binding . . . S o
N : ; . : junction domain is not sufficient for complete activation.
of the calmodulin-like domain to the junction domain of ) . . )
soybean CDPK. contributes to activation. The binding ~_ Added CLD highly activated the truncation mutant His

model as described in Figure 8 predicts (1) that CLD binds CPPKa(1—398) that retained nearly half of the CLD.
to a site in the junction domain in a calcium-dependent Neither calcium alone nor CLD alone activated this mutant,

but CLD plus calcium activated it up to 450-fold (Figure
7). It is possible that the conformation of the junction
domain is different in HisCDPKa(1—398) than in the
enzymes terminating at residues 298, 333, or 339. This
difference in conformation could arise from the presence of
additional polypeptide at the carboxyl-terminal end of the
i o CLD-binding site, or it could be caused by a conformational

The _flrst prediction was te.st(.ad by blot overlays of change in the EF-hand(s) present in HR2DPKo(1—398).
truncation mutants of CDPK Biotinylated CLD boundto A conformational change in the junction domain could either
mutant enzymes containing the junction domain, but it did promote the binding of CLD or weaken the binding of the
not bind to CLD on the blot (Figure 3). Our results also pseudosubstate to the active site. An alternative possibility
show that it bound weakly to the catalytic domain and to s that the CLD binding site, which would be located at the
GST, and it caused high background staining of blots carboxyl-terminus of the shortexCLD mutants, could be
incubated in the presence of calcium. The data in Figure 5 subject to proteolysis during expression. The latter pos-
show that activity of the catalytic domain in the absence of sibility is unlikely because the mutant enzymes migrated at
inhibitory peptide was not affected greatly by the addition positions in SDS-PAGE consistent with their predicted
of CLD. These results suggest that the weak binding of sizes, and all of them bound biotin-CLD (Figure 3).

biotin-CLD to the catalytic domain is nonspecific and it maximal activation of HisCDPKa(1—398) occurred
inconsequential. Binding of CLD to the junction domain 4 3 CLD concentration of @M (Figure 7), and thios is
was further examined in experiments with synthetic peptide jn agreement with thig of 6—7 uM for the binding of CLD
analogs of the junction domain of CDIBKFigure 4). CLD  and the junction domain determined by Huang et al.
bound to synthetic peptides containing residues3® but  (submitted). These data show that CLD has a lower affinity
not to the peptide containing residues 3B17. The lack  for its binding site in CDPK than does calmodulin for its
of binding to the latter peptide, which haslagh 9.0, shows  pinding sites in target enzymes. The binding constant of
that complex formation of CLD with the other peptides is CaM with NAD kinase or MLCK is<1 nM and is 25-100

not nonspecific interaction of the basic peptides with the nM with CaMPKII (Hanson & Schulman, 1992; Roberts &
acidic CLD. These data and the results of the blot overlay Harmon, 1992). The apparent low affinity of CLD for
experiments show that a CLD binding site is located between binding the junction domain does not preclude binding from
residues 312 and 328 in the junction domain and fulfill the contributing to activation, however, since the CLD is
first prediction of the binding model. The observations of covalently attached to CDPK and the low binding affinity
Huang et al. (submitted) with AK1, a CDPK froirabi- may be overcome by the high local concentration of each
dopsis are in agreement with our findings. They have shown component.

CLD-CaZ+,—>

manner and (2) that binding of CLD to the junction domain

in the presence of calcium leads to activation of the enzyme.
In this model the single event that leads to activation is
binding between the CLD and the junction domain, therefore
binding and activation should be possible whether or not
CLD is attached to the rest of the molecule.
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The sequences of calmodulin and CLD are only 40% Gilroy, S., Bethke, P. C., & Jones, R. L. (199B)Cell Sci 106,
identical, and CLD is unable to activate the calmodulin- _ 453-461. _
dependent enzymes, cyclic nucleotide phosphodiesteraséj;ggér’f"P&ID'gog'c‘r]l'uEﬁa(r%99;’?2%;:}%?%“3%%?@;&3;'
(PDE) (Harmon et al., 1995), and CaMKII (data not shown). " “geq g0q T : o
CLD does not prevent the activation of PDE by calmodulin, Harmon, A. C., Putham-Evans, C., & Cormier, M. J. (198%nt
suggesting that CLD does not bind to this enzyme (Harmon  Physiol 83, 830-837.
et al., 1995). In contrast to these observed functional Harmon, A. C., Yoo, B.-C., & McCaffery, C. (1998iochemistry
differences, calmodulin can substitute for CLD in the 33 7278-7287.

. . VIR Harmon, A. C,, Yoo, B.-C,, Lee, J.-Y., Zhang, Y., & Roberts, D.
chimeric enzyme CDPK-VU-1 and can support full, M. (1995) inProtein Phosphorylation in Plant®roceedings of

calcium-dependent activity (Table 1). Since both CLD  the Phytochemical Society of Europe (Shewry, P. R., Halford,
(Figures 3 and 4) and CaM (Harmon et al., 1995) bind to N. G., & Hooley, R., Eds.) Vol. 39, pp 267277, Oxford
the junction domain peptides, it is possible that this is the  University Press, Inc., New York. .

property that allows both CLD and CaM to activate CoiPK ~ Harper, J. F., Huang, J. F., & Lloyd, S. J. (198#pchemistry 33

: . 7267-7277.
and the chimera. However, CLD, but not calmodulin, Harper, J. F., Sussman, M. R., Schaller, G. E., Putnam-Evans, C.,

significantly activated HisCDPKo(1—398) (Figure 7). If Charbonneau, H., & Harmon, A. C. (199%Fience 252951—
the binding model (Figure 8) were correct, then both CLD 954,
and CaM should activate HIECDPKa(1—398). The para-  Hashimoto, Y., & Soderling, T. R. (1983rch. Biochem Biophys
dox that calmodulin is able to bind to the junction domain 252 418-425. _
and to function in the activation of the chimera but is unable Hepler, P. K., & Wayne, R. O. (198%nnu Rev. Plant Physiol
to activate HissCDPKa(1—398) suggests that the simple 36, 397439,

- 3' . 99 p lkura, M., Clore, G. M., Gronenborn, A. M., Zhu, G., Klee, C. B.,
binding model is not valid. o & Bax, A. (1992) Science 256632-638.

Our data suggest that intramolecular binding between the Jeno, P., & Thomas, G. (199Methods EnzymoR00, 178-187.
calmodulin-like domain and a binding site in the junction Kemp, B. E., & Pearson, R. B. (1998Jochim Biophys Acta 1094
domain occurs, but that binding is not sufficient for activation . 67_7I6.U K. (1970)Nature 227 680685

- L aemmli, U. K. ature )
orf CDPK. Interaction b%tween CLD. an.d add';uor;]al parts O.f Lowry, O. H., Roseborough, N. J., Farr, A. L., & Randall, R. J.
the enzyme may contribute to activation. Further experi- ~ 1951y]. Biol. Chem 193 265-278.
ments with the Chlmgra and mutant enzymes employing Sité-Macferrin, K. D., Terranova, M. P., Schreiber, S. L., & Verdine,
directed mutagenesis should give insight into the mechanism, G. L. (1990)Proc. Natl. Acad Sci U.SA. 87, 1937-1941.
but definitive proof will most likely require the determination ~ Persechini, A., Kamm, K. E., & Stull, J. T. (1988) Biol. Chem

i 261, 6293-6299.
of crystallographic structures of CDPK. Poovaiah, B. W., & Reddy, A. S. N. (1998)rit. Rev. Plant Sci
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