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The Arabidopsis Salt Overly Sensitive 2 (SOS2) gene encodes a serine/threonine (Thr) protein kinase that has been shown to
be a critical component of the salt stress signaling pathway. SOS2 contains a sucrose-non-fermenting protein kinase
1/AMP-activated protein kinase-like N-terminal catalytic domain with an activation loop and a unique C-terminal regula-
tory domain with an FISL motif that binds to the calcium sensor Salt Overly Sensitive 3. In this study, we examined some of
the biochemical properties of the SOS2 in vitro. To determine its biochemical properties, we expressed and isolated a number
of active and inactive SOS2 mutants as glutathione S-transferase fusion proteins in Escherichia coli. Three constitutively active
mutants, SOS2T168D, SOS2T168D�F, and SOS2T168D�308, were obtained previously, which contain either the Thr-168 to
aspartic acid (Asp) mutation in the activation loop or combine the activation loop mutation with removal of the FISL motif
or the entire regulatory domain. These active mutants exhibited a preference for Mn2� relative to Mg2� and could not use
GTP as phosphate donor for either substrate phosphorylation or autophosphorylation. The three enzymes had similar
peptide substrate specificity and catalytic efficiency. Salt overly sensitive 3 had little effect on the activity of the activation
loop mutant SOS2T168D, either in the presence or absence of calcium. The active mutant SOS2T168D�308 could not
transphosphorylate an inactive protein (SOS2K40N), which indicates an intramolecular reaction mechanism of SOS2
autophosphorylation. Interestingly, SOS2 could be activated not only by the Thr-168 to Asp mutation but also by a serine-156
or tyrosine-175 to Asp mutation within the activation loop. Our results provide insights into the regulation and biochemical
properties of SOS2 and the SOS2 subfamily of protein kinases.

During growth and development of many multi-
cellular organisms, protein kinases function in a va-
riety of signaling pathways critical for cell division,
metabolism and response to hormonal, developmen-
tal, and environmental signals. The activity of protein
kinases can either be stimulatory or inhibitory to
downstream targets (Simon, 1994; Perrimon, 1995).
Knowledge of how the relevant protein kinases are
regulated, therefore, is one key to understanding ba-
sic cellular processes involved in growth and devel-
opment. The SNF1/AMPKs are highly conserved
Ser/Thr protein kinases identified in fungi, fruitfly
(Drosophila melanogaster), Caenorhabditis elegans, mam-
mals, and plants (McCartney and Schmidt, 2001).
Many SNF1-related protein kinase genes (SnRKs)
have been isolated in plants, and these SnRK kinases
have been classified into three subgroups (SnRK1,
SnRK2, and SnRK3) based on sequence similarity
(Halford and Hardie, 1998).

The Arabidopsis Salt Overly Sensitive 2 (SOS2) and
Salt Overly Sensitive 3 (SOS3) genes were isolated
through positional cloning and were shown to be
required for sodium and potassium ion homeostasis
and salt tolerance (Liu and Zhu, 1997, 1998). SOS2

encodes a 446-amino acid Ser/Thr protein kinase
with an N-terminal kinase catalytic domain similar to
SNF1/AMPK and a novel C-terminal regulatory do-
main (Liu et al., 2000). SOS2 can be classified as a
member of the SnRK3 subgroup of SNF1-related pro-
tein kinases. SOS3 encodes a myristoylated EF-hand
calcium-binding protein (Liu and Zhu, 1998; Ishitani
et al., 2000) that may sense the calcium signal elicited
by salt stress (Knight et al., 1997). SOS3 physically
interacts with SOS2 in the yeast (Saccharomyces cer-
evisiae) two-hybrid system and in vitro (Halfter et al.,
2000). Both the catalytic and regulatory domains are
essential for SOS2 function in salt tolerance (Liu et
al., 2000). A 21-amino acid sequence in the regulatory
domain of SOS2, the FISL motif, has been determined
to be necessary and sufficient to bind SOS3 (Guo et
al., 2001). Salt stress up-regulation of the Salt Overly
Sensitive 1 (SOS1) gene encoding a Na�/H� anti-
porter is partially under control of the SOS2-SOS3
regulatory pathway (Shi et al., 2000). SOS2 and SOS3
are more importantly both required for the posttrans-
lational activation of SOS1 Na�/H� exchange activ-
ity (Qiu et al., 2002).

Recently, we have characterized the functional do-
mains in SOS2 kinase (Guo et al., 2001). Recombinant
SOS2 protein produced in bacteria exhibits no sub-
strate phosphorylation activity in the absence of
SOS3, although it has autophosphorylation activity
(Halfter et al., 2000). In the presence of calcium, SOS3
activates the substrate phosphorylation activity of
SOS2 (Halfter et al., 2000). The substrate phosphory-
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lation activity of SOS2 could also be activated by a
Thr-168 to Asp mutation within the activation loop or
by removal of the autoinhibitory FISL motif (Guo et
al., 2001; Qiu et al., 2002). In this study, we used the
constitutively activated SOS2 mutants to characterize
the biochemical properties of SOS2. These properties
include divalent cation preference, phosphate donor
specificity, steady-state substrate kinetics, and the
reaction mechanism of autophosphorylation. We also
discovered that the substitution of Ser-156 or Tyr-175
within the activation loop with Asp could also acti-
vate SOS2. These results help understand the bio-
chemical characteristics and the regulation of SOS2
protein kinase.

RESULTS

Expression, Purification, and Kinase Activities of
Recombinant SOS2 Mutants

Bacterially expressed SOS2 recombinant protein is
inactive by itself in peptide substrate phosphorylation
and becomes active in the presence of SOS3 that binds
to the autoinhibitory FISL motif of SOS2 (Halfter et al.,
2000; Guo et al., 2001). Three SOS3-independent, con-
stitutively active mutants SOS2T168D, SOS2T168D�F,
and SOS2T168D�308 were produced, which contain
the activation loop Thr-168 to Asp mutation or com-
bine the activation loop mutation with removal of the
FISL motif or regulatory domain (Guo et al., 2001; Qiu
et al., 2002). These were expressed here as glutathione
S-transferase (GST)-tagged fusion proteins in E. coli
and affinity-purified on glutathione-Sepharose. The
eluting proteins were analyzed for purity by SDS-
PAGE (data not shown). Each protein migrated as
predicted from its molecular mass. The purity of these
preparations was estimated to be above 95%, and their
identities were confirmed by western analysis (data
not shown). These purified kinase samples were used
for the remainder of this study.

An exogenous peptide, p3 (ALARAASAAALARRR),
derived from the recognition sequences of protein ki-
nase C and SNF1/AMPK, was earlier shown to be
phosphorylated by SOS2 in the presence of SOS3 (Half-
ter et al., 2000). Kinase activity of the purified recom-
binant proteins was evaluated by measuring phosphor-
ylation activity toward this peptide substrate, without
addition of SOS3. A standard kinase assay with 5 mm
Mg2� showed that these SOS2 mutants displayed much
higher phosphorylation of the peptide substrate p3
(Fig. 1) and autophosphorylation (data not shown) than
either SOS2 alone or SOS2 in the presence of SOS3
(designated SOS2/SOS3) did. These active SOS2 mu-
tants were, thus, chosen for further biochemical
characterization.

Phosphorylation of the peptide substrate by all
SOS2 mutants was linear during 30 min (data not
shown). The autophosphorylation activity of these
proteins was detectable in 5 min, the first time point
assayed, and completed after 30 min (data not

shown). All subsequent kinase assays, therefore,
were routinely terminated at 30-min incubations to
obtain a good estimate of the initial rate. In addition,
we have found that the purified enzyme is highly
stable when maintained in a concentrated solution,
even at room temperature but rapidly loses activity
upon dilution. Enzyme inactivation after dilution
could result from alterations in either the tertiary
structure of the enzyme or its aggregation state. Our
observations are similar to previous reports demon-
strating that the aggregation state of a type 1 receptor
Tyr kinase catalytic domain significantly affects the
rate of catalysis (Mohammadi et al., 1993; Gregoriou
et al., 1995).

Divalent Cation Preference

Kinases, like other phosphotransferases, require a
divalent cation to coordinate the phosphate groups of
the nucleotide triphosphate substrate. These en-
zymes can also be activated or inactivated by binding
of a cation to an additional site of interaction (Arm-
strong et al., 1979; Sun and Budde, 1997). To deter-
mine the divalent cation preferences in vitro of these
mutants, we measured peptide substrate phosphor-
ylation in the presence of various concentrations of
either Mg2� or Mn2� (Fig. 2, A and B; SOS2T168D
data not shown). With all kinases, there was no sub-
strate phosphorylation in the absence of added diva-
lent cation, and all of them showed higher rates with
Mn2� than with Mg2�. Minimal concentrations for
any activity were 0.25 mm for Mn2� and 0.5 mm for
Mg2�, and optimal concentrations were 2.5 and 5
mm, respectively. Above 2.5 mm, Mn2� was inhibit-
ing for all kinases. ATP was held constant at 10 �m in
the experiment, and so any concentration of cation
above 10 �m is essentially free from bound nucleo-

Figure 1. Kinase activities of the purified recombinant SOS2T168D,
SOS2T168D�F, and SOS2T168D�308 fusion proteins. The SOS2,
SOS3, and SOS2 mutant cDNAs were expressed as GST-tagged
fusion proteins in E. coli and purified by glutathione-Sepharose
affinity chromatography. Peptide phosphorylation activities of SOS2
and SOS2 mutants were measured using p3 as a peptide substrate in
the presence of 5 mM Mg2�. Error bars indicate �SD (n � 3).
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tide. The difference must, therefore, reflect different
affinity of Mn2� and Mg2� for binding to a cation site
on the enzyme. The apparent Km and Kcat values for
ATP with either Mg2� or Mn2� were determined at a
constant concentration of peptide substrate p3. These
experiments were performed at the optimal con-
centration of free Mg2� or Mn2� as seen in Figure 2.
The titrations of ATP with Mg2� or Mn2� were con-
ducted in parallel, and the reactions were initiated

with the same diluted enzyme mixture to ensure that
the results are directly comparable. The results are
summarized in Table I. For all enzymes, the Kcat/Km
was 4- to 5-fold higher for ATP with Mn2� than for
ATP with Mg2�.

To determine the metal cation requirement of the
SOS2 mutants for autophosphorylation, we used the
same concentration series of the two divalent cations
in the assay system. Mn2� provided significant
activation by 1 mm with all enzymes (Fig. 3 for
SOS2T168D�308; SOS2T168D and SOS2T168D�F data
not shown). A similar level of activation required
10 mm of Mg2�. It is apparent that autophosphory-
lation prefers Mn2� over Mg2�, but there are very
different optimal levels than those seen in peptide
phosphorylation. In subsequent studies, we used
the concentration of Mn2� (2.5 mm) optimal for
substrate phosphorylation and adequate for auto-
phosphorylation.

A small number of protein kinases use GTP and
ATP as a phosphate donor. These include a receptor-
like kinase from Madagascar periwinkle (Schulze-
Muth et al., 1996), a human STE20-like Ser/Thr pro-
tein kinase (Schinkmann and Blenis, 1997), and an
Arabidopsis Ser/Thr protein kinase CK2 (Sugano et
al., 1998). To test for GTP use with our enzymes,
increasing concentrations of unlabeled GTP were
used to compete with [�-32P]ATP in the substrate
phosphorylation and autophosphorylation assays.
Cold GTP did not compete with ATP for all kinases
in substrate phosphorylation of p3 or in autophos-
phorylation (data not shown). To further confirm the
specificity of ATP as a phosphate donor, kinase as-
says were performed using either [�-32P]ATP or
[�-32P]GTP at identical specific activities. None of
them could use GTP as a phosphate donor for both
autophosphorylation and peptide phosphorylation
(data not shown).

Steady-State Peptide Substrate Kinetics

Both substrate phosphorylation and autophosphor-
ylation of the three kinases had pH optima between
7.0 and 7.5, and activity was optimal at 30°C for all
kinases (data not shown). In addition to p3, SOS2
could phosphorylate two other synthetic peptides: p1
(LRRASLG) and p2 (VRKRTLRRL), derived from the

Figure 2. Divalent cation dependence of peptide phosphorylation.
Peptide phosphorylation reactions by the kinases were performed
using peptide substrate p3 at various concentrations of Mn2� (as
MnCl2) or Mg2� (as MgCl2) as indicated. Initial rates were measured
and plotted against the Mn2� or Mg2� concentrations. A,
SOS2T168D�308. B, SOS2T168D�F.

Table I. Kinetic parameters for ATP metal

Peptide substrate phosphorylation reactions were performed using indicated enzymes and peptide p3 (150 �M). Mn2� (as MnCl2) and Mg2�

(as MgCl2) were added at the optimum concentration as indicated. Three experiments were performed for each enzyme substrate combination
using concentration of ATP metal described in Fig. 2. The SD values of the parameter estimates were all less than 10% of the value shown.

Enzyme
ATP-Mg2� ATP-Mn2�

Mg2� Kcat Km Kcat/Km Mn2� Kcat Km Kcat/Km

mM s�1 �M M�1 s�1 mM s�1 �M M�1 s�1

SOS2T168D 5.0 0.79 3.0 2.60 � 105 2.5 1.54 1.3 11.9 � 105

SOS2T168D�F 5.0 0.82 3.4 2.41 � 105 2.5 1.85 1.5 12.3 � 105

SOS2T168D�308 5.0 0.86 4.0 2.15 � 105 2.5 1.89 2.0 9.5 � 105

Gong et al.
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recognition sequences of protein kinase C or SNF1/
AMPK (Halfter et al., 2000). To evaluate peptide sub-
strate preference of these kinases, we analyzed the
steady-state kinetic parameters toward the three pep-
tides. Apparent Km and Kcat values for p1, p2, and p3
of the three kinases were determined from Eadie-
Hofstee plots of V0 versus V0/[S] (data not shown).
The Kcat to Km ratios show clearly that all kinases
prefer p3 as a substrate to either p1 or p2 (Table II).
Although p3 is not based on a physiological substrate
for SOS2, all these Km values are within the range of
those found for plant SNF1-related kinases with
peptide substrates that do reflect true physiological
substrates. For one example, cauliflower (Brassica
oleracea) 3-hydroxy-3-methylglutaryl-CoA reductase
kinasehad a Km of 95 �m for the SAMS peptide

based on conserved residues of known physiologi-
cal substrates (Weekes et al., 1993).

Effect of SOS3 on Kinase Activity of SOS2T168D

The regulatory protein SOS3 has been shown to
activate SOS2 in a Ca2�-dependent manner (Halfter
et al., 2000) by binding to the autoinhibitory FISL
motif in the C-terminal domain of SOS2 (Guo et al.,
2001). To test whether SOS3 still could enhance the
activity of the activation loop Thr-168 to Asp mutant
SOS2T168D (with no deletions), we compared the
phosphorylation of p3 by SOS2T168D with or with-
out SOS3, either in the presence or absence of 0.5 mm
calcium. SOS3 had no significant effect on p3 phos-
phorylation by SOS2T168D either in the presence or
absence of calcium (Fig. 4). SOS3 also exhibited little
effect on autophosphorylation activity, either with or
without calcium (data not shown). These observations
suggest that the Thr-168 to Asp mutation within the
activation loop could release (at least partially) the
autoinhibitory effect of the FISL motif on SOS2 ki-
nase activity, thus, making SOS2 independent of
the regulatory protein SOS3. In addition, calcium
(0.5 mm) was not required for kinase activity of
SOS2T168D, although it seemed to slightly activate
SOS2T168D either in the presence or absence of SOS3
(Fig. 4). At the present time, the significance and
potential mechanism of this slight calcium enhance-
ment of SOS2T168D activity is unclear.

Autophosphorylation Mechanism

In many cases autophosphorylation of a protein
kinase has been shown to proceed by an intermolec-

Figure 3. Dependence of autophosphorylation of SOS2T168D�308
on divalent cations. Autophosphorylation of SOS2T168D�308 in the
presence of various concentrations of Mn2� (as MnCl2) or Mg2� (as
MgCl2), as indicated, was presented as the density of autoradio-
graphic bands. Three independent experiments were performed, and
a typical result is shown here.

Table II. Peptide substrate steady-state kinetic parameters with
three peptide substrates

Phosphorylation of the peptide substrate p1, p2, or p3 by
SOS2T168D, SOS2T168D�F, or SOS2T168D�308 was measured at
optimal concentration of Mn2� (2.5 mM). The kinetic parameters
were determined by varying [p1], [p2], and [p3] while holding ATP
at 10 �M. Kcat/Km is presented here as a measure of overall enzyme
efficiency for each peptide substrate. Values are the means � SD from
three separate experiments.

SOS2 Mutant
Peptide

Substrate
Kcat Km Kcat/Km

s�1 �M M�1 s�1

SOS2T168D p1 1.89 211 � 3.9 0.89 � 104

p2 2.30 119 � 2.8 1.93 � 104

p3 2.76 99 � 1.1 2.79 � 104

SOS2T168D�F p1 2.01 201 � 3.1 1.00 � 104

p2 2.26 111 � 1.8 2.04 � 104

p3 2.62 95 � 1.5 2.76 � 104

SOS2T168D�308 p1 1.90 198 � 5.1 0.96 � 104

p2 2.32 145 � 4.1 1.60 � 104

p3 2.51 113 � 4.8 2.22 � 104

Figure 4. Effect of SOS3 on kinase activity of the activation loop
mutant SOS2T168D. Substrate phosphorylation of SOS2T168D using
peptide substrate p3 was measured with SOS3 or without SOS3 in the
presence or absence of 0.5 mM Ca2� (as CaCl2) in the kinase buffer.
Error bars indicate �SD (n � 3).
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ular mechanism (Johnson et al., 1996) in which the
catalytic domains and phosphorylation sites reside
on separate molecules. To test by which mechanism
SOS2 kinase could autophosphorylate, we deter-
mined the dependence of autophosphorylation activ-
ity on protein concentration. The autophosphoryla-
tion reactions of all these kinases showed first order
kinetics (a linear increase in rate with increasing
kinase protein) rather than second order (rate in-
creases with the square of kinase concentration; Fig.
5A for SOS2T168D�308; data not shown), which sug-
gests that SOS2 may autophosphorylate by an in-
tramolecular reaction (Horn and Walker, 1994).

To provide additional evidence, we tested whether
the truncated active protein SOS2T168D�308 was
able to transphosphorylate the kinase-dead mutant
SOS2K40N. This mutant has the residue Lys-40, a
conserved amino acid in the catalytic site required for
phosphotransfer activity in all protein kinases
(Hanks et al., 1988; Knighton et al., 1991), changed to
Asn through site-directed mutagenesis. The active
kinase SOS2T168D�308 could be clearly resolved
from the full-length protein SOS2K40N by SDS-
PAGE (Fig. 5B). This inactive protein was then co-
incubated with SOS2T168D�308 in the kinase assay.
As expected, SOS2K40N failed to autophosphorylate
(Fig. 5C, lane 1), and SOS2T168D�308 had high au-
tophosphorylation activity (Fig. 5C, lanes 2 and 3).
The SOS2K40N was not trans-phosphorylated in the
presence of SOS2T168D�308 (Fig. 5C, lane 2), and no
autophosphorylation of the inactive SOS2 mutant
was detectable even after very long exposures (data
not shown). These results are strong evidence for an
intramolecular rather than intermolecular reaction
mechanism of SOS2 autophosphorylation. Thus, un-
like some other Ser/Thr protein kinases (Horn and
Walker, 1994; Oh et al., 2000; Shah et al., 2001), there
is no need to postulate oligomerization of the protein
as part of the mechanism.

Activation by Substitution of Either Ser or Tyr with
Asp within the Activation Loop

Many protein kinases are activated by phosphory-
lation of one or more residues within an activation
loop. The introduction of a phosphate results in ionic
interactions that are critical to kinase activity (John-
son et al., 1996). In some protein kinases, such as
phosphorylase b kinase and phosphoenolpyruvate
carboxylase kinase (Hartwell et al., 1999), the phos-
phorylation site within the activation loop is replaced
by a negatively charged residue. These kinases are
indeed constitutively active, and do not require
phosphorylation.

SOS2 protein is not constitutively active in sub-
strate phosphorylation. In the SOS2 kinase subfam-
ily, the activation loop is located between the con-
served DFG and APE residues in the kinase catalytic
domain (Guo et al., 2001). A comparison of the acti-

vation loops of 23 members of the kinase subfamily
showed that in addition to a Thr residue, either a Ser
or Tyr residue is completely conserved in all mem-
bers of this subfamily (Fig. 6; data not shown). By
mutating the conserved Thr to Asp in its activation
loop, we earlier created a constitutively active SOS2
kinase (Guo et al., 2001). Here, we wanted to see if
changing either the conserved Ser or Tyr to Asp
could also make these kinases constitutively active.
We constructed two activation loop single mutants,

Figure 5. Intramolecular autophosphorylation mechanism of SOS2.
A, A plot of SOS2T168D�308 autophosphorylation versus its protein
concentration. Actual amounts of SOS2T168D�308 varied from 0 to
1.05 �g per 30-�L reaction. A 30-�L reaction mixture contained
various concentrations of the purified SOS2T168D�308 protein as
indicated, 5 �Ci of [�-32P]ATP, and 2.5 mM Mn2� (as MnCl2) in
kinase assay buffer. Reactions were incubated for 30 min at 30°C.
After separation on 10% (w/v) SDS-PAGE, the resulting gels were
autoradiographed using a phosphor imager. The first order kinetics
suggests an intramolecular autophosphorylation mechanism. B, Pro-
tein stain. Lanes 1, 2, and 3 represent Coomassie Blue-stained gel
corresponding to lanes 1, 2, and 3 in C. C, Autoradiographs of
phosphorylation assays of SOS2K40N and SOS2T168D�308 pro-
teins. Eight hundred nanograms of either protein as shown in B was
incubated alone or together in the presence of 5 �Ci of [�-32P]ATP in
kinase assay buffer as described above, fractionated by 10% (w/v)
SDS-PAGE, and exposed to x-ray film. Lane 1, SOS2K40N; lane 2,
SOS2K40N and SOS2T168D�308; and lane 3, SOS2T168D�308.
Lack of a labeled band of the same size in lane 2 of B shows that
SOS2T168D�308 (62 kD) cannot transphosphorylate SOS2K40N (80
kD), again suggesting an intramolecular autophosphorylation
mechanism.

Gong et al.
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designated SOS2S156D and SOS2Y175D by mutating
Ser-156 to Asp and Tyr-175 to Asp, respectively via
site-directed mutagenesis.

We expressed these mutants, and also the wild-type
protein as GST fusion proteins in E. coli, and purified
them on glutathione-Sepharose (data not shown).
SDS-PAGE analysis shows that the expression level of
the recombinant mutant proteins was similar to that of
the wild type (data not shown). Kinase assays showed
that SOS2S156D and SOS2Y175D exhibited 19- and
23-fold higher activity, respectively, in p3 phosphory-
lation than the wild-type kinase (data not shown).
Both activation loop mutant kinases also had higher
autophosphorylation activity compared with the wild
type (data not shown).

DISCUSSION

SOS2 Exhibits Unusual But Not Unique ATP-Metal
Substrate Preference

The biochemical characteristics of SOS2 and mech-
anisms of the regulation of its kinase activity are not
fully understood. The current evaluation of the bio-
chemical and kinetic properties of the SOS2 has been
greatly facilitated by the availability of recombinant
SOS2 mutants that show robust kinase activities. All
of these three SOS2 mutants exhibited a strong pref-
erence for Mn2� over Mg2� for peptide substrate
phosphorylation (Fig. 2) and autophosphorylation
(Fig. 3).

We conducted ATP kinetic studies in the presence
of the optimal divalent metal concentration. These

studies show that all of these proteins have a higher
affinity and catalytic efficiency toward ATP with
Mn2� than with Mg2� (Table I). Activity of a number
of other kinases also works better with Mn2� than
with Mg2� (Horn and Walker, 1994; Muranaka et al.,
1994; Su et al., 1996; Schinkmann and Blenis, 1997;
Stocchetto et al., 1997). This divalent metal preference
has been thought to reflect involvement of the kinase
in a complex for full activation (Guy et al., 1992; Su et
al., 1996).

The intracellular concentration of Mn2� is in the
micromolar range, whereas the Mg2� concentration
is in the millimolar range (Schinkmann and Blenis,
1997). The minimal and optimal activation concentra-
tions of Mn2� for SOS2 mutants in vitro (Figs. 2 and
3) suggest that Mn2� may not play a role in SOS2
activity regulation under physiological conditions.

Peptide Substrate Selectivity

SOS2 can be classified as a member of the SnRK3
family of SNF1-related protein kinases (Hardie, 2000).
The physiological substrate (s) of SOS2 kinase is still
unknown. Testing the three different peptide sub-
strates with these kinases, the Kcat to Km ratios show
clearly a preference order of p3 � p2 � p1 (Table II).
The apparent Km values toward the three peptides for
these kinases (Table II) are similar to those for SNF1/
AMPK from yeast, mammalian, and higher plants
with Ser-containing peptides as substrates (Barker et
al., 1996; Hardie, 1999). The preferred peptide sub-
strate p3 (ALARAASAAALARRR) contains within it
the following sequence: hydrophobic-X-basic-X (2)-
Ser-X (3)-hydrophobic residue. The same motif has
been previously established as a minimal recognition
motif (Dale et al., 1995b) for the cauliflower AMPK/
SNF1 homolog (Ball et al., 1995). An alignment of
sequences around the phosphorylation sites on 3-
hydroxy-3-methylglutaryl-CoA reductases, nitrate
reductases, and Suc phosphate synthases from differ-
ent plant species identified a consensus recognition
motif for SnRK1 protein kinases (Sugden et al.,
1999b), and this is shared by p3. Therefore, the pres-
ence of the hydrophobic and basic residues may be a
determinant for the substrate specificity of the SOS2.
Comparison of the kinetic data of these SOS2 mu-
tants shows that removing the regulatory domain of
SOS2 does not seem to significantly affect cofactor
preference, peptide substrate specificity, and cata-
lytic efficiency toward peptide substrates.

We have previously reported that salt stress up-
regulation of a Na�/H� antiporter SOS1 gene is
controlled by the SOS3-SOS2 regulatory pathway
(Shi et al., 2000). We have recently shown that SOS3-
SOS2 also directly activates SOS1 sodium-proton ex-
change activity (Qiu et al., 2002). The C-terminal part
of the SOS1 protein contains some putative consen-
sus recognition motifs found in the preferred peptide
substrate p3 of the SOS2 mutants. An SOS1-His

Figure 6. Sequence alignment of the SOS2 activation loop compared
with the corresponding region of the sequence of two SOS2-like
kinases PKS11 and PKS18. A, Shown is a schematic diagram of the
domain structure for SOS2. FISL, FISL motif. B, An alignment of
SOS2, PKS11, and PKS18 activation loop. PKS11 and PKS18 are
identical to gene products with the following GenBank accession
numbers: T09903 and BAB09310, respectively. Amino acids are
numbered on the left. Identical residues and conservative replace-
ments are shown with black and gray shading, respectively. The three
conserved residues in all members of SOS2 subfamily kinase are
marked with asterisks (Ser and Tyr) and a dot (Thr), respectively.
Dashed lines represent spaces that were introduced to maximize
alignment.
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tagged protein purified from yeast membranes has
been recently observed to be phosphorylated in vitro
by the SOS2T168D�308 (Quintero et al., 2002). There-
fore, SOS1 is likely one physiological substrate of
SOS2.

Activation of SOS2 by Multisite
Phosphorylation within the Activation Loop

Regulation of protein kinases is achieved through
many different mechanisms, including protein phos-
phorylation by other kinase(s) (Elion, 1998), auto-
phosphorylation (Cooper and MacAuley, 1988; Sato
et al., 1996), or control by regulatory domains or
subunits. A key feature for regulation in many pro-
tein kinases is thought to be the phosphorylation of
one or more residues within the activation loop of the
catalytic subunit (Vertommen et al., 2000; McCartney
and Schmidt, 2001). An unphosphorylated activation
loop can block access of substrates to the active site,
whereas phosphorylation can cause an outward ro-
tation of the activation loop, making substrate acces-
sible to the active site residues for catalysis (Jeffrey et
al., 1995; Sicheri and Kuriyan, 1997; Xu et al., 1999).

Three residues—Ser-156, Thr-168, and Tyr-175—
within the SOS2 activation loop are completely con-
served among all members of the SOS2 kinase sub-
family (Fig. 6; data not shown). In addition to
activation by converting the conserved Thr-168 to
Asp (Guo et al., 2001), we have demonstrated here
activation by changing the conserved Ser or Tyr to
Asp (data not shown). These results are similar to
findings with a number of other protein kinases in
both plants (Torruella et al., 1986; Ali et al., 1994;
Iglesias et al., 1998; Sugden et al., 1999a) and animals
(Waldron et al., 2001). It has been thought that phos-
phorylation of the activation loop shifts the equilib-
rium toward a conformation that accommodates pro-
tein substrate binding, and some data in the literature
support this concept (Hubbard, 1997; Hubbard et al.,
1998; Johnson et al., 1998; Shah et al., 2001).

Finally, recombinant SOS2 mutants have been use-
ful because of their relative abundance compared
with native SOS2 protein, the purification of which
from Arabidopsis has not been possible because of its
extreme low abundance (J.-K. Zhu, unpublished
data). The recombinant SOS2 mutants are easily pu-
rified, and being catalytically active, have permitted
biochemical analysis. Although these studies demon-
strate the catalytic potential of the proteins, the bio-
logically relevant form of the SOS2 kinase is most
likely in the complex it makes with SOS3 and per-
haps additional proteins; it will be of interest to see
whether there are any significant differences in ac-
tivity between the complex and the mutated active
forms of SOS2.

MATERIALS AND METHODS

Site-Directed Mutagenesis

A cDNA containing the complete open reading frame of SOS2 was ob-
tained by reverse transcription-PCR as described by Liu et al. (2000). Substi-
tution of either Ser or Tyr with Asp within the activation loop of SOS2 was
introduced using oligonucleotide-directed in vitro mutagenesis. The se-
quences of mutagenic oligonucleotide primers (MWG-Biotech, High Point,
NC) were as follows: 5�-TTTCGGATTTCGGACTCGACGCATTGCCTCAGG-
AAGGAG-3� (SOS2S156D, forward), 5�-TCCTTCCTGAGGCAATGCGTCG-
AGTCCGAAATCCGAAACC-3� (SOS2S156D, reverse), 5�-ACATGTGGAAC-
TCCGAACGACGTAGCTCCAGAGGTACTTAG-3� (SOS2Y175D, forward),
and 5�-AAGTACCTCTGGAGCTACGTCGTTCGGAGTTCCACATGTGG-3�
(SOS2Y175D, reverse). In vitro mutagenesis reactions were performed on the
plasmid DNA with a 1:1 (v/v) enzyme mix of LA Tag (TaKaRa Shuzo, Ltd.,
Kyoto) and Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA) using the
following PCR cycle: 95°C for 30 s, followed by 16 cycles of 95°C for 30 s, 60°C
for 1.0 min, and 72°C for 7 min. The PCR products were gel-purified and
treated with DpnI to digest the parental double-stranded DNA. The digested
PCR products were then transformed into DH5�-competent cells. The se-
quences of mutation and the fidelity of the rest of the DNA in all constructs
were confirmed by DNA sequencing. GST-SOS2K40N and GST-SOS3 con-
structs were produced as described by Liu et al. (2000) and Halfter et al.
(2000), respectively.

Expression of Kinase Fusions in E. coli and
Protein Purification

All constructs were expressed in bacteria as a C-terminal fusion protein
with the bacterial GST under control of the isopropyl �-d-thiogalacto-
pyranoside-inducible tac promoter. All mutant and wild-type GST fusion
constructs were transformed into E. coli BL21 (codon plus) cells (Stratagene).
Freshly transformed single colonies were grown overnight at 37°C, trans-
ferred to fresh 1,000 mL of Luria-Bertani media, and further cultured until
the A600 reached approximately 0.8. Recombinant protein expression was
induced by 0.6 mm isopropyl �-d-thiogalactopyranoside for 4 h. The cells
were harvested by centrifugation (4,000g, 25 min, 4°C), and the pellets were
resuspended in a ice-cold bacterial lysis buffer containing 140 mm NaCl, 2.7
mm KCl, 10.1 mm Na2HPO4, 1.8 mm KH2PO4, pH 7.5, 10% (v/v) glycerol, 5
mm dithiothreitol, 2 �g aprotinin mL�1, 2 �g leupeptin mL�1, and 2 mm
phenylmethanesulfonyl fluoride. Lysozyme (1 mg mL�1) and Triton X-100
(1%, v/v) were added to the suspension and incubated on ice with gentle
shaking for 30 min before sonication. The sonicate was clarified by centrif-
ugation at 15,000g for 30 min at 4°C, and the supernatant was recovered.
Recombinant proteins were then purified from the bacterial lysates by
glutathione-Sepharose (Amersham Pharmacia Biotech) affinity chromatog-
raphy. Glutathione-Sepharose 4B beads were added to the supernatant, and
the mixture was incubated with gentle agitation for 60 min on ice. The
Sepharose beads were then sedimented, and the pellets were carefully
washed six times with the cell lysis buffer and resuspended in kinase assay
buffer. SDS-PAGE (10%, w/v) analysis was used to evaluate the protein
composition of each preparation. Gels were stained with Coomassie Bril-
liant Blue.

Kinase Activity Assays

In vitro phosphorylation assays were performed as described previously
(Halfter et al., 2000) with some modification. Peptide phosphorylation
was measured as the incorporation of radioactivity from [�-32P]ATP (Perkin
Elmer Life Sciences, Boston) into the peptide substrate. Forty microliters of
the reaction mixture contained 20 mm Tris (pH 7.2), 2.5 mm MnCl2 or 5 mm
MgCl2, 0.5 mm CaCl2, 10 �m ATP, 5 �Ci [�-32P]ATP, 150 �m peptide
substrate, and 2 mm dithiothreitol. Three peptide substrates used were p1
(LRRASLG; Kemptide, St. Louis), p2 (VRKRTLRRL; Sigma, St. Louis), and
p3 (ALARAASAAALARRR, Research Genetics, Huntsville, AL). Enzymatic
reactions were initiated by adding 5 �Ci of [�-32P]ATP, and reaction mix-
tures were immediately incubated at 30°C with gentle shaking. Reactions
were terminated after 30 min by adding 1 �L of 0.5 m EDTA, and the GST
fusion proteins bound to glutathione-Sepharose beads were pelleted. Fifteen
microliters of the supernatant was applied onto P-81 phosphocellulose

Gong et al.

262 Plant Physiol. Vol. 130, 2002



paper (Whatman, Clifton, NJ) for peptide phosphorylation analysis. The
P-81 paper was then washed three times with 1% (v/v) phosphoric acid, and
32P incorporation into the peptide was quantified by phosphor imaging on
a STORM 860 PhosphorImager (Molecular Dynamics, Sunnyvale, CA). For
autophosphorylation assays, the remaining 25-�L reaction mixture was
added with 5 �L of 6� Laemmli sample buffer (Laemmli, 1970) and then
separated by a 10% (w/v) SDS-PAGE gel and autoradiographed. For the
analysis of divalent cation requirements, kinase assays were performed in the
kinase assay buffers containing 0 to 20 mm of MnCl2 or MgCl2, using 150 �m
p3 and 10 �m ATP. For ATP substrate kinetics analysis, 0 to 25 �m of ATP was
used while keeping p3 constant (150 �m). Peptide substrate kinetic parame-
ters were determined by varying the concentrations of the peptides (0–250
�m) at a fixed ATP concentration (10 �m).

Data Analysis

Initial rates were determined by measuring the amount of phosphory-
lated peptide formed in 30 min, because this time period produced adequate
amounts of product for both enzymes and was within the linear portion of
the reaction progress curve. The kinetic parameters were determined by
nonlinear least squares analysis of the averaged initial velocity data fitting
to the Henri-Michaelis-Menten equation (Eq. 1).

V0 � Vmax A/	Km � A
 (1)

In this equation, V0 is the measured initial velocity; Vmax is the maximum
velocity; A is the concentration of ATP-metal; and Km is the apparent Km.
The Kcat values were calculated by dividing Vmax by the total enzyme
concentration. Three experiments were performed for all kinetic studies,
and the average data were fit to the equation.

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes.
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