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Plant cells have developed specific protective molecular machinery
against environmental stresses. The family of CBL-interacting
protein kinases (CIPK) and their interacting activators, the calcium
sensors calcineurin B-like (CBLs), work together to decode calcium
signals elicited by stress situations. Themolecular basis of biological
activation of CIPKs relies on the calcium-dependent interaction of
a self-inhibitoryNAFmotifwith a particular CBL, the phosphorylation
of the activation loop by upstream kinases, and the subsequent
phosphorylation of the CBL by the CIPK. We present the crystal
structures of the NAF-truncated and pseudophosphorylated kinase
domains of CIPK23 and CIPK24/SOS2. In addition, we provide
biochemical data showing that although CIPK23 is intrinsically
inactive and requires an external stimulation, CIPK24/SOS2 displays
basal activity. This data correlateswell with the observed conforma-
tion of the respective activation loops: Although the loopofCIPK23 is
folded into a well-ordered structure that blocks the active site access
to substrates, the loop of CIPK24/SOS2 protrudes out of the active
site and allows catalysis. These structures together with biochemi-
cal and biophysical data show that CIPK kinase activity necessarily
requires the coordinated releases of the activation loop from the
active site and of the NAF motif from the nucleotide-binding site.
Taken all together, we postulate the basis for a conserved calcium-
dependent NAF-mediated regulation of CIPKs and a variable regu-
lation by upstream kinases.
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Cell perception of extracellular stimuli is followed by a tran-
sient variation in cytosolic calcium concentration. Plants

have evolved to produce the specific molecular machinery to
interpret this primary information and to transmit this signal to
the components that organize the cell response (1–4). The plant
family of serine/threonine protein kinases PKS or CIPKs (here-
inafter CIPKs) and their activators, the calcium-binding proteins
SCaBPs or CBLs (hereinafter CBLs) (5, 6) function together in
decoding calcium signals caused by different environmental stim-
uli. Available data suggest a mechanism in which calcium mediates
the formation of stable CIPK–CBL complexes that regulate the
phosphorylation state and activity of various ion transporters in-
volved in the maintenance of cell ion homeostasis and abiotic
stress responses in plants. Among them, the Arabidopsis thaliana
CIPK24/SOS2-CBL4/SOS3 complex activates the Na+/H+ anti-
porter SOS1 to maintain intracellular levels of the toxic Na+ low
under salt stress (7–9), the CIPK11–CBL2 pair regulates the plasma
membrane H+-ATPase AHA2 to control the transmembrane pH
gradient (10), the CIPK23–CBL1/9 (11, 12) regulates the activity of
the K+ transporter AKT1 to increase the plant K+ uptake capability
under limiting K+ supply conditions (12, 13), and CIPK23–CBL1
mediates nitrate sensing and uptake by phosphorylation of the
nitrate transporter CHL1 (14). Together these findings show that
understanding the molecular mechanisms underling CIPKs func-

tion provides opportunities to increase plant tolerance to abiotic
stress and to improve plants for human benefit.
CIPKs and CBLs contain discrete structural modules that are

involved in the calcium-dependent regulation of the activity of
the system and ensure the colocalization of the CIPK–CBL
interacting pairs with their substrates at particular sites within
the cell (15–17). CIPKs include an N-terminal kinase catalytic
domain followed by a characteristic self-inhibitory motif known
as FISL or NAF motif (hereinafter NAF, Pfam no. PF03822)
(1, 6) and a protein phosphatase 2C binding domain designated
as PPI (11, 18, 19). The NAF motif directly interacts with the
catalytic domain and inhibits the kinase activity. The calcium-
dependent interaction of CBLs with the NAF motif relieves the
self-inhibition and activates the CIPKs (5, 6, 19, 20). The calcium
binding to CBLs is mediated by four EF hand-like calcium
binding motives. In addition, several CBLs are myristoylated and/or
palmitoylated. These modifications are essential for recruiting their
interacting CIPK partner to the plasma or vacuolar membrane (17,
21–23), and they may also be involved in the interaction of the
CIPK–CBL complexes with their substrates (24). In addition, the
phosphorylation of a conserved serine residue at the C terminus of
CBLs by its interacting CIPK is required for activation of trans-
porter substrates. It has been proposed that this process may sta-
bilize the CIPK–CBL complex and trigger conformational changes
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to the binary complex that enhance its specificity toward target
proteins (13, 25).
Like many other kinases, CIPKs are also regulated by the

phosphorylation of the activation loop by upstream kinases. This
loop undergoes large conformational changes upon phosphory-
lation, allowing the entrance and the stabilization of substrates at
the kinase active site (26). The activation loop of the CIPKs con-
tains three conserved Tyr, Thr, or Ser residues. For some members
of the family, the mutation of one of these residues to Asp mimics
phosphorylation and produces the activation of the kinase, partly
overcoming the effect of the self-inhibitory NAF motif. In fact,
these phosphorylation-mimicking mutations and the deletion of the
inhibitory domain produce a synergistic effect on the CIPK activity
(6, 27–29). Transgenic plants expressing these CIPK24/SOS2 mu-
tant proteins show improved salt tolerance (30).
The kinase self-phosphorylation is another regulatory mecha-

nism used by CIPKs. CIPK24/SOS2 is able to self-phosphorylate,
and the autophosphorylation is important for its activity (31). Al-
though the default state of CIPKs is inactive, some degree of
autophosphorylation activity has been observed even for dephos-
phorylated and CBL-unbound CIPKs, which suggests that some
CIPKs display basal activity (6). Indeed, it has been shown that the
general regulatory factor 14-3-3 proteins (32) interact with
CIPK24/SOS2 and repress its basal kinase activity when plants are
grown in the absence of salt stress (33).
The crystal structure of the binary complex of Ca2+-CBL4/

SOS3 with the C-terminal regulatory moiety of CIPK24/SOS2
revealed the molecular mechanism underlying CBL-mediated
activation of the CIPKs. The structure showed that the CIPK24/
SOS2 self-inhibitory NAF motif is bound to CBL4/SOS3 and,
consequently, it is not accessible to the kinase domain (19, 20).
However, whether the CBL-unbound NAF blocks the active site
or inhibits the enzyme by an allosteric mechanism is not known.
To determine the molecular and structural basis for the CIPKs
autoinhibition by the NAF and the activation by upstream kinases,
we solved the structures of CIPK23 and CIPK24/SOS2. Our data
show that inactivation of the kinases relies on the blockage of
the active site by the NAF motif and the activation loop, which
constitutes the basis for the conserved NAF-mediated self-
inhibition of the CIPKs.

Results and Discussion
The Crystal Structures of CIPK23 and CIPK24/SOS2 Reveal a Canonical
Kinase Fold.To determine the molecular architecture of A. thaliana
CIPKs, we cloned and expressed in Escherichia coli a set of con-
structs containing several combinations of the functional domains
of CIPK23 and CIPK24/SOS2 (Fig. 1A andMaterials and Methods).
After extensive optimization of the purification and crystallization
conditions, a CIPK23 fragment comprising residues 24–331
(CIPK23ΔC) produced good diffracting crystals to 2.3 Å resolu-
tion. This protein chain included the kinase catalytic domain plus
the junction region to the regulatory domain (Fig. 1A). In addition,
we also solved the structure of the Thr190Asp (CIPK23ΔC T190D)
mutant protein at 1.9 Å resolution (Fig. 1B, Table S1, andMaterials
and Methods). This version of CIPK23 mimics the observed phos-
phorylation of Thr190 (34) located at the activation loop. Both
structures are nearly identical [Cα backbone root mean square
deviation (rmsd) of 0.3 Å] with local differences around the mu-
tated residue. Hence fore, unless otherwise stated, all of the results
presented here will refer to the CIPK23 T190D mutant as it was
resolved at higher resolution. The equivalent version of pseudo-
phosphorylated recombinant double mutant CIPK24/SOS2
Thr168Asp Ser228Asp, which also mimics a self-phosphorylated
protein at Ser228, severely aggregated and did not crystallize under
any tested condition. The application of the consensus-based ap-
proach to introduce stabilizing mutations (35, 36) was successful.
Crystals of the CIPK24/SOS2 variant Glu107Lys/Ser109Asp/
Cys127Ser/Pro81Lys/Leu266Lys (herein after CIPK24/SOS2ΔC

T168D) were obtained and the structure was resolved at 3.4 Å
resolution (Fig. 1B, Table S1, andMaterials and Methods). These
pointmutations are not close to the active site and are located at the
molecular surface of the protein, where they enhance the protein
solubility and reduce unproductive crystal packing interactions. The
overall fold of CIPK24/SOS2ΔC T168D and CIPK23ΔC T190D is
very similar (Cα rmsd of 1.0 Å for 263 atoms).
Overall, the structure of the catalytic domains of CIPK23 and

CIPK24/SOS2 display the canonical Ser/Thr protein kinase fold,
similar to other Snf1 kinase domains (37) (Fig. 1B). To sum-
marize, the protein folds into two separate lobes connected by
the activation loop. The N lobe consists of a six-stranded β-sheet
plus two α-helices. The C lobe is mainly helical. All of the resi-
dues involved in ATP, metal, and substrate binding are placed
between these domains. The junction region docks on the kinase
domain opposite to the active site (Fig. 1B). The junction spans
from the C to the N lobe where it packs against αB and αC helices
and the central β-sheet. A sequence analysis suggests that these
features are conserved among the members of the CIPK family
(Fig. S1). A molecule of CHAPS detergent was found in the ATP
binding pocket of CIPK23 (Fig. 1B).
The crystal structures of CIPK23ΔC T190D and CIPK24/

SOS2ΔC T168D contain four molecules in the asymmetric unit
forming two head-to-tail dimers (Fig. S2A). The CIPK23ΔC
T190D dimeric structures are similar to that described for the
yeast Snf1 kinase domain (38) that has been suggested to repre-
sent a physiological inactive form of the kinase as they bury kinase
active sites. CIPK23ΔC T190D dimers are further stabilized by
a CHAPS molecule, used in the crystallization procedure, and by
a disulfide bond between two equivalent Cys192 residues. How-
ever, gel filtration chromatography shows that CIPK23ΔC T190D
and CIPK24/SOS2ΔC T168D are monomeric (Fig. S2B); hence, it
seems that the crystal packing interactions between independent
molecules are not physiologically relevant.

CIPK23 and CIPK24/SOS2 Adopt a Conserved Inactive Conformation
Stabilized by the Activation Loop. Protein kinases display a uni-
versal regulatory mechanism involving the optimal organization
of the residues that are essential for recognition of ATP and
peptide substrates, and for the subsequent catalysis (39, 40). This
arrangement is normally associated with a conformational
change in the relative position of the N lobe with respect to the C
lobe that moves from an “open” inactive state to a “closed”
active state. In CIPKs, this transition is regulated by both the
phosphorylation of the activation loop and by the interaction
between the self-inhibitory NAF motif and the catalytic domain
(6). Such processes are common to other kinases (26, 37, 41,
42) and rely on the stabilization of the kinase conformation
either in the active or inactive state according to cell necessities.
To establish the molecular and structural basis of the regula-

tory mechanism mediated by the activation loop phosphorylation
and by the NAF interaction with the catalytic domain, we compared
the CIPK23ΔC T190D and CIPK24/SOS2ΔC T168D structures
with the structure of the active catalytic subunit of cAMP-dependent
protein kinase (43) and analyzed the structural determinants that
yield kinase activation (39, 40) (Fig. 1C and Fig. S3). This com-
parison is possible because the internal architecture among all of the
active eukaryotic kinase families, including the conformation of re-
sidues involved in substrate and cofactor binding, is remarkably well
conserved (39). Our analysis shows that CIPK23ΔC T190D and
CIPK24/SOS2ΔC T168D display an inactive open conformation
in which the N-terminus of the activation loop forms a short
α-helical turn (αT1) that is totally buried between the N lobe and
C lobe and pushes the helix αC harboring the conserved catalytically
relevant Glu79/Glu59 (for CIPK23ΔC T190D and CIPK24/
SOS2ΔC T168D) away. The C-terminus of the activation loops of
CIPK23ΔC T190D and CIPK24/SOS2ΔC T168D display different
structures. Although the CIPK24/SOS2ΔC T168D loop spans out
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of the active site, the CIPK23ΔC T190D loop contains another
well-ordered α-helical turn (αT2) followed by a long loop that
blocks the access of ATP and peptide substrate to the active site
and drives the nucleotide binding loop (the G loop) apart (Fig.
1B). The observed inactive conformations of CIPK23ΔC
T190D and CIPK24/SOS2ΔC T168D are surprising because the
constructions used for protein crystallization lack the NAF self-
inhibitory motif and include the T190D mutation (T168D for
CIPK24/SOS2), mimicking a phosphorylated state of the activation

loop that leads to hyperactive forms of CIPK24/SOS2 and some
other CIPK proteins (6, 27). The fact that CIPK23ΔC T190D and
CIPK24/SOS2ΔC T168D display largely identical overall con-
formations, although we solved them in two different space groups
with different crystal packing contacts, indicates that their confor-
mations are unlikely to be affected by crystal packing.
To determine the biological significance of our structural ob-

servations, we performed kinase activity assays comparing the
CIPK23ΔC T190D and CIPK24/SOS2ΔC T168D constructs lacking

Fig. 1. The crystal structures of CIPK23 and CIPK24/SOS2. (A) Domain structure of CIPKs. (B) A ribbon representation of the crystal structures of CIPK23ΔC T190D
(Left) and CIPK24/SOS2ΔC T168D (Right). The key structural features are labeled and highlighted in different colors. (C) The ribbon representation of the active site
section of the CIPK23ΔC T190D, CIPK24/SOS2ΔC T168D (semitransparent overlaid on the left), and the related active kinase PKA (Right) (PDB ID code: 1ATP). The
catalytically relevant residues and the ATP are displayed in a stick representation; CIPK23 and CIPK24/SOS2 residues are displayed in white and cyan, respectively.
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the regulatory C-terminal domain that were used for crystallography
(Fig. 2). Our results showed that although the phosphomimicking
mutation T168D greatly enhanced the kinase activity of CIPK24/
SOS2ΔC, the correspondingT190Dmutation produced little effect
on CIPK23ΔC. These data correlate well with those obtained with
full-length proteins expressed by using a wheat germ extract-based
in vitro transcription/translation protocol (13). In these experi-
ments, the catalytic efficiency (kcat/Km) was roughly eightfold lower
for CIPK23 than for CIPK24/SOS2. To understand the basis for
such different activities, we performed a structurally guided se-
quence analysis of the activation loop of the A. thaliana CIPKs
(Fig. 3A). The remarkable conservation of αT1 structure and
sequence suggests that the inactive conformation observed for
CIPK23ΔC T190D and CIPK24/SOS2ΔC T168D is a general
feature of CIPKs. By contrast, CIPKs display the highest vari-
ability at αT2. In particular, the residue composition at the solvent
inaccessible CIPK23ΔC Val182 and Arg183 permits us to classify
most of the CIPKs in four groups: (i) those like CIPK23 containing
a hydrophobic residue followed by a positively charged one, (ii) those
containing two positively charged or polar residues and (iii) those
containing two hydrophobic residues. In addition, CIPK24/SOS2 and
CIPK8 form the fourth group that displays the Gly-Val dipeptide
at these positions plus a two-residue deletion adjacent to this area.
In CIPK23ΔC T190D, the Val182 and Arg183 side chains

stabilize the activation loop at the active site (Fig. 3B). These two
residues interact with a hydrophobic pocket at the N lobe and,
additionally, the charged guanidinium moiety of Arg182 is hydro-
gen bonded to the catalytic Asp154 and other residues in the ac-
tivation loop, suggesting that these two residues stabilize the
inactive conformation of the activation loop and may explain why
CIPK24/SOS2ΔC T168D, which lacks αT2, is more active than
CIPK23ΔC T190D. There is no available experimental structure
for representative proteins of the other two αT2 groups to establish

a structure function relationship. However, it is likely that the re-
placement of the totally buried Val182 by a charged residue will
promote the release of the activation loop from the active site and
enhance the kinase activity (Fig. 3B). To test this hypothesis, we
generated the CIPK23ΔCV182K T190Dmutant protein to convert
it into a group of those CIPKs with two positively charged residues
in the αT2. Our results showed that this single point mutant displays
enhanced kinase activity relative to the wild type CIPK23ΔC and
CIPK23ΔC T190D protein (Fig. 2). This is in agreement with the
available biochemical data of a natural CIPK protein of this group
which is known to be stimulated by the phosphorylation of the
activation loop (44). Likewise, the replacement of CIPK23 ac-
tivation loop with that of CIPK24/SOS2 enhances the kinase
activity of CIPK23ΔC T190D (Fig. S4).
The available data indicate that full activation of CIPK23 may

require additional and yet-undetermined phosphorylation events
by upstream plant kinases. In most kinase families, the phos-
phorylation of the activation loop at Ser, Thr, or Tyr residues
shifts the equilibrium toward an active conformation that pro-
motes substrate binding (45). The comparison of the CIPK ac-
tivation loop sequences shows that residues Ser176, Thr190, and
Tyr197 of CIPK23 are conserved (Fig. 3A). Thus, several phos-
phorylation events at the activation loop may be required to acti-
vate CIPK23. Indeed, the analyses of the structures of CIPK23ΔC
and CIPK23ΔC T190D show that this mutation is accommodated
without any change in the conformation of the activation loop (Fig.
3B). By contrast, the equivalent T168D of CIPK24/SOS2ΔC is
solvent accessible, indicating that this mutation promotes the re-
lease of the activation loop from the active site. Residues Ser176
and Tyr197 in CIPK23 are structurally conserved with CIPK24/
SOS2 Ser156 and Tyr175, and it has been shown that the individual
mutation of these two residues in CIPK24/SOS2 to Asp increases
the activity of recombinant CIPK24/SOS2 (28). The analysis of
these structures shows that Ser176/Ser156 are placed at αT1 and
are solvent inaccessible, whereas the phenol rings of Tyr197/
Tyr175 are stabilized at a hydrophobic pocket in the C lobe with
the hydroxyl group pointing toward solvent (Fig. 3B). The phos-
phorylation of any of these hydroxyl groups could promote the
separation of the activation loop from the active site. In support of
this idea, kinase activity assays showed that the CIPK23ΔC S176D
T190D Y197E triple mutant displayed enhanced kinase activity
compared with the wild-type CIPK23ΔC and CIPK23ΔC T190D
single mutant (Fig. 2).
Thus, the combined structural and biochemical data reveal an

additional level of complexity in the regulation of the CIPK–CBL
network wherein, in addition to the CBL-mediated activation,
some kinases would require a different degree of phosphorylation
by upstream kinases to achieve full activity, and this phosphory-
lation level depends on the natural sequence variability of the
activation loop.

The Structure of CIPK23 Defines a Large Cavity That Accommodates
the Self-Inhibitory NAF Motif. A remarkable characteristic of the
CIPK23ΔC T190D and CIPK24/SOS2ΔC T168D structures is
that the relative position of the N lobe with respect to the C lobe
defines a wide-open cavity at the ATP binding site. In fact, there
is well-defined electron density for a CHAPS molecule, used for
the crystallization experiments, that spans the ATP binding pocket
of CIPK23ΔC T190D (Fig. S5A). The hydrophobic face of the
CHAPS cholate ring is oriented toward the nonpolar side of the
N lobe β-sheet. In addition, it makes hydrophobic contacts with
Leu187 and His189 side chains at the activation loop and with
Phe110 at the hinge region between the N and C lobes. The polar
face of CHAPS is solvent accessible and forms three hydrogen
bonds to water molecules (Fig. S5B). Because many ATP com-
petitive kinase inhibitors target this binding site, we performed
an automated search on the entire Protein Data Bank (PDB)
using the geometry and the chemical properties of CIPK23ΔC

Fig. 2. Comparative kinase activity analyses of CIPK23 and CIPK24/SOS2
proteins. The average specific activities expressed in nmol·min−1·μg−1 of
protein units determined by a kinase spectrophotometric assay of the pro-
teins expressed in E. coli. Error bars indicate the SD calculated from four
independent measurements. All of the distributions are different compared
with the CIPK23ΔC with a confidence level of 99% but those corresponding
to CIPK23ΔC T190D and CIPK23-FILS in which the confidence level is 95%
(Student’s t test).
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T190D cavity as search criteria (Relibase+; ref. 46). Our analysis
reveals that, in contrast with the chemical nature of CHAPS, the
inhibitory molecules bound to this site consist of planar aromatic
rings that mimic the adenine ring of ATP. In addition, the study
shows that the CIPK23 cavity is wider than other occupied cav-
ities (Fig. S5C). This observation, together with the fact that
a similar cavity is present in CIPK24/SOS2 (Fig. S5D), show that
CHAPS binding is indicative of the hydrophobic nature and of
the characteristic enlarged size of the ATP binding site of CIPKs
with respect to the size and shape of other inactive kinase mole-
cules. In addition, the fact that CIPK23ΔC T190D activation loop
is mainly stabilized by contacts with the kinase domain suggests
that CHAPS binding does not affect the conformation of the
activation loop, although local effects in the vicinity of Leu-187
cannot be discarded (Fig. S5E).
The fact that the kinase activation via phosphorylation of the

activation loop and via CBL binding are synergic processes in-
dicates that the release of both the activation loop and the NAF
motif from the catalytic domain are coupled (6, 27–29). A plau-
sible model to account for these observations would imply that the
inactive kinase bears two different but interacting sites for NAF
and activation loop. Thus, we explored the possibility that the
ATP binding pocket of CIPK23 could accommodate the NAF
self-inhibitory domain, blocking ATP entrance and stabilizing
a closed conformation of the activation loop, thereby hindering the
substrate entrance. The crystal structures of the regulatory moiety of
CIPK24/SOS2 and CIPK14 in complex with their interacting CBLs
revealed that the NAF motif consists of two amphipathic helices
connected by a variable loop (19, 47) (Fig. 4A). Interestingly, the
visual and automatic analyses of the CIPK23ΔC T190D and
CIPK24/SOS2ΔC T168D molecular surfaces using CAVER (48)
reveal that the ATP cavity spans linearly, wrapping the kinase do-
main around the hinge region between the N and C lobes (Fig. 4A).
This cavity is wide enough to accommodate the two amphipathic
helical segments of the NAF motif and it is connected to the ac-
tivation loop, thus suggesting that it constitutes the CIPKs self-
inhibitory binding pocket. Remarkably, the cavity overlaps well
with the calmodulin binding helix of the regulatory domain of the
calcium/calmodulin-dependent protein kinase I (49) (Fig. S6).
To corroborate this hypothesis, we first checked whether the

self-inhibitory NAF extension inhibits the kinase activity. The un-
phosphorylated CIPK23-NAF protein expressed in E. coli (com-
prising residues 24–349) displayed slightly lower activity than
CIPK23ΔC and CIPK23ΔC T190D. This effect is more noticeable
when comparing the highly active CIPK23ΔC S176D T190D
Y197E triple mutant with the corresponding CIPK23-NAF S176D
T190D Y197E enlarged protein (Fig. 2). Nevertheless, it is in agree-
ment with the biochemical data on CIPK24/SOS2 (6), CIPK20 (44),
and CIPK8 (27) in which amoderated reduction of the kinase activity
of the full-length active CIPK compared with a mutated version
lacking the NAF was observed. Second, we checked whether the
NAF motif folds into a α-helix in the absence of CBL by com-
paring and analyzing the circular dichroism spectra of CIPK23ΔC
and CIPK23-NAF. This spectroscopic technique provides a direct
relationship between the α-helical content of a protein and the
spectral signal intensity at 195, 208, and 222 nm (50). Our data
showed that CIPK23-NAF has a higher helical content than
CIPK23ΔC (Fig. 4B). Using DichroWeb, a server to analyze cir-
cular dichroism data using several algorithms, this increase was
estimated to be approximately 5–8% in accordance the expected
increase if the NAF folds as a α-helix (51). In addition, we tested
whether CHAPS and the NAF compete for the same site at the
CIPK23 catalytic domain. Hence, we monitored the thermal

Fig. 3. The activation loop. (A) Sequence alignment of the activation loop
of CIPKs together with a schematic representation of CIPK23ΔC T190D
and CIPK24/SOS2ΔC T168D secondary structures. Sequences are grouped
according to their sequence similarity. Residues are colored according to
their conservation (77). The arrows highlight the totally conserved and po-
tentially phosphorylable residues. The rectangular box highlights the resi-
dues at αT2 that serve to classify the CIPKs into four groups. (B) A detailed
view of CIPK23ΔC T190D showing the structural environment of the con-
served Ser176, Thr190, and Tyr197. The view highlights the role of Val182
and Arg183 in the stabilization of the loop at the active site. Inset shows

a comparison of CIPK23ΔC (white sticks) and CIPK23ΔC T190D (cyan sticks)
structures showing that the point mutation is accommodated without
a significant change in the loop conformation.
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denaturation of CIPK23ΔC and CIPK23-NAF at increasing
concentrations of CHAPS by circular dichroism spectroscopy.
Our results showed that CHAPS was able to bind CIPK23ΔC and
CIPK23-NAF because it induced a change in the thermal de-
naturation temperature (Tm) of these proteins. However, analysis
of the variation of Tm with the concentration of the ligand shows
that Tm variations occur at lower CHAPS concentration for
CIPK23ΔC than forCIPK23-NAF. These data show that CIPK23ΔC
displays higher affinity for CHAPS than CIPK23-NAF and indicate
that the NAFmotif and CHAPS bind to the same site in the catalytic
domain of CIPK23 (Fig. 4C).

Thus, the joined structural and biochemical data suggest a
model in which the NAF segment folds as a α-helix bound to the
interface between the N and C lobes, blocking ATP access to the
active site and hindering the conformational change required for
kinase activation. This regulatory mechanism strongly resembles
the inhibition by the C-terminal pseudosubstrate segment ob-
served in the CaMKI, another calcium calmodulin-dependent
protein kinase (49). In this case, an inhibitory helical segment,
equivalent to the NAF, competes with ATP for the same site and
induces a pronounced distortion of the kinase structure toward
an inactive conformation. Like CBLs and CIPKs, the calcium-
dependent interaction of calmodulin with the CaMKI kinase
releases the pseudosubstrate from the active site and acti-
vates the kinase.

The Junction Domain of CIPK23 Is Involved in the Stabilization of the
Catalytically Relevant α-C helix. The characterization of the func-
tional domains of CIPK24/SOS2 revealed that the junction re-
gion placed between the catalytic and the self-inhibitory NAF
motif is required for kinase activity (6, 30, 33). In addition, it has
been shown that the phosphorylation by an uncharacterized ki-
nase of Ser294 at this junction region enhances the interaction
with the general regulatory protein 14-3-3 and produces re-
pression of CIPK24/SOS2 basal activity (33). Despite the high
sequence variability of this region among CIPKs (Fig. S7A), we
investigated whether the structures of CIPK23ΔC T190D and
CIPK24/SOS2ΔC T168D could unveil the structural basis for
this additional level of regulation.
The crystallographic analysis reveals that the junction domain

connects the C lobe and the N lobe through a long unstructured
linker followed by a α-helix turn and a β-strand parallel to the
central β-sheet (Fig. 1B). Interestingly, the CIPK23ΔC T190D
residues Ile308 and Phe309 (Val287 and Phe288 in CIPK24/
SOS2ΔC T168D) at the end of the α-helix turn, αT5 (αK in
CIPK24/SOS2), are buried in a conserved hydrophobic surface
pocket placed at the N lobe between αB and αC (Fig. 5). The
interaction of a regulatory segment on a structurally equivalent hy-
drophobic motif is a common feature of several kinases and involves
the stabilization of the helix αC to facilitate its optimal alignment for
catalysis (42) or to provide the minimal structural scaffold necessary
for basal activity as observed for the Arabidopsis Snf1-related
SnRK2.6/OST1 (52, 53). Moreover, in some cases such as the
ACG kinases (54), this regulation mechanism is triggered by the
phosphorylation of a conserved Ser on the regulatory segment.
Accordingly, recombinant unphosphorylated CIPK24/SOS2 dis-
plays some basal constitutive activity and the C-terminal trunca-
tion of SOS2/CIPK24 just before the Val287 (equivalent to Ile308
residue in CIPK23), but not after, produces an inactive kinase and
a salt-sensitive phenotype in planta (6, 30). Thus, it seems that at
least for CIPK24/SOS2, the interaction of these two hydrophobic
residues with N lobe is sufficient for basal activity and is necessary
for activation of the kinase. Moreover, it appears clear that
phosphorylation of Ser294 and 14-3-3 binding would counteract
this basal level of activation. To investigate the importance of Ile308
and Phe309 in CIPK23, we mutated them to Asp and performed
kinase activity assays. Our results show that the I308D F309D mu-
tated versions of theCIPK23ΔCand of the highly active CIPK23ΔC
S176D T190D Y197E triple mutant do not display kinase activity
(Fig. 2), corroborating the role of these two residues in catalytic
stabilization of the kinases. The sequence analysis of the CIPK
family of proteins reveals that this hydrophobicmotif is conserved in
10 of 26 members of the family (Fig. S7A), suggesting an important
role in CIPKs activity, although its precise role remains to be
investigated.
The presence of a structurally equivalent linker between the N

and C lobes like the one observed in the structures of CIPK23ΔC
T190D and CIPK24/SOS2ΔC T168D is another recurrent theme
in kinase structures. Remarkably, Zap-70 kinase autoinhibition

Fig. 4. (A) Ribbon and schematic representations of the CIPK24/SOS2 reg-
ulatory domain structures in complex with CBL4/SOS3 (PDB ID code: 2EHB)
(Left) and CIPK23ΔC T190D together with a surface representation of the
cavity connecting the ATP binding site and the hinge region between N and
C lobes (Right). The cavity is wide enough to accommodate the two am-
phipathic helices forming the NAF motif. (B) Comparison of the far-UV CD
spectra of CIPK23ΔC and CIPK23-NAF; the arrows indicate the characteristic
α-helical maximum at 195, and minima at 208 and 222 nm. (C) Comparison
of the thermal stability profiles monitored by CD for CIPK23ΔC (Left)
and CIPK23-NAF (Right) at increasing CHAPS concentration.
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relies on the blockage of the transition from an “open” inactive
state to a “closed” active state by an equivalent linker connecting
N and C lobes (55). In CIPKs, the N to C lobe linker seems to be
flexible because it forms few intramolecular contacts with the
catalytic domain and has high crystallographic temperature fac-
tors (Fig. S7B). Thus, it does not seem to be hindering the kinase
activation process.

The Regulatory Mode of CIPKs. The structural data presented here
show that the activation loop and the self-inhibitory pocket are
spatially connected, providing a working model in which the
activation loop at the active site and the NAF segment at the
self-inhibitory pocket are mutually stabilized. In this scenario,
the CIPK activation necessarily implies the simultaneous release
of these two elements from the catalytic domain. The release can
be effectively achieved by the calcium-dependent CBL in-
teraction, or through phosphorylation of the activation loop by
an upstream kinase, or both, thereby explaining the additive
effects on activity achieved by mimicking phosphorylation by pu-
tative upstream kinases and deletion of the NAF domain (Fig. 6).
Moreover, the reported basal kinase activity for some CIPKs
indicates that these processes need not always be concurrent for
activation. In accordance with the biochemical data, the activity of
a particular CIPK will depend on its ability to stabilize these active
molecular species and/or on the balance between them and the
inactive form of the kinase. Consequently, the maximum activity
will be observed for CBL-bound and phosphorylated CIPKs, be-
cause the active form will be fully stabilized. The required phos-
phorylation of the C-terminal region of CBLs by CIPKs to achieve
fully functional activation of the CBL–CIPKs complexes may be
central to understand why the moderate NAF motif-mediated
stimulation of the in vitro CIPK23 (Fig. 2) is absolutely required for
in vivo activation of AKT1 K+ channel (13). This data additionally
supports the idea that CBL phosphorylation may affect the struc-
ture of the CBL-CIPKs complexes and consequently, their activity.
Besides, an additional layer of CIPK regulation comes from the
cofactor preference of Mn2+ compared with Mg2+ (13, 27, 28).
The fact that one of the metal ion binding sites of CBL4/SOS3
displays higher affinity for Mn2+ than for Ca2+ suggests that CBLs
could act as a carrier for this cofactor or, alternatively, could
buffer the availability of free Mn2+ to prevent a constitutive ac-
tivation of the CIPKs (56).
The available structural and biochemical data support a model

wherein CIPK23 is intrinsically inactive and requires the calcium
dependent CBL1/9 binding and/or the phosphorylation by up-
stream kinases for activation, while CIPK24/SOS2 does not. This
differential behavior may be related to the physiology roles of
these proteins. To our knowledge, CIPK23 targets solely the K+

channel AKT1 and the nitrate transporter CHL1 (11, 14). By
contrast, in addition to SOS1, CIPK24/SOS2 is involved in the
regulation of a number of antiporters and H+-ATPases (57–59)
and it has been reported to participate in signaling pathways
regulating flowering time and redox metabolism (60, 61). Con-
sequently, compared with CIPK23, CIPK24/SOS2 will require a
wider range of activation states and a more specialized regula-
tion. In contrast to CIPK23, which is intrinsically inactive and
shows an absolute requirement for external stimulation, CIPK24/
SOS2 displays basal activity that is finely regulated by phos-
phorylation of Ser294 and 14-3-3 binding, thus adding a further
layer of biochemical regulation (33).
In conclusion, the analysis of the CIPK structure reported here

provides the basis for comprehending the regulatory mechanism
of a major signaling network in plant response to environmental
cues. Understanding this mechanism is central to enhance crop
species production by augmenting the limited capacities of plants
to cope with environmental stresses.

Materials and Methods
Gene Cloning and Site-Directed Mutagenesis. The sequences of the primers
used in the cloning and the site-directed mutagenesis of all constructs are
listed in Table S2. The kinase domain of CIPK23 (CIPK23ΔC; residues 24–331)
was cloned between NdeI and NotI restriction sites of the pGEX4T2 ex-
pression vector (GE Healthcare) that had been previously modified to con-
tain an NdeI restriction site between EcoRI and SmaI (forward primer 23N
and reverse primer 23C). CIPK23ΔC T190D mutant was generated by PCR
using pGEX4T2-CIPK23 as a template (forward primer 23T190D5 and reverse
primer 23T190D3) and CIPK23ΔC V182K T190D mutant using CIPK23ΔC T190D
as a template (forward primer 23V182K5 and reverse primer 23V182K3).
CIPK23 S176D T190D Y197Ewas generated successively by PCR using CIPK23ΔC
T190D as a template, and the resulted constructs were used as a template for
the following ones (forward primers 23S176D5 and 23Y197E5 and reverse
primers 23S176D3and23Y197E3). CIPK23ΔCT190D I308D F309DandCIPK23ΔC
S176D T190D Y197E I308D F309D were prepared by using pGEX4T2-CIPK23ΔC
T190D and pGEX4T2-CIPK23ΔC S176D T190DY197E as a template, respectively,
(forward primer 23I308DF309D5 and reverse primer 23I308DF309D3) and
CIPK23-SOS2-like mutant was generated by using pGEX4T2-CIPK23ΔC as a
template (forward primer 23SOS2like5 and reverse primer 23SOS2like3).

Fig. 5. A section of the CIPK23ΔC T190D structure showing the interaction
between Ile308 and Phe309 with the hydrophobic pocket at the N lobe of
CIPK23. A cartoon representation of the kinase is displayed together with a
semitransparent surface.

Fig. 6. A working model for CIPKs regulation. CIPK is schematically repre-
sented with the N lobe and the C lobe depicted in green and blue, re-
spectively, the junction as a purple line, the activation loop in red, and
the NAF motif as a cyan rectangle. Activation of CIPKs implies necessarily the
release of both the activation loop and the self-inhibitory NAF motif. The
calcium-dependent CBL interaction and/or phosphorylation of the activation
loop set the equilibrium between the inactive and the active forms. The
activity of CIPKs depends on the balance between active and inactive forms.
Some CIPKs (for instance CIPK24/SOS2) display basal activity. The junction
region may be responsible for the stabilization of a CBL unbound and un-
phosphorylated CIPK form with basal activity. Once CIPK is active, the fully
functional activation is achieved by the phosphorylation of the CBL.
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The kinase domain of CIPK23 (residues 1–331) was amplified by PCR using
the primers 23N2 and 23C and cloned as SmaI/NotI fragment in the yeast
expression vector pEG(KT) (62). To subclone the mutant allele CIP23-SOS2-
like in pEG(KT), a 0.69-kb BglII/NotI fragment encoding amino acids Lys103
to Val331 of CIPK23 was obtained from the corresponding pGEX4-T2
construct and ligated in the pEG(KT)-CIPK23 digested with the same
restriction enzymes.

The kinase domain of CIPK24/SOS2 (CIPK24/SOS2ΔC residues 7–308) was
cloned between BamHI and EcoRI restriction sites of the pGEX4T2 expression
vector (GE Healthcare) (forward primer 24N and the reverse primer 24C).
CIPK24/SOS2 mutants were generated successively by PCR using this con-
struct as the first template, and the resulted constructs were used as a tem-
plate for the following ones. CIPK24/SOS2ΔC T168D (forward primer 24T168D5
and reverse primer 24T168D3), S228D (forward primer 24S228D5 and reverse
primer 24S228D3), E107K and S109D (forward primer 24E107KS109D5 and re-
verse primer 24E107KS109D3), C127S (forward primer 24C127S5 and reverse
primer 24C127S3), P81K (forward primer 24P81K5 and reverse primer 24P81K3),
and L266K (forward primer 24L266K5 and reverse primer 24L266K3). All se-
quences were confirmed by plasmid DNA sequencing.

CIPK23-NAF (CIPK23; residues 24–352) was cloned between BamHI and
HindIII restriction sites of the multiple cloning sites I of pETDuet-1 expression
vector (Novagen) (forward primer 23FN and reverse primer 23FC), previously
modified to contain CBL1 (residues 1–213) between NdeI and KpnI re-
striction sites of multiple cloning site II (forward primer CBL1N and reverse
primer CBL1C). CIPK23-NAF S176D T190D Y197E was generated successively
by PCR using CIPK23-NAF as a template, and the resulted constructs were used
as a template for the following ones (forward primers 23S176D5, 23T190D5,
and 23Y197E5 and reverse primers 23S176D3, 23T190D3, and 23Y197E3).

Protein Preparation, Crystallization, and Data Collection. Recombinant pro-
teins were expressed in Rosetta 2 (DE3) pLysS cells (Stratagene) by induction
at OD600 = 0.7 with 0.3 mM isopropyl-β-D-thiogalactoside for 16 h at 16 °C.
Following isolation by centrifugation, the CIPK23ΔC and CIPK23ΔC T190D
bacterial pellets were then resuspended in a 150 mM NaCl, 20 mM Hepes pH
7.0, and 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP) buffer, whereas the
CIPK24/SOS2ΔC T168D bacterial pellet was resuspended in a 20 mM NaCl, 20
mM Tris·HCl pH 8.5, and 5 mM DTT buffer. Cells were lysed by sonication and
purified by using glutathione Sepharose 4B (GE Healthcare) following over-
night thrombin cleavage for CIPK23 and an overnight preScission cleavage
for CIPK24/SOS2ΔC T168D. The protein was dialyzed overnight in 20 mM
NaCl, 20 mM Tris·HCl pH 9.0, and 5 mM DTT. Proteins were further purified by
gel filtration chromatography on a Hi Load 16/60 Superdex 200 prep grade
column (GE Healthcare). Chromatography yields single peaks, which corre-
spond to the monomeric proteins. CIPK23ΔC, CIPK23ΔC T190D, and CIPK24/
SOS2ΔC T168D constructs were concentrated to 14.0 mg·ml−1, 14.0 mg·ml−1,
and 5.0 mg·ml−1, respectively, using an Amicon Ultra 10 K centrifugal filter
device (Millipore). The sample purity was determined by SDS/PAGE.

Initial crystallization screens were set up as sitting-drop vapor-diffusion
experiments. We used an Innovadine crystallization robot and crystallization
kits from Qiagen, Hampton Research, and Jena Bioscience. Initial screenings
of CIPK23ΔC lead to spherulites in many conditions. We selected condition
number 4 (0.1 M Tris·HCl pH 8.0 and 2.0 M ammonium sulfate) from Crystal
Screen HT (Hampton Research) as a starting point for crystal optimization.
CIPK23ΔC spherulites were screened against a set of detergents (Detergent
Screen HT; Hampton Research). Needle-shaped crystals grew after 3 d using
the under oil microbatch method. The final crystallization condition was
obtained by mixing 1 μL of 3.5 M ammonium sulfate, 0.1 M Hepes pH 7.5,
16 mM CHAPS, and 1 μL of protein preparation. These crystals were cry-
oprotected by adding a saturated solution of ammonium sulfate to the
crystallization drop until saturation. Identical crystallization protocol was
followed for CIPK23ΔC T190D. Initial screenings of CIPK24/SOS2ΔC T168D
lead to thin plates in condition number 47 (30% wt/vol PEG 4000, 0.1 M
Tris·HCl pH 8.5, and 0.2 M magnesium chloride) from JBScreen Classic: 1, 2, 3,
and 4 (Jena Bioscience). CIPK24/SOS2ΔC T168D crystallyzation was further
optimized by screening against a matrix of pH (7.0, 8.2, 8.5, 8.8, and 9.0)
versus PEG 4K concentration (12–30%) using the under oil microbatch
method. Thicker plates appeared between pH 5.8 and 9.0 and PEG 4K con-
centration between 20 and 24%. In-well dehydrated crystals were used for
crystal structure determination.

Crystals from CIPK23ΔC, CIPK23ΔC T190D, and CIPK24/SOS2ΔC T168D
were mounted in fiber loops and then flash cooled in liquid nitrogen. X-ray
diffraction data from CIPK23ΔC and T190D mutant were collected at the
European Syncrotron Radiation Facility beamlines ID14-4 and ID23-2, re-

spectively. CIPK24/SOS2ΔC T168D diffraction data were collected at the
Petra-III synchrotron, Hamburg, beamline P13.

CIPK23ΔC, CIPK23ΔC T190D, and CIPK24/SOS2ΔC T168D diffraction data-
sets were processed by using MOSFLM (63) and XDS (64) respectively, and
scaled using SCALA (65) from the CCP4 package (Collaborative Computational
Project, Number 4, 1994). A summary of the data collection statistics is given
in Table S1.

Structure Determination. The X-ray structures of CIPK23ΔC and CIPK23ΔC
T190D were solved by molecular replacement with the program MolRep (66)
using the coordinates of a kinase domain (PDB ID code: 3H4J) (37). The
electron density map calculated by using these phases was good enough to
manually build and refine the structure of CIPK23ΔC T190D. Several cycles of
restrained refinement with PHENIX (67) and REFMAC5 (68) and iterative
model building with COOT (69) were carried out. The X-ray structure of
CIPK24/SOS2ΔC T168D was solved by molecular replacement with the pro-
gram MolRep (66) using the coordinates of a kinase domain of CIPK23. Sev-
eral cycles of Jelly-body and restrained refinement with REFMAC5 (68) and
iterative model building with COOT (69) were carried out. Calculations were
performed by using CCP4 programs (70). The stereochemistry of the models
was verified with MolProbity (71). Ribbon figures were produced by using
PyMOL (72). The refinement statistics are summarized in Table S1.

In Vitro Kinase Assays. Kinetic studies of kinases were conducted by coupling
reaction method as described (73, 74). In brief, 3 μM kinase was added to a
reaction mixture containing 1 mM MgCl2, 100 mM phosphoenolpyruvate
(Sigma), 0.28 mM NADH (Calbiochem), 10–20 units of pyruvate kinase and
20–30 units of lactate dehydrogenase (Sigma), 1 mg/mL histone (Sigma), and
0.5 mM ATP (Sigma). The reaction was performed in a 96-well flat-bottom
plate (Sarstedt). The NADH depletion, which is coupled to the rate of the
kinase reaction, was followed by measuring the decrease in absorbance at
340 nm for 40 min at 22 °C in a Synergy HT BioTek microplate spectropho-
tometer. Blank reactions without enzyme were carried out for each enzyme.
Four replicas were collected for each reaction mixture, and the average ac-
tivities were quantified.

[γ-32P] ATP Kinase Assays. For radioactive in vitro phosphorylation assays,
wild-type and mutant CIPK23ΔC and GST-CIPK23-SOS2–like proteins were
purified from yeast cells as described (62). Cells were collected by centri-
fugation and lysed with glass beads in PBS buffer (10 mM Na2HPO4, 2 mM
KH2PO4, 2.7 mM KCl, and 137 mM NaCl, pH 7.4). Recombinant proteins
were affinity-purified on glutathione-Sepharose (GE Healthcare). Myelin basic
protein (Sigma) (∼1 μg) was subjected to phosphorylation by recombinant
CIPK23 protein kinases (∼100 ng) in 30 μL of buffer (66.7 mM Tris·HCl, pH 8,
100 mM NaCl, 5 mM MnSO4, 0.5 mM CaCl2, and 2 mM DTT). Reactions
were started by adding ATP (10 μM with 20 μCi of [γ-32P]ATP), which was
incubated at 30 °C for 45 min, and stopped with 10 μL of 4× SDS/PAGE
sample buffer. Proteins were separated by SDS/PAGE by using a 12% (wt/vol)
acrylamide gel. Radioactivity was detected on the dry gels by using Biomax
Light-1 (Kodak) films.

Circular Dichroism Spectra. Protein samples were prepared in a buffer con-
taining 20mMsodiumphosphate at pH8.2 and0.5mMTCEP tooptimize signal-
to-noise ratio. Special attention was paid to the instrument calibration (50).
Circular dichroism spectra were recorded in a JASCO J-810 spectropolarimeter.
Far-UV spectra were recorded in a 0.02 cm-pathlength quartz cell at a protein
concentration of 0.7 mg·ml−1 (20 μM). The spectra were analyzed by using
CONTIN (75) included in the DICROWEB web page (76). Thermal denaturation
experiments were carried out in a 0.1 cm-pathlength quartz cell at a protein
concentration of 0.2 mg·ml−1 (5.6 μM) and monitored at wavelength of 220 nm
by increasing the temperature from 30 °C to 70 °C at 50 °C·h−1.
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