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SOS2, a class 3 sucrose-nonfermenting 1-related kinase, has emerged as an important mediator of salt stress
response and stress signaling through its interactions with proteins involved in membrane transport and in
regulation of stress responses. We have identified additional SOS2-interacting proteins that suggest a con-
nection between SOS2 and reactive oxygen signaling. SOS2 was found to interact with the H2O2 signaling
protein nucleoside diphosphate kinase 2 (NDPK2) and to inhibit its autophosphorylation activity. A sos2-2
ndpk2 double mutant was more salt sensitive than a sos2-2 single mutant, suggesting that NDPK2 and H2O2
are involved in salt resistance. However, the double mutant did not hyperaccumulate H2O2 in response to salt
stress, suggesting that it is altered signaling rather than H2O2 toxicity alone that is responsible for the
increased salt sensitivity of the sos2-2 ndpk2 double mutant. SOS2 was also found to interact with catalase 2
(CAT2) and CAT3, further connecting SOS2 to H2O2 metabolism and signaling. The interaction of SOS2 with
both NDPK2 and CATs reveals a point of cross talk between salt stress response and other signaling factors
including H2O2.

Among the mechanisms known to be important in abiotic
stress responses in plants are the salt overly sensitive (SOS)
ion homeostasis and signaling pathway (66, 67) and reactive
oxygen species (ROS) accumulation and signaling (16, 41).
The SOS pathway is currently one of the most extensively
studied mechanisms in controlling salt stress response in
plants. The SOS1, SOS2, and SOS3 loci were first identified
through forward genetic screens for salt-hypersensitive
growth (67). SOS1 is a plasma membrane Na�/H� anti-
porter that is essential for Na� efflux from roots (48, 55).
SOS2 belongs to subgroup 3 of the sucrose-nonfermenting-
related kinases (SnRK3s) (34), of which there are 25 en-
coded by the Arabidopsis thaliana genome (27). SOS3 is a
myristoylated calcium-binding protein that likely responds
to salt-induced Ca2� oscillations in the cytosol (33). A total
of nine SOS3-like Ca2� binding proteins (SCaBPs) are en-
coded by the Arabidopsis genome (21).

The SOS2 kinase has emerged as an especially important
regulatory component through its interactions with other sig-
naling proteins. First, as part of the SOS signaling pathway, the
regulatory region of SOS2 was shown to interact with SOS3
(25). This interaction activates SOS2 protein kinase activity in
a Ca2�-dependent manner and recruits the SOS2-SOS3 com-
plex to the plasma membrane, where it phosphorylates SOS1
and activates Na� efflux (48, 50). Specific interactions between

other SnRK3s (also referred to as calcineurin B-like protein-
interacting protein kinases [CIPK]) and SCaBPs (also referred
to as calcineurin B-like proteins [CBL]) have also been de-
tected and are involved in signal transduction controlling ab-
cisic acid (ABA) sensitivity, cold response, sugar response, and
cellular pH (6, 11, 21, 32, 46).

Previous work has also shown that SOS2 interacts with the
ABA-insensitive 2 (ABI2) protein phosphatase 2C (PP2C)
through a specific protein phosphatase interaction domain
(44). ABI2 and the highly homologous ABI1 PP2C are nega-
tive regulators of a broad range of ABA responses (15). PP2C
genes also comprise a large gene family which, in Arabidopsis,
has 76 members and 9 in the subgroup that includes the ABI1
and ABI2 genes (52). It was also found that three other
SnRK3s interact with either ABI1 (SnRK3.6) or ABI2
(SnRK3.1, SnRK3.13, and SnRK3.15 [24, 44]) but not both.
The many possible interactions of SOS2-like SnRK3s, PP2Cs,
and SCaBPs, combined with different patterns of expression of
these proteins, suggest that this may be a step where down-
stream signaling specificity is generated from common up-
stream signals (3, 35). Finding additional proteins that interact
with SOS2 or other SnRK3s remains a promising approach in
better understanding stress signaling.

Work on the SOS pathway has indicated the possibility of
cross talk between SOS-mediated salt signaling and ROS sig-
naling based on the interaction of the C-terminal cytoplasmic
tail of SOS1 with radicle-induced cell death 1 (30). Also, the
enh1 mutant, which was isolated as an enhancer of the salt
sensitivity of sos3-1, suggests a link between the SOS pathway
and superoxide metabolism (65). However, an overall under-
standing of the molecular factors that sense changes in ROS,
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particularly H2O2, and integrate changes in H2O2 with other
stress-related signaling mechanisms remains elusive. Among
the proteins that are known to influence ROS accumulation
are both ROS-metabolizing enzymes and other proteins whose
connection to ROS is less clear. One of these latter factors is
nucleoside diphosphate kinase 2 (NDPK2). In addition to its
basic enzymatic role in phosphotransfer and regeneration of
nucleoside triphosphates, NDPK2 has been shown to be in-
volved in several signaling pathways including phytochrome
and auxin signaling (8, 9, 54) and H2O2 signaling. NDPK2
expression was induced by H2O2, and knockout of NDPK2 led
to greater ROS accumulation and stress sensitivity, while
NDPK2 overexpression decreased H2O2 and stress sensitivity
(42). The effect of NDPK2 on H2O2 and stress sensitivity may
be mediated at least in part by the interaction of NDPK2
with two H2O2-responsive mitogen-activated protein ki-
nases (AtMPK3 and AtMPK6) and stimulation of their ki-
nase activity (42).

Metabolism of H2O2 itself is controlled by a complex set of
enzymes. Catalases (CATs), along with ascorbate and ascor-
bate peroxidases and glutathione peroxidases, are key compo-
nents of H2O2 catabolism (41). CATs have been thought to be
particularly important in detoxifying H2O2 formed during pho-
tosynthesis and photorespiration (61), but whether or not they
also may have other functions in H2O2 regulation or signaling
is not known. CAT gene regulation and the control of CAT
activity are complex. The active form of CAT is a tetramer, and
Arabidopsis contains three CAT genes, which are differentially
expressed and can form up to six different isozymes (18, 64).
CATs are themselves damaged by light and reactive oxygen
and must be continually regenerated (13). Of the three Arabi-
dopsis CAT genes, CAT1 is expressed at only a low level in
vegetative tissues but is more highly expressed in seeds. CAT2
is the most highly expressed in vegetative tissues and is under
circadian control, with the highest expression during the light
period, consistent with a primary role in detoxifying H2O2

derived from photosynthesis or photorespiration (64). Inter-
estingly, CAT3 is also circadianly regulated but in the opposite
manner as CAT2: CAT3 expression is highest in the dark pe-
riod (64), suggestive of a different molecular function than the
detoxification of photosynthesis-derived H2O2, presumably
performed by CAT2.

We have continued to investigate the protein-protein inter-
actions of SOS2 and have found that it interacted with
NDPK2, CAT2, and CAT3, but not CAT1. Interestingly, in-
teraction of SOS2 with NDPK2 occurred at the 21-amino-acid
FISL motif, the same motif required for SOS2 interaction with
SOS3. Interaction with SOS2 inhibited NDPK2 autophosphor-
ylation, indicating that NDPK2 activity was modulated by its
interaction with SOS2. A sos2-2 ndpk2 double mutant was
more sensitive to salt stress than sos2-2 and ndpk2 single mu-
tants. SOS2 interaction with CAT2 and CAT3 was detected
both in vivo by purification of tandem affinity purification
(TAP)-tagged SOS2 protein complexes and in yeast two-hybrid
assays, further indicating a connection between SOS2 and
H2O2. These results suggest that SOS2 is part of a signaling
node that connects salt stress response with H2O2-dependent
signaling.

MATERIALS AND METHODS

Construction of plasmids and yeast two-hybrid screening. pAS-SOS2, pAS-
SOS2 K40N, pAS-SOS1, pAS-PKS3 (SnRK3.1), pAS-PKS11 (SnRK3.13), pAS-
PKS18 (SnRK3.6), pASPKS24 (SnRK3.15), pAS-SOS3, and deletion constructs
of SOS2 in pAS were constructed previously (22, 25, 44). Deletion constructs of
pACT-NDPK2 were made by PCR amplification using the original pACT-
NDPK2 isolated from the SOS2 library screening (44) as a template and inser-
tion into SmaI and EcoRI sites of pACT2. The following primer sets were used:
for pACT-NDPK2-1/79, forward, 5�-AATGGTGGGAGCGACTGTAG-3�; re-
verse, 5�-GCGAATTCAAGAAGCTACAAGGTGAGGAAGGAAG-3�; for
pACT-NDPK2-80/231, forward, 5�-AATGGAGGACGTTGAGGAGAC-3�; re-
verse, 5�-GCGAATTCACTCCCTTAGCCATGTAG-3�; for pACT-NDPK2-80/
140, forward, 5�-AATGGAGGACGTTGAGGAGAC-3�; reverse, 5�-GCGAAT
TCAAAAGAATGATTTAGCACTAAG-3�; and for pACT-NDPK2-141/231,
forward, 5�-TCCTAACCTGATTGAGTAC-3�; reverse, 5�-GCGAATTCACTC
CCTTAGCCATGTAG-3�.

The pACT-CAT2 construct was obtained by PCR amplification followed by
digestion of an EcoRI-CAT2-XhoI fragment generated using sequence-specific
primers (forward, 5�-CCGGAATTCGAATGGATCCTTACAAGTATCG-3�;
reverse, 5�-CCGCTCGAGTTAGATGCTTGGTCTCACG-3�) and the U19716
cDNA clone obtained from the Arabidopsis Biological Resource Center
(ABRC) as a template. The fragment was then ligated in a digested pACT2
plasmid (Clontech). The CAT3 coding sequence was amplified using Arabidopsis
cDNA prepared from total RNA. The amplified fragment was then ligated in a
TOPO plasmid (Invitrogen), and the resulting CAT3-TOPO vector was used as
a template for PCR to generate a CAT3-SacI fragment using the forward primer
5�-ATGGATCCTTACAAGTATCGTCC-3� and reverse primer 5�-CCCGAGC
TCCTAGATGCTTGGCCTCACGTTC-3�. The fragment was then digested
with SacI and inserted into a pACT2 vector digested with NcoI, filled in, and
subsequently digested with SacI. For CAT1, the full-length coding region was
PCR amplified from clone U24477 (obtained from ABRC) using the following
oligonucleotides: 5�-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG
GATCCATACAGGGTTCGTCC-3� and 5�-GGGGACCACTTTGTACAAGA
AAGCTGGGTCTCAGAAGTTTGGCCTCACGTTAAG-3�. The amplified
fragment was cloned into the entry vector pDONR207 and moved to the desti-
nation vector pDEST22 using the Gateway cloning system (Invitrogen).

Yeast two-hybrid experiments using bait constructs in either pAS2 or
pDEST32 and prey constructs in either the pACT2 or pDEST22 vector were
performed using Saccharomyces cerevisiae strain Y190 as previously described
(20, 36).

RNA extraction and RNA gel blot analysis were performed using previously
described techniques (24, 34). Twenty micrograms of total RNA was loaded in
each lane, and blots were probed for Actin expression as a loading control.

Expression of AtNDPK2 and SOS2 in Escherichia coli and in vitro interaction
experiments. E. coli BL21 codon� was transformed with pGEX-2TK-NDPK2,
pGEX-2TK-SOS2, pGEX-2TK-SOS3, or pGEX-2TK-GGT1 and grown in 2�
yeast extract tryptone agar media with ampicillin and chloramphenicol. Cells
harvested from 1-liter cultures were resuspended in 50 ml of 1� phosphate-
buffered saline containing 1.0 mM phenylmethylsulfonyl fluoride, 1.0 �M leu-
peptin, and 0.3 �M aprotinin, sonicated, and centrifuged (3,000 rpm for 10 min
at 4°C). Glutathione S-transferase (GST) fusion protein was recovered by adding
the supernatant to glutathione-Sepharose 4B resin. Radiolabeled SOS2 proteins
were produced from pET14b-SOS2 using the TNT coupled reticulocyte lysate
system (Promega) for in vitro transcription and translation, with [35S]methionine
as the sole source of methionine. In vitro pull-down assays were performed as
previously described (22).

In vitro phosphorylation assay. Autophosphorylation assays were performed
with GST-NDPK2 and GST-SOS2 as previously described (20) with the follow-
ing modifications. The reaction buffer contained 20 mM Tris-HCl, pH 8.0, 5 mM
MgCl2, 1 mM CaCl2, and 1 mM dithiothreitol. After addition of appropriate
amounts of each recombinant protein in buffer on ice, 2 �l cold 200 �M ATP and
0.5 �l [�-32P]ATP (5 �Ci) were added and the reaction volume was adjusted to
20 �l with distilled H2O. The reaction mixture was incubated at 30°C for 30 min,
and the reaction was stopped by addition of 1 �l of 0.5 M EDTA. After addition
of an equal volume of sodium dodecyl sulfate (SDS)-containing 2� sample
buffer, samples were run on 7.5% SDS-polyacrylamide gel electrophoresis
(PAGE) gels.

Analysis of NTAPi-SOS2 protein complexes. SOS2 was cloned into the NTAPi
vector (51) and used to transform sos2-2 as described previously (2). Expression
of NTAP-SOS2 complemented the salt sensitivity of the sos2-2 mutant, indicat-
ing that the NTAP-SOS2 recombinant protein retained wild-type SOS2 func-
tionality. SOS2-containing protein complexes were purified from either un-
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stressed plants or plants treated with 150 mM NaCl for 24 h using the protocols
described in reference 51. The purified proteins were separated by SDS-PAGE,
and protein bands detected by Coomassie blue staining were excised, trypsin
digested, and analyzed using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) as described previously (2).

Phenotypic and H2O2 analysis. The ndpk2 transferred DNA line was a gen-
erous gift from G. Choi (9) and has an insertion in an intron between codons 128
and 129 of NDPK2. The sos2-2 ndpk2 double mutant was obtained by crossing
homozygous sos2-2 and ndpk2 single mutants and subsequent PCR screening.

For seedling analysis, seedlings of each genotype were routinely grown by
surface sterilizing seed and plating onto half-strength Murashige and Skoog
medium (MS) with 6 mM MES (morpholineethanesulfonic acid; pH 5.7). Seeds
were stratified for 4 days at 4°C and then transferred to a growth chamber
maintained at 23°C and continuously lighted (70 �mol m�2 s�1). Salt treatments
were performed by adding salt to the media that the seeds were germinated on
or by transferring 7-day-old seedlings from control media to salt-containing
media. Seedling H2O2 content was assayed using an Amplex Red H2O2 assay kit
(Invitrogen) as previously described (56).

RESULTS

SOS2 interacts with NDPK2. Using a yeast two-hybrid ap-
proach, we screened a �-ACT Arabidopsis seedling cDNA
library for proteins that interacted with the bait protein SOS2
(44). One of the interacting clones was found to encode
NDPK2. Subsequent analysis demonstrated that, while
NDPK2 interacted strongly with SOS2, it did not interact with
SOS1, SOS3, or the SOS2-like kinase SnRK3.1 (Fig. 1A). The
SOS2-NDPK2 interaction was confirmed in vitro by demon-
strating that GST fusion proteins of NDPK2 or the positive
control SOS3 both pulled down SOS2 (Fig. 1B) while the
unrelated negative control glutamate glyoxylate transferase 1

did not. Further tests found that NDPK2 interacted with
SnRK3.15 but not SnRK3.13 or SnRK3.5 (Fig. 1C). These
results demonstrated that, while NDPK2 interacts with more
than one SnRK3, the interaction was specific to certain mem-
bers of the SnRK3 family. This is similar to the pattern seen for
the interaction of SOS3-like SCaBPs and PP2Cs (ABI1 and
ABI2) with SOS2 and other SnRK3s (22, 44).

We next used deletion constructs of SOS2 to determine the
SOS2 domain required for interaction with NDPK2 (Fig. 2A).
The N-terminal kinase domain (SOS2-N) containing the SOS2
catalytic site (25, 27) did not interact with NDPK2. In contrast,
the C-terminal regulatory domain (SOS2-T1) containing the
FISL motif (also referred to as a NAF domain) was sufficient
for interaction. Removal of the FISL motif (SOS2-T3) abol-
ished the interaction with NDPK2. The FISL motif by itself
showed an interaction, demonstrating that the FISL motif is
both required and sufficient for interaction with NDPK2. Thus,
NDPK2 interacts with the same domain of SOS2 that is re-
quired and sufficient for interaction with SOS3 (22). A full-
length, catalytically inactive SOS2, SOS2-K40N (25), also in-
teracted, demonstrating that the phosphorylation activity of
SOS2 was not required for interaction with NDPK2.

A similar strategy was used to identify the NDPK2 domain
required for interaction with SOS2 (Fig. 2B). The N-terminal
region of NDPK2 (NDPK2-N) was not sufficient for interac-
tion with full-length SOS2. However, the C-terminal portion of
NDPK2 (NDPK2-T1) was sufficient for interaction. Two addi-
tional constructs (NDPK2-T2 and NDPK-T3) containing por-

FIG. 1. SOS2 interacts with NDPK2. (A) Interaction of NDPK2
prey with SOS2 but not with SOS1, SOS3, or SnRK3.1 (PKS3) bait
constructs in yeast two-hybrid assays. The pAS-SOS2/pACT2 (empty
vector), and pAS-SOS1/pACT-NDPK2 combinations are shown as
negative controls. Yeast grown on synthetic complete plates (SC) and
results of a �-galactosidase filter assay (�-Gal) are shown. (B) SOS2
and NDPK2 interact in vitro. Radiolabeled SOS2 was incubated with
GST-SOS3 (positive control), GST-NDPK2, or GST-GGT1 (gluta-
mate glyoxylate transferase 1, a negative control). (Top) Coomassie
blue-stained SDS-PAGE gel. (Bottom) Autoradiogram of the same
gel. (C) Yeast two-hybrid assay of the interaction between NDPK2 and
other SnRK3s. NDPK2 interacted with SnRK3.15 (PKS24) but not
SnRK3.13 (PKS11) or SnRK3.6 (PKS18).

FIG. 2. Mapping of the SOS2 and NDPK2 motifs required for
interaction. (A) Mapping of the SOS2 motif required for interaction
with NDPK2. The indicated regions of SOS2 were cloned into pAS2
bait plasmid and cotransformed with pACT-NDPK2 prey plasmid.
SOS2-K40N is full-length, catalytically inactive SOS2. SC and �-Gal
are as defined for Fig. 1. (B) Mapping of the NDPK2 domain required
for SOS2 interaction. The pAS-SOS2 bait plasmid was contransformed
with pACT2 prey plasmids containing the indicated portions of
NDPK2.
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tions of the C-terminal region were not sufficient for interac-
tion. Thus, the ATP/GTP binding motif, as well as the
catalytically active His-197, was within the portion of NDPK2
required for interaction with SOS2. Interaction of NDPK2
with phytochrome A also occurred through the C-terminal
portion of NDPK2, although in that case it was NDPK2 amino
acids 214 to 221 that were especially important (54).

SOS2 inhibits NDPK2 autophosphorylation. To determine
the effect of SOS2 interaction on NDPK2 function, we ana-
lyzed the effect of SOS2 on NDPK2 autophosphorylation.
NDPK2 alone had high autophosphorylation activity (Fig. 3A,
lane 1). When 0.5 �g of NDPK2 was coincubated with 0.5 �g
of SOS2, phosphorylation of NDPK2 was almost completely
eliminated (Fig. 3A, lane 3). It should be noted that the molar
ratio of SOS2 to NDPK2 in this case was approximately 1 to 2.
Decreasing the SOS2/NDPK2 molar ratio to approximately 1
to 4 (0.5 �g SOS2 and 2 �g NDPK2) recovered only a small
amount of NDPK2 phosphorylation. This is consistent with
previous reports that wild-type NDPK2 exists almost exclu-
sively in a hexameric form (28), and our results imply that
SOS2 inhibited autophosphorylation of the NDPK2 hexamer
or another multimeric form of NDPK2.

To test whether SOS2 kinase activity was required for inhi-
bition of NDPK2 phosphorylation, NDPK2 was incubated with
either SOS2 or the catalytically inactive SOS2-K40N. SOS2-
K40N suppressed NDPK2 kinase activity to a similar extent as
SOS2 (Fig. 3B). This also confirmed that the low level of
NDPK2 phosphorylation observed in the presence of SOS2
was autophosphorylation instead of phosphorylation by SOS2.

Together with recent data suggesting that Arabidopsis NDPK2
is autophosphorylated only on the active-site His (53), this
suggests that SOS2 regulates NDPK2 kinase activity by inhibi-
tion of active-site phosphorylation rather than by regulatory
phosphorylation at another site.

To determine whether this inhibitory effect on NDPK2 au-
tophosphorylation was specific to SOS2, we assayed NDPK2
phosphorylation in the presence of the SOS2-related kinase
SnRK3.22. SnRK3.22 has functions in pH homeostasis but not
salt tolerance (Y. Guo and J.-K. Zhu, unpublished data).
SnRK3.22 had no effect on the autophosphorylation of AtNDPK2
(Fig. 3C). This demonstrated that a specific interaction was re-
quired to inhibit NDPK2 autophosphorylation. We also note that
SnRK3.22 itself had a much higher autophosphorylation activity
(Fig. 3C) than SOS2 (Fig. 3B).

Salt sensitivity and H2O2 content of ndpk2 and sos2-2 ndpk2
mutants. We next examined whether knockout of NDPK2
could affect salt tolerance and how this effect would interact
with the known salt sensitivity phenotype of the sos2-2 mutant
(34). When ndpk2, sos2-2, and sos2-2ndpk2 mutants were
plated on media containing 50 mM NaCl, growth of the sos2-2
ndpk2 double mutant was more inhibited than that of either
the sos2-2 or ndpk2 mutant (Fig. 4A).

To further quantify the salt sensitivity of these mutants, we
also tested the salt sensitivity of wild-type and mutant seedlings
that were germinated on control media for 4 days and then
transferred to salt-containing media for an additional 6 days.
Quantification of seedling fresh weight at the end of the salt
treatment again showed an increased salt sensitivity of the

FIG. 3. SOS2 inhibits NDPK2 autophosphorylation. (A) Inhibition of NDPK2 autophosphorylation by SOS2. (Top) Coomassie blue-stained
gel. (Bottom) Autoradiogram of the same gel after in vitro phosphorylation assay. The amounts of SOS2 and NDPK2 loaded in each line are
indicated across the top of the gel. (B) Inhibition of NDPK2 autophosphorylation by catalytically inactive SOS2. Top and bottom panels show the
Coomassie-stained gel and autoradiogram, respectively, from in vitro phosphorylation assay mixtures containing the indicated amounts of wild-type
SOS2 or the catalytically inactive SOS2-K40N mutated protein. (C) SnRK3.22 (PKS5) does not inhibit NDPK2 autophosphorylation. Top and
bottom panels show the Coomassie-stained gel and autoradiogram, respectively, from in vitro phosphorylation assay mixtures containing the
indicated amounts of SOS2 and SnRK3.22.
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sos2-2 ndpk2 double mutant (Fig. 4B). The ndpk2 mutant grew
less than the wild type in the absence of salt stress; however,
the effect of transfer to 100 mM NaCl on seedling fresh weight
was only slightly more in the ndpk2 mutant than in the wild
type (fresh weight of salt-treated wild-type seedlings was 83%
that of the control, while for the ndpk2 mutant it was 72%; Fig.
4B). For the sos2-2 ndpk2 double mutant, however, fresh
weight of seedlings on 100 mM NaCl was only 30% that of
sos2-2 ndpk2 seedlings on control media (Fig. 4B) compared to
59% for the sos2-2 single mutant. This analysis showed that the
ndpk2 mutant by itself did not have substantially increased
sensitivity to salt but rather was constitutively growth impaired.
The sos2-2 ndpk2 double mutant, on the other hand, was se-
verely salt sensitive, indicating that NDPK2 has an effect on
salt tolerance that is more apparent in the absence of SOS2. It

should also be noted that we have previously reported in-
creased ABA response of root growth and proline accumula-
tion in the ndpk2 mutant compared to the wild type (58), which
may be caused either by direct action of NDPK2 or indirectly
by the increased H2O2 content of the ndpk2 mutant.

The involvement of NDPK2 in phytochrome signaling has
been well characterized (8, 9, 54); thus, we tested whether the
response of ndpk2 to salt was altered in etiolated seedlings.
Etiolated wild-type and the sos2-2 seedlings germinated and
grew on 50 mM NaCl; however, the root growth of the sos2-2
mutant was inhibited compared to that of the wild type (Fig.
4C). sos2-2 ndpk2 seedlings developed similarly to sos2-2 seed-
lings under these conditions. ndpk2 seedlings, however, failed
to develop even on this relatively low level of salt (Fig. 4C).
Additional experiments found that, although ndpk2 seedling

FIG. 4. Salt stress sensitivity of sos2-2, ndpk2, and sos2-2ndpk2 seedlings and NDPK2 expression. (A) Wild-type (WT), ndpk2, sos2, and sos2-2
ndpk2 seedlings after 7 days of growth on control media (half-strength MS with 0.5% sucrose) or media containing 50 mM NaCl. (B) Fresh weights
(FW) of wild-type, ndpk2, sos2-2, and sos2-2 ndpk2 seedlings. Seedlings were grown for 4 days on control media and then transferred to either fresh
control plates (half-strength MS without sucrose) or plates containing 100 mM NaCl for 6 days before measurement of seedling fresh weight. Each
measurement involved five to seven seedlings, with the total fresh weight divided to obtain a per-seedling fresh weight. Data shown are means 	
standard errors (n 
 3 or 4). Numbers in parentheses above each bar of the 100 mM NaCl data are the fresh weights of seedlings of the different
genotypes following NaCl treatment expressed as percentages of their unstressed fresh weights shown on the left side of the graph. (C) Salt
response of etiolated seedlings. Conditions were as in panel A except that the plates were wrapped in foil to maintain darkness. (D) Sensitivity
of wild-type (Columbia) and ndpk2 seed germination to NaCl. Germination was scored at 4 days after the end of stratification. (E) RNA blot
analysis of the effect of stress or ABA on NDPK2 expression. RNA was extracted from seedlings grown on MS media (3% sucrose) and treated
with 300 mM NaCl for 5 h, 100 �M ABA for 3 h, 0°C for 24 h, and dehydration for 24 h. (F) RNA blot analysis of the expression of NDPK2 in
root and shoot tissue of the wild type and sos2 and sos3 mutants under either control (C) or salt stress (Na) conditions.
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germination was inhibited more than that of the wild type at
higher salt concentrations, it was not affected at 50 mM NaCl,
where nearly all seeds germinated (Fig. 4D). Thus, these ex-
periments suggested that NDPK2, perhaps because of its in-
teraction with phytochrome, has a strong effect on the salt
response of etiolated seedlings.

To determine if altered NDPK2 gene expression could have
a role in salt resistance, the gene expression pattern of NDPK2
was examined. We found that NDPK2 expression was not
induced by salt, ABA, cold, or dehydration treatment (Fig. 4E)
and that expression was not altered in the sos2 or sos3 mutant
either under control conditions or after salt stress treatment
(Fig. 4F). Consistently with its previously described role in
phytochrome A signaling (9, 54), NDPK2 is expressed in all
shoot tissues including leaf, stem, flower, and silique tissue, but
not in roots (Fig. 4F; data not shown).

ndpk2 has previously been shown to have altered sensitivity
to H2O2 along with elevated H2O2 levels, and NDPK2 gene
expression was induced by exogenous H2O2 (42). H2O2 is also
believed to be involved in a number of stress and ABA signal-
ing events (30, 40, 41). Therefore, we quantified the H2O2

content of entire seedlings under control conditions or after
transfer to salt-containing media to determine if altered H2O2

levels could be a factor in the salt sensitivity of the sos2-2 ndpk2
double mutant. H2O2 was quantified after a short-term salt
shock (150 mM NaCl; Fig. 5A) and after longer-term exposure
to 50 mM NaCl, a condition where the sos2-2 ndpk2 double
mutant had inhibited growth but did still survive (Fig. 5B;
growth conditions for seedlings used in this assay were the
same as those used in the experiment shown in Fig. 4A). Under

these experimental conditions, the H2O2 content of the salt-
stressed sos2-2 mutant was slightly greater than that of the
salt-stressed wild type for both salt treatments (Fig. 5A and B).
The ndpk2 mutant, in contrast, had constitutively elevated lev-
els of H2O2 even under control conditions, as has been ob-
served previously (42, 58), but its H2O2 content was slightly
decreased by salt stress (Fig. 5A and B). Interestingly, the
sos2-2 ndpk2 double mutant had H2O2 levels generally similar
to that of ndpk2 (Fig. 5A and B), but salt stress tended to
increase its H2O2 content slightly, in contrast to seedlings of
other genotypes (Fig. 5A and B). Since no large differences in
H2O2 content between ndpk2 and sos2-2 ndpk2 seedlings were
found, it can be concluded that increased build-up of toxic
H2O2 could not explain the greater salt sensitivity of sos2-2
ndpk2 seedlings than of ndpk2 seedlings. It should be noted
that the 150 mM NaCl experiments (Fig. 5A) were conducted
using media containing 0.5% sucrose while the 50 mM NaCl
experiments (Fig. 5B) were conducted on media without su-
crose (same conditions as used for Fig. 4B). The presence of
sucrose in the media led to a higher basal level of H2O2 in
seedlings of all genotypes; however, the differences between
seedlings with the different genotypes were similar and consis-
tently observed in both conditions.

Both ndpk2 and sos2 mutants have previously been reported
to have increased tissue damage when exposed to exogenous
H2O2 or other ROS (43, 65). We tested whether sos2-2 ndpk2
seedlings had greater sensitivity to H2O2 than ndpk2 seedlings
and found that again the phenotype of sos2-2 ndpk2 seedlings
was similar to that of ndpk2 seedlings grown at a range of H2O2

concentrations (data not shown). This suggested that it was not
greater susceptibility to H2O2-induced damage that was re-
sponsible for the greater salt sensitivity of sos2-2 ndpk2 seed-
lings but leaves open the possibility that altered H2O2 signaling
is a factor.

SOS2 interacts with CAT2 and CAT3. We also detected two
additional SOS2-interacting proteins that support a connection
between H2O2 and the SOS pathway. The yeast two-hybrid
interaction screen (25) also identified CAT3 as a SOS2-inter-
acting protein (data not shown). In addition, subsequent ex-
periments to detect SOS2-interacting proteins by purifying
protein complexes containing NTAPi-SOS2 (2) identified both
CAT2 and CAT3 as SOS2-interacting proteins. LC-MS/MS
analysis detected a number of peptides from both CAT2 and
CAT3 in protein complexes isolated from salt-stressed plants
(Fig. 6A and B). Interestingly, when SOS2-containing protein
complexes were isolated from unstressed plants, we were not
able to detect any CAT3 peptides and found only a relatively
low level of a single CAT2 peptide. This suggests that salt
stress may be required to promote the interaction of SOS2 with
CAT2 and CAT3.

Direct interaction of SOS2 with both CAT2 and CAT3 was
confirmed by yeast two-hybrid assays (Fig. 6A and B), with
CAT3 having an especially strong interaction with SOS2. Both
CAT2 and CAT3 interacted with the catalytically inactive
SOS2-K40N mutant, indicating that SOS2 kinase activity was
not required for the interaction (Fig. 6A and B). We also
tested whether SOS2 could interact with CAT1 in the yeast
two-hybrid system and found that it did not (Fig. 6C). In
addition we found that neither CAT2 nor CAT3 interacted
with NDPK2 in the yeast two-hybrid system (Fig. 6D). These

FIG. 5. H2O2 content of the wild type (WT), sos2-2 mutant, ndpk2
mutant and sos2-2 ndpk2 double mutant. (A) Seedlings were grown on
control media (half-strength MS, 0.5% sucrose) and transferred to
either fresh control media or media containing 150 mM NaCl for 8 h
before H2O2 assay. (B) Seedlings were grown on control media without
sucrose and transferred to fresh media or media containing 50 mM
NaCl for 96 h before H2O2 quantification. In panels A and B, H2O2
contents of seedlings were quantified by Amplex Red assay and data
are means 	 standard errors (n 
 3 or 4).
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results support the conclusion that SOS2 interacts specifically
with CAT2 and CAT3 and provides an additional link between
SOS2 and H2O2.

DISCUSSION

An emerging paradigm in signal transduction is that of a
series of “nodes” where several signals interact rather than a
collection of linear pathways each with a defined function. It is
also becoming increasingly apparent that enzymes previously
thought to have general housekeeping or detoxification func-
tions can, in addition, be key signal transduction components.
Examples of this latter point are the now well-defined role of
hexosekinase 1 in sugar sensing and signaling as well as sugar
metabolism (7, 43) and the recently described role of Arabi-
dopsis glutathione peroxidase 3 (AtGPX3) in ABA signaling
(40). In terms of which proteins might form parts of nodes for
stress-related signaling, SOS2 has emerged as a good candi-
date.

In addition to the well-established role of SOS2 in regulating
ion transport (5, 48–50, 68), the interaction of SOS2 with ABI2
suggests a connection to other aspects of stress signaling (44).
Other SnRK3 kinases may also be involved in signaling mech-
anisms controlling responses to the environment or hormone
response, particularly ABA signal transduction (24). Here we
show that NDPK2 interacts with SOS2 and SnRK3.15. This
interaction, together with the salt sensitivity phenotype of the
sos2-2 ndpk2 double mutant, suggests that NDPK2 has a role in
salt stress signaling through its interaction with SOS2. NDPK2
is known to affect H2O2 accumulation and sensitivity, and the
interaction of SOS2 with CAT2 and CAT3 also suggests a
connection between SOS2 and H2O2. Taken together with
previous results, these data suggest a role for SOS2 beyond
direct regulation of ion transport. The interactions of SOS2
characterized to date (excluding membrane transporters) are
summarized in Fig. 7. Of special interest is the observation that
SOS3 and NDPK2, as well as other SOS3-related SCaBPs (21),

FIG. 6. Interaction of SOS2 with CAT2 (A) and CAT3 (B) detected in vivo by purification of NTAPi-SOS2 protein complexes and in yeast
two-hybrid assays. (A and B) Protein sequences of CAT2 and CAT3, respectively, are shown at the left, with the peptides identified by LC-MS/MS
analysis of NTAPi-SOS2 complexes underlined. Interaction of SOS2 and the catalytically inactive mutant SOS2-K40N in the pAS2 bait plasmid
with CAT2 or CAT3 in the pACT2 prey plasmid is shown at the right. Lack of interaction of CAT2 or CAT3 with SOS1 bait is shown as a negative
control. SC and �-Gal are as defined for Fig. 1. (C) SOS2 does not interact with CAT1. Interaction was tested using pDEST32SOS2 as the bait
vector and pDEST22CAT1 as the prey vector. Empty bait and prey vectors were used as controls. (D) NDPK2 does not interact with CAT2 or
CAT3. Interaction was tested using pAS2 and pACT2 bait and prey vectors. An empty prey vector was used as a control.
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can interact with the same domain present in SOS2 and related
SnRK3 kinases. This suggests a complex regulatory interaction
between these proteins and salt stress, H2O2, ABA, and light
signaling.

Potential roles of SOS2-NDPK2 interaction. In plants,
NDPK2 has been implicated in diverse physiological processes
including growth; phytochrome A signaling; and UV-B, heat
stress, and oxidative stress adaptation (8, 9, 14, 42, 45, 69). We
have also shown recently that the ndpk2 mutant has enhanced
ABA response in root growth and proline accumulation (58),
although this may be an indirect effect of the elevated H2O2

content of the ndpk2 mutant. NDPKs have been shown to be
an important signaling component in mammalian systems
where NDPK (nm23) can act as a tumor suppressor, possibly
through a direct role in transcriptional activation (1, 36, 47).
These multiple functions are likely to be due to specific protein
phosphorylation activity of NDPK (12, 17, 37, 59) rather than
its role in NDP phosphotransfer, and mammalian NDPKs have
been shown to interact with proteins including key signal trans-
ducers such as AMPK and CK2 (10).

Autophosphorylation is essential for NDPK2 activity, and
recent evidence has suggested that only the active-site histidine
is autophosphorylated in NDPK2 (53). Therefore, SOS2 inhi-
bition of NDPK2 autophosphorylation is likely to block
NDPK2-dependent phosphorylation of downstream targets
such as AtMPK3 and AtMPK6. In contrast, interaction with
phytochrome A stimulated NDPK2 autophosphorylation activ-
ity (54); thus, interaction with SOS2 and phytochrome A may
have opposite effects on NDPK2 activity, and this may explain
why etiolated ndpk2 seedlings were particularly salt sensitive.
Although we did not observe changes in NDPK2 gene expres-
sion in response to salt stress, dehydration, or ABA or in the
sos2-2 or sos3 mutants, it remains possible that NDPK2 protein
levels could be increased by salt stress (31). Thus, the protein-
protein interactions of NDPK2 with both activators and re-

pressors, as well as its abundance, can determine its activity in
response to salt stress or other stimuli.

It is of particular interest to note that both SOS3 and
NDPK2 bind to the FISL motif of SOS2 (22, 25). Reverse
transcription-PCR analysis has shown that both SOS2 and
SOS3 are expressed at a low level in shoot tissue (J.-K. Zhu,
unpublished data) in addition to their expression in roots.
Therefore, in shoots it is possible that SOS3 and NDPK2
compete for binding to SOS2. However, in roots, where
NDPK2 is not expressed, SOS3 is the only protein known to
bind to the SOS2 FISL domain. Thus, competition between
SOS3 and NDPK2 for SOS2 binding may be significant in root
versus shoot responses to salt stress. It is also possible that
modification of SOS2 under salt stress (2; H. Fujii and J.-K.
Zhu, unpublished observations) may promote its interaction
with SOS3 and/or ion transporters over NDPK2, thus releasing
the repression of NDPK2. However, it must be noted that
overexpression of a kinase-activated mutant form of SOS2
lacking the FISL domain could largely complement the sos2-2
mutant salt sensitivity phenotype (23). The most likely expla-
nation is that, when such a constitutively active SOS2 is over-
expressed, it no longer needs SOS3 for either activation or
targeting to the membrane for SOS1 phosphorylation. Since
the FISL domain is required for interaction with NDPK2, this
would suggest that the SOS2/NDPK2 interaction is not critical
for obtaining a nearly wild-type level of salt tolerance under
the conditions used for those tests. Further study of the acti-
vation state of NDPK2 under various conditions with and with-
out SOS2 present will be needed to verify these hypotheses.
One must also consider that NDPK2 interacts with at least one
other SnRK3; thus, the effect of any specific interacting pro-
tein, such as SOS2, on NDPK2 phosphorylation in vivo in
response to specific stimuli is likely to be localized and tran-
sient.

The interactions reported here also potentially place
NDPK2 in the same protein complex as CAT2 and/or CAT3.
This is interesting in light of previous observations that Arabi-
dopsis NDPK1, which is closely related to NDPK2, can interact
with all three Arabidopsis CATs (19) and that Neurospora
crassa NDPK1 can also interact with a CAT (60, 63). At the
gene expression level, upregulation of CAT3, as well as other
ROS-metabolizing enzymes, has been observed in Arabidopsis
plants overexpressing NDPK2 (62). Thus, other lines of evi-
dence, in addition to our finding of a common interaction
partner, suggest a functional relationship between CATs and
NDPKs.

NDPK2 interaction with SOS2 was detected through yeast
two-hybrid screening and confirmed by in vitro pull-down as-
says. It should be noted that NDPK2 was not detected in
NTAP-SOS2 protein complexes from either control or salt-
stressed plants. This is perhaps not surprising, as it is known
that TAP tagging methods do not identify all possible protein-
protein interactions (51). This may be due to low expression
levels of some proteins, membrane localization or low solubil-
ity that prevents extraction and solubilization in the low-deter-
gent conditions used in isolating TAP complexes, or a condi-
tional interaction that is dependent on some factor that is
disrupted during the TAP purification. As an example, we also
did not find SOS3, whose interaction with SOS2 is well char-
acterized, in NTAP-SOS2 protein complexes. This may be due

FIG. 7. Summary of SOS2 interactions potentially important in
stress signaling (excluding SOS2 interactions with membrane transport
proteins). SnRK3s consist of an N-terminal kinase domain and a C-
terminal regulatory domain. Part of the SOS2 regulatory domain has
also been shown to include a FISL motif, required for interaction with
SOS3, and a PPI motif, required for interaction with ABI2 and possibly
other PP2Cs. Data presented here demonstrate that NDPK2 also
interacts with the FISL motif, suggesting that competition between
SOS3 and NDPK2 may occur in tissue where they are both expressed.
CAT2 and CAT3 interact with SOS2 at an unknown location. Protein
names in parentheses are those that have been shown to interact with
SnRK3s other than SOS2.
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to the low expression of SOS3 or the fact that SOS3 is myris-
toylated and may not be separated from the membrane and
solubilized by the mild conditions used for extracting the
NTAP-SOS2 protein complexes. It is also consistent with the
idea that SOS2 may compete with other proteins, such as other
SnRK3s, for interaction with NDPK2. Thus, the TAP tagging
and yeast two-hybrid approaches employed in our laboratory
are complementary approaches that have allowed us to con-
duct a more complete search for SOS2-interacting proteins.

Interaction with SOS2 suggests a cytoplasmic role for CAT2
and CAT3. Both purification of TAP-tagged SOS2-containing
protein complexes and yeast two-hybrid assays indicated an
interaction of SOS2 with CAT2 and CAT3. The interaction of
CAT2 and CAT3 with cytoplasmically localized SOS2 suggests
that CAT2 and CAT3 function in the cytoplasm in addition to
their roles in H2O2 detoxification in the mitochondria and
peroxisome. While the targeting of CAT1 to the peroxisome
has been confirmed (29), the targeting of other CATs, the
portion of CAT protein that remains in the cytoplasm, and
whether stress or other factors can change CAT localization
are unclear.

While it is not known whether CAT2 or CAT3 is present in
the same protein complexes as NDPK2 in vivo, their common
interaction with SOS2 raises an interesting possibility that
CAT activity may play a role in NDPK2 function. Song et al.
(57) have shown that H2O2 inactivated human NDPK A
(Nm23) by the reversible formation of disulfide cross-linking
within the protein. They proposed that oxidative modification
of NDPK may be a regulatory mechanism to control its activity
(57). Modulation of NDPK2 activity could occur by CAT ac-
tivity creating an H2O2-depleted zone inside or around a pro-
tein complex containing NDPK2. This scenario is possible be-
cause the catalytic rate of CAT is near the diffusion-limited
maximum (4). If the loss of SOS2 prevents NDPK2 from as-
sembling into a CAT-containing protein complex, this could
lead to its more rapid deactivation. Such a scenario would also
be consistent with the salt hypersensitivity of the sos2-2 ndpk2
double mutant.

Alternatively, it has also been observed that CATs can be
divided into two classes based on whether they possess signif-
icant peroxidase activity in addition to CAT activity (26) and
that some CAT monomers can have peroxidase activity (4). If
one or more of the Arabidopsis CATs possessed peroxidase
activity toward NDPK2, this could alter their activities and
hence stress and ABA responses. However, we are not aware
of any attempt to test Arabidopsis CATs for peroxidase activity.
Adding to this complexity is the fact that our results cannot
distinguish whether it is CAT3 and CAT2 homotetramers,
heterotetramers of CAT2 and CAT3, or CAT2 and CAT3
monomers that interact with SOS2 in vivo.

When taken together with previous results showing the in-
teraction of SOS2 and other SnRK3s with ABI1 and ABI2 (24,
44), our results also raise the possibility that CAT2 and CAT3
could be in the same protein complex as ABI1 and ABI2. ABI1
and ABI2 have also been shown to be sensitive to inactivation
by H2O2 in vitro (38–40), and Miao et al. (40) have recently
provided evidence that H2O2-dependent inactivation of ABI1
and ABI2 is important for ABA signaling in vivo and may be
mediated through ABI2 interaction with AtGPX3. Thus, if
CAT2 or CAT3 were in the same protein complex as ABI1 or

ABI2, both could also affect ABI1 or ABI2 protein phos-
phatase activity by the same mechanisms described above for
NDPK2. Our finding that both NDPK2 and CATs interact with
SOS2 identifies an additional set of proteins (SOS2, NDPK2,
and CATs) that are involved in the junction between H2O2 and
abiotic stress response. These results now make possible a
range of targeted experiments to further define the molecular
mechanisms by which these proteins connect H2O2 to salt
stress responses.

ACKNOWLEDGMENTS

We thank Huazhong Shi for assistance with the RNA blots, Giltsu
Choi and Pill-Soon Song (Kumho Life and Environmental Science
Laboratory, South Korea) for the gift of ndpk2 seed, and Rebecca
Stevenson for technical assistance.

This work was supported by a National Institutes of Health grant
R01GM59138 to J.-K.Z. P.E.V. was supported by an NIH postdoctoral
fellowship (F32GM074445).

REFERENCES

1. Almgren, M. A. E., K. C. E. Henriksson, J. Fujimoto, and C. L. Chang. 2004.
Nucleoside diphosphate kinase A/nm23-H1 promotes metastasis of NB69-
derived human neuroblastoma. Mol. Cancer Res. 2:387–394.

2. Batelli, G., P. E. Verslues, F. Agius, Q. Qiu, H. Fujii, S. Q. Pan, K. Schu-
maker, S. Grillo, and J.-K. Zhu. 2007. SOS2 promotes salt tolerance in part
by interacting with the vacuolar H�-ATPase and upregulating its transport
activity. Mol. Cell. Biol. 27:7781–7790.

3. Batistic, O., and J. Kudla. 2004. Integration and channeling of calcium
signaling through the CBL calcium sensor/CIPK protein kinase network.
Planta 219:915–924.

4. Beyer, W. F. J., and I. Fridovich. 1987. Catalases—with and without heme,
p. 651–661. In M. G. Simic, K. A. Taylor, J. F. Ward, and C. Von Sonntag
(ed.), Oxygen radicals in biology and medicine. Plenum, New York, NY.

5. Cheng, N. H., J. K. Pittman, J. K. Zhu, and K. D. Hirschi. 2004. The protein
kinase SOS2 activates the Arabidopsis H�/Ca2� antiporter CAX1 to inte-
grate calcium transport and salt tolerance. J. Biol. Chem. 279:2922–2926.

6. Cheong, Y. H., K. N. Kim, G. K. Pandey, R. Gupta, J. J. Grant, and S. Luan.
2003. CBL1, a calcium sensor that differentially regulates salt, drought, and
cold responses in Arabidopsis. Plant Cell 15:1833–1845.

7. Cho, Y. H., S. D. Yoo, and J. Sheen. 2006. Regulatory functions of nuclear
hexokinase1 complex in glucose signaling. Cell 127:579–589.

8. Choi, G., J. I. Kim, S. W. Hong, B. Shin, G. Choi, J. J. Blakeslee, A. S.
Murphy, Y. W. Seo, K. Kim, E. J. Koh, P. S. Song, and H. Lee. 2005. A
possible role for NDPK2 in the regulation of auxin-mediated responses for
plant growth and development. Plant Cell Physiol. 46:1246–1254.

9. Choi, G., H. Yi, J. Lee, Y. K. Kwon, M. S. Soh, B. C. Shin, Z. Luka, T. R.
Hahn, and P. S. Song. 1999. Phytochrome signalling is mediated through
nucleoside diphosphate kinase 2. Nature 401:610–613.

10. Crawford, R. M., K. J. Treharne, S. Arnaud-Dabernat, J. Y. Daniel, M.
Foretz, B. Viollet, and A. Mehta. 2007. Protein kinase CK2 acts as a signal
molecule switching between the NDPK-A/AMPK alpha 1 complex and
NDPK-B. FASEB J. 21:88–98.

11. D’Angelo, C., S. Weinl, O. Batistic, G. K. Pandey, Y. H. Cheong, S. Schultke,
V. Albrecht, B. Ehlert, B. Schulz, K. Harter, S. Luan, R. Bock, and J. Kudla.
2006. Alternative complex formation of the Ca2�-regulated protein kinase
CIPK1 controls abscisic acid-dependent and independent stress responses in
Arabidopsis. Plant J. 48:857–872.

12. Engel, M., M. Veron, B. Theisinger, M. L. Lacombe, T. Seib, S. Dooley, and
C. Welter. 1995. A novel serine threonine-specific protein phosphotransfer-
ase activity of Nm23 nucleoside-diphosphate kinase. Eur. J. Biochem. 234:
200–207.

13. Engel, N., M. Schmidt, C. Lutz, and J. Feierabend. 2006. Molecular identi-
fication, heterologous expression and properties of light-insensitive plant
catalases. Plant Cell Environ. 29:593–607.

14. Escobar Galvis, M. L., S. Marttila, G. Hakansson, J. Forsberg, and C.
Knorpp. 2001. Heat stress response in pea involves interaction of mitochon-
drial nucleoside diphosphate kinase with a novel 86-kilodalton protein. Plant
Physiol. 126:69–77.

15. Finkelstein, R. R., S. S. L. Gampala, and C. D. Rock. 2002. Abscisic acid
signaling in seeds and seedlings. Plant Cell 14:S15–S45.

16. Foyer, C. H., and G. Noctor. 2005. Oxidant and antioxidant signalling in
plants: a re-evaluation of the concept of oxidative stress in a physiological
context. Plant Cell Environ. 28:1056–1071.

17. Freije, J. M. P., P. Blay, N. J. MacDonald, R. E. Manrow, and P. S. Steeg.
1997. Site-directed mutation of nm23-H1—mutations lacking motility sup-
pressive capacity upon transfection are deficient in histidine-dependent pro-
tein phosphotransferase pathways in vitro. J. Biol. Chem. 272:5525–5532.

VOL. 27, 2007 INTERACTION OF SOS2 WITH NDPK2 AND CATs 7779

 by on O
ctober 30, 2007 

m
cb.asm

.org
D

ow
nloaded from

 

http://mcb.asm.org


18. Frugoli, J. A., H. H. Zhong, M. L. Nuccio, P. McCourt, M. A. McPeek, T. L.
Thomas, and C. R. McClung. 1996. Catalase is encoded by a multigene
family in Arabidopsis thaliana (L) Heynh. Plant Physiol. 112:327–336.

19. Fukamatsu, Y., N. Yabe, and K. Hasunuma. 2003. Arabidopsis NDK1 is a
component of ROS signaling by interacting with three catalases. Plant Cell
Physiol. 44:982–989.

20. Gong, D. M., Y. Guo, A. T. Jagendorf, and J. K. Zhu. 2002. Biochemical
characterization of the Arabidopsis protein kinase SOS2 that functions in salt
tolerance. Plant Physiol. 130:256–264.

21. Gong, D. M., Y. Guo, K. S. Schumaker, and J. K. Zhu. 2004. The SOS3
family of calcium sensors and SOS2 family of protein kinases in arabidopsis.
Plant Physiol. 134:919–926.

22. Guo, Y., U. Halfter, M. Ishitani, and J. K. Zhu. 2001. Molecular character-
ization of functional domains in the protein kinase SOS2 that is required for
plant salt tolerance. Plant Cell 13:1383–1399.

23. Guo, Y., Q. S. Qiu, F. J. Quintero, J. M. Pardo, M. Ohta, C. Q. Zhang, K. S.
Schumaker, and J. K. Zhu. 2004. Transgenic evaluation of activated mutant
alleles of SOS2 reveals a critical requirement for its kinase activity and
C-terminal regulatory domain for salt tolerance in Arabidopsis thaliana. Plant
Cell 16:435–449.

24. Guo, Y., L. M. Xiong, C. P. Song, D. M. Gong, U. Halfter, and J. K. Zhu.
2002. A calcium sensor and its interacting protein kinase are global regula-
tors of abscisic acid signaling in Arabidopsis. Dev. Cell 3:233–244.

25. Halfter, U., M. Ishitani, and J. K. Zhu. 2000. The Arabidopsis SOS2 protein
kinase physically interacts with and is activated by the calcium-binding pro-
tein SOS3. Proc. Natl. Acad. Sci. USA 97:3735–3740.

26. Havir, E. A., and N. A. McHale. 1987. Biochemical and developmental
characterization of multiple forms of catalase in tobacco leaves. Plant
Physiol. 84:450–455.

27. Hrabak, E. M., C. W. M. Chan, M. Gribskov, J. F. Harper, J. H. Choi, N.
Halford, J. Kudla, S. Luan, H. G. Nimmo, M. R. Sussman, M. Thomas, K.
Walker-Simmons, J. K. Zhu, and A. C. Harmon. 2003. The Arabidopsis
CDPK-SnRK superfamily of protein kinases. Plant Physiol. 132:666–680.

28. Im, Y. J., J. I. Kim, Y. Shen, Y. Na, Y. J. Han, S. H. Kim, P. S. Song, and S. H.
Eom. 2004. Structural analysis of Arabidopsis thaliana nucleoside diphos-
phate kinase-2 for phytochrome-mediated light signaling. J. Mol. Biol. 343:
659–670.

29. Kamigaki, A., S. Mano, K. Terauchi, Y. Nishi, Y. Tachibe-Kinoshita, K. Nito,
M. Kondo, M. Hayashi, M. Nishimura, and M. Esaka. 2003. Identification of
peroxisomal targeting signal of pumpkin catalase and the binding analysis
with PTS1 receptor. Plant J. 33:161–175.

30. Katiyar-Agarwal, S., J. Zhu, K. Kim, M. Agarwal, X. Fu, A. Huang, and J. K.
Zhu. 2006. The plasma membrane Na�/H� antiporter SOS1 interacts with
RCD1 and functions in oxidative stress tolerance in Arabidopsis. Proc. Natl.
Acad. Sci. USA 103:18816–18821.

31. Kav, N. N. V., S. Srivastava, L. Goonewardene, and S. F. Blade. 2004.
Proteome-level changes in the roots of Pisum sativum in response to salinity.
Ann. Appl. Biol 145:217–230.

32. Kim, K. N., Y. H. Cheong, J. J. Grant, G. K. Pandey, and S. Luan. 2003.
CIPK3, a calcium sensor-associated protein kinase that regulates abscisic
acid and cold signal transduction in Arabidopsis. Plant Cell. 15:411–423.

33. Liu, J., and J.-K. Zhu. 1998. A calcium sensor homolog required for plant
salt tolerance. Science 280:1943–1945.

34. Liu, J. P., M. Ishitani, U. Halfter, C. S. Kim, and J. K. Zhu. 2000. The
Arabidopsis thaliana SOS2 gene encodes a protein kinase that is required for
salt tolerance. Proc. Natl. Acad. Sci. USA 97:3730–3734.

35. Luan, S., J. Kudla, M. Rodriguez-Concepcion, S. Yalovsky, and W. Gruis-
sem. 2002. Calmodulins and calcineurin B-like proteins: calcium sensors for
specific signal response coupling in plants. Plant Cell 14:S389–S400.

36. MacDonald, N. J., A. Delarosa, M. A. Benedict, J. M. P. Freije, H. Krutsch,
and P. S. Steeg. 1993. A serine phosphorylation of Nm23, and not its nucle-
oside diphosphate kinase-activity, correlates with suppression of tumor met-
astatic potential. J. Biol. Chem. 268:25780–25789.

37. Matsushita, Y., T. Suzuki, R. Kubota, M. Mori, H. Shimosato, M. Watanabe,
T. Kayano, T. Nishio, and H. Nyunoya. 2002. Isolation of a cDNA for a
nucleoside diphosphate kinase capable of phosphorylating the kinase do-
main of the self-incompatibility factor SRK of Brassica campestris. J. Exp.
Bot. 53:765–767.

38. Meinhard, M., and E. Grill. 2001. Hydrogen peroxide is a regulator of ABI1,
a protein phosphatase 2C from Arabidopsis. FEBS Lett. 508:443–446.

39. Meinhard, M., P. L. Rodriguez, and E. Grill. 2002. The sensitivity of AB12
to hydrogen peroxide links the abscisic acid-response regulator to redox
signalling. Planta 214:775–782.

40. Miao, Y. C., D. Lv, P. C. Wang, X. C. Wang, J. Chen, C. Miao, and C. P.
Song. 2006. An Arabidopsis glutathione peroxidase functions as both a redox
transducer and a scavenger in abscisic acid and drought stress responses.
Plant Cell 18:2749–2766.

41. Mittler, R. 2002. Oxidative stress, antioxidants and stress tolerance. Trends
Plant Sci. 7:405–410.

42. Moon, H., B. Lee, G. Choi, S. Shin, D. T. Prasad, O. Lee, S. S. Kwak, D. H.
Kim, J. Nam, J. Bahk, J. C. Hong, S. Y. Lee, M. J. Cho, C. O. Lim, and D. J.
Yun. 2003. NDP kinase 2 interacts with two oxidative stress-activated

MAPKs to regulate cellular redox state and enhances multiple stress toler-
ance in transgenic plants. Proc. Natl. Acad. Sci. USA 100:358–363.

43. Moore, B., L. Zhou, F. Rolland, Q. Hall, W. H. Cheng, Y. X. Liu, I. Hwang,
T. Jones, and J. Sheen. 2003. Role of the Arabidopsis glucose sensor HXK1
in nutrient, light, and hormonal signaling. Science 300:332–336.

44. Ohta, M., Y. Guo, U. Halfter, and J. K. Zhu. 2003. A novel domain in the
protein kinase SOS2 mediates interaction with the protein phosphatase 2C
ABI2. Proc. Natl. Acad. Sci. USA 100:11771–11776.

45. Pan, L., M. Kawai, A. Yano, and H. Uchimiya. 2000. Nucleoside diphosphate
kinase required for coleoptile elongation in rice. Plant Physiol. 122:447–452.

46. Pandey, G. K., Y. H. Cheong, K. N. Kim, J. J. Grant, L. G. Li, W. Hung, C.
D’Angelo, S. Weinl, J. Kudla, and S. Luan. 2004. The calcium sensor cal-
cineurin B-like 9 modulates abscisic acid sensitivity and biosynthesis in Ara-
bidopsis. Plant Cell 16:1912–1924.

47. Postel, E. H. 2003. Multiple biochemical activities of NM23/NDP kinase in
gene regulation. J. Bioenerg. Biomembr. 35:31–40.

48. Qiu, Q. S., Y. Guo, M. A. Dietrich, K. S. Schumaker, and J. K. Zhu. 2002.
Regulation of SOS1, a plasma membrane Na�/H� exchanger in Arabidopsis
thaliana, by SOS2 and SOS3. Proc. Natl. Acad. Sci. USA 99:8436–8441.

49. Qiu, Q. S., Y. Guo, F. J. Quintero, J. M. Pardo, K. S. Schumaker, and J. K.
Zhu. 2004. Regulation of vacuolar Na�/H� exchange in Arabidopsis thaliana
by the salt-overly-sensitive (SOS) pathway. J. Biol. Chem. 279:207–215.

50. Quintero, F. J., M. Ohta, H. Z. Shi, J. K. Zhu, and J. M. Pardo. 2002.
Reconstitution in yeast of the Arabidopsis SOS signaling pathway for Na�

homeostasis. Proc. Natl. Acad. Sci. USA 99:9061–9066.
51. Rohila, J. S., M. Chen, R. Cerny, and M. E. Fromm. 2004. Improved tandem

affinity purification tag and methods for isolation of protein heterocomplexes
from plants. Plant J. 38:172–181.

52. Schweighofer, A., H. Hirt, and L. Meskiene. 2004. Plant PP2C phosphatases:
emerging functions in stress signaling. Trends Plant Sci. 9:236–243.

53. Shen, Y., J. I. Kim, and P. S. Song. 2006. Autophosphorylation of Arabidopsis
nucleoside diphosphate kinase 2 occurs only on its active histidine residue.
Biochemistry 45:1946–1949.

54. Shen, Y., J. L. Kim, and P. S. Song. 2005. NDPK2 as a signal transducer in
the phytochrome-mediated light signaling. J. Biol. Chem. 280:5740–5749.

55. Shi, H. Z., M. Ishitani, C. S. Kim, and J. K. Zhu. 2000. The Arabidopsis
thaliana salt tolerance gene SOS1 encodes a putative Na�/H� antiporter.
Proc. Natl. Acad. Sci. USA 97:6896–6901.

56. Shin, R., and D. P. Schachtman. 2004. Hydrogen peroxide mediates plant
root cell response to nutrient deprivation. Proc. Natl. Acad. Sci. USA 101:
8827–8832.

57. Song, E. J., Y. S. Kim, J. Y. Chung, E. Kim, S. K. Chae, and K. J. Lee. 2000.
Oxidative modification of nucleoside diphosphate kinase and its identifica-
tion by matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry. Biochemistry 39:10090–10097.

58. Verslues, P. E., Y.-S. Kim, and J.-K. Zhu. 2007. Altered ABA, proline and
hydrogen peroxide in an Arabidopsis glutamate:glyoxylate aminotransferase
mutant. Plant Mol. Biol. 64:205–217.

59. Wagner, P. D., and N. D. Vu. 1995. Phosphorylation of Atp-citrate lyase by
nucleoside diphosphate kinase. J. Biol. Chem. 270:21758–21764.

60. Wang, N. Y., Y. Yoshida, and K. Hasunuma. 2007. Loss of catalase-1 (Cat-1)
results in decreased conidial viability enhanced by exposure to light in Neu-
rospora crassa. Mol. Genet. Genom. 277:13–22.

61. Willekens, H., S. Chamnongpol, M. Davey, M. Schraudner, C. Langebartels,
M. VanMontagu, D. Inze, and W. VanCamp. 1997. Catalase is a sink for
H2O2 and is indispensable for stress defence in C-3 plants. EMBO J. 16:
4806–4816.

62. Yang, K. A., H. Moon, G. Kim, C. J. Lim, J. C. Hong, C. O. Lim, and D. J.
Yun. 2003. NDP kinase 2 regulates expression of antioxidant genes in Ara-
bidopsis. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 79:86–91.

63. Yoshida, Y., and K. Hasunuma. 2006. Light-dependent subcellular localiza-
tion of nucleoside diphosphate kinase-1 in Neurospora crassa. FEMS Micro-
biol. Lett. 261:64–68.

64. Zhong, H. H., and C. R. McClung. 1996. The circadian clock gates expression
of two Arabidopsis catalase genes to distinct and opposite circadian phases.
Mol. Gen. Genet. 251:196–203.

65. Zhu, J., X. Fu, Y. D. Koo, J.-K. Zhu, F. E. Jenney, Jr., M. W. W. Adams, Y.
Zhu, H. Shi, D.-J. Yun, P. M. Hasegawa, and R. A. Bressan. 2007. An
enhancer mutant of Arabidopsis salt overly sensitive 3 mediates both ion
homeostasis and the oxidative stress response. Mol. Cell. Biol. 27:5214–5224.

66. Zhu, J.-K. 2003. Regulation of ion homeostasis under salt stress. Curr. Opin.
Plant Biol. 6:441–445.

67. Zhu, J.-K. 2002. Salt and drought stress signal transduction in plants. Annu.
Rev. Plant Biol. 53:247–273.

68. Zhu, J. K., J. Liu, and L. Xiong. 1998. Genetic analysis of salt tolerance in
Arabidopsis: evidence for a critical role of potassium nutrition. Plant Cell
10:1181–1191.

69. Zimmermann, S., A. Baumann, K. Jaekel, I. Marbach, D. Engelberg, and H.
Frohnmeyer. 1999. UV-responsive genes of Arabidopsis revealed by similar-
ity to the Gcn4-mediated UV response in yeast. J. Biol. Chem. 274:17017–
17024.

7780 VERSLUES ET AL. MOL. CELL. BIOL.

 by on O
ctober 30, 2007 

m
cb.asm

.org
D

ow
nloaded from

 

http://mcb.asm.org

