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SnRK2.8 is a member of the sucrose nonfermenting-related kinase
family that is down-regulated when plants are deprived of nutrients
and growth is reduced. When this kinase is over expressed in Arabi-
dopsis, the plants grow larger. To understand how this kinase mod-
ulates growth, we identified some of the proteins that are phosphor-
ylated by this kinase. A new phosphoproteomic method was used in
which total protein from plants overexpressing the kinase was com-
pared with total protein from plants in which the kinase was inacti-
vated. Protein profiles were compared on two-dimensional gels
following staining by a dye that recognizes phosphorylated amino
acids. Candidate target proteins were confirmed with in vitro phos-
phorylation assays, using the kinase and target proteins that were
purified from Escherichia coli. Seven target proteins were confirmed
as being phosphorylated by SnRK2.8. Certain targets, such as 14-3-3
proteins, regulate as yet unidentified proteins, whereas other targets,
such as glyoxalase I and ribose 5-phosphate isomerase, detoxify
byproducts from glycolysis and catalyze one of the final steps in
carbon fixation, respectively. Also, adenosine kinase and 60S ribo-
somal protein were confirmed as targets of SnRK2.8. Using mass
spectrometry, we identified phosphorylated residues in the SnRK2.8,
the 14-3-3�, and the 14-3-3�. These data show that the expression of
SnRK2.8 is correlated with plant growth, which may in part be due to
the phosphorylation of enzymes involved in metabolic processes.

14-3-3 � nutrient deprivation � plant � potassium

The mammalian AMPK (AMP-activated protein kinase), the
yeast SNF (sucrose nonfermenting) 1 protein kinase, and the

plant SnRK (SNF1-related protein kinase) are highly conserved
and play broad roles in growth and metabolic responses to cellular
stress (1). Mammalian cells sense glucose levels through the mam-
malian target of rapamycin kinase, which is part of an AMPK
complex. AMPK is implicated in the development and treatment of
metabolic disorders, including obesity and type 2 diabetes (2), and
mutations in AMPK causes cardiac abnormalities (3). In yeast,
SNF1 is required for regulation of glucose-responsive genes nec-
essary for pseudohyphal growth in response to nutrient limitations
(4) and for controlling the onset of meiosis in yeast (5). SNF1
provides a mechanism for crosstalk between metabolic pathways
and cell cycle signaling processes (6). Mammal AMPK and yeast
SNF1 act as energy-level sensors that function to regulate metab-
olism during low-energy conditions.

In contrast to the single family of SNF kinases in mammals, the
plant SnRKs have been grouped based on sequence similarity
and domain structure into three subfamilies: SnRK1, SnRK2,
and SnRK3 (1, 7). SnRK1 kinases in plants have been well
characterized at molecular and biochemical levels (8). In potato,
SnRK1 is necessary for the sucrose-induced expression of su-
crose synthase (9). In barley, the absence of SnRK1 expression
in pollen leads to abnormal development of pollen and a lack of
starch accumulation in pollen (10). In wheat, an embryo-
expressed SnRK1 has been suggested to regulate the expression
of �-amylase that is involved in starch accumulation. In moss,
SNF1 is required for growth under normal and low light
conditions (11). Plant SnRK1s play roles in regulating energy

metabolism, which is similar to the proposed roles of the yeast
SNF1-kinase and mammalian AMPK (1).

The SnRK2 and SnRK3 gene subfamilies are unique to plants
(6). To date, most studies on SnRK2 and SnRK3 kinases focus
on their involvement in responses to different stresses. The
SnRK2 family is activated by hyperosmotic stress and is also
involved in abscisic acid (ABA) signaling in response to water
stress (12, 13). Overexpression of SnRK2.8 increased the ex-
pression of stress-related genes that enhance drought tolerance
(14). It has been suggested that the SnRK2 family members may
play different functional roles in planta. For example, ABA
activates only five of the ten members of the SnRK2 family (12).
SnRK2.8 is strongly activated by salt and mannitol treatments
and only slightly activated by ABA, whereas SnRK2.9 activation
is unaffected by ABA, mannitol, or hyperosmotic stress (12).
This highlights a possible role beyond abiotic stress responses for
these kinases. Several members of the SnRK3 subfamily have
been extensively characterized. One of best studied kinases in the
SnRK3 family is SOS2, which is required for sodium and K�

homeostasis and abiotic stress tolerance (15). The activity of
SnRK3 kinases are regulated in a Ca2�-dependent manner, and
their activity is induced by interactions with a calcineurin-B like
Ca2� binding protein in response to abiotic stress (16–18).

AMPK, SNF1, and SnRK regulate assorted metabolic processes
through the phosphorylation of target proteins. Enzymes regulated
by AMPK include acetyl-CoA carboxylase (fatty acid synthesis),
glucose-6-phosphatase (gluconeogensis), a glucose transporter
(glucose uptake), tuberin (cell growth and protein synthesis), and
3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase (isopre-
noid and sterol synthesis) (19). In plants, SnRK1 is inactivated by
dephosphorylation and reactivated by phosphorylation (20). The
activated form of SnRK1 phosphorylates and inactivates HMG-
CoA reductase, sucrose phosphate synthase, and nitrate reductase
(NR) in vitro (21). Even though AMPK, SNF1, and SnRK1 share
similar functions in animals, yeast, and plants, the SnRK2 and
SnRK3 families may have plant-specific targets.

Identifying molecular targets of the SnRK2 kinases is important
for understanding how these kinases modulate plant growth and
development. Currently, most of the downstream components
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involved in these kinase-signaling pathways are not known. Studies
in rice and Arabidopsis showed that certain transcription factors
containing ABREs (ABA response element) are targets of SnRKs
or other types of Ser/Thr kinases (22, 23). Mutant screening,
microarrays, and yeast-two-hybrid screening have been performed
to find kinase targets; however, only limited numbers of phosphor-
ylated target proteins have been identified (24). In this study, we
report that SnRK2.8 is down-regulated by nutrient deprivation, and
that this down-regulation is accompanied by a decrease in growth.
Overexpression of this kinase resulted in increased growth of
Arabidopsis under normal and nutrient-limited conditions. To
understand how SnRK2.8 increases growth, we used a phospho-
proteomic method to identify potential targets in vivo.

Results
Overexpression of SnRK2.8 Enhanced Plant Growth. In a microarray
study, we found that the gene encoding SnRK2.8 was down-
regulated in roots under K� deprivation. To confirm and extend the
previous result, Northern blot analyses were performed on root
RNA isolated from plants that had been deprived of K�, N, or P.
The abundance of the SnRK2.8 transcript decreased in roots under
N, P, and K� deprivation (Fig. 1A). Because SnRK2.8 is related to
the SNF kinases and may be regulated by diurnal factors that link
them to carbon supply, we explored the expression of SnRK2.8 in
leaves over a 24-h period. Fig. 1B shows that the expression of
SnRK2.8 in leaves gradually increased following illumination. The
accumulation of SnRK2.8 in leaves was highest from 1900 (7:00
p.m.) to 2100 (9:00 p.m.) and dropped off when the plants were in
the dark (Fig. 1B).

To further elucidate the function of SnRK2.8, homozygous
T-DNA inactivation lines snrk2.8-1 (Salk�73395) and snrk2.8-2
(Salk�53423) were isolated from the SALK collection and eight
lines overexpressing SnRK2.8 under the control of the figwort
mosaic virus promoter were created. These lines were studied under
a range of conditions and replicated numerous times. For more
detailed analyses, two overexpression lines were chosen. When
grown under control conditions, SnRK2.8-1 and SnRK2.8-2 had
significantly higher biomass than the plants containing the empty
vector (Fig. 2A). Under nutrient-deprived conditions primary root
growth and lateral root number were also significantly higher in the
plants overexpressing SnRK2.8 than plants containing the empty
vector (Fig. 2 B and C). The increased growth of the SnRK2.8
overexpressing plants was most obvious under the nutrient-
sufficient conditions. The growth of snrk2.8-1 was tested multiple
times, and we found no significant differences in growth as com-
pared with the wild type. These data on the overexpression lines
suggest that SnRK2.8 is involved in regulating shoot and root
growth.

Screening for Targets of SnRK2.8 in Planta. To gain insight into how
SnRK2.8 modulates plant growth, a phosphoproteomics ap-
proach was used to identify phosphorylation targets [supporting
information (SI) Fig. 7]. The study compared root protein from
SnRK2.8 overexpressing to knockout lines. Total protein was
extracted from the roots of three biological replicates and run on
two-dimensional electrophoresis gels. The gels were stained with
Pro-Q Diamond to detect phosphorylated amino acids (25).
Image analysis was used to compare the intensity of spots from
the replicate gels. When there were quantitative differences in
spot volume, Student t tests were conducted to identify signifi-
cant differences. The protein spots that were detected only from
gels containing protein from the SnRK2.8 overexpressing lines or
were significantly less abundant than on gels containing protein
from the wild-type or knockout lines were identified by MS.
More than 15 putative differentially phosphorylated spots were
found from pI 3–10 broad range gels (SI Table 2); however, each
spot contained multiple proteins. Because �70% of phosphor-
ylated protein spots were located between pI values 3 and 6, and
to reduce the number of proteins in each spot, narrow-range
immobilized pH gradient strips (pI 3.9–5.1 and pI 4.7–5.9) were
used to further analyze the phosphorylated proteins. Thirteen
different spots from the 3.9–5.1 immobilized pH gradient strips
and 11 different spots from 4.7–5.9 strips were identified by
image analysis and sequenced (SI Table 2). A few examples of
the differences in the abundance of phosphorylated proteins
from SnRK2.8-1 and snrk2.8-1 are shown in Fig. 3.

Fig. 1. Northern blot analysis of SnRK2.8 under nutrient-deprived conditions
and during a 24-h light-dark cycle. (A) The expression of SnRK2.8 was down-
regulatedbynutrientdeprivation.ShownareArabidopsisCol-0 roots6hand30h
after deprivation, grown in full nutrient conditions (�NPK) or without K� (�K),
N (�N), and P (�P). (B) Expression of SnRK2.8 in leaves from soil grown Col-0
plants. Each number indicates the time of harvest during one 24-h period. The
lights went on at 500 and off at 2100. The rRNA bands in ethidium bromide-
stained gels are shown as loading controls.

Fig. 2. Overexpression of SnRK2.8 enhances freshweight and root growth. (A)
Picture and freshweight of shoots from plants containing the empty vector and
two overexpressing lines, SnRK2.8-1 and SnRK2.8-2. (B) Lateral root numbers. (C)
Primary root length. �NPK indicates full nutrients. �K contained 10 �M K�, �N
contained 100 �M N, and �P contained 12 �M P. Bars indicate standard error.
Different letters indicates a significant difference between means at P � 0.05
(Tukey honestly significantly different test) (n � 70 plants).
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14-3-3, Adenosine Kinase, Glyoxalase I (glyI), Ribose 5-Phosphate
Isomerase (R5PI), and Ribosomal Protein Are Phosphorylated by
SnRK2.8. To reduce the number of candidates for further examina-
tion, we chose proteins that were identified several times during MS
analysis of the ProQ Diamond stained spots. (SI Table 2). Aden-
osine kinase (ADK) 1, AALP protein, and R5PI were identified
from both broad-range and narrow-range gels. Isoforms of tubulin,
14-3-3, 60S acidic ribosomal proteins (RPP2A), cysteine proteases,
heat shock proteins, and glyI were also identified multiple times.
Eleven putative protein targets were tested by using in vitro
phosphorylation assays (Table 1). The in vitro assays were con-
ducted with the SnRK2.8 kinase, which was purified as a fusion
protein with GST. Target proteins were purified as hexahistidine-
tagged proteins. Recombinant protein was obtained by using an
Escherichia coli expression system for nine of the eleven proteins
(Table 1). Of the nine proteins tested, phosphorylation by SnRK2.8
was confirmed for seven of the targets (Fig. 4). Fig. 4A shows the
results of the in vitro phosphorylation assays. Autophosphorylation
of SnRK2.8 is shown in the first lane, and subsequent lanes show
that none of the proteins tested autophosphorylate (lanes marked
with minus sign). The lanes marked with a plus sign show that three
14-3-3, glyI, ADK1, R5PI, and RPP2A are phosphorylated only in
the presence of SnRK2.8. SnRK2.8 did not phosphorylate tubulin

and the OTU-like cysteine protease (data not shown and Table 1).
In each ‘‘plus lane,’’ the upper band represents the autophospho-
rylated kinase and the lower band the phosphorylated target. In
most cases, we obtained purified protein for those being studied and
those ran as a single band of the correct molecular weight (Fig. 4B).
For RPP2A, two distinct bands were present, which may have been
because of degradation or truncation when the protein was syn-
thesized in E. coli. Attempts to purify the heat shock 70 protein and
the protein phosphatase 2A were unsuccessful (Table 1). In sum-
mary, nine targets of the SnRK2.8 were identified by using pro-
teomics approaches, and seven were confirmed as targets by using
in vitro phosphorylation assays.

MS Identification of Phosphorylation Sites. To determine the sites
where the SnRK2.8 and target proteins were phosphorylated, we
conducted in vitro phosphorylation assays followed by gel-
purification and in-gel trypsin digestion. Using MS, we mapped two
phosphorylation sites in the SnRK2.8 kinase, and mapped one
phosphorylation site in two of the target proteins, 14-3-3� and
14-3-3�. The phosphopeptide candidates were identified by using a
product ion scanning function in positive ion mode. The y and b
sequence ions were searched with Mascot, using a database con-
taining the full sequences of SnRK2.8, 14-3-3�, and 14-3-3�. MS
data were matched to the specific phosphorylated peptides and the
exact site of phosphorylation was identified. Fragmentation of the
doubly charged ions 572.7 and 914.4 m/z from the SnRK2.8 peptide

Fig. 3. Sections of two-dimensional gels containing Arabidopsis root proteins
from SnRK2.8-1 and the snrk2.8-1 stained with ProQ Diamond stain. Two sections
are from the narrow-range gel 3.9–5.1 (A–D), one section from a narrow range
gel 4.7–5.9 (E and F), and one section from the wide range gel 3–10 is shown (G
and H). Spot numbers correspond to the spots identified in Table 1 and SI Table 2.

Table 1. List of target proteins that were tested by using in vitro phosphorylation assays

Name
Genome

no.

Predicted/
actual
kDa

Fold change of
spot vol

(overexpressed/knockout)
Coverage,

%
Spot,
no.

Phosphorylated
by SnRK2.8

14-3-3� At4g09000 30.0/33.8 52.6 27 503 Yes
14-3-3� At5g65430 27.8/29.8 Present/absent 33 538 Yes
14-3-3� At5g38480 28.7/26.4 10.0 14 560 Yes
Glyoxalase I At1g11840 31.9/35.2 Present/absent 44 484 Yes
Adenosine kinase I At3g09820 38.2/36.8 Present/absent 15 452 Yes
Ribose 5-phosphate isomerase At3g04790 29.4/27.5 Present /absent 28 623 Yes
60S acidic ribosomal protein P2 At2g27720 11.4/10.6 Present/absent 39 813 Yes
OTU-like cysteine protease At1g50670 23.6/24.5 Present/absent 13 544 No
Tubulin �-2/�-4 chain At1g04820 50.1/54.8 2.75 36 329 No
PP2A-3 protein phosphatase At2g42500 36.4/36.8 Present/absent 13 452 Unable to

produce protein
Heat-shock protein 70 At3g09440 71.5/75.2 Present/absent 19 222 Unable to

produce protein

Fig. 4. In vitro phosphorylation assays conducted by using purified SnRK2.8
protein with three 14-3-3, ADK, glyI (glyoxalase I), R5PI, and RPP2A. (A) Each
band indicates a [�-32P]dATP phosphorylated protein. Lane 1 on the left side
contains SnRK2.8 alone. Subsequent lanes contain target proteins that have
been incubated with SnRK2.8 (�) or without SnRK2.8 (�). (B) The Coomassie
stained gel shows protein loading.
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digests (Fig. 5 A and B) resulted in the match of the sequence of two
peptides from SnRK2.8 (1,143.4 and 1,826.8 Da) with a phosphate
modification (80 Da). The phosphopeptides were identified as
residues 9–19 with Ser-12 phosphorylated and residues 158–174
with Thr-158 phosphorylated (Fig. 5 A and B).

The identification of phosphorylation sites in the 14-3-3� and
14-3-3� was performed in the same way. Fragmentation of the
doubly charged ion 901.3 m/z gave a sequential b and y ion sequence
that matched the sequence of one peptide from 14-3-3� (1,800.6
Da) with a phosphate modification (Fig. 5C). Because the b
sequence ions and the m/z of the b ions showed the loss of a
phosphate, the phosphorylation site was deduced to be located at
the Ser-93 position. Fragmentation of the doubly charged ion 922.4
m/z matched the sequence of the residues 95–110 of 14-3-3� with
a phosphate modification (Fig. 5D). The b ions showed that the
phosphorylation site was located at the Ser-95 position.

Phosphorylation of glyI by SnRK2.8 Increases glyI Activity. To dem-
onstrate that phosphorylation by SnRK2.8 alters the in vitro and in
vivo activity of a target identified in this study, we chose to examine
one of the target proteins for which we were successful in devel-
oping an enzymatic assay to characterize activity in vitro and in
crude plant extracts. Phosphorylation of the purified glyI by the
purified SnRK2.8 GST fusion protein significantly increased the
activity of this enzyme in vitro (Fig. 6A). This activity was reduced
back to the levels measured without incubation with SnRK2.8 by
the addition of alkaline phosphatase, indicating that the increased
activity was due to phosphorylation (data now shown). The glyI
activity was not affected by adding GST protein alone (Fig. 6A).
The increased activity of glyI was also confirmed in the SnRK2.8
overexpression lines, which suggests that the activity of this enzyme
is either directly or indirectly modified by SnRK2.8. In those lines,
we observed 6–10% higher glyI activity than in the wild-type and

9–12% higher glyI activity than in the knockout line snrk2.8-1 under
normal conditions (data not shown). Salinity stress has been shown
to increase the activity of glyI in planta (26). Therefore, the activity
of glyI in wild type and snrk2.8-1 knockout plants under control
conditions and salt stress was tested. Salt treatment stimulated the
activity of the enzyme in the wild type plant, but less stimulation was
observed in the snrk2.8-1 (Fig. 6B). glyI activity was lower after salt
treatment in the snrk2.8-1, but salt stress still increased the protein
activity, indicating that the SnRK2.8 may not be the only kinase or
factor modulating the gly activity.

Discussion
Protein phosphorylation plays important roles in the regulation of
cell signaling and growth by modifying enzyme activity, protein
localization, protein structure, and protein-protein interaction (2,
7). Despite the importance of phosphorylation, the identification of
phosphoproteins and phosphorylation sites has proceeded slowly in
plants with relatively few of each being determined (24). To gain a
more comprehensive understanding of the function of SnRK2.8, we
devised a phosphoproteomics strategy for detecting targets, using a
florescent dye that detects phosphoproteins combined with MS
confirmation of the target identity. With this approach, potential
target proteins of SnRK2.8 were identified to provide a better
understanding of how this kinase might modulate growth in planta.

In this study, we identified three regulatory proteins in the 14-3-3
family that are phosphorylated by SnRK2.8. Homologues of the
plant 14-3-3 are expressed in all eukaryotic cells and are highly
conserved in structure and regulatory function in organisms from
yeast to mammalian cells (27–29). By interacting with other pro-
teins, 14-3-3s appear to have diverse regulatory roles (30). The
14-3-3� positively regulates the activity of p53 and can suppress
tumor growth (31). Plant 14-3-3s interact with enzymes involved in
primary biosynthetic and energy metabolism (32) and are com-
prised of a family containing 13 genes. A key enzyme in plant N
metabolism, NR, is a well known target of a 14-3-3 (33). The activity
of plant NR is controlled by phosphorylation at a specific Ser
residue. Phosphorylation per se does not alter NR activity, but it
allows for the binding of a 14-3-3. Once a 14-3-3 binds to NR, the

Fig. 5. Phosphorylation site identification of SnRK2.8, 14-3-3�, and 14-3-3�

by LC-MS/MS. (A and B) Fragmentation patterns of the doubly charged ions
572.7 (A) and 914.4 m/z from the SnRK2.8 peptide digests (B). Above each
spectrum, the amino acid sequence of the peptide fragments 1143.4 Da and
1826.8 Da is shown with the phosphorylation site of Ser-12 and Thr-158 as pS
and pT, respectively. (C) Fragmentation pattern of the doubly charged ions
901.3 from the 14-3-3�. (D) Fragmentation pattern of the doubly charged ions
922.4 m/z from 14-3-3�. The amino acid sequences of the peptide fragments
1800.6 and 1842.8 are shown with the phosphorylation site of Ser-93 and
Ser-95 as pS. The mass of the b and y ions series visualized in the spectra marked
with asterisks correspond to the mass of the phosphorylated fragment with
the neutral loss of 98 Da of H3PO4.

Fig. 6. Glyoxylase I activity assay. (A) Incubation of purified glyI with SnRK2.8
increased the activity of the protein. GST is the GST protein purified from E. coli.
GST::SnRK2.8 is the GST-tagged SnRK2.8 protein purified from E. coli. (B) Analysis
of crude plant extracts show salt treatment increases glyI activity more in the wild
type than in the snrk2.8-1 knockout. Experiments were repeated four times. Bars
indicate standard error. Different letters indicate a significant difference at P �
0.001 (Tukey honestly significantly different test) (n � 6) (A) and P � 0.05 (Tukey
honestly significantly different test) (n � 10) (B).
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phosphoserine-NR is inactive (34). Many enzymes in C metabolism,
such as sucrose phosphate synthase, sucrose synthase, and 3-hy-
droxy-3-methylglutaryl CoA reductase (8, 32, 35), are also con-
trolled by phosphorylation and the binding of 14-3-3. The targets of
most of the plant 14-3-3 have not been identified, and many of the
plant 14-3-3 are poorly characterized (36). Our results suggest that
the 14-3-3s phosphorylated by SnRK2.8 may regulate C or N
metabolism through interaction with unknown targets.

Most studies of the role of 14-3-3 in cellular regulation have
focused on changes in target protein phosphorylation as the initial
regulatory event; however, 14-3-3 proteins have been shown to be
phosphorylated in animal systems (37, 38) and in plants (39–41).
Phosphorylation of 14-3-3 is another way in which these proteins are
regulated (29), and in animal systems, a few kinases reportedly
phosphorylate 14-3-3. The sphingosine-dependent kinase phos-
phorylates the 14-3-3	 at Ser-58, the 14-3-3
 at Ser-60, and the
14-3-3� at Ser-59 but does not phosphorylate 14-3-3� or 14-3-3�
(42). The phosphorylation sites of 14-3-3 in mammals have not been
found to be highly conserved (28). The non-
 family of 14-3-3s may
be found only in plants (43), and little is known about where they
are phosphorylated. Lu et al. (41) found that the 14-3-3� was
phosphorylated at a Ser residue by plant extracts. The maize
GF14–6 (14-3-3) was phosphorylated at Tyr-137 by insulin-like
growth factor receptor 1 in vitro (40). The specific kinases that
phosphorylate plant non-
 14-3-3 have not been identified. To our
knowledge, SnRK2.8, which phosphorylates 14-3-3�, �, and �, is the
first plant kinase shown to phosphorylate non-
 14-3-3. Although
each isoform of 14-3-3 may have a distinct function (44), the three
14-3-3 identified in this study are phosphorylated by SnRK2.8.
Because they are regulated in a similar way in plants overexpressing
SnRK2.8, these proteins may have similar functions related to plant
growth and metabolism in these overexpression lines.

The phosphorylation of 14-3-3 can inhibit the interaction be-
tween 14-3-3 and their targets (38, 40). The phosphorylation of
14-3-3	 in vivo by the casein kinase I inhibits binding to c-Raf. In
maize, the phosphorylation of the 14-3-3-named GF14–6 on Tyr-
137 inhibits the binding to the H�-ATPase in maize and reduces
H�-ATPase activity (40). The phosphorylation of 14-3-3 by
SnRK2.8 also may inhibit the interaction between unknown target
proteins, and this may change the activity of target proteins. We
speculate that the 14-3-3 targeted by SnRK2.8 may be involved in
energy metabolism in coordination with photosynthesis, ATP pro-
duction, or the light-dark transition, as shown for NR (43). When
light is limited, NR is phosphorylated and then bound by 14-3-3 to
inhibit NR activity (43, 45). The expression of SnRK2.8 is regulated
diurnally, and therefore, its activity may be enhanced in leaves late
in the day, which may lead to more phosphorylation of 14-3-3, which
could inhibit the interactions with their targets. In plants overex-
pressing SnRK2.8, the phosphorylation and dissociation of 14-3-3
from their targets could occur more than wild-type plants and result
in enhanced activity of the 14-3-3 target proteins.

Other targets that are phosphorylated by SnRK2.8 are primarily
related to energy metabolism such as glycolysis and carbon fixation.
glyI is involved in the detoxification of methylglyoxal, a byproduct
of glycolysis (43). Increased activity of glyI is correlated with cell
proliferation in pea calli and in Datura (46). The phosphorylation
of glyI affects the activity of this enzyme in vivo. In animals, the
phosphorylation of glyI by protein kinase A plays a key role in
TNF-induced cell death (47). Increased glyI activity during salt
stress may be indicative of the increased metabolic activity required
to cope with the stress (48). SnRK2 kinases have been shown to be
activated by abiotic stress, and they plays roles in response to
osmotic stress and drought tolerance in Arabidopsis (12–15, 23, 49).
The enhanced growth of plants overexpressing SnRK2.8 might
require increased activity of glyI through phosphorylation due to an
increased rate of glycolysis.

The R5PI isoform that we studied is involved in the final step of
the Calvin cycle, which is an important source of reducing power

and metabolic intermediates, and is regulated in a light-dependent
manner (50). The phosphorylation of R5PI through SnRK2.8 may
increase flux through the Calvin cycle, which feeds into glycolysis
and could be either a cause or the result of increased growth in
plants overexpressing SnRK2.8. One component of the translation
mechanism is the acidic RPP2A. These proteins have been found
in phosphorylated forms in many plants species (51). The phos-
phorylated form of these acidic ribosomal proteins exhibit higher
rates of translation (52), which may also affect the growth rates of
plants overexpressing SnRK2.8. ADK plays a key metabolic role in
the synthesis of adenylates, methyl recycling, and cytokinin inter-
conversion (53). The decreased activity of ADK resulted in reduced
and abnormal development. It is not clear how ADK plays roles in
plants overexpressing SnRK2.8 at this stage; however, activating
ADK in plants overexpressing SnRK2.8 may provide more input
into secondary metabolism and it may help to increase overall
metabolic activity.

The identification of phosphorylation sites is essential for un-
derstanding the regulation of kinases as well as target proteins. The
phosphorylation sites of another SnRK2, OST1, were recently
identified (54). OST1 is autophosphorylated at Ser-175 and this
residue is essential for its activation and function and is located in
the T-loop region (54). Phosphorylation sites of SnRK1 (AKIN10)
and SnRK3 (SOS2) have also been found in the T-loop (20, 55, 56).
SnRK2.8 is autophosphorylated at Thr-158, which corresponds to
the Ser-175 in OST1. Therefore, phosphorylation of a Ser or Thr
residue in the T-loop is a conserved feature in the SnRK2 and
SnRK1 and SnRK3 families in plants.

Furihata et al. (22) found that members of SnRK2 can phos-
phorylate the bZIP transcription factor, AREB1 protein, in an
ABA-dependent manner and that the SnRK2 target phosphoryla-
tion sequence motif was R-x-x-S/T (22, 23). In our study, we found
that SnRK2.8 phosphorylates a conserved residue on both 14-3-3
proteins studied. The sequence DYRpSKVE on the 14-3-3� and
the DYRpSKIE on 14-3-3� differ from the motif found in the
AREB1 proteins. It is possible that we missed additional phos-
phorylated residues on the 14-3-3 proteins, because we obtained
only 60% sequence coverage from the MS analysis. Alternatively,
phosphorylation of more than one distinct target motifs by the same
kinase family may explain this difference (57). Therefore, SnRK2.8
may recognize multiple target sequences.

In conclusion, we found that the expression of SnRK2.8 is
down-regulated by potassium deprivation. This down-regulation is
associated with a strong reduction in the growth of Arabidopsis
under nutrient-deprived conditions. We also showed that overex-
pression of SnRK2.8 increases the overall growth of Arabidopsis.
Using a proteomic approach, we identified and confirmed the
phosphorylation of seven targets of SnRK2.8. The targets appear to
be proteins involved in metabolism and translation or the regulation
of metabolism, which may be related to overall growth. Therefore,
the reduced growth observed in nutrient-deprived plants may in
part be controlled by the SnRK2.8 kinase cascade, which appears
to be linked to the activities of multiple proteins involved in
metabolic processes.

Materials and Methods
Plant Material and Growth Conditions. For constitutive expression of
SnRK2.8, we used pCambia2300 with figwort mosaic virus pro-
moter and nopaline synthase terminator. Plants were grown in
nutrient solutions (58) for 6 weeks for proteomic analysis. For the
nutrient deficiency assays, plants were grown on plates containing
nutrient solution, 2% of sucrose, and 0.6% SeaKem agarose
(Cambrex, Rockland, ME). For K� deficiency growth assays, 10
�M KCl instead of 1.75 mM KCl was used, 12 �M phosphate was
used for P deficient growth assay, and 100 �M Ca(NO3)2 was used
for N deficient growth assay. The length of primary roots and
numbers of lateral roots were measured 10 days after transfer to
nutrient-deficient medium. For diurnal expression analysis, the
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leaves of soil-grown 3-week-old plants were collected, RNA was
extracted, and Northern blot analysis was performed (58) by using
300 bp of the 3� end of the SnRK2.8 cDNA.

Total Plant Protein Purification and Two-Dimensional Gel Analysis.
Total protein from wild-type, SnRK2.8-1, and snrk2.8-1 plants
was isolated by trichloroacetic acid method (59). One hundred
micrograms of protein was applied to immobilized pH gradient
strips (110 mm, pH 3–10 nonlinear; pH 3.9–5.1, pH 4.7–5.9)
(BioRad, Hercules, CA) and passively rehydrated for 16 h.
Isoelectric focusing and two-dimensional electrophoresis was
performed (59). Specific phosphorylated protein staining was
performed by using ProQ Diamond phosphoprotein gel stain
(Invitrogen, Carlsbad, CA) (60).

Protein Digestion, Peptides Separation, and Phosphorylation Site
Determination, Using LC/MS/MS. The in-gel protein digestion and
protein identification were performed as described in ref. 60, except
that a linear gradient from 5 to 60% in 25 min was used for online
separation. Peptide sequencing and determination of the phosphor-
ylated sites were performed with Mascot by searching the enhanced
product ion scan spectra against a database containing the protein
sequences of SnRK2.8 and the targets. Ser, Thr, and Tyr phos-
phorylation were also used as variable modifications, along with a
charge state from 2 to 3. Each enhanced product ion scan spectrum
was manually inspected to ensure acceptable ion coverage and
phosphorylation site identification.

Protein Purification in E. coli and in Vitro Phosphorylation Assay.
SnRK2.8 cDNA was cloned into the pET41 vector (Novagen, San
Diego, CA). The cDNAs of other targets were cloned into the
pET28 vector (Novagen). All proteins were expressed in E. coli
Rossetta (DE3) (Novagen). The SnRK2.8 protein was purified by
using glutathione Sepharose 4B, and other target proteins were
purified by using HIS-Select nickel affinity gel.

For the in vitro phosphorylation assay, SnRK2.8 was incubated in
phosphorylation buffer (20 mM Hepes, pH 7.4/10 mM MgCl2/2
mM MnCl2/1 mM DTT/0.5 mM CaCl2/0.5 mM ATP) for 5 min. The
target protein and preactivated SnRK2.8 were incubated in phos-
phorylation buffer with �-32P-dATP for 30 min. Target protein
without SnRK2.8 was used for a negative control. Each reaction was
separated on 12% SDS/PAGE gel and detected by using the
TYPOON 9410 system (Amersham Bioscience, Piscataway, NJ).

glyI Activity Assay. 50 mg of leaves from wild type and snrk2.8-1 �
NaCl treatment for 3 days were homogenized in 1 ml of 0.1 M
sodium phosphate buffer (pH 7.0) containing 0.811 mM MgSO4

and 20% glycerol and centrifuged at 50,000 � g for 20 min. For
assays of glyI activity in plant extracts, supernatant was diluted with
potassium phosphate buffer (pH 6.6) and 0.2% (vol/vol) methylg-
lyoxyal solution, and reduced glutathione was added as substrates.
The �A240�min�1 value was obtained by using a spectrophotometer.
glyI activity was calculated according to the following equation:
activity (units�mg of protein�1) 	 [(�A240�min�1) � (dilution
factor)]/[3.37 � volume (ml) � (mg of protein)]. Change in
absorbance was corrected for background changes. One unit is
defined as formation of 1.0 �mol of S-lactoylglutathione from
methylglyoxal and reduced glutathione per minute at pH 6.6 at
25°C. For assays of purified recombinant Arabidopsis gly, the
enzyme was incubated with SnRK2.8 or GST in phosphorylation
buffer (see Protein Parification in E. Coli and in Vitro Phosphory-
lation Assay) for 30 min with and without 10 units of alkaline
phosphatase then analyzed as described above.
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