THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 11, pp. 79567968, March 9, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Phosphorylation of Calcineurin B-like (CBL) Calcium Sensor
Proteins by Their CBL-interacting Protein Kinases (CIPKs) Is
Required for Full Activity of CBL-CIPK Complexes toward

Their Target Proteins™

Received for publication, July 6, 2011, and in revised form, January 16,2012 Published, JBC Papers in Press, January 17,2012, DOI 10.1074/joc.M111.279331
Kenji Hashimoto®, Christian Eckert’, Uta Anschiitz®, Martin Scholz*, Katrin Held", Rainer Waadt'', Antonella Reyer®,

Michael Hippler®, Dirk Becker®, and J6rg Kudla®™

From the ¥Institut fiir Biologie und Biotechnologie der Pflanzen, Universitét Miinster, Schlossplatz 4, 48149 Miinster and the
8 Julius-von-Sachs-Institut fiir Molekulare Pflanzenphysiologie und Biophysik, Universitét Wiirzburg, Julius-von-Sachs-Platz 2,

97082 Wiirzburg, Germany

Calcineurin B-like proteins (CBLs) represent a family of cal-
cium sensor proteins that interact with a group of serine/threo-
nine kinases designated as CBL-interacting protein kinases
(CIPKs). CBL-CIPK complexes are crucially involved in relaying
plant responses to many environmental signals and in regulat-
ing ion fluxes. However, the biochemical characterization of
CBL-CIPK complexes has so far been hampered by low activities
of recombinant CIPKs. Here, we report on an efficient wheat
germ extract-based in vitro transcription/translation protocol
that yields active full-length wild-type CIPK proteins. We iden-
tified a conserved serine residue within the C terminus of CBLs
as being phosphorylated by their interacting CIPKs. Remark-
ably, our studies revealed that CIPK-dependent CBL phosphor-
ylation is strictly dependent on CBL-CIPK interaction via the
CIPK NAF domain. The phosphorylation status of CBLs does
not appear to influence the stability, localization, or CIPK inter-
action of these calcium sensor proteins in general. However,
proper phosphorylation of CBL1 is absolutely required for the in
vivo activation of the AKT1 K* channel by CBL1-CIPK23 and
CBL9-CIPK23 complexes in oocytes. Moreover, we show that
by combining CBL1, CIPK23, and AKT1, we can faithfully
reconstitute CBL-dependent enhancement of phosphorylation
of target proteins by CIPKs in vitro. In addition, we report that
phosphorylation of CBL1 by CIPK23 is also required for the
CBL1-dependent enhancement of CIPK23 activity toward its
substrate. Together, these data identify a novel general
regulatory mechanism of CBL-CIPK complexes in that CBL
phosphorylation at their flexible C terminus likely provokes
conformational changes that enhance specificity and activity of
CBL-CIPK complexes toward their target proteins.

Intracellular release of Ca®" ions belongs to the earliest
events in signal perception in eukaryotes (1-3). In plants, a wide
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range of abiotic and biotic stimuli, including light, high and low
temperature, mechanical disturbance, drought, salt and
osmotic stresses, plant hormones, and pathogen elicitors
induce specific and distinct spatio-temporal patterns of
changes in cytosolic free Ca®>* concentration, designated as
“Ca®" signatures” (4—6). In addition, physiological processes
like stomata movement, root hair elongation, and pollen tube
growth are accompanied by distinct spatio-temporal changes in
Ca®" concentration (5, 7). Ca>"-binding proteins are involved
in sensing and relaying these signals to downstream signaling
and adaptation responses. Such calcium sensor proteins, like
calcineurin B, calmodulin, and neuronal calcium sensors in ani-
mals and calcineurin B-like proteins (CBLs),® calmodulin, and
calmodulin-like proteins in plants, sense and forward local
changes in Ca>" concentration to their target proteins or to the
regulation of transcriptional responses (8 —14). Although, with
the exception of calcium-dependent protein kinases, these
Ca®"-binding proteins do not have an enzymatic activity on
their own, binding of Ca®>* ions results in an increased affinity
for and subsequent activation or deactivation of interacting
proteins (6, 15, 16).

CBL proteins, which are most similar to calcineurin B and
neuronal calcium sensor proteins, have been recognized as ful-
filling crucial functions in diverse Ca®>* -dependent processes in
plants (17, 18). In Arabidopsis, 10 CBLs that specifically interact
with distinct family members of the 26 CIPKs form a network-
like signaling system for specific stimulus-response coupling
(17, 19). The calcineurin B-like calcium sensor SOS3/CBL4 and
the CIPK-type kinase SOS2/CIPK24 have been identified in
genetic screens. They appear to be part of a calcium-regulated
signaling pathway that specifically mediates salt stress signaling
and adaptation by regulating the Na*/H™ antiporter SOS1
(20-24). Especially reverse genetics analyses, often in combi-
nation with electrophysiological studies, have uncovered
important functions of CBLs and CIPKs in abiotic stress
responses and in the regulation of plant ion homeostasis. Anal-
yses of two CBL1 loss-of-function alleles revealed that disrup-
tion of the CBL1 gene renders plants hypersensitive to drought

3 The abbreviations used are: CBL, calcineurin B-like; CIPK, CBL-interacting
protein kinase; BiFC, bimolecular fluorescence complementation; ABA,
abscisic acid.
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and salt stress and impairs the regulation of stress-responsive
genes (25, 26). Alternative complex formation of the kinase
CIPK1 with either CBL1 or CBL9 mediates abscisic acid (ABA)-
dependent and ABA-independent signaling responses (27).
Recently, several studies reported that CBL1 and CBL9 form
complexes with and function synergistically in regulating their
target kinase CIPK23 (28, 29). Upon activation by CBL1 or
CBL9, CIPK23 phosphorylates the K™ channel AKT1 and con-
tributes to K™ uptake under limiting K* supply conditions.
Moreover, CBL1/CBL9 and CIPK23 appear to function in reg-
ulating nitrate sensing and uptake, because biochemical and
reverse genetics analyses identified CIPK23 as a critical regula-
tor mediating the switch between low and high affinity nitrate
transport modes by phosphorylating the nitrate transporter
CHL1/NRT1.1 (30). Together these findings point to a central
role of the CBL-CIPK network in regulating ion fluxes in plants
(31).

All CBL proteins share a rather conserved core region con-
sisting of four EF hand Ca**-binding sites that are arranged in
completely invariant spacing within the protein (9). CIPK-type
kinases are composed of a conserved N-terminal kinase domain
and a C-terminal regulatory domain, which are separated by a
variable junction domain. Within the rather divergent regula-
tory domain, the conserved NAF domain has been identified as
required and sufficient for mediating CBL interaction (19, 32).
With regard to the biochemical mechanisms of CBL-CIPK
function, analyses of the crystal structures of CBL4/SOS3 and
CBL2 in complex with Ca®>" revealed how these proteins are
able to sense Ca®" (33, 34). Increases in cellular Ca*>* lead to
changes in the global conformation of the CBL proteins that
increase the hydrophobic character of the macromolecule.
Hydrophobic interactions mediate the binding of the NAF
domain of their target kinases into a hydrophobic crevice of the
Ca®" sensor proteins (35, 36). It is assumed that CBL binding to
the NAF domain releases the C-terminal autoinhibitory moiety
from the kinase domain thereby transforming the kinase into
an active conformation (32, 37). In addition, the activation of
CIPKs is further enhanced by auto-phosphorylation and by
trans-phosphorylation of the activation loop within the kinase
domain by unidentified kinases that together contribute to full
CIPK activation (6, 32). An interesting new facet of CBL-CIPK
interaction was provided by the very first report that a CBL
from Pisum sativum was phosphorylated by its interacting
CIPK (38). Subsequently, Lin et al. (39) reported that the kinase
CIPK24/SOS2 specifically phosphorylates CBL10, but not
another investigated CBL protein CBL4/SOS3, and that this
phosphorylation appears to enhance the CBL10-CIPK24 inter-
action. Recently, it was reported that additional CBLs from
Arabidopsis, like CBL1 and CBL2, can be phosphorylated by
their interacting CIPKs and that CBL phosphorylation is
required for activation of the plasma membrane H*-ATPase
AHA?2 by CBL-CIPK complexes (40). The subcellular localiza-
tion of CIPKs incorporated into distinct CBL-CIPK complexes
is determined by the identity of their CBL moiety (41-43).
However, the further biochemical elucidation of CBL-CIPK
activation/regulation and target phosphorylation has been
severely hampered by the extremely low kinase activity of
recombinant full-length wild-type CIPK proteins that have
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been expressed and purified from Escherichia coli. In the orig-
inal biochemical characterization of the kinases CIPK1 and
CIPK24/S0OS2, it required microgram amounts of recombinant
proteins to detect autophosphorylation activities of these pro-
teins (21, 44). This constraint has been circumvented to some
extent by introducing mutations in the activation loop of the
kinase domain that exchange functionally conserved threonine
(Thr) or serine (Ser) residues to aspartate (Asp) resulting in
constitutively hyperactive enzymes, whose activity were no lon-
ger CBL-dependent (31, 45, 46). Even stronger hyperactivation
of kinase activity was achieved by deleting the inhibitory C-ter-
minal regions of CIPK24/SOS2, including the NAF domain (24,
31, 39). However, because these artificial kinases do not interact
with CBLs, investigations of these recombinant proteins may be
error-prone and cannot address CBL-dependent aspects of
kinase regulation that bring about Ca®>" dependence and cellu-
lar targeting of CBL-CIPK complexes.

Here, we report the establishment of an efficient wheat germ
extract-based in vitro transcription/translation protocol that
yields active full-length wild-type CIPK proteins. In vitro ana-
lyses revealed strong Mn>" dependence of the autophosphory-
lation activity of all CIPKs investigated. Using these recombi-
nant proteins, we identified phosphorylation of a conserved
single Ser residue within the C terminus of CBLs by their inter-
acting CIPKs as a general feature of CBL-CIPK complexes. This
finding suggests that CBL calcium sensors not only regulate
CIPK kinase activity but also simultaneously represent genuine
targets of these kinases. Our evolutionary analysis suggests that
this feature of CBL-CIPK complex modulation arose during the
evolution of land plants. Remarkably, our studies revealed that
interaction via the NAF domain in the C-terminal regulatory
region of CIPKs represents a prerequisite for CIPK-mediated
CBL phosphorylation. In contrast, in vitro phosphorylation of
targets like SOS1 can occur independent of the NAF domain
suggesting the existence of dual phosphorylation mechanisms
of CIPKs. The phosphorylation status of CBLs does not appear
to influence their stability and localization. However, proper
phosphorylation of CBLs is absolutely required for the in vivo
activation of the AKT1 K™ channel by CBL1-CIPK23 as well as
CBL9-CIPK23 complexes in oocytes. Using wheat germ
expressed kinase protein we for the first time succeeded to
reconstitute CBL-dependent enhancement of phosphorylation
of target proteins by CIPKs in vitro. In these studies, we found
that proper phosphorylation of CBL1 is also required for the
CBL1-dependent enhancement of CIPK23 activity toward its
substrate in vitro. Together, these data suggest that CIPK-me-
diated phosphorylation of CBL proteins likely results in confor-
mational changes of their flexible C terminus that enhance
activity of CBL-CIPK complexes toward their target proteins.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Molecular biology methods were
performed according to standard procedures (47). For in vitro
synthesis of N-terminally StrepIl-tagged proteins, the pIVEX
1.3 WG vector (5 PRIME) was modified by replacing the origi-
nal multiple cloning site region and the His, tag coding region
with a Strepll tag (WSHPQFEK)-encoding sequence and
another multiple cloning site by PCR-based mutagenesis. The
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composition of the resulting vector, designated as pIVEX-WG-
Strepll, is provided in supplemental Fig. S1. The coding
sequences of CIPKs, CBLs, and SOS1-Ct (Gly**'~Leu""*®) were
amplified by PCR and cloned into the pIVEX-WG-StreplI vec-
tor. Site-directed mutagenesis was performed to generate CBL1
S201A, CBL4 S205A, and CBL10 S237A to prevent phosphor-
ylation and to generate CBL1 S201D, CBL4 S205D, and CBL10
$237D to mimic phosphorylation. The primers used in this
work are listed in supplemental Table S1.

Wheat Germ-based Cell-free Protein Synthesis and Protein
Purification—Strepll-tagged proteins were generated using a
RTS 500 wheat germ CECEF kit (5 PRIME) following the manu-
facturer’s instructions. For affinity purification, each in vitro
translation reaction (1 ml) was mixed with 0.8 ml of Strep-
Tactin Macroprep (IBA) and incubated for 30 min at 4 °C.
Strepll-tagged proteins were eluted by gravity flow in elution
buffer (100 mm Tris (pH 8.0), 150 mm NaCl, and 2.5 mm des-
thiobiotin) and collected in 0.4-ml fractions. Abundance of
purified proteins was confirmed by Western blot analysis using
Strep-Tactin horseradish peroxidase (HRP) conjugate (1:5000,
IBA). Moreover, SDS-PAGE followed by Coomassie staining
(R-250) was performed to estimate the concentration of each
purified protein. Stained bands of the purified proteins were
compared with serial dilutions of a BSA standard. In the case of
StreplI-CIPK1, in vitro translation resulted in the synthesis of
210 pg of protein and yielded 12.8 ug of purified recombinant
kinase protein. The concentration of the purified fraction was
determined as 15 ng/ul. (supplemental Fig. S2). For storage, the
eluted fractions were supplemented with 1 mg/ml BSA to
ensure protein stability at low concentrations.

Strepll-tagged AKT1-Ct protein was generated by expres-
sion in and purification from E. coli. The sequence of the
AKT1-Ct (His***~Ser®*”) with an N-terminal Strepll tag was
amplified by PCR and cloned into the pET-24 vector (Novagen)
with Ndel and Sall. BL21 CodonPlus(DE3)-RIL E. coli strain
(Stratagene) cells transformed with the resulting vector were
grown in 10-ml Luria-Bertani (LB) medium at 37 °C overnight
and were subcultured until Ay, reached 0.7 in 100-ml LB
medium. Expression of the StrepII-AKT1-Ct was induced by
adding 0.5 mm isopropyl B-p-thiogalactopyranoside at 15 °C for
overnight. Cells were harvested by centrifugation, and the pel-
lets were resuspended in a lysis buffer (100 mm Tris (pH 8.0),
150 mm NaCl, and 1 mg/ml lysozyme). After incubation on ice
for 1 h, the lysate was sonicated and centrifuged at 14,000 X g
for 5 min at 4 °C. The StrepIlI-AKT1-Ct protein was purified
from the supernatant using Strep-Tactin Macroprep as
described above.

In Vitro Phosphorylation Assays—Purified proteins were
incubated for 30 min at 30 °C in 24-pul reactions that contained
66.7 mm Tris (pH 8.0), 100 mm NaCl, 5 mm MnSO,, 0.5 mm
CaCl,, 2 mm DTT, 10 v ATP, and 4 uCi of [y-32PJATP (3000
Ci/mmol). Reactions were stopped by adding 20 mm EDTA and
then subjected to SDS-PAGE. SDS gels were fixed by Coomas-
sie staining, and radioactively labeled proteins were visualized
by autoradiography. All experiments were repeated at least two
times with similar results. For mass spectrometric analysis, pro-
teins were incubated as described above but with 10 uM nonra-
dioactive ATP. The enzymatic properties of in vitro-translated
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and purified CIPK proteins were determined using two syn-
thetic substrates. Syntide-2 (PLARTLSVAGLPGKK) is a sub-
strate peptide for mammalian Ca**/calmodulin-dependent
protein kinase II as well as plant calcium-dependent protein
kinases (48, 49). ALARA peptide (ALARAASAAALARRR) is a
variant of a minimal substrate for several families of protein
kinases (50). 150 ng of each CIPK protein were incubated with
6-200 um of each synthetic peptide at 30 °C in 30-ul reactions
that contained 66.7 mm Tris (pH 8.0), 100 mm NaCl, 5 mm
MnSO,, 0.5 mMm CaCl,, 2 mm DTT, 10 um ATP, and 5 uCi of
[y-3*P]ATP. After 30 min of incubation, 20 ul of each reaction
was spotted onto 2 cm? of Whatman P81 phosphocellulose
paper. The papers were washed with 1% phosphoric acid five
times for 5 min and then immersed into vials with 4 ml of
scintillation liquid (Roth). **P incorporation into the synthetic
peptides was counted using a scintillation spectrometer (Beck-
man). The kinetic constants were calculated using GraphPad
Prism 5 (GraphPad Software).

Mass Spectrometric Analyses—Coomassie-stained protein
bands were excised from SDS gels and subjected to in-gel tryp-
sin digestion according to established protocols (51). No reduc-
tion and alkylation steps were performed. Peptide separation
was performed on an Ultimate 3000 nanoflow HPLC system
(Dionex) coupled to the nanospray source of an LTQ Orbitrap
XL mass spectrometer (Thermo Finnigan). The mass spec-
trometer was operated in positive ion mode. MS full scans (m1/z
400-2000) were acquired by FT-MS in the orbitrap at a reso-
lution of 60,000 with internal lock mass calibration on m/z
445.12003. The five most intense ions of each full scan were
fragmented in the linear ion trap by collision-induced dissoci-
ation (35% normalized collision energy). Fragment ions exhib-
iting a neutral loss of 24.5, 32.7, 49, and 98 Da corresponding to
the elimination of phosphoric acid were activated further,
although the remaining MS2 ions were stored in the ion trap
(multistage activation) (52). After the second activation step,
MS2 and MS3 ions were simultaneously analyzed in the mass
analyzer of the ion trap. For the identification of peptides, mul-
tistage activation spectra were matched against CBL peptide
sequences using OMSSA 2.1.4 (53) and Sequest (54).

Yeast Two-hybrid Assays and Microscopy for Localization
and BiFC Studies—The coding sequences of CIPKs, CBLs and
CBL mutants, were cloned into the activation domain (AD)
vector (pGAD.GH) and the DNA-binding domain (BD) vector
(pGBT9.BS), respectively (19). CIPK23 and CIPK24 CDS with a
deletion in the NAF domain (CIPK23 ANAF and CIPK24
ANAF) were generated as described previously (19). Construct
combinations were transformed into the yeast PJ69-4A strain
and selected on SD agar medium lacking Leu and Trp (SD-LW).
10-Fold serial dilutions in 2% glucose (Ao, = 1to 10~ %) of the
transformants were spotted on agar plates of SD medium lack-
ing His (SD-LWH) and supplemented with 2.5 mm 3-amino-
1,2,4-triazole and were incubated at 23 °C for 5- 8 days.

For subcellular localization studies, the CDS of the CBLs
were fused to either mVenus-, OFP (orange fluorescent pro-
tein)-, or mCherry-encoding sequences and introduced into
pGPTVII vectors (55). Additionally, for BiFC analyses, CIPKs
and CBLs were cloned into pSPYNE(R) and pSPYCE(M) vec-
tors (42), respectively. Agrobacterium tumefaciens strains
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FIGURE 1. Co-factor preference of CIPKs. Autoradiographs of in vitro (auto)phosphorylation assays with 100 ng of in vitro-translated and purified Strepll-
CIPK1,-CIPK23, and -CIPK24 kinase proteins in the presence of T mm EDTA (left) or the indicated concentrations of MnSO,, (left panel) or MgSO, (right panel) are
shown. CIPK1, CIPK23, and CIPK24 autophosphorylation occurs more efficiently in the presence of Mn?* when compared with Mg?* as co-factor.

(GV3101/pMP90) carrying the fluorescent protein-fused con-
structs were infiltrated into Nicotiana benthamiana leaves
according to Waadt and Kudla (56). Confocal microscopy was
performed using an inverted microscope, Leica DMIRE2,
equipped with a Leica TCS SP2 laser scanning device (Leica) as
described in detail previously (41, 43).

Oocyte Experiments—The CDS of AKT1, CIPK23, CBL1
(WT/S201A/S201D), and CBL9 (WT/S201A/S201D) were
cloned into the pGEMHE vector as described previously (57).
For functional analyses, cRNAs of AKT1, the different variants
of CBL1, CBL9, and CIPK23, were prepared using the mMes-
sage mMachine T7 transcription kit (Ambion). Oocyte prepa-
ration and cRNA injection have been described elsewhere (58).
AKT1 cRNA (10-20 ng) was injected in combination with 0.5
ng of cRNA of CBL variants and CIPK23. In two-electrode volt-
age clamp studies, Xenopus oocytes were perfused with KClI
-containing solutions, based on MES/Tris buffers. The stan-
dard solution contained 10 mm MES/Tris (pH 5.6), 1 mm CaCl,, 1
mMm MgCl,, and 30 mm KCI. The ionic strength was adjusted
with LiCl to 100 mM. Voltage-dependent activation of AKT1
was recorded using single-pulse protocols. Starting from a
holding potential (V};) of —20 mV, a series of voltage pulses
were applied from +40 mV to —170 mV in steps of 10 mV.

Sequence Alignments and Comparisons—Full-length de-
duced amino acid sequences of 10 CBLs from Arabidopsis and
75 CBL orthologs from 1 protozoan species, 3 green algae
species, and 11 land plant species were obtained from the Gen-
Bank™ data base and were aligned with the ClustalW pro-
gram. GenBank™ accession numbers are listed in supplemen-
tal Table S2. The phylogenetic tree was constructed using the
software Dendroscope 2.7 (59). To determine the consensus
motifin the C termini of land plant CBL proteins, the extracted
21-residue amino acid sequences of all CBLs were analyzed
using the on-line software WebLogo 3.0 (60).

RESULTS

Coupled in Vitro Transcription/Translation in Wheat Germ
Extracts Yields Active CIPKs—Previous biochemical character-
ization studies of CIPKs employed bacterial expression systems
to prepare recombinant CIPK proteins (21-24, 32, 37, 38,
44 -46). Considering that expression in E. coli can result in
aberrant phosphorylation and folding patterns of eukaryotic
proteins or in missing protein modification that negatively
affects recombinant protein activity (61), we sought to express
CIPK proteins in eukaryotic cells. However, all our repeated
attempts to overexpress full-length CIPK1 protein in either
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transiently or stably transformed tobacco BY-2 cell lines, tran-
siently transformed Arabidopsis protoplasts, or stably trans-
formed Arabidopsis plants failed due to toxicity problems or
alternatively due to gene silencing that we observed after stable
transformation (data not shown). We therefore chose to work
with a cell-free coupled in vitro transcription/translation sys-
tem on the basis of wheat germ extracts that combines the
advantages of an eukaryotic expression machinery with the
absence of any potential toxic expression effects due to nonre-
quirement of a host organism for protein expression. We gen-
erated recombinant CIPK1, CIPK23, and CIPK24 proteins by
overnight incubation in wheat germ extracts and subsequent
Strep-Tactin purification.

To investigate the biochemical characteristics of the in vitro-
translated CIPK proteins, we first comparatively examined
kinase activities of CIPK1, CIPK23, and CIPK24 in autophos-
phorylation assays in the presence of various concentrations of
the two divalent cations, Mn*" or Mg?*. Asillustrated in Fig. 1,
Mn?" activated autophosphorylation of all analyzed CIPKs in
the micro- to millimolar range. Supplementation of Mn** con-
centrations between 1.5 and 5 mm appeared to be the most
effective for this reaction. In contrast, application of Mg>"
resulted in a rather weak autophosphorylation activity that was
only observed at millimolar Mg®" concentrations. We subse-
quently used optimal assay conditions to determine the mini-
mal required protein amount for detecting autophosphoryla-
tion in a dilution series of various protein amounts and found
that 25 ng of CIPK24 was sulfficient to detect activity (supple-
mental Fig. S2C). The preference for Mn>* as compared with
Mg>" was consistent with our previous study of E. coli-ex-
pressed CIPK1 (44) and studies of CIPK8 and CIPK20 (45, 46)
(here designated as PKS11 and PKS18, respectively). In addi-
tional autophosphorylation analyses, we observed a similar
Mn*" dependence in autophosphorylation analyses of recom-
binant CIPK5, CIPK6, CIPK11, and CIPK14 proteins (Ref. 57
and data not shown). Moreover, we performed a detailed bio-
chemical characterization of recombinant CIPK1, CIPK23, and
CIPK24 to determine their K, and V,,,,, values in phosphory-
lation analyses using synthetic substrates, Syntide-2 and
ALARA peptide. These experiments confirmed that the recom-
binant CIPK1, CIPK23, and CIPK24 proteins harbor substrate
phosphorylation activity and revealed that at least toward these
artificial substrates CIPK24 exhibits significantly higher K, and
V 1ax values than CIPK1 and CIPK23 (Table 1 and supplemental

max

Fig. S3). Together, these results establish the cell-free transcrip-
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tion/translation system in wheat germ extracts as a suitable
expression system for the generation of active CIPK proteins
and suggest Mn>" dependence in in vitro studies as a general
characteristic of this class of kinases.

Full-length CIPK24 Phosphorylates Its Interacting Calcium
Sensor CBL4—We then sought to compare the activity of a
full-length CIPK24 with a C-terminally truncated CIPK24 pro-
tein version lacking amino acids Met®>*® to Phe**® (CIPK24-Nt,
Fig. 2A). The truncated CIPK24 protein has been previously
reported to exhibit similar autophosphorylation as full-length
CIPK24 but enhanced kinase activity toward the ALARA pep-
tide (32, 37). When 100 ng of both CIPK24 and CIPK24-Nt were
analyzed in autophosphorylation analyses, we reproducibly
observed effective autophosphorylation of both proteins that
appeared to be more efficient for the full-length CIPK24 pro-
tein (Fig. 2B). We subsequently incubated both CIPK24 pro-
teins with a C-terminal fragment of SOS1 (SOS1-Ct, amino
acids Gly**'-Leu''*®) that represents an in vivo target of this
kinase (23, 24). Both the full-length and the C-terminally
truncated CIPK24 proteins phosphorylated SOS1. We next
investigated the influence of the calcium sensor CBL4 on the
phosphorylation of SOS1-Ct by both kinases. To allow compa-
rability, we used protein ratios that were similar to previously
published studies (100 ng of kinase and 100 ng of SOS1-Ct) (23,
24). Under these experimental conditions addition of CBL4 did
not appear to enhance SOS1-Ct phosphorylation by either
CIPK24 or CIPK24-Ct. However, we surprisingly observed
effective phosphorylation of CBL4 by CIPK24 but not by
CIPK24-Nt. Finally, we addressed a potential effect of CBL4 on
the autophosphorylation activity of this kinase in the absence of
SOS1-Ct by incubating CBL4 with either CIPK24 or CIPK24-
Nt. The autophosphorylation capacity of both kinases was not

TABLE 1

Determined kinetic constants of in vitro-translated and purified CIPK
proteins

Syntide-2 ALARA
K, Vmax K, Vmax

(M) (pmol/min/mg) (M) (pmol/min/mg)

CIPK1 152+1.8 146.1 +4.2 37.0+5.3 1559+7.2

CIPK23 432+44 147.7+5.1 80.4+8.0 123.1+5.2
CIPK24 1312+ 17.9 1304.0 £ 90.7 117.2+ 14.0 1547.0 £ 90.3

A. B.

SOS1-Ct -
StrepII-CBL4 CIPK24 +
CBL4 -

A L HHH]

StrepII-CIPK24 ¢ .
V ] 72-
é | 55-
L
StrepIl-CIPK24-Nt NAF 43-

% M-

7

26-

+
Nt -

affected by the presence of the calcium sensor (Fig. 2B). How-
ever, we again observed effective phosphorylation of CBL4 by
CIPK24 but not by CIPK24-Nt. These findings indicated that
CBL4 does not only constitute a regulatory moiety of CBL4-
CIPK24 complexes but also represents a genuine substrate of
this kinase. Moreover, this observation suggests that CIPK24
may exhibit different mechanisms of phosphorylation toward
either SOS1 or CBL4 and that, at least in vitro, in contrast to the
phosphorylation of SOS1, phosphorylation of CBL4 by CIPK24
strictly depends on interaction of this calcium sensor with the
kinase via the NAF domain.

Interaction-dependent Phosphorylation of CBLs by CIPKs
Represents a Common Feature of CBL-CIPK Complexes—We
subsequently wanted to determine whether CBL phosphoryla-
tion by CIPKs represents a common feature of CBL-CIPK com-
plexes and especially if CBL phosphorylation is strictly de-
pendent on the interaction with CIPKs, which results in con-
formational changes of both protein moieties involved (35, 36).
To this end, we first investigated the interaction of CIPK24 with
all 10 CBL proteins in yeast two-hybrid assays to identify the
CBLs that display the ability to interact with this kinase. In these
assays, we observed a distinct interaction profile of this kinase
in that CIPK24 did not interact with CBL6 and CBL7 and only
quite weakly interacted with the two closely related tonoplast
localized proteins CBL2 and CBL3 (Fig. 3A). In contrast, we
observed significant interactions with the calcium sensors
CBL1, CBL4, CBL5, CBL8, CBL9, and CBL10 (Fig. 34). BiFC
analyses corroborated that CIPK24 interacted with CBLI,
CBL4, and CBL10 but not with CBL7 in planta (Fig. 3B).

Subsequently, recombinant CBL1, CBL4, CBL7, and CBL10
proteins were generated by in vitro transcription/translation
and were incubated with or without CIPK24 in phosphoryla-
tion analyses. The complete absence of any detectable radioac-
tivity in the lanes in which CBL proteins were incubated with-
out kinase protein in the phosphorylation reaction (— lanes in
Fig. 3C) excludes nonspecific ATP binding to these calcium
sensors as a potential source for radioactive signals. Remark-
ably, CBL1, CBL4, and CBL10 that all interacted with CIPK24
in the yeast two-hybrid and BiFC assays were phosphorylated
by this kinase (Fig. 3C). Importantly, no phosphorylation of
CBL7 was observed when this protein was incubated with
CIPK24. Loading controls by Coomassie staining and Western
blot analysis (represented in supplemental Fig. S4A4) confirmed

- SOS1-Ct

- CIPK24
- CIPK24-Nt

. - CBL4

FIGURE 2. Comparative kinase activity analyses of full-length and C-terminally truncated CIPK24 proteins. A, schematic representation of N-terminal
Strepll-tagged CBL4, CIPK24, and CIPK24-Nt proteins. In Strepll-CIPK24-Nt, the C-terminal regulatory domain (Met*°°~Phe**°), including the NAF domain that
is necessary and sufficient for interaction with CBLs, was deleted. The Strepll tag is indicated as a dashed box, the kinase domain as a black box, and EF-hands
in CBL4 and the NAF domain in CIPK24 as gray boxes. B, autoradiograph of in vitro phosphorylation assays using CIPK24 (+), CIPK24-Nt (Nt), or no kinase (—)
without or in presence of SOS1-Ct and CBL4. CIPK24 and CIPK24-Nt exhibited autophosphorylation activity and also phosphorylated SOS1-Ct. However, only
CIPK24 phosphorylated CBL4 indicating the importance of the C terminus with the NAF domain in CIPK24 for CBL4 phosphorylation.
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FIGURE 3. CBL phosphorylation by CIPKs is a general feature of the CBL-CIPK network. A, 10-fold dilutions (Ao, of 1-10~7) of the yeast PJ69-4A strain
harboring an activation domain (AD)-CIPK24 and either empty DNA-binding domain (BD)-vector or different BD-CBL constructs were spotted on SD selection
media without Leu and Trp (—LW; selection for positive transformants) or without Leu, Trp, and His (—LWH and 2.5 mm 3-amino-1,2,4-triazole; selection for
interaction) and incubated for 8 days at 23 °C. Yeast two-hybrid assays indicate strong interaction of CIPK24 with CBL1, -4, -5, and -8-10 as indicated by
arrowheads. B, BiFC analyses in transiently transformed N. benthamiana epidermal cells confirmed the interaction of YN-CIPK24 with CBL1-, CBL4-,
and CBL10-YC but indicated no interaction with CBL7-YC. The plasma membrane marker (PM-OFP) (38) was co-expressed as a positive expression control.
G, autoradiograph of in vitro phosphorylation assays in the absence (—) or presence (+) of CIPK24 with 50 ng of indicated CBL proteins. CIPK24 autophosphor-
ylated and phosphorylated CBL1, CBL4, and CBL10 but not CBL7. D, only CIPK24 but not CIPK24-Nt (Nt) phosphorylated CBL1 (left) and CBL10 (right) in in vitro
kinase assays. However, both kinase versions were able to autophosphorylate. E, in vitro kinase assays of CIPK1 (left) and CIPK23 (right). Both kinases phos-
phorylated CBL1 and exhibited autophosphorylation activity in presence (+) and in absence (—) of CBL1.

that equivalent amounts of each CBL protein were subjected to
the kinase reactions. These results support the notions that our
in vitro assay conditions faithfully reflect the interaction behav-
ior of CBLs and CIPKs and that the interaction of a CBL protein
with a CIPK is an essential prerequisite for phosphorylation.
However, at this point of our investigations, we could not fully
exclude that CBL7 does not harbor a phosphorylation site that
represents a target of CIPK24.

To further address the NAF domain-dependent interaction
requirements of CBL phosphorylation, we comparatively ana-
lyzed the phosphorylation of CBL1 and CBL10 by either full-
length CIPK24 or the C-terminally truncated CIPK24-Nt (Fig.
3D). As observed before for CBL4, deletion of the NAF domain
and the complete C terminus of CIPK24 did not affect the auto-
phosphorylation of this kinase but abrogated the phosphoryla-
tion of both CBL1 and CBL10. Finally, we examined if addi-
tional CIPKs can also phosphorylate their interacting CBLs. To
this end, we combined in in vitro phosphorylation assays CBL1
with either CIPK1 or CIPK23 because previous studies had
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established the physiological role of CBL1-CIPK1 and CBL1-
CIPK23 complexes (27, 28, 30). These experiments clearly
revealed phosphorylation of CBL1 by CIPK1 and CIPK23 that
was only observed in the presence of recombinant kinase pro-
tein (Fig. 3E). Taken together, the results of these experiments
establish the interaction-dependent phosphorylation of CBL
proteins by their interacting CIPKs as a general mechanism of
the CBL-CIPK network in Arabidopsis.

A Conserved Ser Residue in the C Terminus of CBL Proteins
Represents the Target Site of CIPK Phosphorylation—To iden-
tify the target site(s) of CIPK-mediated phosphorylation in the
CBL proteins, we pursued a mass spectrometric approach. To
this end, we incubated CBL1, CBL4, and CBL10 proteins with
CIPK24 in the presence of 10 uM nonradioactive ATP. After
SDS-PAGE, Coomassie-stained protein bands were excised
from SDS gels, and after in-gel trypsin digestion, the resulting
peptides were analyzed by LC-MS/MS as described under
“Experimental Procedures.” Using this approach, we identified
a phosphorylated peptide from the C terminus of CBL10. Pep-
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FIGURE 4. The target site of CIPK-mediated phosphorylation is conserved in Arabidopsis CBL proteins. A, LC-multistage activation spectrum showing
phosphorylation of CBL10 Ser®’. Fragmentation of the precursor (m/z 1006.9353, doubly charged) was performed by collision-induced dissociation (CID). The
major b-type and y-type ions as well as ions corresponding to the neutral loss of phosphoric acid (-P) are indicated in the spectrum and in the corresponding
amino acid sequence depicted above the spectrum. The phosphorylation site is marked by an asterisk. The +80-Da mass shift observed for b8 to b15 and y10
to y15 in addition the occurrence of corresponding neutral loss ions revealed the phosphorylation of Ser?*”. B, ClustalW alignment of the Arabidopsis CBL
C-terminal region. The conserved phosphorylation site is indicated by an arrow. Semi-conserved, conserved, and fully conserved amino acid residues are
indicated by dots, double dots, and asterisks below the alignment, respectively. C, compared with CBL wild-type (WT) proteins, mutation of the corresponding
phosphorylation site in CBL1 (Ser?®"), CBL4 (Ser®°®), and CBL10 (Ser?®’) to Ala prevented phosphorylation by CIPK24 in in vitro kinase assays. D, CIPK24 did not
phosphorylate CBL6, which lacks the conserved Ser/Thr residue in the C terminus. Autoradiograph of in vitro phosphorylation assays in the absence (—) or

presence (+) of CIPK24 with 50 ng of CBL4 (left) and CBL6 proteins (right). CBL4 as the positive control was phosphorylated by CIPK24.

tide fragmentation revealed that Ser*®” of CBL10 was phosphor-
ylated by CIPK24 (Fig. 4A). This Ser**” in CBL10 was previ-
ously identified by scanning mutagenesis as required for phos-
phorylation of this calcium sensor (39). When we compared the
peptide sequences of this C-terminal region of all CBL proteins
from Arabidopsis, we noticed that this Ser residue is highly
conserved in 8 of the 10 Arabidopsis CBLs (Fig. 4B). Only in
CBLS5 does Ser appear to be substituted by a phosphorylatable
Thr, and in CBL6 the corresponding amino acid position is
replaced by Asn. Moreover, a recent mass spectrometric anal-
ysis identified the conserved Ser in CBL2 (Ser®'® in this protein)
as being phosphorylated (40). To further corroborate if the con-
served Ser is indeed subject to phosphorylation by CIPKs in
additional CBL proteins and to address the possibility of the
presence of additional phosphorylation sites, we introduced
nonphosphorylatable Ala substitutions at CBL1 Ser**!, CBL4
Ser?®, and CBL10 Ser**”. When these Ser — Ala-mutated pro-
teins were tested side-by-side with wild-type CBL proteins in
phosphorylation assays with CIPK24, we observed that the sub-
stitution prevented phosphorylation of all three CBLs (Fig. 4C).
Loading controls presented in supplemental Fig. S4B con-
firmed that equivalent amounts of respective CBL proteins
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were subjected to the kinase reactions. Consequently, these
experiments confirm that the Ser residues corresponding to
Ser**” in CBL10 represent a conserved phosphorylation site in
CBL proteins and make the existence of additional CIPK target
phosphorylation sites in these calcium sensor proteins rather
unlikely. Moreover, these results underscore the remarkable
specificity of our phosphorylation analyses presented in Fig. 3C.
Despite the presence of a phosphorylatable Ser®°* in CBL7, this
protein was not phosphorylated by CIPK24 due to the absence
of an effective CBL-CIPK complex formation. In addition, we
investigated if CBL6, which has lost the phosphorylatable resi-
due corresponding to Ser?®” in CBL10, may still be subject to
phosphorylation at different residues. In phosphorylation
assays that combined CBL6 with CIPK24, we did not detect any
phosphorylation of CBL6 (Fig. 4D). However, this result could
also reflect the inability of CBL6 to interact with CIPK24. Taken
together, these data identify a single conserved residue in the
CBL calcium sensor proteins of Arabidopsis as a target of CIPK
phosphorylation.

CIPK-dependent Phosphorylation Arose with the Evolution of
Multicellular Land Plants—The CBL-CIPK signaling network
represents an ancient Ca>" signaling system that is not

VOLUME 287 +NUMBER 11+MARCH 9, 2012


http://www.jbc.org/cgi/content/full/M111.279331/DC1

CIPK-dependent Phosphorylation of CBL Calcium Sensors

restricted to the plant kingdom. Excavata protozoan species
like the human pathogens Trichomonas vaginalis and Naegleria
gruberi harbor CBL and CIPK proteins (17). Also, evolutionary
basal green algae like Chlorella sp., Ostreococcus lucimarinus,
and Ostreococcus tauri encode single CBL and CIPK protein
pairs in their genomes (18). With the evolution of multicellular
land plants that can survive in fluctuating habitats, the com-
plexity of this signaling system gradually increased with four
CBL proteins and up to seven CIPK proteins present in the
genomes of the moss Physcomytrella patens and the lycophyte
Selaginella moellendorffii, respectively (18, 41). This process
led to a complexity of up to 10 CBL proteins that can form an
interaction network with more than 30 CIPKs in angiosperms
(18).

To determine the conservation of the identified phosphory-
lation site in CBLs on a broader scale and to examine the evo-
lutionary history of this mechanism, we performed a clustering
analysis using the ClustalW algorithm of 85 CBL proteins,
including the above mentioned species and yeast calcineurin B
as outgroup, and constructed a phylogenetic tree (supplemen-
tal Fig. S5A). These investigations identified a highly conserved
motif encompassing 21 amino acids in the C terminus of almost
every CBL from land plant species, including the moss and the
lycophyte that were analyzed (supplemental Fig. S5A4). Within
this motif, the central four-amino acid sequence (Phe-Pro-Ser-
Phe) that contains the Ser phosphorylation site was absolutely
invariant (supplemental Fig. S5B). Therefore, we designated
this conserved and functionally relevant domain of CBL pro-
teins as the “FPSF motif.” Blast searches using this domain did
not identify sequences with significant amino acid sequence
identity in other plant or animal proteins. Therefore, we con-
clude that this domain is specific for this class of calcium sen-
sors. Only very few land plant CBLs, like SmCBL4, SbCBLS, and
AtCBL5, did not appear to possess an FPSF motif. However, in
these cases the proteins also lost the conserved phosphorylat-
able Ser residue, suggesting a secondary loss of this biochemical
feature of these CBLs. The CBL proteins from the non-plant
protozoan species lack the C-terminal extension that is present
in CBLs from algae and plants. Remarkably, although we did
not detect a conserved FPSF motif nor a phosphorylatable Ser
in the CBL proteins from green algae, their CBL proteins harbor
a C-terminal extension with “phospho-mimicking” Asp or Glu
residues at the position corresponding to the phosphorylatable
Ser in land plants (supplemental Fig. S5A). These findings
strongly suggest that the phosphorylation of CBLs by their
interacting CIPKs represents a biochemical mechanism that
arose during the evolution of land plants. Moreover, the fact
that the occurrence of CBL phosphorylation appears to be
rather conserved among land plant CBL proteins is suggestive
for an essential function of this biochemical modification.

CBL Phosphorylation Is Essential for Activity of CBLI-
CIPK23 and CBL9-CIPK23 Complexes toward Their Target
Protein AKT1—Having established that CIPK-mediated phos-
phorylation of CBL proteins represents a general feature of land
plant CBL-type calcium sensors, we became especially inter-
ested in investigating its functional relevance. To this end, we
generated in addition to the phosphorylation-preventing Ser —
Ala mutants also Ser — Asp mutants of CBL1, CBL4, and
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FIGURE 5. Mutations of the phosphorylation site in CBL1 did not affect its
interaction with CIPK23 in yeast two-hybrid and BiFC analyses. A, dilu-
tions (Ag, Of 1-107%) of PJ69-4A yeast double transformants harboring
empty activation domain (AD)-vector (top) or AD-CIPK23 (bottom) and DNA-
binding domain (BD)-CBL1 WT, Ser — Ala or Ser — Asp variants were spotted
on SD selection media without Leu and Trp (—LW; selection for positive trans-
formants) or without Leu, Trp, and His (—LWH and 2.5 mm 3-amino-1,2,4-
triazole (3-AT); selection for interaction). Yeast two-hybrid assays indicate no
differential interaction of the CBL1 variants with CIPK23 as shown by similar
growth on SD-LWH media. B, BiFC analyses in epidermal cells of infiltrated N.
benthamianaleaves expressing YN-CIPK23 together with CBL1-YCor its phos-
phorylation site mutant variants Ser — Ala or Ser — Asp resulted in interac-
tion and localization of all three CBL1-CIPK23 complexes at the plasma mem-
brane. Bars, 40 um.

CBL10 to mimic phosphorylation. To address whether the
phosphorylation status of CBLs affects their subcellular local-
ization, the mutated CBL Ser — Ala and Ser — Asp variants
fused to mVenus were expressed in N. benthamiana leaves. To
enable direct comparisons within the same cells, the wild-type
versions of the respective CBLs fused to OFP/mCherry were
co-expressed with the mutated CBL-mVenus variants, and pro-
tein accumulation and localization were investigated by confo-
cal microscopy. These experiments did not reveal any discern-
able differences in protein accumulation (that was estimated by
determining fluorescence intensity) or protein localization
between the wild-type and the Ser — Ala and Ser — Asp
mutants of CBL1, CBL4, and CBL10 (supplemental Fig. S6).
Because we intended to use the established activation of the
K* channel AKT1 by CBL1-CIPK23 complexes in oocytes as a
final functional assay for the role of CBL phosphorylation, we
investigated how Ser — Ala and Ser — Asp mutants of CBL1
may affect its interaction with CIPK23. However, in yeast two-
hybrid analyses as well as in BiFC assays, we did not obtain any
evidence that these amino acid substitutions may affect the
interaction of CBL1 with CIPK23 (Fig. 5). To obtain more com-
prehensive insights if CBL phosphorylation may affect CBL-
CIPK complex formation of other CBLs and CIPKs, we com-
bined in further experiments the kinases CIPK1, CIPK23, and
CIPK24 with wild-type versions or Ser — Ala and Ser — Asp
mutants of CBL1, CBL4, and CBL10 in yeast two-hybrid assays
(supplemental Fig. S7). In these experiments the interaction of
CBL1 and CBL4 with CIPK24 was not affected by mutations of
the Ser residue. However, in the case of CBL10-CIPK24 com-
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FIGURE 6. Mutation in CBL1 Ser?°" disrupts the CBL1-CIPK23-mediated
activation of the K* channel AKT1 in Xenopus oocytes. Two-electrode
voltage clamp measurements using single-pulse protocols ranging from 40
to —170 mV in 10-mV decrements starting from a holding potential of —20
mV were conducted with Xenopus oocytes expressing AKT1 with CIPK23 and
CBL1,CBL1S201A, or CBL1S201D. The left panel shows a typical current trace.
The right panel represents relative values of steady state inward K* currents
(I) at =170 mV (100% = the mean of /., in AKT1 + CIPK23 + CBL1). Results
represent means = S.E. of six or more oocytes.

plex formation, the Ser — Ala mutation appeared to weaken the
interaction of the calcium sensor with the kinase, although the
Ser — Asp mutation had no effect on yeast growth when com-
pared with wild-type CBL10. In contrast, the reduced growth of
yeast that expressed the Ser — Asp mutant version of CBL4
together with CIPK1 was suggestive of a reduced interaction of
the Ser — Asp mutant protein when compared with the growth
of wild-type and Ser — Ala mutant of CBL4 with CIPK1. In
summary, these data suggest that in certain cases the phosphor-
ylation status of CBLs may affect the stability of the CBL-CIPK
interaction.

To explore the physiological function of CBL phosphoryla-
tion, we utilized an established regulatory module in which the
Arabidopsis inward rectifying K* channel AKT1 is activated by
the combined function of the calcium sensors CBL1 or CBL9,
which exhibits 90% amino acid sequence identity with CBL1
(62), with the kinase CIPK23 in Xenopus oocytes (28, 29, 63).
Importantly, the AKT1 channel expressed alone or in combi-
nation with the kinase CIPK23 remains inactive in oocytes.
However, upon co-expression of the AKT1 channel with
CIPK23 and CBLI, this channel becomes activated. We used
this in vivo assay system to address the importance of CBL1
phosphorylation for AKT1 activation. As expected, co-expres-
sion of wild-type CBL1 with CIPK23 and AKT1 in oocytes
resulted in activation of AKT1 currents (Fig. 6). However, when
we co-expressed AKT1 with CIPK23 and the CBL1 S201A
mutant, we did not record significant K* currents, suggesting
that the phosphorylation of CBL1 was required for the CBL1-
CIPK23 complex to regulate AKT1 activity properly. Co-ex-
pression of CBL1 S201D did not result in AKT1 activation
either, suggesting that the Ser — Asp substitution is not likely
sufficient to mimic the effect of phosphorylation at least in
oocytes. However, considering that in all our previous analyses
CIPK23 efficiently phosphorylated wild-type CBL1 and that we
did not observe effects of the Ser — Asp and Ser — Ala mutants
on CBL1 protein stability or localization, these data support
that CIPK23-dependent phosphorylation of wild-type CBL1 is
essential for the activation of AKT1 in the in vivo oocyte system.

7964 JOURNAL OF BIOLOGICAL CHEMISTRY

In additional control two-electrode voltage clamp studies, we
replaced CIPK23 by a kinase construct (CIPK23 ANAF) lacking
the NAF domain that is required for CBL interaction. As
expected, the combination of CBL1 with CIPK23 ANAF and
AKT1 did not yield recordable currents, further supporting the
requirement of CBL1-CIPK23 interaction for efficient channel
activation (supplemental Fig. S8A). In agreement with this
result also in yeast two-hybrid studies deletion of the NAF
domain from CIPK23 abolished interaction with CBL1 (supple-
mental Fig. S8B). Previous studies had shown that CBL9
together with CIPK23 can also activate AKT1 (27, 28). Because
in vitro phosphorylation analysis demonstrated that CIPK23
phosphorylates CBL9 as well (supplemental Fig. S9A4), we per-
formed additional experiments in which we investigated the
ability of CBL9 variants (WT/S201A/S201D) to bring about
CIPK23-dependent activation of AKT1 in oocytes. Similarly as
CBL1, both Ser — Ala and Ser — Asp substitution abolished
activation of AKT1 by CIPK23 in oocytes (supplemental Fig.
S9B).

Finally, we attempted to address the impact of CIPK-depen-
dent CBL phosphorylation on the phosphorylation activity of
CBL-CIPK complexes toward their targets. To this end, we
sought to use our active kinase preparations to faithfully recon-
stitute the CBL-dependent phosphorylation of target proteins
by CIPKs in vitro, which has not been achieved before. In their
native environment a single kinase can phosphorylate up to
several hundred distinct target proteins, and a single kinase
molecule phosphorylates a large excess of target molecules (64).
However, because of the rather low activity of recombinant
proteins, in many in vitro studies on CIPKs rather similar
amounts of kinase protein and substrate were used (Fig. 2) (23,
24). We performed a series of AKT1-Ct phosphorylation assays
in which we kept the amount of AKT1-Ct substrate constant at
800 ng and stepwise diluted the amount of CIPK23 and CBL1
added to the reaction. Consistent with our previous experi-
ments, in all dilutions tested we observed phosphorylation of
AKT1-Ct when it was incubated with CIPK23 alone. However,
beginning from a 1:20 ratio of kinase to AKT1-Ct substrate, a
pronounced enhancing effect of the presence of CBL1 on the
phosphorylation of AKT1-Ct by CIPK23 became evident that
was most pronounced at a ratio of 1:160 (supplemental Fig.
$10). These results for the first time show that the presence of a
CBL indeed efficiently enhances the phosphorylation of a
target protein by a CIPK in vitro. We subsequently used
these assay conditions to address the impact of CBL1 phos-
phorylation on the activity of CBL1-CIPK complexes toward
AKT1-Ct (Fig. 7). Although addition of CBL1 wild-type dra-
matically enhanced the detectable phosphorylation of
AKT1-Ct as compared with phosphorylation by CIPK23
alone, addition of CBL1 S201A resulted in a degree of phos-
phorylation of AKT1-Ct that was similar compared with
phosphorylation by CIPK23 alone. Considering the highly
controlled conditions of this in vitro analysis, which exclude
variations in protein stability or amounts, this result indi-
cates that phosphorylation of CBL1 represents an essential
step in the CBL1-CIPK23 complex activation to achieve full
activity toward target proteins.
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FIGURE 7. In vitro phosphorylation of Strepll-AKT1-Ct by CIPK23 was
enhanced by CBL1 but not by CBL1 S201A. 800 ng of Strepll-AKT1-Ct was
incubated with (+) or without (=) 15 ng of CIPK23 and 30 ng of CBL1 wild-
type (WT) or S201A (SA).

DISCUSSION

Recent studies have uncovered crucial functions of CBL-
CIPK complexes in an increasing number of biological pro-
cesses like salt tolerance, potassium transport, nitrate sensing,
and stomatal regulation (6). CBL proteins determine the cellu-
lar localization of their interacting protein kinases in vivo and
are essential for the activity of the resulting CBL-CIPK com-
plexes toward their target proteins (28, 30, 41, 43). Despite the
established importance of CBL-CIPK complexes in regulating
the activity of ion channels and transporters like SOS1, AKT1,
AKT2, and NRT1.1 (23, 24, 28 -30, 57, 63), only very few target
phosphorylation sites of CIPKs have been unambiguously iden-
tified. Moreover, many facets of the biochemical regulation and
mutual interdependencies of CBLs and CIPKs are largely
unknown. This situation was at least in part caused by the
inability of many CIPKs to phosphorylate synthetic target pep-
tides or generic target proteins like myelin basic protein (44).
Therefore, the principal aims of this study were to develop
methods that allow faithful analysis of recombinant CIPK activ-
ity toward their genuine target proteins and to use these recom-
binant proteins to unravel functional interplays of CBLs and
CIPKs.

We succeeded in generating suitable amounts of active pro-
teins for several CIPKs by using a coupled in vitro transcription/
translation system based on protein extracts prepared from
germinating wheat embryos. A common biochemical feature
on all CIPK-type kinases that arose from our autophosphory-
lation analyses is their strong and rather unusual dependence
on Mn*" instead of Mg>". We used recombinant CIPKI,
CIPK23, and CIPK24 proteins to comparatively analyze their
biochemical properties like K, and V., toward artificial syn-
thetic target peptides. These studies suggest remarkable differ-
ences between different CIPKs with CIPK24 exhibiting the
highest activity. However, we would like to interpret these
results with great caution because the activity and specificity of
individual CIPKs toward their genuine targets may be quite
different.

An important finding of this study is the detection of phos-
phorylation of CBLs by CIPKs. Using mass spectrometric anal-
ysis, we identified Ser*®” in the C terminus of CBL10 as the
target site of phosphorylation by CIPK24. In a previous study,
Lin et al. (39) applied a combination of CBL10 domain deletion
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and point mutation analyses in phosphorylation experiments
with CIPK24 to map the phosphorylation site in this calcium
sensor protein. This approach identified the very same amino
acid as required for phosphorylation by CIPK24 (39). Our mass
spectrometric data extend this finding by establishing that
Ser*®” indeed undergoes phosphorylation. A further conclusion
from our work is that CIPK-mediated phosphorylation of CBLs
is a general mechanistic principle of the CBL-CIPK network in
land plants. This conclusion is based on our observations that
CIPK24 could efficiently phosphorylate several CBLs like
CBL1, CBL4, and CBL10. Moreover, other CIPKs like CIPK1
and CIPK23 could also phosphorylate their interacting calcium
sensor CBL1. Recently, a study by Du et al. (40) reported that
CIPK23 can phosphorylate CBL1 and CBL9 and concluded that
CIPK-mediated phosphorylation of CBL proteins may consti-
tute a general feature of this signaling network. This conclusion
is in full agreement with the data reported here. Moreover, by
using liquid chromatography-quadruple mass spectrometry
analysis, this most recent study by Du et al. (40) also identified
the conserved Ser®'® in CBL2 as being phosphorylated. To-
gether with our mass spectrometric data of CBL10, these data
further strengthen the conclusion that CBL proteins in general
are subject to phosphorylation by CIPKs. The growing number
of experimentally verified CBL phosphorylations in interacting
CBL-CIPK complexes further supports this argumentation. In
agreement with Lin et al. (39) and Du et al. (40), we report CBL
phosphorylation for CBL10-CIPK24, CBL1-CIPK23, and
CBL9-CIPK23 complexes, and here we first report this feature
of regulation for CBL1-CIPK1, CBL9-CIPK1, CBL1-CIPK24,
and CBL4-CIPK24 complexes. This collection is further
extended by the CBL2-CIPK11 and CBL2-CIPK14 complexes
characterized recently by Du et al. (40).

Remarkably, as we report here this phosphorylation of CBLs
appears to strictly depend on interaction of the CBLs with
CIPKs via the NAF domain in the C terminus of these kinases.
These findings are difficult to reconcile with the conclusions of
a previous study that reported that CIPK24/SOS2 specifically
phosphorylated CBL10 (designated as SCaBP8) but not CBL4/
SOS3 (38). Although we can currently only speculate about the
reasons for these different results, it appears conceivable that
the use of E. coli-purified CIPK24/SOS2 in the study by Lin et
al. (39) may have prevented the detection of CBL4 phosphory-
lation by CIPK24. Moreover, our studies show that interaction
of CIPKs with CBLs is absolutely required for CBL phosphory-
lation. In contrast, based on in vitro phosphorylation experi-
ments using a CIPK24 protein without the CBL interaction
mediating NAF domain, the previous study concluded that the
CBL10-CIPK24 interaction is not essential for phosphorylation
but dramatically enhances phosphorylation. However, we
noticed that deletion of the NAF domain fully abrogates inter-
action of CIPK24 with CBL1 and CBL4 but not with CBL10
(supplemental Fig. S11), a finding explaining residual phosphor-
ylation of CBL10 by a CIPK24 that does not contain a NAF
domain as observed by Lin et al. (39).

The occurrence of phosphorylation of CBLs by CIPKs
appears not to be restricted to the model organism Arabidopsis.
In our comparative sequence analysis, we identified a con-
served phosphorylation domain with a central invariant FPSF
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motif in almost all CBL proteins of land plant species that were
investigated. The C-terminal tail containing this motif and con-
sequently the mechanism of CBL phosphorylation appears to
be absent in CBL proteins from protozoan species. CBLs from
single cell green algae contain this C-terminal tail but lack a
recognizable FPSF motif. However, most remarkably, in CBL
proteins from green algae the amino acid position correspond-
ing to the phosphorylatable Ser in land plants is occupied by the
charged amino acids Asp or Glu that are considered to repre-
sent phospho-mimicking amino acids. A most recently postu-
lated theory provided evidence that conserved Ser phosphory-
lation sites in proteins like DNA topoisomerase II, enolase, and
C-Raf evolved from Asp and Glu residues to conditionally
restore salt bridges that were originally constitutively formed
by Glu-Arg interactions (65). In this way evolution of phosphor-
ylation sites from Glu and Asp would provide a rationale why
phosphorylation can activate proteins. The conserved phos-
phorylation site in CBL proteins of land plants appears to pro-
vide a novel example that supports this theory. It will be most
interesting to elucidate with which additional incidence in the
evolution of plant signaling systems the appearance of CBL
phosphorylation coincided. In this regard, it appears notewor-
thy that CIPK proteins can interact with the subclade A of pro-
tein phosphatases of class 2C (PP2Cs) that are involved in ABA
signaling (6, 66, 67). Structural analyses of CBL-CIPK com-
plexes revealed that interaction of CBLs with CIPKs may pre-
vent interaction of CIPKs with PP2Cs (6, 35). Remarkably, rep-
resentatives of PP2Cs of the subclade A were recently identified
to have first evolved in basal land plants and appear to be absent
in algae (68, 69). Because of the coincidence in the evolutionary
occurrence of CBL phosphorylation and ABA-regulated
PP2Cs, it is tempting to speculate that CBL phosphorylation
may somehow be functionally interconnected to CIPK-PP2C
interaction, an aspect that deserves further investigations in the
future.

Our comparative phosphorylation analyses of full-length
CIPK24 and the C-terminally truncated CIPK24-Nt protein
thatlacks the CBL interaction-mediating NAF domain revealed
a striking difference in their ability to phosphorylate substrate
proteins. Although full-length CIPK24 proteins phosphory-
lated both CBLs and SOS1, CIPK24-Nt phosphorylated only
SOS1. This finding may point to distinct substrate phosphory-
lation mechanisms of CIPKs with regard to their substrate inter-
actions. Although phosphorylation of CBL proteins strictly
depends on the interaction of CIPKs with these calcium sensors
via the NAF domain in the C terminus of the kinase, the phos-
phorylation of other substrates can occur independent of the
presence of the NAF domain. In agreement with this sugges-
tion, we noticed that isolated N termini of several CIPKs that
encompass the kinase domain can interact with several sub-
strate proteins in yeast two-hybrid assays.* In contrast, deletion
of the NAF domain abolishes interaction of CIPKs with CBL1,
CBL2, and CBL4 (supplemental Figs. S8B and S11) (19). These
observations suggest that CIPKs can sufficiently interact via
their catalytic domain with certain substrates, whereas CBL

4 M. Rehers, Hashimoto, and J. Kudla, unpublished results.
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phosphorylation in addition requires full CBL-CIPK complex
formation. It appears also conceivable that interaction of CBLs
with CIPKs via the NAF domain leads to conformational
changes in the calcium sensor moiety that are required to
expose the C terminus of CBLs for phosphorylation.

In the course of this work, we investigated several potential
consequences of CBL phosphorylation for their function. We
did not obtain any evidence that phosphorylation affects the
stability or localization of CBL proteins. In agreement with a
previous study (39), our data suggest that CBL10 phosphoryla-
tion may enhance interaction with CIPK24. In contrast, in our
analyses CBL1-CIPK24 and CBL4-CIPK24 complexes that
were not investigated in previous studies (39, 40) appeared not
to be affected by phosphorylation. Moreover, in our yeast two-
hybrid and BiFC studies, we did not observe an impact of the
phosphorylation status of CBL1 on its interaction with CIPK23.
This result differs from recent findings by Du et al. (40) who
observed in yeast two-hybrid studies that the nonphosphory-
latable CBL1 S201A mutant exhibited a clearly reduced inter-
action with CIPK23 compared with the wild-type CBLI,
whereas the phospho-mimicking CBL1 S201D mutant
appeared to have a slightly enhanced interaction with CIPK23.
Differences between the two studies in terms of experimental
conditions such as yeast strains and yeast expression constructs
may account for the observed differences in the modulation of
CBL1-CIPK23 interaction. Nevertheless, our finding that nei-
ther CBL1 S201A nor CBL1 S201D together with CIPK23 were
able to bring about activation of the AKT1 K" channel in
oocytes (Fig. 6 and see below) suggests that modulation of inter-
action intensity is not the most physiological relevant conse-
quence of CBL1 phosphorylation for the functionality of CBL1-
CIPK23 complexes. Moreover, our additional yeast two-hybrid
analyses of CBL1, CBL4, and CBL10 with several CIPKs do not
support a simple model with a similar influence of CBL phos-
phorylation on the stability of all CBL-CIPK complexes ana-
lyzed. These differences may reflect structural differences of
specific CBLs and specific CBL-CIPK complexes. In crystalliza-
tion analyses of CBL4/SOS3, the C terminus encompassing the
phosphorylatable FPSF motif was disordered and could not be
resolved in the structure (34). In contrast, crystallization anal-
yses of CBL2 revealed that the C-terminal region of this protein
spans and covers the crevice generated by the central EF hand
domains of this calcium sensor (33). Consequently, differences
in the C-terminal structure of distinct CBL proteins as observed
in CBL4/SOS3 and CBL2 would result in distinct effects of their
phosphorylation and could in this way lead to distinct conse-
quences that would further broaden the functional repertoire of
CBL-CIPK complexes.

Our finding that only wild-type CBL1 in combination with
CIPK23 were able to activate the K™ channel AKT1 in oocytes
is in line with such a crucial function of the phosphorylation of
the CBL C terminus for the activity of CBL-CIPK complexes
toward their target proteins. Moreover, this result establishes
the functional and physiological relevance of CBL phosphory-
lation. Our result that a CIPK23 lacking the CBL-interacting
NAF domain (CIPK23 ANAF) failed to activate AKT1 in
oocytes (supplemental Fig. S8) further underscores the need of
CBL-dependent membrane targeting of CBL1-CIPK23 com-
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plexes. This finding is in agreement with a previous report
about CBL-dependent CIPK localization (43) and with the pre-
viously described inability of a hyperactive CIPK23 mutant to
activate AKT1 in oocytes in the absence of a co-expressed CBL
protein (28). The inability of the phospho-mimicking S201D
mutant of CBL1 to confer activation of the K™ channel AKT1
concurs with the recent finding by Du et al. (40) that a CBL2
$216D mutant together with CIPK11 was unable to mediate
regulation of AHA2 H"-ATPase activity. Together, these find-
ings suggest that Ser — Asp mutations of the phosphorylatable
Ser in the C terminus of CBLs may not be fully sufficient to
induce the proper conformational changes that are required for
full activation of CBL-CIPK complexes. Our finding that simi-
lar to CBL1 only a wild-type protein of CBL9 but not a CBL9
S201A mutant protein together with CIPK23 can activate
AKT1 in oocytes further suggests the general importance of
CBL phosphorylation for the function of CBL-CIPK complexes.
Considering the other results of our study that preclude signif-
icant influences of CBL phosphorylation on the localization,
stability, and interactions of these calcium sensor proteins, this
finding argues for an influence of CBL phosphorylation on the
structure of CBL-CIPK complexes that finally affects their
activity.

This conclusion is strongly supported by the results from our
biochemical investigations on the influence of CBL proteins on
the activity of CIPK23 toward AKT1. Here, for the very first
time we succeeded to faithfully reconstitute a CBL-dependent
enhancement of CIPK-mediated phosphorylation of a target
protein in vitro. This important result will in the future enable
similar studies for other target proteins of CIPKs and will allow
to further dissect the contribution of CBL proteins to these
processes. Using these in vitro assays, we observed that inclu-
sion of a nonphosphorylatable CBL1 S201A mutant abolished
the CBL-dependent enhancement of AKT1 phosphorylation by
CIPK23. This result indicates the absolute requirement of
CBL1 phosphorylation for enhancing the activity of CBL-CIPK
complexes. Consequently, together these findings indicate that
not only the targeting of CBL-CIPK complexes, which depends
on the CBL moiety, but also the specific interaction of defined
CBLs with specific CIPKs represent important determinants of
the functional activity and specificity of CBL-CIPK complexes.
In this way phosphorylation of CBL calcium sensors by their
interacting CIPKs adds an additional layer to the complex array
of regulatory mechanisms in this signaling network that
deserves further investigations by detailed structural and bio-
chemical analyses.
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