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Plant growth and development requires efficient acquisition of essential elements. Potassium (K") is an important macronutrient present
in the soil solution at a wide range of concentrations. Regulation of the K" uptake systems in the roots is essential to secure K* supply. It
has been shown in Arabidopsis (Arabidopsis thaliana) that when the external K* concentration is very low (<10 um), K* nutrition depends
exclusively on the high-affinity K* transporter5 (HAKS5). Low-K*-induced transcriptional activation of the gene encoding HAKS has been
previously reported. Here, we show the posttranscriptional regulation of HAKS transport activity by phosphorylation. Expression in a
heterologous system showed that the Ca®" sensors calcineurin B-like (CBL1), CBL8, CBL9, and CBL10, together with CBL-interacting
protein kinase23 (CIPK23), activated HAKS in vivo. This activation produced an increase in the affinity and the V,,, of K" transport.
In vitro experiments show that the N terminus of HAKS is phosphorylated by CIPK23. This supports the idea that phosphorylation
of HAKS induces a conformational change that increases its affinity for K. Experiments of K* (Rb*) uptake and growth
measurements in low-K* medium with Arabidopsis single mutants hak5, akt1, and cipk23, double mutants hak5 aktl, hak5

cipk23, and akt1 cipk23, and the triple mutant hak5 akt1 cipk23 confirmed the regulatory role of CIPK23 in planta.

Potassium (K*) is an essential macronutrient for
plants, required for cell metabolism and extension
growth (Marschner, 2012). It fulfills important functions
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related to turgor maintenance, activation of proteins,
neutralization of negative charges, cytoplasmic pH
homeostasis, maintenance of transmembrane voltage
gradients, and phloem sugar loading (White and
Karley, 2010). It is the most abundant inorganic cation
in plant tissues, comprising up to 4% to 6% of plant dry
weight (Leigh and Wyn Jones, 1984).

The K" activity in the cell cytoplasm is maintained
fairly constant around 100 mm (Walker et al., 1996). This
is in sharp contrast with the highly variable K™ con-
centrations of the soil solutions that may range between
0.1 and 1 mm (White and Karley, 2010). Importantly, the
K" concentrations in the depletion zone around the
roots may be even lower, which results in K" gradients
between the cytoplasm and the external solution of
up to 10,000-fold.

To overcome such steeps K* gradients and secure K*
supply under widely variable conditions, root cells are
furnished with different K uptake systems. Classical
studies in barley (Hordeum vulgare) identified low- and
high-affinity components of K" uptake (Epstein et al.,
1963). Subsequent molecular studies have described in
Arabidopsis (Arabidopsis thaliana) two systems as the
major contributors to K* uptake, the high-affinity K*
transporter HAKS5 and the inward-rectifier K channel
AKT1 (Alemén et al.,, 2011). The Arabidopsis model is
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probably extendable to other dicots and monocots, al-
though in monocots, a third system of the high-affinity
K" transporter (HKT) family, HKT2;1, could also be
involved in K" uptake (Corratgé-Faillie et al., 2010).
According to the Arabidopsis model, HAKS is the only
system operating at external K* concentrations below
10 um. Between 10 and 200 um K*, HAKS contributes to
K" acquisition assisted by AKT1 when the plasma
membrane potential is negative enough to allow
channel-mediated K" uptake. At K™ concentrations
higher than 500 um, HAKS is not relevant and AKT1
contribution becomes more important. In the absence of
HAKS and AKT1, other uncharacterized system(s) may
provide a pathway for K™ uptake to support residual
plant growth (Pyo et al.,, 2010; Aleman et al., 2011). In-
terestingly, a recent report suggests that AKT1 may also
act as a K" sensor in the root architecture response to
nutrient supply, possibly by linking auxin transport to
plasma membrane potential (Kellermeier et al., 2014).
Plant adaptation to different environmental condi-
tions and nutrient supplies requires a precise regulation
of the systems involved in nutrients uptake. Therefore,
regulation of these transporters at the transcriptional
and/or posttranscriptional level must be expected. With
the exception of the wheat (Triticum aestivum) AKT1
homolog TaAKT1 (Buschmann et al., 2000), the tran-
scription of the genes encoding AKT1 channels do not
respond to the external supply of K*. AKT1 regulation
seems to rely on posttranslational modifications, mainly
phosphorylation/dephosphorylation mediated by
the protein kinase complex CBL-interacting protein
kinase23 (CIPK23)/ calcineurin B-like proteins1-9 (CBL1-9)
and the AKT1-interacting PP2C1 (AIP1) phosphatase
(Li et al., 2006; Xu et al., 2006; Cheong et al., 2007; Lee
et al., 2007). The reduction in the external K* concen-
tration could produce a specific Ca** signature in the
cytosol that would be recorded by the Ca**-binding CBL1-
9 proteins, promoting CIPK23 recruitment to the plasma
membrane to phosphorylate and activate AKT1. This ac-
tivation process is reverted by the AIP1 phosphatase
(Chérel et al., 2014). Other mechanisms of AKT1 regula-
tion include interaction with other channel subunits such
as K" channell (KC1; Geiger et al., 2009), the syntaxin of
plants121 (SYP121; Honsbein et al.,, 2009), or direct
binding to CBL proteins such as CBL10 (Ren etal., 2013).
Regulation of HAKS5 transporters has been exclu-
sively described at the transcriptional level. Induction
of HAKS5 genes by low K" begins with a hyperpolari-
zation of the plasma membrane potential (Nieves-
Cordones et al., 2008). Subsequent steps that lead to
gene induction include increases in ethylene and reac-
tive oxygen species (Shin and Schachtman, 2004; Jung
et al., 2009; Kim et al., 2010). Several transcription fac-
tors and their target sequences in the HAK5 promoter
have been identified (Kim et al., 2012; Hong et al., 2013).
Although no posttranscriptional regulation for HAK
transporters has been shown, such a regulation needs
to be evoked to explain results from different studies.
Thus, while under K*-sufficient conditions, HAKS5 is
mainly detected in the endoplasmic reticulum, upon K*

2864

deprivation, the protein is relocated to the plasma
membrane. This suggests that low-K*-induced HAK5
trafficking between the endoplasmic reticulum and the
plasma membrane is a mechanism of control of HAKS
activity (Qi etal., 2008). Other studies have shown that in
hydroponically grown plants subjected to N, P, or S
starvation by removing these nutrients from the growth
solution for 7 d, the HAK5 gene was up-regulated, butno
HAKS5-mediated high-affinity K uptake was observed
(Rubio et al., 2014). Only when, in addition to N, P, or
S starvation, plants are subjected to K* deprivation,
HAKS5-mediated high-affinity K" uptake took place. This
indicates that a low-K" signal is required to produce the
posttranscriptional activation of the transporter.
Interestingly, the role of the CIPK23/CBL1-9 complex
in regulating K" acquisition seems to be not restricted to
the activation of the AKT1-mediated pathway. An ad-
ditional unknown transporter was proposed as a target
of that complex based on the lower K" concentrations
shown by cipk23 shoots compared with those of akt1 (Xu
et al., 2006). Given that AKT1 and HAKS5 are the two
major systems mediating K™ uptake (Rubio et al., 2010),
HAKS emerges as a likely candidate for the above-
mentioned unknown transporter. Here, we demon-
strate that HAKS is activated in yeast (Saccharomyces
cerevisiae) by CIPK23 complexes comprising the regula-
tory partners CBL1, CBLS8, CBL9, and CBL10. This acti-
vation is strictly dependent on the phosphorylation of
the HAKS transporter by CIPK23. Analyses of Arabi-
dopsis mutant lines confirm that CIPK23 controls the
high-affinity K" uptake mediated by HAKS.

RESULTS
Coexpression of CIPK23 and CBL1 Activates HAK5

The activity of the Arabidopsis AKT1 channel is pos-
itively regulated by CIPK23-CBL1-9 protein complexes
(Xu et al., 2006; Lee et al., 2007). Although AKT1 is the
final target of the cascade and mutant plants lacking
AKT1 should display the strongest phenotype, it was
found that K" content in the shoots of cipk23 mutant
plants was even lower than in the shoots of akt1 mu-
tants. This suggested that CIPK23 was also regulating
an unknown K" transport system involved in K" uptake
or its distribution within the plant (Xu et al., 2006).

We hypothesized that HAKS5 protein could be this
unknown K" transport system modulated, in parallel
with AKT1, by CIPK23. In addition, a previous report
showed that the expression of HAKS in a yeast mutant
strain lacking the endogenous K" uptake systems TRK1
and TRK2 produced a modest complementation of
defective growth at low K" (Rubio et al., 2000). This
result could be explained if HAKS was not fully func-
tional in yeast and required activation by ancillary
proteins, such as CIPK23 and CBL1.

To test our hypotheses, we coexpressed CIPK23 and
CBL1 in the absence or the presence of HAKS, in
the yeast mutant strain 9.3 (trkl, trk2), defective in
K*™-uptake. Yeast growth of transformants was
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assayed in low-K* medium. As shown in Figure 1A, the
concurrent expression of the three proteins dramati-
cally increased the capacity of transformed cells to grow
in low K%, above levels imparted by HAKS5 alone. Cells
expressing the three proteins were able to grow in
media containing as low as 10 um K. This enhanced
growth was observed only when HAKS5 was present,
demonstrating that CBL1 and CIPK23 were not
unmasking an endogenous yeast activity. Moreover,
any other combination of the proteins failed to produce a
substantial increase in growth. Omitting either CIPK23 or
CBL1 prevented the HAK5-dependent enhancement of
growth in low K" (Fig. 1A). These results suggested that
both the protein kinase CIPK23 and the Ca** sensor CBL1
were necessary and together were sufficient for in vivo
activation of the high-affinity K* transporter HAKS.

The CIPK23/CBL1 Complex Increases the V. and
Reduces the K, Values for HAK5-Mediated Rb* Uptake

To further characterize the activation of HAKS5 by the
CIPK23/CBL1 complex, Rb" uptake experiments were
performed in yeast of genotype trkl trk2 lacking the
endogenous high-affinity K uptake. This allowed a
precise kinetic characterization of HAK5-mediated K*
uptake. After growing the yeast cells overnight in K*-
sufficient medium, a 7-h K* starvation treatment was
imposed. The initial rates of Rb" uptake were deter-
mined at different external Rb" concentrations in the
range from 0 to 100 um (Fig. 2), and the data were fitted
to Michaelis-Menten kinetics. Control cells expressing
the empty vector showed low rates of Rb" uptake
compatible with the low-affinity K" uptake system
remaining in the 9.3 strain (Fig. 2). Expression of
CIPK23/CBL1 did not alter the rate of Rb* uptake ob-
served in yeast transformed with the empty vector,
indicating that no endogenous K" transport system is
induced by the expression of CIPK23 and CBL1. When

Plant Physiol. Vol. 169, 2015
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Figure 1. Reconstitution in yeast of the
HAK5 K* uptake pathway. A, CIPK23 and
CBL1 improved the growth in low K* of
yeast cells expressing the HAKS ion trans-
porter. Cells of strain 9.3 (trk1, trk2) were
transformed with the empty vector (vector)
or the indicated combination of cDNAs. B,
The hyperactive CIPK23(T190D,A331) and
the kinase-dead mutant CIPK23(K60N)
failed to activate HAKS5. Yeast transform-
ants were grown overnight in medium with
0.1 M KCI. Five microliters of serial decimal
dilutions were spotted onto plates of AP
medium supplemented with the indicated
KCI concentration.

cells expressed HAKS5, an increase in the Rb" uptake
rates that showed saturation kinetics was produced,
in agreement with HAK5-meditated K" uptake. The
coexpression of HAK5 with CIPK23 did not produce
any effect with respect to the expression of HAKS5 alone.
However, when the cells expressed HAK5 together
with CIPK23 and CBL1, an outstanding increase in Rb*
uptake rates was produced. Importantly, the expression

e HAKS CIPK23 CBL1

04 | O HAK5 CPK23
- v HAKS5

£ * CIPK23 CBL1
T 03 m EV ®
] —
= P °

g o o

€ 02 ¢
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Figure 2. Initial rates of Rb* uptake in yeast cells expressing HAKS5,
CIPK23, and CBL1. Cells of trk1 trk2 genotype transformed with the
empty vector (EV; black squares), CIPK23/CBL1 (white triangles), HAK5
(black triangles), HAK5/CIPK23 (white circles), or HAK5/CIPK23/CBL1
(black circles) were grown overnight in AP medium supplemented with
5 mm K*. After 6 h of K* starvation, cells were suspended in assay buffer
supplemented with different Rb* concentrations. Initial rates of Rb*
uptake were determined and plotted against the corresponding Rb*
concentrations. Data were fitted to Michaelis-Menten equations and the
K, and V. values calculated. Data represent the average of at least

max
three repetitions, and error bars denote sE.
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of the CIPK23/CBL1 complex produced a significant
effect on the kinetic parameters of HAK5-mediated Rb*
uptake. The affinities for Rb" with HAK5 alone or
HAKS together with CIKP23 were not significantly
different, as shown by the K values of 19.3 = 4.5 and
319 *= 11.7 um Rb*, respectively. However, the coex-
pression of HAKS together with CIPK23 and CBL1 sig-
nificantly reduced the K value to 26 = 0.6 um. In
addition, the maximal rate of uptake was also signifi-
cantly increased in the HAK5/CIPK23/ CBLl—expressmg
cells, reaching a value of 0.28 * 0.6 nmol mg™ rmn com:
pared with 0.14 = 0.01 or 0.16 = 0.02 nmol mg™ min™"
for HAK5- or HAKS/CIPK23-expressing cells, respec-
tively. These data suggest that the enhancement of
growth at low K" of yeast cells expressing HAKS,
CIPK23, and CBL1 (Fig. 1) derived from a modifi-
cation of the kinetic properties of the transporter induced
by the regulatory complex CIPK23/CBL1 (Fig. 2).

The Kinase Activity and C-Terminal Regulatory Domain
of CIPK23 Are Required for Activation of HAK5

CIPK/CBL complexes regulate their target proteins
by phosphorylation or by establishing physical inter-
actions (Pandey et al., 2014). Although these two reg-
ulatory mechanisms are not mutually exclusive, one of
them is usually more predominant than the other for
each specific case. In some instances, the activation does
not require the enzymatic activity of the CIPK, and
expression of full-length CIPK lacking kinase activity or
partial CIPK peptides without the kinase domain are
sufficient to regulate the target protein (Cheng et al.,
2004; Held et al., 2011). In others, there is a strict re-
quirement of phosphorylation by the CIPK kinase, and
expression of the kinase moiety is sufficient to mimic
the regulation of the complete CIPK protein (Li et al.,
2006; Xu et al., 2006; Ho et al., 2009; Quintero et al.,
2011). To gain insights into the regulatory mechanism
of HAKS by CIPK23/CBL1, we generated two different
mutants of CIPK23. The allele CIPK23(T190D,A331)
combines a T190D mutation in the kinase activation
loop of CIPK23 with a C-terminal truncation at residue
311 that removes the C-terminal autoinhibitory domain
present in this family of kinases (Chaves-Sanjuan et al.,
2014). These two mutations yielded a hyperactive ki-
nase that is independent of CBL binding (Chaves-
Sanjuan et al, 2014). The second allele, CIPK23
(K60N), contains a substitution of Lys-60 with Asn in
the catalytic site required for phosphotransfer and
produces an inactive kinase (Li et al., 2006). Comple-
mentation of yeast cells expressing CIPK23(T190D,A331)
or CIPK23(K60N)/CBL1 together with HAK5 was
assayed. None of the CIPK23 mutant proteins produced
any significant improvement of the growth in low K" of
9.3 yeast cells containing HAKS compared with the ex-
pression of wild-type CIPK23 (Fig. 1B). This result
showed that neither the kinase activity nor the physical
interaction had a predominant role to activate HAKS,
and both mechanisms were required simultaneously.
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CIPK23 Phosphorylates HAKS5

To demonstrate that CIPK23 phosphorylates HAKS5,
in vitro kinase assays were carried out. Attempts to
express and purify a His-tagged version of the full-
length HAKS protein from yeast were unsuccessful.
Analysis of the HAKS5 polypeptide sequence with the
TMHMM v2.0 prediction server (Krogh et al., 2001)
revealed the existence of 12 putative transmembrane
helices and three major hydrophilic regions, the N-terminal
part from amino acids 1 to 95 (NT), an internal loop
between TM2 and TM3 comprising residues 123 to 182
(IL), and the C-terminal tail from residues 530 to 784
(CT). Glutathione S-transferase (GST) fusions of these
three cytosolic regions were expressed and purified
from Escherichia coli cells. NT and IL fusion proteins
gave rise to products of the expected length and smaller
species, indicating degradation due to protein insta-
bility. Phosphorylation assays were performed with the
different HAKS peptides as substrates and the CIPK23
derivative CIPK23(T190D,A331) as the kinase. This
mutant protein was used because it showed a higher
protein kinase activity than the wild type and it was
independent of CBL1 (Chaves-Sanjuan et al., 2014). A
clear phosphorylation signal was observed only in the
sample, where both the NT peptide and CIPK23
(T190D,A331) were present in the reaction (Fig. 3). This
result indicated that CIPK23 catalyzed a strong phos-
phorylation of HAKS at the N-terminal region of the
transporter.

Different Members of the Arabidopsis CBL Family Form a
Complex with CIPK23 That Activates HAK5

The protein kmase CIPK23 can interact indepen-
dently with the Ca®* sensors CBL1 and CBL9, and both
protein complexes increase AKT1 channel activity
when expressed in Xenopus laevis oocytes (Li et al., 2006;
Xu et al., 2006). Protein interaction assays have shown
that CIPK23 can associate with other members of the
CBL protein family. However, there is a discrepancy
regarding the implication of these alternative com-
plexes in AKT1 regulation. According to Xu et al.
(2006), only the CIPK23/CBL1 and CIPK23/CBL9 pairs
are able to up-regulate AKT1 function. By contrast,
Lee et al. (2007) found that CIPK23/CBL2 and
CIPK23/CBL3 complexes are also competent to ac-
tive AKT1 in Xenopus spp. oocytes. To test the spec-
ificity of the CBL proteins in the regulation of the
HAKS transporter, all the members of the Arabi-
dopsis CBL family were expressed along with
CIPK23 and HAKS in the yeast 9.3 strain. Growth in
low-K* medium showed that, in addition to CBL1,
proteins CBL8, CBL9, and CBL10 were able to com-
plement the growth defect of the yeast cells (Fig. 4).
Plasma membrane localization of these four CBL
proteins has been reported (Quan et al., 2007; Batistic
et al., 2010) which is consistent with their suggested
role of promoting CIPK23 recruitment to the plasma
membrane to regulate HAKS5 function.

Plant Physiol. Vol. 169, 2015
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Figure 3. CIPK23 phosphorylates HAKS5 in vitro. GST fusions encom-
passing the HAK5 N-terminal region (NT), the internal loop (IL), or the
cytosolic tail (CT) were subjected to phosphorylation by CIPK23 and
resolved by SDS/PAGE. A, Coomassie Brilliant Blue staining of gel
showing proteins in the assay. B, Autoradiograph showing incorporation
of 3P into the N-terminal region of HAK5.

The CIPK23/CBL1 Complex Also Activates Homologs
HAKS from Various Plant Species

Homologs of the Arabidopsis HAK5 have been
identified in other plant species such as tomato (Sola-
num lycopersicum; SIHAKS; Nieves-Cordones et al.,
2007), pepper (Capsicum annuum; CaHAK1; Martinez-
Cordero et al., 2004), and the Arabidopsis close relative
Eutrema salsuginea (EsHAKS; Aleman et al., 2009).
Previous studies have shown CaHAK1- and EsHAKS5-
mediated functional complementation in yeast, allow-
ing cell growth at 0.1 mm K* (Martinez-Cordero et al.,
2004; Aleman et al., 2009). Although SIHAKS did not
promote yeast growth at low K*, a chimeric transporter,
named SIHAKS5q, with only 15 amino acids of CaHAK1
in the N terminus of the recombinant protein, led to yeast
growth in the presence of 0.1 mm K* (Nieves-Cordones
et al., 2008). Here, growth of yeast cells expressing the
mentioned HAK transporters alone or together with the
CIPK23/CBL1 complex was analyzed (Fig. 5). In yeast

Plant Physiol. Vol. 169, 2015
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peptone dextrose media supplemented with 100 mm K7,
all yeast transformants grew well. In minimal arginine
phosphate-based (AP) media with 10 um K, none of
the cells expressing the CaHAK1, SIHAKS, SIHAK5q,
or EsHAKS5 alone grew. However, cells coexpressing
the CIPK23/CBL1 complex together with CaHAKI1 or
SIHAK5q showed a remarkably robust growth. Al-
though at lower rates, cells expressing the ESHAKS also
grew. Finally, SIHAK5 was not able to mediate cell
growth, even when coexpressed with the CIPK23/CBL1
complex. These results suggest that HAKS5 activation by
CIPK23/CBLl1 is evolutionarily conserved, although the
phosphorylation site and/ or target sequence recognition
may vary among distant plant species.

Arabidopsis Mutants Lacking CIPK23 Are Deficient in
HAK5-Mediated High-Affinity K* Uptake

The results from yeast experiments showed the acti-
vation of the high-affinity K* transporter HAKS5 by the
CIPK23/CBL1 complex in a heterologous system. In
addition, in vitro assays demonstrated that the N ter-
minus of HAKS5 was phosphorylated by CIPK23. To
directly demonstrate HAKS activation in planta,
transfer DNA insertional mutants in HAK5, AKT1, and
CIPK23 were used to characterize high-affinity K" up-
take. In addition to the hak5, aktl, and cipk23 single
mutants (Rubio et al., 2008, 2010; Pyo et al., 2010),
double mutants and the triple mutant lines were
obtained and similarly assayed. Rb* depletion from a
50 um hydroponic solution was determined in plants
starved of K* for 7 d. Under these conditions, the initial

+100 mM KCI

+0,01 mM KCI

+CBL1
+CBL2
+CBL3
+CBL4
+CBL5

+CBL6
+CBL7
+CBL8
+CBL9
+CBL10

Figure 4. Several members of the Arabidopsis CBL family of Ca**
sensors interact with CIPK23 and activate HAK5. Yeast cells expressing
HAKS5 and CIPK23 were further transformed to coexpress the indicated
CBL protein. The growth test was performed as indicated in Figure 1.
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+0.01 mM KCI
+CaHAK1
+SIHAKSq
+EsHAKS
+SIHAKS

+vector +CIPK23/CBL1 +vector

+CIPK23/CBL1

Figure 5. Growth of yeast expressing the Arabidopsis CIPK23/CBL1 kinase
complex and the HAK5 homologs of pepper, tomato, and E. salsuginea was
tested in low-K* medium. The yeast strain 9.3 (trk1, trk2) was transformed
with the empty vector or containing the CIPK23 and CBL1 cDNAs. A
second plasmid containing the cDNAs of pepper (CaHAKT), tomato
(SIHAK?S), or E. salsuginea (EsHAK5) or a quimeric tomato HAK5 that
contained the 15 first amino acids of CaHAKT (SIHAK5q) was included.
The growth test was performed as indicated in Figure 1. Indicated are the K*
concentrations of the media used for yeast growth in each case.

rates of Rb" uptake mediated by HAK5 and AKT1
could be determined as described previously (Rubio
et al., 2008). Uptake assays showed that at 50 um, the
lack of HAKS5 reduced Rb* uptake to 72% compared
with the wild type, which implies that under these
conditions HAKS5 mediated at least one-third of total
uptake (Fig. 6). While the absence of AKT1 alone had no
effect, Rb™ uptake in the hak5 akt1 double mutant was
almost negligible (5% of the wild type). These data are
in agreement with the notion that these two systems are
the major contributors to K" uptake and that HAKS and
AKT!1 function in a reciprocal compensatory manner at
concentrations in the 10 to 50 uM range (Rubio et al.,
2008, 2010). In other words, HAKS activity fully com-
pensated for the absence of AKT1, whereas the con-
verse counterbalance was only partial. The cipk23
mutant line showed 55% of Rb" uptake rate relative to
the wild type, indicating that CIPK23 was governing
45% of total uptake. Despite the compensatory effects
between HAKS5 and AKT1 systems, the contribution of
CIPK23 regulation to each Rb" uptake system could be
estimated from the comparisons of uptake rates in the
single hakb mutant versus hakb cipk23 double mutant
(reporting AKT1 activity) and of akt1 versus akt1 cipk23
(corresponding to HAKS activity). These differential
rates of Rb" uptake indicated that CIPK23 governed
approximately 43% of the transport mediated by HAKS
and 57% of the uptake that could be assigned to AKT1.
Finally, the triple mutant hak5 akt1 cipk23 showed a
residual Rb" uptake (5% of the wild type), similar to the
double hak5 aktl mutant, implying that no additional
Rb" (K") transport processes controlled by CIPK23 are
active at 50 um Rb". Collectively, these data demon-
strate the critical role of CIPK23 in the activation of
HAKS and AKT1 transporters upon K" limitation.

The above Rb" uptake experiments determined the
initial rates of Rb" uptake as affected by the different
mutations. However, the role of the CIPK23 kinase in
the regulation of the transporters for providing long-
term K" uptake supporting plant growth may be more
complex. To address this point, long-term growth ex-
periments with plants grown hydroponically were
conducted. Seeds of the different lines were directly
germinated in nutrient solutions with different K"

2868

concentrations for 30 d. In the presence of 10 mm K7, all
plant lines showed a similar size (Fig. 7). However, at
1.4 mm K7, slight differences in plant size were observed
that resulted evident, as the external K* concentration
was reduced further. In the presence of 0.5 mm K, the
hak5 line showed the biggest size of all mutant lines. The
lack of AKT1 or CIPK23 alone did not produce an im-
portant effect, but when both CIPK23 and AKT1 were
absent, either in the cipk23 akt1 or the hak5 akt1 cipk23
lines, a remarkable reduction in plant growth was ob-
served. Notably, these two mutant lines grew much
slower than the hak5 akt1 line at 0.5 mm K7, suggesting the
existence of additional target(s) of CIPK23. In the presence
of 10 um K7, the hak5 line grew slower than the wild type
and akt1 lines. Growth of cipk23 and hakb cipk23 lines was
greatly reduced and that of hak5 akt1, akt1 cipk23, and hak5
akt1 cipk23 was completely arrested. The effects of the
different mutations on plant growth were quantified by
determining shoots and roots fresh weights, which are
shown in Supplemental Figure S1. In addition, when
sufficient plant material was available for reliable analy-
ses, the K" concentrations were determined (Supplemental
Fig. S2). It could be observed that whereas at 10 mm ex-
ternal K" all lines produced shoots with similar K* con-
centrations, at 0.5 mm K, important differences were
observed. Plants of the akt1 cipk23 and hakb akt1 cipk23 lines
showed strong reductions in shoot K" concentrations
(Supplemental Fig. S2), in agreement with their smallest
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Figure 6. Initial rates of K™ (Rb") uptake in the Arabidopsis wild type
(WT) and knockout lines in genes HAK5, AKT1, and CIPK23. Seeds of
Arabidopsis, the single mutants hak5, aktl, and cipk23, the double
mutants hak5 akt1, akt1 cipk23, and hak5 cipk23, and the triple mutant
hak5 akt1 cipk23 were germinated and grown for 30 d in K*-sufficient
nutrient solution containing 1.4 mm K*. After 7 d of K* starvation, plants
were transferred to solutions with 50 um Rb* for 7 h, during which time,
samples of external solution were taken. Rb* concentrations of these
samples were determined and used to calculate the rate of Rb" ab-
sorption from the amount of Rb* depleted in the external solution per
unit of root dry weight and time. Shown are average values of at least six
repetitions, and error bars denote sE.
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Figure 7. Plant growth of Arabidopsis (wild type [WTI) and knockout
linesin HAK5, AKT1, and CIPK23 genes in a range of K* concentrations.
Seeds of the same lines used in Figure 6 were directly germinated in
nutrient solution containing the indicated K* concentrations. The pic-
ture shows plant size after 30 d of growth.

size (Fig. 7; Supplemental Fig. S1). Together, these results
show that CIKP23 governs the growth of Arabidopsis
under K" limitation by coordinately regulating the two
major K" uptake systems operating in roots, HAK5 and
AKT1, and suggest the existence of additional target(s) of
CIPK23 supporting growth in the low-millimolar range.

DISCUSSION

Recent studies have demonstrated that CIPK23/
CBL1-9 complexes activate the inward-rectifying K*
channel AKT1. Here, we report that the same CIPK/
CBL modules also up-regulates the K' transporter
HAKS, responsible for the high-affinity K" uptake in the
roots. This result highlights the crucial role of the pro-
tein kinase CIPK23 and the calcium sensors CBL1 and
CBL9 in regulating the two major systems involved in K*
uptake in roots. In addition to the Arabidopsis HAKS
transporter, the HAKS homologs from E. salsuginea,
pepper, and tomato, are also activated by the CIPK23/
CBL1 complex (Fig. 5). Importantly, activation of the rice
(Oryza sativa) OsAKT1 (Li et al., 2014) or the grapevine
(Vitis vinifera) VVK1.1 channels (Cuéllar et al.,, 2010) by
CIPK23/CBL1 has also been described. Thus, the im-
portant regulatory role on HAK5- and AKT1-mediated
K" uptake shown here for the Arabidopsis CIPK23/CBL
complex can be extended to other plant species and, most
importantly, to crops. The CIPK23/CBL modules emerge
as central regulator of process as essential for plant
growth and development as K" nutrition. Recently, a re-
port showed activation of the Dionaea muscipula AKT1
and HAKS by CIPK23/CBL9 as a mechanism for regu-
lating K" acquisition in the specialized gland cells of this
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plant species (Scherzer et al., 2015). This suggests that, in
addition to its central role in root K* uptake, the CIPK23/
CBL1-9 complex may play roles in specific K" uptake
capacities of certain plant species.

The CIPK23 kinase is also involved in the regulation
of NO, uptake. Regulation of the NO,  transceptor
CHLI1 is achieved by interaction with the CIPK23 ki-
nase. CHL1 can function as a high- and a low-affinity
NO; transporter, and the phosphorylation of CHL1 at
T101 by CIPK23 keeps the primary NO, response at
low levels (Ho et al., 2009; Krouk et al., 2010). Therefore,
the results presented here and in previous reports point
to the CIPK23 kinase as a central regulator of the sys-
tems involved in the acquisition of two of the most
important nutrients for plants, i.e., K" and NO;". Reg-
ulation of uptake of these two nutrients by the same
kinase supports the emerging hypothesis of a crosstalk
between the signaling pathways modulating the ac-
quisition of different nutrients (Wang et al., 2002; Ho
and Tsay, 2010; Hu et al., 2015). Moreover, in addition
to sharing regulators, direct physical interactions be-
tween NO,™ and K" transporters could exist (Ho and
Frommer, 2014). These findings could constitute the
molecular bases for the long-standing observation of an
interaction between NO,~ and K" uptake and distribu-
tion in plants (Lin et al., 2008; Marschner, 2012).

Potassium uptake from diluted solutions is greatly
enhanced when plants are faced with K deprivation.
So far, this enhancement was explained by the activa-
tion of AKT1 by CIPK23/CBL1-9 and by the tran-
scriptional activation of the gene encoding HAKS.
Here, we describe a posttranslational regulation for
HAKS that is crucial for plant survival at K™ concen-
trations lower than 10 um (Fig. 7). Activation of the
transport activity of HAK5 by the CIPK23/CBL1
complex requires both the Ser/Thr kinase catalytic
domain and the C-terminal domain of CIPK23 (Fig. 1B).
In other transport systems regulated by CIPK/CBL,
there is a functional predominance of one of these two
domains. For instance, the K* channel AKT1 is con-
trolled by the CIPK23/CBL1 complex, but substantial
activation is attained when expressing only the kinase
domain of CIPK23 (Li et al., 2006; Lee et al., 2007). By
contrast, partial activation of the K" channel AKT2,
which is regulated by CIPK6/CBL4, is obtained by
expressing the CIPK6 inhibitory domain alone (Held
et al., 2011). Available evidence indicates that the rela-
tive dominance of the CIPK kinase activity is associated
with a direct modulation of the transport activity of the
target protein, whereas the dominance of kinase-target
interaction involving the C-terminal part of CIPK cor-
relates with the regulation of the correct localization of
the transporter. AKT1 reaches the plasma membrane in
the absence of CIPK23/CBL1, and full channel activity
requires phosphorylation by this complex. In the case of
AKT2, translocation of the channel from the endoplas-
mic reticulum to the plasma membrane requires the
presence of CIPK6/CBL4. The activation mechanism of
HAKS by CIPK23/CBL1, which produces a substantial
change of the catalytic properties K., and V. (Fig. 2), is

ax
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consistent with a conformational change triggered by
the action of the CIPK23 kinase domain. Analysis of Rb*
uptake in yeast expressing HAKS alone or with the
CIPK23/CBL1 complex revealed that activated HAKS
showed a remarkable affinity increase for its substrate
(Fig. 2). The K, value decreased from about 20 uM when
only HAK5 was expressed to 2.6 um K" when the
transporter was coexpressed with CIPK23/CBL1. The
affinity for K" obtained in yeast, 2.6 um K7, is higher
than the one observed in Arabidopsis wild-type plants,
between 21 and 24 um (Shin and Schachtman, 2004;
Gierth et al., 2005; Pyo et al., 2010). However, it should
be taken into account that in Arabidopsis wild-type
plants, both AKT1 and HAKS, are contributing with
different affinities to K absorption at low K". In addi-
tion, the specific growth conditions of each experiment
and the degree of K" starvation are known to have a
great impact on the affinity of K™ uptake shown by the
plants (Martinez-Cordero et al., 2004). Although with
some caution because of compensatory effects, the use
of mutant plant lines, as those used here, may help to
determine the individual properties of these two K*
transport system in planta (Rubio et al., 2008). Inter-
estingly, a K, value as low as 0.8 um K" has been
reported for the akt1-1 line in which the only system
mediating K* uptake is HAKS (Gierth et al., 2005). This
value of 0.8 um K" is closer to the affinity obtained for
the CIPK23/CBL1-activated HAKS in yeast of 2.6 um.

In addition to phosphorylation-induced conforma-
tional changes of HAKS5 by the CIPK23 kinase, the ab-
solute requirement of the C-terminal autoinhibitory
region of CIPK23 for HAKS activation suggests that
localization of the transporter may also be regulated by
the kinase. Assuming that this mechanism of regulation
also takes place in yeast, it would explain why the ex-
pression of the CIPK23/CBL1 complex increases the
V.ax Of Rb" uptake mediated by HAKS in the fungus
(Fig. 2). The notion of HAKS regulation by means of its
targeting is supported by different studies. A report
showed that, in K™-sufficient plants, HAKS5 protein was
mainly detected in the endoplasmic reticulum, while K*
starvation produced an enrichment of HAKS protein in
the plasma membrane (Qi et al., 2008). In addition, the
KT/HAK/KUP family of K" transporters belongs to the
amino acid-polyamine-organocation (APC) superfam-
ily of secondary carriers (Vastermark et al., 2014).
Regulation of APC transporter activity in eukaryotes
maintains strong similarities with those found here for
HAKS. Phosphorylation is critical for transport activity
of APC transporters, and the phosphoaminoacids are
located in the N-terminal cytosolic region. Moreover,
transit of the transporter from the target membrane to
endosomes also plays a fundamental regulatory role
(Uemura et al.,, 2005; Markadieu and Delpire, 2014;
Rudnick et al., 2014). Thus, it can be concluded that the
regulation of HAKS5 by CIPK23 may involve both phos-
phorylation and targeting of the transporter, an attractive
hypothesis that deserves further investigation.

Here, we show that CIPK23 is a central regulator of K*
uptake in plants and that when the kinase is absent, the
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initial rates of Rb* uptake of K*-starved plants (Fig. 6),
plant growth, and internal K concentrations at low K*
are reduced (Fig. 7; Supplemental Figs. S1 and S2).
Activation of the K" transport systems is evident by
analyzing the initial rates of Rb" uptake and the growth
of the different mutant lines in a range of K" concen-
trations (Figs. 6 and 7). Up-regulation of AKT1 activity
by CIPK23 is deduced from the decreased Rb* uptake
rate of the hak5 cipk23 line compared with the hak5 line
(43%). The activation of HAKS5 by CIPK23 is inferred
from the reduced Rb" uptake rate in the akt1 cipk23 line
compared with the akt1 line (57%). This is further sup-
ported by the effect of the mutations on plant growth
(Fig. 7; Supplemental Fig. S1) that shows a reduced
growth of the hak5 cipk23 line compared with the hak5 line
and of the akt1 cipk23 line compared with the akt1 line. It is
worth noting that growth of the akt1 cipk23 line was much
more reduced than that of the hak5 cipk23 line (Fig. 7;
Supplemental Fig. S1), whereas the former line shows a
higher initial rate of Rb" uptake than the latter one (Fig. 6).
These results may be explained by the different experi-
mental approaches used to measure these two parame-
ters. The initial rate of Rb* uptake was obtained in a short
period of time with plants grown on K™sulfficient solu-
tions and starved of K* before starting the experiment. By
contrast, plant growth was determined by growing the
plants on a range of K" concentrations from seed germi-
nation. This latter approach highlighted long-term K*
nutrition and its many effects on plant growth. In fact,
when the internal K" concentrations of shoots are deter-
mined (Supplemental Fig. S2), it was observed that at
0.5 mm K* the shoots of the akt cipk23 line contained
much less K* than those of the hak5 cipk23 line.

A careful analysis of the phenotypes shown by the
mutant lines suggests additional effects of CIPK23 on K*
uptake that surpass the regulation of HAKS5 and
AKTI. In the presence of 0.5 mm K, the triple mutant
hak5 aktl cipk23 grew slower than the double mutant
hak5 akt1. This result opens the possibility that the sys-
tem that is mediating K" uptake in the absence of
HAKS and AKT1, and that allows plant growth when
the external K concentration is sufficiently high
(Caballero et al., 2012), is also regulated by CIPK23. The
identity of this additional system/s is unknown, but a
pharmacological characterization suggests that it may
be a Ca®"-sensitive system that is regulated by cyclic
nucleotides (Caballero et al., 2012). Two families of
transporters, cyclic nucleotide gated channel and
glutamate receptor, have been suggested as candi-
dates to contain members contributing to K" uptake in
the hakb akt1 lines. Activation of these types of trans-
porters by CIPK kinases has not been described, but it
may be possible because CIPK kinases show a broad
range of targets (Steinhorst and Kudla, 2013). Another
possibility is that a K* transporter of the HAK family
other than HAKS is mediating the observed K" uptake
in the absence of HAK5 and AKT1. In that case and,
after showing here activation of HAKS by CIPK23, the
regulation of such a HAK transporter would not be so
surprising.
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An open question is why two K" transporters, i.e.,
HAKS5 and AKT1, working at different ranges of ex-
ternal K" are regulated by the same CIPK. The answer
may be found in the activation mechanisms described
for the CIPK kinases. The structural and biochemical
data available show that the activity of CIPK kinases
requires the coordinated release of the activation loop
from the active site and of the CBL binding motif (NAF)
from the nucleotide-binding site (Chaves-Sanjuan et al.,
2014). Phosphorylation of the activation loop by up-
stream kinases and Ca**-dependent CBL binding to the
NAF motif promote the conformational changes that
release the catalytic domain. Full CIPK activity is ach-
ieved when both regulatory processes take place, but
partial CIPK activity can be attained when only one is
acting. As a consequence, CIPK/CBL complexes with
different states of activation might exist, depending on
factors that affect the action of upstream kinases or CBL
binding. Activation of AKT1 is observed in the presence
of the kinase domain of CIPK23, suggesting that par-
tially activated CIPK23/CBL complexes could up-
regulate the channel (Lee et al., 2007). By contrast, the
results presented here show that HAKS5 activation is
only possible when full-length CIPK23 and CBL1 are
present (Fig. 1B). This indicates that the fully active
CIPK23/CBL1 complex is required to activate the
transporter. In conclusion, we speculate that mild K*
deprivation produces a partially activated CIPK23,
which is competent for activating AKT1, and that se-
vere K" deprivation leads to full activation of CIPK23
and the subsequent activation of HAKS.

Identification of CIPK23 as a nutrient regulatory hub,
involved in K" and NO;™ nutrition, has a potential in-
terest for biotechnology. High crop yields depend on
the application of fertilizers. Improving plant nutrient
uptake could decrease the use of these compounds,
which has two beneficial effects: It reduces the final cost of
agrochemical inputs and minimizes the detrimental ef-
fects for the environment due to nutrient leaching. Be-
cause CIPK23 controls the uptake of K" and NO,, two of
the main components of fertilizers, and probably the
uptake of other nutrients, engineering CIPK23 to produce
activated isoforms may conceivably produce a concomi-
tant increase in the uptake efficiency of several important
nutrients. Current research efforts are more centered in
the modification of regulatory elements of nutrient ac-
quisition that govern upstream reactions affecting entire
pathways, rather than on the end points of the response as
transporters (Bohnert et al., 2006). Studies as the one
presented here may provide relevant tools for improving
the efficiency of mineral nutrition of crops.

MATERIALS AND METHODS
Yeast Strain and Media

The yeast (Saccharomyces cerevisiae) strain 9.3 (MATa, enalA::HIS3::ena4A,
leu2, ura3, trpl, ade2, trklA, trk2:pCK64) has been described previously
(Bariuelos et al., 1995). Yeast cells were routinely grown in yeast peptone dex-
trose medium (1% [w/v] yeast extract, 2% [w/v] peptone, and 2% [w /v] Glc) or
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synthetic dextrose minimal medium supplemented with 50 mm KCl. Growth
tests in low-K* were performed in the alkali cation-free medium AP (Rodriguez-
Navarro and Ramos, 1984) solidified with 2% (w/v) noble agar (Difco) and
supplemented with KCI at the concentrations indicated.

Plasmid Constructs

A fragment of 3.8 kb containing the AtHAKS5 complementary DNA (cDNA)
under the control of the yeast PMAT promoter was excised with Poull from the
vector pDR195 (Rubio et al., 2000) and subcloned in the yeast shuttle vector
PpRS425 digested also with Poull (Christianson et al., 1992). The CIPK23 cDNA
was amplified by PCR using the high-fidelity Accuzyme DNA polymerase
(Bioline) using the primers CIPK23forw and CIPK23rev. The PCR product was
digested with Smal and Xhol and ligated into the yeast expression vector
p414GPD (Mumberg et al, 1995). The CIPK23(K60N) mutant allele was
obtained by overlap extension PCR using primers CIPK23K60Nfor and
CIPK23K60Nrev. CIPK23(K60N) and CIPK23(T190D,A331) (Chaves-Sanjuan
et al., 2014) mutant cDNAs were ligated into p414GPD using Smal and Xhol
restriction enzymes. Primer sequences are provided in Supplemental Table S1.

The CBL1 cDNA was isolated from plasmid pGEX-2TK (Guo et al., 2002) as a
0.64-kb BamHI/EcoRI fragment and subcloned in the yeast expression vector
pYPGEI15 (Brunelli and Pall, 1993) digested with the same restriction enzymes.

CBL2, CBL3, CBL5, CBL6, CBL8, and CBL9 were subcloned as BamHI/EcoRI
fragments in pYPGE15. CBL4(S0S3) and CBL10 (SCaBP8) cDNAs in pYPGE15
are already described (Guo et al., 2004; Quan et al., 2007).

Rb* Uptake Experiments in Yeast

For Rb* uptake rates determination, yeast cells of the 9.3 strain transformed
to express various combinations of cDNAs encoding HAK5, CIPK23, and CBL1
were grown overnight at 28°C in Arg phosphate minimal medium containing
3 mm K*. When cultures reached an optical density at 550 nm between 0.2 and
0.3, cells were centrifuged, washed twice with distilled water, resuspended in
AP medium without K*, and incubated for 6 h at 28°C with shaking. Then, cells
were centrifuged and resuspended in uptake buffer that consisted of 10 mm
MES brought to pH 6.0 with Ca(OH), supplemented with 2% Glc in a shaker
bath at 28°C. At zero time, Rb" was added to reach different external concen-
trations in different flasks. Samples of cells were collected by filtration on ni-
trocellulose filters (0.8-um pore) at different time points, and their internal
cationic contents were acid extracted by incubation in 0.1 m HCL. Internal Rb*
concentration in cells was determined by atomic emission spectrophotometry
with a Perkin Elmer Analyst 400 spectrophotometer and referred to the corre-
sponding dry weight of the cells. The initial rates of Rb* uptake were calculated
and plotted for each external concentration of Rb*. The data were fitted to
Michaelis-Menten equations, and the K, and V.. values were calculated by
nonlinear regression analysis.

Arabidopsis Mutant Lines Used and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants of ecotype Columbia and its
knockout mutants in HAK5, AKT1 (Rubio et al., 2008), and CIPK23 (Nieves-
Cordones et al., 2012), hak5-3, akt1-2, and cipk23-5, were used. In addition, the
double mutants hak5-3 cipk23-5 and akt1-2 cipk23-5 as well as the triple mutant
hak5-3 akt1-2 cipk23-5 were obtained by crossing of the corresponding single
mutants. The three new mutant lines obtained here were checked by PCR on
genomic DNA with the primers used to check the original single mutants as
described elsewhere (Rubio et al., 2008; Nieves-Cordones et al., 2012).

Arabidopsis plants were grown hydroponically on a modified one-fifth-
strength Hoagland solution that consisted of the macronutrients (mm) 1.4
Ca(NOy),, 0.35 MgSO,, and 0.1 Ca(H,PO,), and the micronutrients (um) 50
CaCl,, 12.5 H,BO,, 1 MnSO,, 1 ZnSO,, 0.5 CuSO,, 0.1 H,MoO,, 0.1 NiSO,, and
10 Fe-EDDHA. KCl was added as indicated for each case. Plants were grown in
a controlled-conditions chamber (8-h-day/16-h-night cycle at 150 umol m=s™*
light, 22°C, and 60% relative humidity).

Rb* Depletion Experiments with Arabidopsis Plants

Plants of various genotypes were grown for 30 d in the conditions described
above with a solution that contained 1.4 mm KCI. Then, plants were transferred
to a solution with no KCl added and grown for 7 d to subject the plants to K*
starvation. Individual plants were transferred to tubes containing 30 mL of
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nutrient solution with no KCI added and supplemented with RbCl to a final
concentration of 45 um Rb*. Rb* was used as a K* analog, because when K" is
used, the K* efflux that occurs during the 7 h of the experiment produced an
underestimation of the K* uptake (Rubio et al., 2008). Samples of the external
solution were taken at different time points and had their Rb* concentration
determined by atomic emission spectrometry as indicated above. After 7 h of
depletion experiment, plants were harvested, separated in roots and shoots,
and dried in an oven at 65°C for 3 d. Dry weight of roots and shoots were de-
termined, and then the plant material was acid digested with an HNO,:HCIO,
(2:1) mix. K* concentrations of acid-extracted plant material were determined
by atomic emission spectrometry as indicated above.

Tissue K* Concentration Determination

Plants grown under the K* treatments indicated were separated into root and
shoot. Then, the plant material was dried at 65°C for 4 d and weighed. When suf-
ficient plant material was obtained for proper analysis, it was digested with HNO;:
HCIO, (2:1, v/v), and the K concentrations were then determined in an inductively
coupled plasma mass spectrometry by using an Iris Intrepid II inductively coupled
plasma spectrometer (Thermo Electron Corporation). The data reported are the
averages of four values per treatment, and error bars denote ss.

Expression and Purification of Fusion Proteins

The translational fusion GST-CIPK23(T190D,A331) was purified from yeast
as described (Chaves-Sanjuan et al., 2014). GST fusion proteins consisting of the
N terminus (amino acids 1-94), internal loop (residues 123-182), or the C ter-
minus (residues 530-784) of HAKS5 were constructed by PCR amplification
using the following primers pairs, BamtHI_HAK5M1_F and Xbal_HAK5D94_R;
BamHI_HAK5D123_F and Xbal_HAKS5F182_R; and BamHI_HAKS5K530_F and
Sall_HAKS5STOP_R, respectively. PCR primers incorporated restriction sites at
the 5 and 3’ ends, thereby allowing subcloning into the fusion protein vector
pGEX4T1 or pGEX4T2 (GE Healthcare). Primer sequences are provided in
Supplemental Table S1.

All GST fusion constructs were transformed into Escherichia coli Rosetta cells
(Merck Millipore). A 10-mL overnight Luria-Bertani culture was transferred to a
fresh 200 mL of 2x yeast extract tryptone medium and further cultured at 37°C
until the Ay, reached about 0.8. Recombinant protein expression was induced
by 1 mm isopropyl B-p-thiogalactopyranoside for 4 h. The cells were harvested by
centrifugation, and the pellets were resuspended in ice-cold phosphate-buffered
saline buffer, pH 7.5, containing protease inhibitors (Sigma). Lysozyme (1 mg
mL™) was added to the suspension and incubated on ice with gentle shaking before
sonication. The lysate was clarified by centrifugation, and the recombinant proteins
were affinity purified by glutathione-Sepharose 4B (GE Healthcare). SDS-PAGE
analysis was used to evaluate the protein composition of each preparation. Gels
were stained with Coomassie Brilliant Blue R-250 (Sigma).

Phosphorylation Assays

Substrate recombinant proteins (approximately 200 ng) were subjected to
phosphorylation by the CIPK23(T190D/A331) protein kinase (approximately
200 ng) in 30 uL of buffer (20 mm Tris-HCI, pH 7.5, 5 mm MgCl,, and 1 mm
dithiothreitol). Reactions were started by adding ATP (0.2 mm with 1 uCi of
[y-*P]ATP), which was incubated at 30°C for 30 min, and stopped with 10 uL of
4X SDS/PAGE sample buffer. Aliquots were then resolved by SDS/PAGE, and
the gel was exposed to x-ray films.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Fresh weight of shoots and roots of the Arabi-
dopsis wild type and mutant lines grown in a range of K* concentra-
tions.

Supplemental Figure S2. K* concentrations of shoots of Arabidopsis plants
grown in a range of K" concentrations.

Supplemental Table S1. Primers used in this work.
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