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ABSTRACT. Ca*-dependent protein kinases (CDPK) have a calmodulin-like domain (CaM-LD) tethered
to the C-terminal end of the kinase. Activation is proposed to involve intramolecular binding of the CaM-
LD to a junction sequence that connects the CaM-LD to the kinase domain. Consistent with this model,
a truncated CDPKANC) in which the CaM-LD has been deleted can be activated in a bimolecular
interaction with an isolated CaM-LD or calmodulin, similar to the activation of a calmodulin-dependent
protein kinase (CaMK) by calmodulin. Here we provide genetic evidence that this bimolecular activation
requires a nine-residue binding segment from F436 to 1444 (numbers correspond to CPK-1 accession
number L14771). Two mutations at either end of this core segment (F436/A and VI444/AA) severely
disrupted bimolecular activation, whereas flanking mutations had only minor effects. Intramolecular
activation of a full-length kinase was also disrupted by a VI444/AA mutation, but surprisingly not by a
F436/A mutation (at the N-terminal end of the binding site). Interestingly, intramolecular but not bimolecular
activation was disrupted by insertion mutations placed immediately downstream of 1444. To show that
mutant enzymes were not misfolded, latent kinase activity was stimulated through binding of an antijunction
antibody. Results here support a model of intramolecular activation in which the tether (A445 to G455)
that connects the CaM-LD to the kinase provides an important structural constraint and is not just a
simple flexible connection.

Ca"-dependent protein kinases (CDPKgrovide the autoregulatory sequence” located immediately downstream
basis for a novel Ca-mediated signal transduction pathway of the kinase domain7( 8). Activation of both CaMKs and
in plants and protistsl-4). They are most closely related CDPKs appears to result from a “release of autoinhibition”
to calmodulin-dependent protein kinases (CaMKs), on the mechanism. In CaMKs, this release from inhibition occurs
basis of protein sequence identity).(However, CDPKs are  as a result of calmodulin binding to a region immediately
unique since they contain an intrinsic calmodulin-like regula- downstream of an autoinhibitory sequence, in a'€a
tory domain (CaM-LD). The protein is organized with a stimulated bimolecular interaction. In CDPKs, activation
kinase domain, a junction domain (with an autoinhibitor somehow occurs as a result of&atimulating an intramo-
sequence), and a C-terminal CaM-LD. This unique structural lecular interaction between the kinase and its tethered CaM-
organization probably arose early in evolution from a genetic LD. The precise nature of this intramolecular interaction is
recombination event that fused a CaMK with a calmodulin. not known.

Similar to a CaMK , 6), CDPKs are kept in a low basal The simplest model for CDPK activation is based on a
state of activity by an “active site-directed, intrasteric direct analogy to a CaMK, with the only distinction being
that the CaM-LD binds to the CDPK in an intramolecular
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of a CaMK, the activation of a CDPK could be reconstituted GCTTCTGCA; KIM-46 (M433/A), dCATCTTAAGGC-
as a bimolecular interaction with a separate calmodulin CATTTTCTTGAACTTGTTCGCTGCAGAAAACTG; KIM-
activator. 45(F436/A),dACTCTTAAGGCCATTTTCTTGGCCTTGTTCA-
The structural feature that distinguishes a CDPK from a TTGCAGAAAACTG; KIM-41 (V-1444/AA), dAAAATG-
CaMK is the tether that physically connects the CaM-LD to GCTCTTAGAGCGGCCGCTGAGAGCTTATCT; KIM-30
the kinase9). To identify the sequence comprising the tether, (L448/A), AGGCCTTAAGAGTCATTGCTGAGAGCGCAT-
we first needed to determine the point where the functional CTGA; KIM-36 (E446/A), AGGCCTTAAGAGTCATTGCT-
CaM-LD binding site ended and the CaM-LD began. A GCTAGCTTATCTGAAGAAG; KJIM-37 (A-E446/GG),
CaM-LD binding site was identified here by testing the effect dGGCCTTAAGAGTCATTGGTGGTAGCTTATCTGAA-
of mutations made in the junction domain for their ability GAAG; KIM-32 (E-E451/AA), AGAGAGCTTATCTGCCG-
to specifically disrupt the ability of an isolated CaM-LD (or CGGAAATCGCCGGCTTG; KIM-34 (one-A insertion),
calmodulin) to activate a truncated kinageNC-wt). Onthe =~ dTTGCCGCGGAGAGCTTATCTGAAGAAG; KJIM-40
basis of this bimolecular activation assay, a nine-residue (three-A insertion), JAAAAATGGCCTTAAGAGTCATTGC-
binding segment was identified at the C-terminal end of the CGCGGCCGCT; KIM-43 (five-A insertion), dAAAATG-
junction domain. Interestingly, insertion mutations made GCCTTAAGAGTCATTGCCGCGGCTGCGGCCGCT; and
immediately downstream of the proposed CaM-LD binding KIM-35 (three-G insertion), dGGCCTTAAGAGTCAT-
site produced a dramatic disruption of intramolecular activa- TGGGGGCGGCGCCGAGAGCTTATCTGA. The KIM-42
tion, but had no significant effect on the reconstitution of (13-residue insertion) mutant was made through a series of
CDPK as two separate components. These results suggesiite specific mutations and subcloning steps, and has the
potentially important differences between the intramolecular sequence starting with the codon for M439: ATGGCCT-
activation of a CDPK and the bimolecular activation of a TAAGAGTCATTGCCGCGGCCCTCGAGATCGAGGGCC-
CaMK. We present two alternative models of CDPK GCATATGCTCGGCCGCT, where GCT is the codon for

activation that illustrate how a structural constraint that A445. _ .
accompanies the tethering of the CaM-LD to the kinase may ANC truncation mutants were made by subcloning mutant

impact the mechanism of intramolecular activation. sequences intdNC-wt. ANC-wt has a truncation of the
N-terminal and CaM-LD domains, resulting in a fusion
MATERIALS AND METHODS protein with an N-terminal GST tag, the CPK-1 sequence

) ] ) from M125 to A454, and a C-terminal six-histidine tad).(

DNA fragments encoding fusion proteins were subcloned 1o ANC mutants ANC-44 andANC-46, did not contain
and expressed iBischerichia colistrains DH1@ or DHSa a C-terminal six-histidine tag and ended with the sequence
(Stratagene, La Jolla, CA). Protein concentrations were a445-ESLSEEIA. This different C-terminal end did not
measured using the Bio-Rad protein assay reagent (Herculesaffect enzyme activation, as indicated by a control NC-wt
CA), with bovine serum albumin (BSA) as a standard. yjth the same C-terminal end (not shown). Mutants made
Glutathione-Sepharose 4B was purchased from Pharmaciaj, ANC constructs were also engineered into full-length
(Piscataway, NJ), nickel resin (NNTA agarose) from  anzymes and given the same number following a KIM prefix
Qiagen (Santa Clarita, CA), calmodulin (bovine) from Sigma (e.g.,ANC-31 and KJM-31) (see Figure 1).
(St. Louis, MO), Syntide-2 from Bachem (Torrance, CA),  The CaM-LD protein used for activation @NC trunca-
protease-free BSA from US Biochemicals (Cleveland, OH), tion mutants, CaM-LD 6H/ST, was made as a fusion protein
and b/'szp]ATP (>50004Ci/mmol) from Amersham (Ar-  containing an N-terminal six-histidine motif and a factor Xa
lington Heights, IL). site (MGGSHHHHHHGMASLEIEGRICSA-A445) and a

Fusion Protein ConstructsThe following constructs  C-terminal c-myc epitope and StrepTag (L600-EAAAPEQK-
encode fusion proteins derived from CPK-1 (previously LISEEDLPDPSAWRHPQFGG¥). The parent vector for this
called isoform AK1). A prefix of “p” denotes the plasmid  construct was pTrcHisA (Invitrogen). The CaM-LD protein
construct that encodes a fusion protein. All constructs were was purified using Ni affinity chromatography as previously
made with the vector pGEX-2TL{) providing an N-terminal  described 7). The CaM-LD was further purified by size-
glutathioneStransferase (GST) affinity tag. In addition, a exclusion chromatography on a Sephacryl S-100 column
six-histidine tag was added to the C-terminal end to produce (Pharmacia) equilibrated with 20 mM Tris-HCI (pH 7.5),
a kinase sandwiched between N- and C-terminal affinity tags 10 mM MgCh, 1 mM EGTA, and 1.1 mM CaGl This
(GST-6H fusion) D). purification step was efficient in removing the CaM-LD

Full-length mutants were made with the parent clone dimer and higher-order aggregates from the monomeric
AK1en (7), a full-length GST-6H fusion of isoform CPK-1.  protein. The purity was 80% as assayed by SB®AGE.
These mutants were termed KJMs (kinase junction muta- Cat/CaM-LD was concentrated by centrifugation in a
tions). Most mutations were made by PCR amplification of Centricon-10 filtration unit and stored at20 °C.
a region using a primer containing the mutant sequence, Expression and Purification of Mutant CPK-1 Enzymes.
followed by the insertion of the modified fragment into a The wild type and mutant CPK-1 enzymes were purified
full-length clone. Some mutations were made by insertion from E. coli as GST-6H fusion proteins as previously
of oligonucleotide adapters. All mutations and PCR-amplified described 7). SDS-PAGE analysis and Coomassie blue
sequences were confirmed by DNA sequencing at the Scrippsstaining were used to check the purity and relative concen-
Biotechnology Core Facility using an Applied Biosystems tration of the different enzyme preparations.
automated DNA sequencer. The following oligonucleotides  Kinase AssayProtein kinase activities were assayed with
were used as PCR primers to generate mutations: KJM-310.05ug of enzyme in a 5QiL reaction mixture with 300
(F340/A), dTCTGCTGTTCTCTCGAGAATGAAGCAG- uM ATP spiked with [-32P]JATP (40 Ci/mol), 100uM
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N K J  CaM-lD significant. All mutant enzymes showing a potential disrup-
CPK-1 % tion of activity were confirmed by an analysis of at least
) 7 O -GH two independent enzyme preparations.
AN GST L - ANC Mutants All ANC mutants were initially tested for
ING-wt activation by 10uM calmodulin (Table 1) and 1M
isolated CaM-LD (Table 2). The contraINC-wt was fully
o AMNKFKKMALRVI AESLSEEEIA  Adhuiy activated by both activators, although calmodulin produced
swbstiution 433 436 aa ads aas NG FL. a 5-fold higherVnyax compared to the isolated CaM-LD
B A + o+ (Figure 2). In contrast to the activation &fNC-wt, two
6 LAl v mutants, ANC-41 (VI444/AA) and ANC-45 (F436/A),
- e =Y showed a dramatic disruption of activation{30% of the
30 R R v o ANC-wt activity). The most severe disruption was observed
o Ghee 0 for mutantANC-45 (F436/A), which showed no stimulation

above basal activity, even at a concentration of the activator
34 A u that was 4-fold higher (i.e., 4@M calmodulin or CaM-LD)

40 A - (Figure 2). MutantANC-41 (V1444/AA) showed a partial

I e oL but very weak stimulation by both calmodulin and an isolated

42 AAALEIEGRICSA.......... vo- CaM-LD. TheKg for both calmodulin and CaM-LD was
FiGuRe 1: Diagram of CPK-1 showing the locations of mutations estimated to be-13 uM (Figure 2). ThisK,e was probably
made in a full-length (KIJM constructs) and truncated kinaee@ underestimated since the enzyme activity did not appear to

constructs). N, N-terminal domain (residues149); K, catalytic . . . _
domain (residues 156413); J, junction domain (residues 444 reach a maximum even at the highest calmodulin concentra:

444); and C, CaM-LD (residues 44510). Four C&'-binding EF-  tion tested in our assay (i.e., 40). Nevertheless, this value
hands are represented by black boxes in the CaM-LD. The sequencas still significantly higher than an approximaig.of 2 uM
from F430 in the junction region to E452 in the CaM-LD is shown. observed with the activation of a contrANC-wt.

The sequence shown from residue 436 to 444 corresponds to the The observation that mutations F436/A and VI444/AA
proposed bhinding site, and the sequence from residue 445 to 455

identifies the proposed tether. Mutations are identified by numbers. d|§rupted the actlyat|on of a truncat_ed k|r}ase IS c0n§|st§nt
Most mutations were made in both/&NC truncation construct  With the hypothesis that these mutations disrupted a binding
(designated by the prefiANC) and a full-length enzyme (desig- ~ site, resulting in no significant binding (e.g., F436/A) or
nated by the prefix KJM which stands for kinase junction mutation). hinding with a reduced affinity (e.g., VI444/AA). However,

A summary is shown to the right indicating the effect of each ; ; fo ;
mutation on the activation of the truncatesNC) and full-length an alternative artifactual explanation is that the mutations

(F.L.) constructs: ) constitutive deregulated activity, (u) unde- Eause'fj the enzymes to be misfolded, thereby resulting in
tectable change in activation, and)(disrupted activation. dead” enzymes. To show that these mutants had latent

i _ activity (i.e., they were not simply dead), we tested for their
Syntide-2, 20 mM Tris-HCI (pH 7.5), 10 mM Mggl1 mM potential to be activated by a purified antijunction polyclonal
EGTA, and 0.5 mg/mL BSA, with or without 1.1 mM CaCl |4 (Table 2). This antiserum was previously shown to
(7). Reactions were carried out for 15 min at 22 and  gctivate both a full-length and truncated kinase in the absence
terminated by spotting 20L of the mixture onto phospho- 4t c2+ or calmodulin, presumably by binding to a sequence
cellulose filter paper (P81 from Whatman) and immediately \yithin the junction and blocking its ability to function as an
immersing itin 75 mM phosphoric acid. Filters were washed gioinhibitor. ANC-41 (VI444/AA) was fully activated by
twice with the same solution and twice with® at 22°C  ne anijunction 1gG activation control, consistent with the
with gentle agitation for 5 min for each wash. Antijunction  hypothesis that the mutation specifically disrupted the ability
IgG T857 was purified using a protein G affinity column  of the enzyme to be activated by calmodulin or a CaM-LD.
(7) and added to kinase reaction mixtures for a 30 min A|though ANC-45 (F436/A) was only partially activated to
!ncubatlon on ice prior to starting the reaction. Both the 3504 activity, this still represented a significant 7-fold
isolated CaM-LD and calmodulin were loaded with?Ca  gimulation. A potential explanation for a weaker response
prior to addition to assays. Both activators were resuspendecq antibody activation is that the F436/A mutation may also
in a large volume of kinase buffer [20 mM Tris-HCI (pH  gjter the recognition site for the antibody, which binds to an
7.5), 10 mM MgC}, 1 mM EGTA, and 1.1 mM Cag] such undetermined site(s) in the junction. Thus, the retention of
that the molar ratio of calmodulin to CaQtas 1:4, followed  |atent activity in these mutants indicated that both mutations
bylconcentratlon by centrifugation in a Centricon-3 filtration (V1444/AA and F436/A) specifically disrupted activation of
unit and storage at20 °C. the truncated kinase by either calmodulin or an isolated CaM-

LD.

RESULTS The results described above are consistent with the

To delineate the intramolecular binding site for the CaM- hypothesis that residues between F436 and 1444 are part of
LD, a series of mutations were made in the junction domain a core CaM-LD binding sequence. Additional mutations
(Figure 1) and tested for their effect on the activation of both made upstrean?f and downstreams] appeared to a have
truncated ANC-wt) and full-length (AK1-6H) versions of  significantly weaker effect or no effect at all on activation
isoform CPK-1. The purity of all enzymes was judged to be (Tables 1 and 2). In cases where a mutation showed a weak
within +20% of that of the wild-type control, as indicated effect, such as the L448/A mutant that reduced activation
by evaluating a dilution series of both proteins by SDS levels by an isolated CaM-LD to 55%, there was no apparent
PAGE and Coomassie staining. Therefore, only differences change in the&,, suggesting that the mutation in question
in specific activity of >20% were considered potentially did not weaken the affinity of the binding site. In addition,
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Table 1: Calmodulin Activation of Truncated Kinase Mutants of CPK-1
kinase activity (umol min~t mg™?)

cat/CaM with antijunction estimated ¢
enzyme n cat (20uM) % of ANC-wt IgG® (uM CaM)

ANC-wt 3 0.04 2.24 100 2.30 1805
substitution

ANC-31 (F430/A) 3 1.00 3.10 138 hd <1.¢

ANC-46 (M433/A) 2 0.13 1.50 67 2.30 1.5

ANC-45 (F436/A) 2 0.14 0.12 5 0.83 NSA

ANC-41 (VI444/AA) 2 0.06 0.67 30 2.60 14

ANC-30 (L448/A) 1 0.14 2.94 131 2.40 2.5
insertion after 1444

ANC-35 (+3 G) 2 0.10 2.50 112 2.60 2.1

ANC-34 (+1 A) 1 0.09 2.02 90 nd nd

ANC-43 (+5 A) 2 0.04 2.20 98 1.60 3.0

ANC-42 (+13 residues) 1 0.07 2.00 89 nd nd

a Specific activities were averaged from at least two assays of independent enzyme prepamatidise(zyme preparations were initially
tested for activation in the presence of 4Bl calmodulin (CaM) in a standard plus €akinase assay mixturé.The % activity was based on
reactions in the presence of M Ca*/calmodulin.¢ Sixty micrograms of antijunction IgG was usedAt least one preparation for each mutant
was assayed in the presence of increasing amounts of calmolglimas calculated as the inverse of the slope from a line obtained by plotting
the kinase specific activity vs the kinase specific activity divided by the CaM-LD concentration. Three assays of indep@entpreparations
showed a range df.. values from 0.6 to 3.4% For two independemANC-31 preparations, maximal kinase activity was reached in the presence
of 2 uM Ca?*/calmodulin.” nd, not determined? NSA, no significant activation.

further upstream. These additional mutations, M433/A and
F430A, were made to disrupt large hydrophobic residues that
may provide alternative anchor residues for the start of a

Table 2: Calmodulin-like Domain Activation of Truncated Kinase
Mutants of CPK-1

kinase activit§

(umol min~1 mg-1) typical calmodulin binding sequence. The nearest upstream
C#HCaM-LD % of  estimated<ucf mutation, M433/A, failed to produce any detectable effect
enzyme nCe&* (10uM) ANC-wt® (uM CaM-LD) on activation using a recombinant CaM-LD, although a slight
ANC-wt 2 0.05 0.44 100 3813 inhibition was observed for activation by calmodulin (i.e.,
substitution reduced to 67% activity compared to that of a wild-type
e ﬁ;‘ggf‘g) Lo 30 o <1§d2 control). Nevertheless, since the for both CaM and an
ANC-45 (F436/A) 2 0.10 0.07 16 NSA isolated CaM-LD was equivalent to that observed in the
ANC-41 (VI444/AA) 2 0.05 0.07 16 13 activation of the controANC-wt, these mutations do not
~ ANC-30(L488/A) 10.04  0.24 55 3.3 appear to disrupt a binding site.
insertion after 1444 . : .
ANC-35 (+3 G) 1 0.10 0.24 55 21 The F430/A mutation (lnANC'31), which was made
ANC-43 (5 A) 1 0.03 0.20 45 0.5 further upstream, also failed to change the apparent affinity

a Specific activities were averaged from at least two assays of Of the binding site. However, this mutation was more difficult
independent enzyme preparatiom$. (All enzyme preparations were {0 evaluate since it also showed a partial disruption of the
initially tested for activation in the presence of 4Bl calmodulin-like autoinhibitor. As a result, theANC-31 mutant enzyme
domain (CaM-LD) in a standard plus Einase assay mixturé.The displayed high basal activity and was only stimulated 3-fold
% activity was based on reactions in the presence oflOCZ"/ by calmodulin or a CaM-LD. Nevertheless, a 3-fold stimula-

calmodulin.¢ At least one preparation for each mutant was assayed in . . .
the presence of increasing amounts of CaM-KRywas calculated as  tion was sufficient to allow th&ac:for both calmodulin and

the inverse of the slope from a line obtained by plotting the kinase CaM-LD to be estimated to be 1M, equivalent to the
specific activity vs the kinase specific activity divided by the CaM- K, determined for the activation of the contr@NC-wit.
LD concentration: Maximal activity was reached in the presence of 1| ength Mutants.Selected mutations were also ex-
2 M Cet/calmodulin. NSA, no significant activation. amined in the context of a full-length enzyme (Table 3). The
purpose was to test whether mutations would have similar
none of these “weak effects” were observed for activation effects on bimolecular and intramolecular activation.
by both calmodulin and an isolated CaM-LD, further |5 agreement with expectations, the VI444/AA mutation
sypporting the_hypothesis thatacomm_on functional binding jn the context of a full-length kinase (KJM-41) caused a
site was not disrupted by these mutations. significant disruption of intramolecular activation. Mutant
The five mutations made on the downstream side of the KIM-41 (VI1444/AA) was only partially activated by €a
proposed binding sequence included insertions immediatelyto a level that was approximately 56% of that of a control
after the 1444 position, such as a three-G insertion in mutant wild-type enzyme. As mentioned above, this mutation
ANC-35. The three-G insertion was made to disrupt a significantly reduced th&, for the activation of truncated
potential extension beyond 1444 of a putative amphipathic kinase by calmodulin or an isolated CaM-LD. Together, these
basic helix. The failure to disrupt activation with multiple results support the hypothesis that the VI444 position is part
insertion mutations at this location strongly supports the of an intramolecular binding site required for activation of
contention that a binding site does not extend downstreama full-length kinase.
of 1444. In contrast to expectations, the F436/A mutation (in mutant
Similarly, two mutations made upstream of F436 support KIM-45) failed to show a significant disruption of intramo-
the hypothesis that the core binding sequence does not extentecular activation (i.e., its activity was 84%). This result was
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Ficure 2: Activation of selected\NC constructs by calmodulin and an isolated CaM-LD. Kinase activities were assayed in the presence
of increasing concentrations of calmodulin (A) or an isolated CaM-LD (B) under standard assay conditions with 0.1 mM*fresir@a
Syntide-2 as a peptide substrate. Calmodulin and an isolated CaM-LD were preloaded 3tith &zep the CH concentration constant

for different titration points.

Table 3: C&"-Dependent Kinase Activities of Full-Length Mutants
of CPK-1

kinase activity
(umol min~t mg™1)

without  with % activity
enzyme n Ca&" Cat  of AK1-6H (wt)®
AK1-6H (wt) 4 0.09 3.20 100
substitution
KJIM-31 (F430/A) 2 1.3 3.30 103
KJIM-46 (M433/A) 3 0.10 2.86 89
KJIM-45 (F436/A) 4 0.06 2.70 84
KIM-41 (V-1444/AA) 4 0.06 2.70 84
KJIM-30 (L448/A) 1 0.06 2.58 81
KJIM-36 (E446/A) 2 0.10 2.85 89
KJIM-37 (A-E446/GG) 1  0.07 3.01 94
insertion after 1444
KIM-34 (+1 A) 3 005 0.88 27
KJIM-40 (+3 A) 1 0.09 1.28 39
KJIM-43 (+5 A) 2 004 0.04 11
KJM-35 (+3 G) 2 0.05 0.16 5
KIM-42 (+13 residues) 1 0.04 0.10 3

a Specific activities were averaged from at least two assays of
independent enzyme preparations). (For AK1-6H, independent
enzyme preparations showed activities that varied within the range of
0.04-0.13 without C&" and 3.05-3.4 with C&", while the extent of
activation ranged from 24- to 76-fold.The % activity was based on
reactions in the presence of Ca

unexpected since the same mutation in the context of a
truncated kinase resulted in a complete disruption of bimo-
lecular activation, more severe even than the VI444/AA

mutation. To be absolutely certain that the KIM-45 mutant

enzyme still harbored the F436/A mutation, the mutation was
confirmed by resequencing the plasmid construct isolated
directly from a culture used for the expression and assay of
this mutant kinase.

In contrast to expectations, the most dramatic disruption
of intramolecular activation was observed for insertions made
immediately after 1444. These mutations had no significant
effect on the activation of a truncated kinase by calmodulin,
although there was a weak disruption of activation by an
isolated CaM-LD. The most severe disruption of a full-length
kinase occurred with a 13-residue insertion (KJM-42; 3%
activity), while the least severe occurred with a three-A
insertion (KJM-40; 39% activity). The length and amino acid
content of the insertion sequences appeared to influence their
degree of disruption. For example, increasing the insertion
length from one A (KIM-34) to five A (KIM-43) made the
disruption more severe, yielding activities of 27 and 11%,
respectively. In addition, changing the amino acid composi-
tion of the insertion sequence from a three-A (KIJM-43) to a
three-G sequence (KJM-35) increased the level of disruption
to yield 39 and 5% relative activities, respectively.

Two lines of evidence indicate that the reduced activity
of these insertion mutants resulted from a specific disruption
in their activation mechanism, rather than from a nonspecific
artifact such as protein misfolding. First, all insertion mutants
had a basal activity comparable to that of the wild-type
enzyme. Second, with two representative insertion mutants,
KIM-43 (plus five A) and KIM-35 (plus three G), we
established that they could be further activated beyond their
Ca&*-stimulated levels by an antijunction antibody (to
approximately 50% wild-type activity), as was done for
selectedANC constructs (Table 3).

DISCUSSION

The initial objective of this study was to identify the
binding sequence used by the CaM-LD during the®'Ca
activation of a CDPK. While our approach successfully
identified a functional CaM-LD binding site required for a

In agreement with expectations, additional substitution pimqjecular activation mechanism, it also produced evidence
mutations made upstream and downstream of F436 andiat intramolecular activation may involve significantly

VI444, respectively, did not block intramolecular activation. gifferent interactions.

The mutation F430/A, which disrupted the autoinhibitor in

Evidence for a Nine-Residue CaM-LD Binding Sequence.

the truncated kinase, also disruptEd the autoinhibitor in the Three lines of evidence indicate that a nine-residue b|nd|ng

full-length enzyme (KJM-31). In the absence oRPCaKIM-
31 displayed a basal activity that was 40% of that of & €a

sequence from F436 to 1444 (in isoform CPK-1) is required
for activation of a truncated kinase by an isolated CaM-LD.

activated wild-type enzyme. There was no indication that First, two mutations (F436/A and VI444/AA) at opposite
the F430/A mutation disrupted the intramolecular interaction ends of this proposed binding sequence severely disrupted

with the CaM-LD since C& was still able to further
stimulate KIM-31 to greater than 100% activity.

the potential activation oANC constructs by either an
isolated CaM-LD or calmodulin. Importantly, both of these
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hydrophobic residues at their N- and C-terminal ends.
Similarly, the proposed CaM-LD binding sequence here has
the potential to form a basic amphipathichelix and is
flanked by bulky hydrophobic residues (F and I).

The N-terminal anchor residue (F436) of the proposed

FiGURE 3: Sequence comparison between the junction and the binding CaM-LD binding site aligns closely with the

regulatory domains of CaMKI2@), CaMKII (24), and skMLCK
(25). The positions of two helicestR1 andoR2, formed in the
regulatory segment of CaMKI are indicateti6f. CaM-binding
domains in CaMKII and skMLCK and the putative CaM-binding
domain in CaMKI are underlined. The position of the proposed
tether in CPK-1 is denoted with asterisks.

N-terminal hydrophobic residues identified in MLCK (W583),
CaMKIl (L298), and CaMKI (303). For nmMLCK, an
alanine substitution at this N-terminal position was shown
to disrupt calmodulin binding and activatioB)( Likewise,

the corresponding mutation F436/A analyzed here in CPK-1
also disrupted the analogous bimolecular activation of a

mutant enzymes displayed latent kinase activity that could truncated kinase by calmodulin or an isolated CaM-LD.

be stimulated by an antibody that binds to the junction

The C-terminal anchor residue (1444) in the proposed

(autoinhibitory) region. This control indicated that the mutant inging site aligns one residue short of the analogous position
proteins were not misfolded. These results are consistent withiy caMKII. The relative shortness of the CaM-LD binding

a proposed CaM-LD binding site, including the sequence sequence may contribute to its 20-fold lower affinity for

from F436 to 1444.

calmodulin (or a CaM-LD) compared to that of the binding

Second, five mutations made downstream of the sequencesjte in CaMKIl, as previously determine@)( This weaker

from F436 to 1444 failed to disrupt the activation ANC

affinity may be important in counterbalancing the increased

constructs, including a three-G insertion made immediately yiving force for binding that results from tethering the CaM-
after 1444. The rationale for making a three-G insertionwas | p to the kinase which effectively increases the local

disruption of an amphipathic basic helix that might extend

downstream of 1444. Amphipathic basic helices are charac-
teristic of calmodulin binding sequences proposed for typical
CaMKs. Since every downstream insertion and substitution
failed to disrupt activation, as indicated by normal concentra-

tions of an isolated CaM-LD or calmodulin required for half-
maximal activity, a functional CaM-LD binding sequence

does not appear to require specific residues downstream o

1444,

Third, two mutations made upstream of F436 also failed

to disrupt the activation oANC constructs. These mutations

were made as alanine substitutions of the first two upstream
hydrophobic residues. The rationale was to disrupt hydro-
phobic residues that might serve as alternative hydrophobic

anchor residues for the N-terminal end of a typical calm-

odulin binding sequence. Since both substitutions failed to

disrupt activation, it appears that a CaM-LD binding

concentration of activator.

(2) Autoinhibitor.In the process of evaluating hydrophobic
residues for their contribution to a CaM-LD binding site,
we observed that mutation F430/A disrupted the autoinhibitor
in CPK-1. This mutation resulted in a partially deregulated
enzyme with a basal activity that was approximately 40%

f that of a fully activated wild-type enzyme. In CaMKII,
he equivalent position (Figure 3) also appears to function
in autoinhibition, as shown by a mutational analysi$)(
Consistent with this genetic evidence, a crystal structure of
CaMKI shows a corresponding Phe as part of a potential
pseudosubstrate autoinhibitor structure that interacts with a
hydrophobic pocket in the kinase domaib6)l. A large
hydrophobic residue at this position was proposed to mimic
the P-5 residue of a substrate sequence. Thus, there appears
to be a very close correspondence in the position of
autoinhibitors in both CDPKs and CaMKs.

sequence does not require additional hydrophobic residues

upstream of F436.

Therefore, a core binding sequence for the CaM-LD can

be functionally assigned to residues F43644. The same

core sequence appears to be equally recognized by calm

odulin and an isolated CaM-LD. Both activators produced
half-maximal activation between 2 angu81. This value is

In some CaMKs, such as nmMLCK, there is evidence that
the core sequences for autoinhibition and calmodulin binding
are nonoverlapping 5( 17). Consistent with a similar
separation of regulatory sequences, we failed to find any
mutations that disrupted both the CaM-LD binding site and
autoinhibitory sequences. The closest autoinhibitory mutation

in close agreement with their measured binding affinities (F430/A) lies six residues upstream from the proposed CaM-

(Kg's of 2—3 uM), as determined by kinetic binding
measurements using plasmon resonance techna®gyhe
ability of calmodulin to functionally interact with a CaM-
LD binding sequence is not surprising since a functional full-

LD binding site. This suggests that the primary sequence
representing the core CaM-LD binding site is distinct from
the autoinhibitor.

The results presented above indicate that CDPKs and

length CDPK was successfully engineered by replacing the CaMKs share significant similarities in the architecture of

CaM-LD with a true calmodulin sequence (B.-C. Yoo and
A. C. Harmon, 1996).

Similarities between a CDPK and CaMK. (1) CaM-LD
Binding Sequencé&he proposed CaM-LD binding segment
is shown as an alignment with three calmodulin binding
domains from related CaMKs (MLCK, CaMKII, and CaM-
K1) in Figure 3. In all three CaMKs, the calmodulin binding
sequence is thought to form a basic amphipatiibelix
when bound by calmodulinlf—14). These calmodulin-
binding domains, although variable in length, have bulky

their autoinhibitory domains. Such parallels are not surprising
if CDPKs actually evolved from a fusion of a CaMK and
calmodulin.

Location of the TethelThe structural feature that makes
a CDPK distinct from a CaMK is the tether that physically
connects the CaM-LD to the kinas®)( In the simplest
models of CDPK activation the tether was hypothesized to
form a flexible connection that functioned as a hinge to allow
the CaM-LD to interact with the upstream autoinhibit@y (
8).
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FIGURE 4. Sequence comparison between the N-terminal regions

of CaM-LDs and calmodulin-related proteins. Residues conserved

between calmodulin and other proteins are shaded. Numbers at the
beginning and end of the sequence indicate the residue position in
the complete protein sequence. The first sequence shows the 38 C (-) Bound State

N-terminal amino acid residues of calmodulin. This region includes Fcure 5: Two alternative models for CDPK activation. The

the first EF-hand, identified above as E-hefimop—F-helix. A interaction of the autoinhibitor with the kinase is indicated by a
canonical EF-hand consists of a 10-residudelix (E-helix), a solid line (kinase off) or dotted line (kinase on). The tether functions
Cé*-binding loop, and an 11-residuehelix (F-helix). In calm- as a flexible linker in model | (simple analogy to a CaMK), whereas

OdU”n, theo-helical nature of the E-helix extends in the N-terminal in model Il it forms a r|g|d structure that pre-positions the CaM-

direction to at least E6 without any disruption. (A) Aligned below | p in alignment with the junction. In both models, a partial binding
the calmodulin sequence are the CaM-LD sequences of 12 CDPKijnteraction is shown for the C-terminal lobe of the CaM-LD.
isoforms fromArabidopsis CPK-1-12 (26). Regions identical to

calmodulin are shaded. The proposed tether is denoted with e . . . . .
asterisks. (B) The corresponding N-terminal regions for two highly be artificially stimulated by an antijunction antibody. While

divergent CDPKs are shown: isoform CRK from carrdi)(and it is not clear how these insertions disrupted activation, they
isoform pfCPK-1 from plasmodiungj. (C) Three members of the  suggest that the tether’s length or secondary structure plays
S100 protein family are shown: Calgran C from porcine and g critical role in either mediating “proper” intramolecular
Calcyclin and S100P from human [alignment for S100 proteins is binding or somehow coupling the binding interaction to a

from Potts et al. (27)] “release of inhibition”.

We propose here that the tether is comprised of an 11- Second, the F436/A mutation in the proposed CaM-LD
residue segment connecting the C-terminal end of the Cam-binding site failed to disrupt intramolecular activation but
LD binding sequence to the first EF-hand in the CaM-LD severely disrupted bimolecular activation. This is in contrast
(i.e., A445-G455). This region is shown in an alignment 10 the VI444/AA mutation at the opposite end of the binding
with otherArabidopsisCDPKs and calmodulin-like proteins ~ Site that dlsrupteql both intra- and b|_mol_ecular activation.
in Figure 4. Two features of this region appear to be notable. These results indicate that the contribution of F436 to an
First, this region is highly conserved between calmodulin interaction with the CaM-LD is not equn_/alent in bimolecular
and typical CDPKs, but less so with other calmodulin-like and intramolecular activation mechanisms.
proteins. This similarity includes the retention of three or  Third, despite the ability to reconstitute CDPK activity as
more acidic residues. This is of interest since calmodulin two components, the highe$tn.x that was obtained was
activation of MLCK appears to require an acidic motif (EEQ- always less than 50% of that of a full-length kinase, after
8) in this region 18). Second, in contrast to a Glu in position normalizing activities per mole of enzym@)(This was true
11 in calmodulin, a Gly occupies the corresponding position whether activation was reconstituted with either calmodulin
in 9 of 12 ArabidopsisCDPKs. This is of interest since a or an isolated CaM-LD. A similar partial reconstitution was
Gly in this position may help break anhelix and provide reported for a truncated soybean CDPK isoforf0)(

a turn to help reorient the CaM-LD so it can interact with Together, these three results suggest that the physical
its upstream binding site. connection between the binding sequence and the CaM-LD

The Sum of the Parts Does Not Equal the WhDlkespite provides an important structural constraint that is required
the similarities between CDPKs and CaMKs, three results for optimal activation.
suggest important differences between intramolecular and Alternative Models for Intramolecular Actation. Two
bimolecular activation. general models for activation of a CDPK are presented in

First, all five insertions made in the tether disrupted Figure 5. Both models involve intramolecular binding of the
intramolecular but not bimolecular activation. This disruptive CaM-LD, consistent with prior evidence for intramolecular
effect ranged from 95% disruption (three-Gly insertion) to binding between the CaM-LD and junctio®)( Model |
60% (three-Ala insertion). These results were unexpectedprovides the most direct analogy to a CaMK paradigm. In
since it was postulated that a flexible tether should be ablethe apo state, the CaM-LD is unbound; activation occurs
to accommodate an insertion of three Gly or Ala residues. when C&" induces the CaM-LD to bind to the junction. In
Importantly, these mutants were not misfolded, as indicated this model, the tether functions as a simple flexible connec-
by their normal levels of basal activity and their ability to tion that allows the CaM-LD to freely bind and dissociate.
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While the simplicity of this model is appealing, itis not easily 2.
reconciled with observations that the tether’s function was
disrupted by insertions that were expected to increase its
flexibility, such as a three-G insertion. Model Il illustrates
an alternative model in which the tether functions as a rigid
structure. In this model, a necessary consequence of a more g,
rigid tether is a pre-positioning of an apo CaM-LD aligned
with its target binding sequence. In this case, activation
would result from C& inducing a subtle change in
conformation as opposed to the “de novo formation” of the
bound complex.

For both models shown here, the conformation of the final g
C&'-activated state is the same. A subtle feature of that
activated state illustrated in Figure 5 is the hypothesis that 9
the two lobes of the CaM-LD are functionally nonequivalent.
Prior mutational studies on a plasmodium CDPK (PfCPK-
1) indicated that mutations in the C-terminal lobe of the
CaM-LD (that disrupted the Cabinding properties of EF-
hands 3 and 4) had only minor effects on activation. In
contrast, parallel mutations of EF-hands in the N-terminal 13
lobe caused a severe disruption of activiiy9)( Results
presented here provide complementary evidence showing that 14.
the C-terminal half of the target CaM-LD binding site is more
important than the N-terminal half, as indicated by the greater 15.
disruption of intramolecular activation caused by the muta-
tion VI444/AA compared to F436/A. Taken together, these 14
results suggest an antiparallel mode of binding between the
CaM-LD and junction, with activation mediated primarily  17.
through an interaction of the N-terminal lobe of the CaM-

LD with the C-terminal end of the binding site. This feature
may be significant in considering other CDPK-related kinases ;g
in which one or more EF-hands appear to be 1@§; 1). '

In summary, while the mechanism of intramolecular 19
activation of a CDPK is significantly similar to the bimo-
lecular activation of a CaMK, evidence presented here 20.
suggests caution in interpreting results based on separating
CDPK into two components. The tether that normally
connects a CDPK to its CaM-LD appears to function as more
than a simple flexible connection, and its role in the
activation mechanism is sensitive to insertions that are 23
presumed to increase its length and flexibility. Whether a
tethered CaM-LD confers CDPK with a unique biochemical 24.
and biological activity is still not clear. Nevertheless, this
tethered arrangement has apparently allowed different CDPK
isoforms to evolve with the potential to sense and respond
to different C&" concentrations2?2). 26

11
12.
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