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The mitogen-activated protein kinase kinase kinase 3 (MEKKS3) is a member of the
MAP kinase family whose cellular activity is elevated in response to growth factors,
oxidative stress, and hyperosmolar conditions. MEKKS3 regulates MKK3 and MKK5/6/
7. MEKKS is involved distinctively in the signal pathway for blocking cell prolifera-
tion and cell cycle progression, contradictory to the biological responses commonly
associated with other members of MEKKs. Based information concerning the sub-
strate specificity of serum- and glucocorticoid-induced kinase 1 (SGK1), R-x-R-x-x-(S/
T)-¢, where ¢ indicates a hydrophobic amino acid, two putative phosphorylation sites
(Ser!%¢ and Ser®’) were found in MEKKS3. It was shown that the recombinant MEKK3
protein and fluorescein-labeled MEKK3 peptides (FITC-15%epRsRhlSVil®® and FITC-
330dpRgRIpSAd339) are phosphorylated by SGK1 in vitro. It was also observed that the
intrinsic kinase activity of MEKK3 on Ser!® of MKK3 (equivalent to Ser?? of MKK6)
decreased along with phosphorylation of Ser'®® and Ser33” in MEKKS in vitro and in
vivo. Therefore, it is suggested that SGK1 inhibits MEKK3-MKK3/6 signal transduc-

tion by phosphorylation of MEKKS3.
Key words: 14-3-3, MEKK3, MKK6, SGK1.

The mitogen-activated protein kinase kinase kinase 3
(MEKKS3) has been identified as one of the upstream reg-
ulatory components of MAPK cascades in several sys-
tems (I—4). The kinase domain of MEKKS is found in the
carboxy-terminal part of the enzume. MEKK2 and
MEKKS3 are markedly homologous (94%) in their kinase
domains (7). Both MEKK2 and MEKKS3 are able to acti-
vate SAPK pathway in vivo, and their amino-terminal
moieties have no significant motif that would suggest a
defined regulatory function, such as the PH, SH3, CRIB,
RB or proline-rich domains of MEKK1/2 (2, 3). Thus, the
upstream signal cascade of MEKKZ2/3 remains to be char-
acterized. It has been reported that MEKK2/3 is distinct
from the other MEKK family members, MEKK 1/4/5 (3,
4). MEKKS3 activates MKK3/6 through phosphorylation
of specific Ser/Thr residues in their VIII domains (1-4).
In turn, MKK3 specifically phosphorylates and activates
SAPK, and MKK6 phosphorylates and activates both
SAPK1 and SAPK2 (5-7). MEKKS3 is also likely to pre-
vent SAPK2 activation but to allow SAPK1 activation (1—
3, 8). Thus, MEKKS3 seems to be involved in the signal
pathway for blocking cell proliferation and cell cycle pro-
gression, in contrast to the biological responses com-
monly associated with other MEKKSs (2, 8).
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The serum- and glucocorticoid-induced kinase 1
(SGK1) was identified as a Ser/Thr protein kinase. SGK1
is regulated transcriptionally by serum, glucocorticoids
and corticosteroids in several cell types (9—11). Recent
findings suggest that SGK1 is an important gene in the
early action of corticosteroids on epithelial sodium re-
absorption (12). SGK1 shares 45-55% homology with the
catalytic domain of protein kinase C, cAMP-dependent
protein kinase A, Akt1, and the p70 ribosomal protein S6
kinase (9, 13). It has been well documented that the
expression of SGK1 is high in the thymus, lung, and
ovary and low but detectable in mammary gland and sev-
eral other tissues in adult rats (14, 15). It has been
reported that human SGK1 is not transcriptionally regu-
lated by corticosteroids in a hepatoma cell line, and thus
far no glucocorticoid response element has been identi-
fied in the human SGK1 gene (16).

SGK2 and SGK3 were characterized by gene homology
search (17). In addition, cytokine-independent survival
kinase (CISK) has been identified as a mouse homologue
of human SGK3 by the new large-scale mammalian
genetic screening method (18). It has been reported that
the activation of all SGKs requires the phosphorylation
of both Thr?6 and Ser*?2 by 3-phosphoinositide—depen-
dent protein kinase—1 (PDK1), similar to the Akt1 activa-
tion mechanism (17, 19). However, SGK1 does not contain
a pleckstrin homology (PH) domain where the PI 3 kinase
lipid products bind in order to regulate the translocation
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of Aktl into the plasma membrane for PDK1 phosphor-
ylation (17, 19, 20). Thus, it is presently unknown how
the localization of SGK1 to the plasma membrane is reg-
ulated. Xu et al. demonstrated that CISK/SGK3 contains
a Phox homology (PX) domain that interacts with phos-
phatidylinositol (18, 21). They suggested that the PX
domain regulates the translocation and function of CISK
through its direct interaction with phosphoinositides.
Thus, it seems to be that CISK and SGK3 utilize different
lipid binding domains to accomplish a similar mechanism
of activation in response to PI-3 kinase signaling.

SGK1 has also been identified as promoting cell sur-
vival, the same function as for Aktl (17, 19, 22). However,
the authentic substrate protein of SGK1 has been charac-
terized in only a few cases up to now. Brunet et al.
reported that SGK1 phosphorylates Forkhead transcrip-
tion factors, such as FKHRLI1, causing FKHRLI1 to exit
from the nucleus, so that the target genes of FKHRL1 are
turned off, resulting in the promotion of cell survival in
part by the phosphorylation and inactivation of FKHRL1
(23). The same authors indicated that SGK1 plays a role
in concert with Aktl in propogating the effects of PISK
activation, including cell survival and cell cycle progres-
sion. Zhang et al. reported that SGK1 phosphorylates
and down-regulates B-Rafl (24).

The substrate protein specificity of SGKs is also known
to be similar to that of Aktl (17, 19, 23, 24). The arginine
residues at positions -5 and —3 are conserved relative to
the serine/threonine residues that are phosphorylated in
these proteins (R-x-R-x-x-(S/T)-¢; ¢ indicates a hydropho-
bic amino acid). Thus, proteins containing this amino
acid sequence seems to be potent substrate proteins for
SGK1 and Aktl. However, it remains to be demonstrated
whether the substrate proteins for Aktl and SGK1 are
the same or not.

From the SGK1 substrate consensus sequence infor-
mation, we noticed putative SGK1 phosporylation sites
in MEKKS3 (159epRsRhlSVi168 and 330dpRgRIpSAd339),
but not in other MEKKSs (1-3). Recently, Gratton et al.
demonstrated in a co-transfection experiment that Aktl
down-regulates MEKK3 through phosphorylation (25).
Therefore, we investigated whether the phosphorylation
of Ser!%6 and Ser3?” in MEKKS3 affects the intrinsic kinase
activity of MEKKS in vivo and in vitro. It was observed
that two synthetic MEKKS3 peptides (159epRsRh1SVi168
and 330dpRgRIpSAd339) are phosphorylated by SGK1,
and that the kinase activity of the phosphorylated
MEKKS3 is reduced. These observations suggest that
MEKKS is regulated by SGK1 as one of the physiological
substrates of SGK1.

MATERIALS AND METHODS

Cell Culture—COS-1 was purchased from ATCC
(Manassas, VA). Media and supplements were obtained
from GIBCO (Grand Island, NY). The cell line was main-
tained in Dulbecco’s Modified Essential Medium
(DMEM) containing 10% heat inactivated (for 30 min at
56°C) fetal bovine serum (FBS), 100 U potassium penicil-
lin/ml, 100 pg streptomycin/ml, 2 mM glutamine and 20
mM sodium bicarbonate. The cells were incubated in an
atmosphere of 5% CO,, 95% humidity at 37°C. The
growth medium was changed every 3 days.
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Antibodies—Monoclonal antibodies against the hexa-
histidine (Hisg) epitope and GFP were purchased from
Calbiochem (Emeryville, CA). Antibodies against MKK3
and MEKK3 were purchased from StressGene (Victoria,
British Columbia, Canada). SGK1 protein was purchased
from Upstate Biochem (New York, NY), and the antibody
against SGK1 was purchased from New England Biolabs
(Beverly, MA).

Assays of SGK1 and MEKK3—The kinase activities of
SGK1 and MEKK3 were assayed by the protocol provided
by Promega (Wisconsin, USA) with the PepTag Non-radi-
oactive Protein Kinase C (PKC) Assay System, except for
the substrate peptides (26, 27). MEKK3 peptides (FITC-
159¢pRsRhISVil® and FITC-33%dpRgRIpSAd?®*?) were used
as substrates for SGK1 kinase assay, and fluorescein-con-
jugated MKK3 peptide (FITC-23SGYLVDSVAKTIA1%)
was used as a substrate for MEKK3 kinase assay, and
were purchased from Peptron (Daejun, Korea). 0.5 pg of
fluorescein-labeled oligopeptide was incubated with 10 pl
of differentially-treated cell lysates, with the activated
MEKKS3 or SGK1 in 25 pl of protein kinase reaction
buffer (20 mM HEPES, pH 7.2, 10 mM MgCl,, 10 mM
MnCl,, 1 mM dithiothreitol, 0.2 mM EGTA, 20 uM ATP, 1
ng phosphatidylserine) at 30°C for 30 min. The reactions
were stopped by heating at 95°C for 10 min. The phos-
phorylated peptides were separated in 0.8% agarose gels
at 100 V for 15 min. The phosphorylated products which
gained one more negative charge, migrated to the anode.
After electrophoresis, the gel was photographed on a
transilluminator. The optical density of the phosphor-
ylated product was measured by densitometry.

Site-Directed Mutagenesis of MEKK3 and MKK3—Both
Ser!66 and Ser?3” in MEKKS (a gift from Dr. Schenbelist)
were replaced with alanine to generate a mutant MEKK3
S166A S337A construct, using a “Chameleon” double-
stranded, site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions. Serl® of
MKKS (a gift from Dr. Han) was also mutated to alanine
with the same mutagenesis kit to make mutant MKK3
S189A. The mutations were confirmed by DNA sequencing.

MEKKS3 Expression Vector Transfection and Purifica-
tion—Mutagenized and wild type human MEKKS3 were
cloned with GFP-tagged mammalian expression vector
(InVitrogen) after PCR with the forward primer; 5'-
atggacgaacaggaggcattg-3’, and the reverse primer; 5'-
gagagctcagtacatgagctg-3'. For mammalian expression,
GFP-MEKKS3 constructs, or GST-SGK1 (a gift from Dr.
Alessi) was transfected or co-transfected into COS-1 cells
by the lipofectin transfection method (Gibco-BRL). The
transfected cells (2 x 107) were lysed in RIPA lysis buffer,
and 500 pl aliquots of the cleaned lysates were incubated
with anti-GFP antibody, and precipitated with protein A
agarose beads. The beads were washed three times with
excess cell lysis buffer. The final pellet was used for
SGK1 or MEKKS kinase assays as described above.

Expression and Purification of Recombinant Proteins—
The wild type (wt) MEKK3 and the double mutant (dm)
MEKK3 S166A S337A were cloned with prokaryotic
expression vector, pTrcHis2-TOPO (InVitrogen), after
PCR with the same primer set used to generate mamma-
lian expression constructs. The wild type MKK3 (wt) and
MKK S169A were cloned into pTrcHis2-TOPO vector
after PCR with the forward primer; 5'-atgtccaagccacccg-
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Fig. 1. SGK1 phosphorylates recombinant MEKK3
proteins and MEKK3 peptides. To determine
whether SGK1 phosphorylates MEKK3, SGK1 was
incubated in the presence of [y-2P]JATP with wild
type (wt) MEKK3 and the double mutant (dm)
MEKK3 S166AS337A purified from recombinant E.
coli. Alkaline phosphatase (AP) was added to confirm
the phosphorylation of the proteins. The phosphor-
ylated MEKK3 and SGK1 are indicated in (A). To fur-
ther demonstrate that SGK1 phosphorylates
MEKKS3, the phosphorylation of two fluorescein-con-
jugated MEKKS peptides (FITC-*%pRsRh1SVil68 and

SGK1 FITC-33dpRgRIpSAd?39) was measured as described
0 5 10 15 20 (ng) 0 5 10 15 20 (ng)

in Materials and Methods. The phosphorylation of
two MEKKS3 peptides, FITC-15%pRsRhISVil®® (B) and
FITC-33dpRgRI1pSAd3%® (C), increased depending on
the concentration of SGK1. The phosphorylated prod-
uct (solid arrowheads) and the unphosphorylated
substrate (open arrowheads) are indicated. All the fig-
ures in this article show the results of four experi-

Relative activity

cacc-3' and the reverse primer; 5'-cagccectatgatgtcttete-
3’. The hexahistidine-tagged proteins were expressed in
Escherichia coli BL21 and purified with Ni2*-NTA agar-
ose beads according to the manufacturer’s instructions.
The purified proteins were used for SGK1 or MEKK3
protein kinase assay.

Phosphorylation of Recombinant MEKK3 or MKK3—The
preheated inactive MEKK3 (wt), MEKK3 S166A S337A
(dm) protein tagged with hexahistidine (30 pmol), was
incubated with active SGK1 (0.5 pg, from Upstate Bio-
technology, New York, USA) in 50 ul protein kinase assay
buffer (20 mM HEPES, pH 7.2, 10 mM MgCl,, 10 mM
MnCl,;, 1 mM DTT, 0.2 mM EGTA, 20 uM ATP, 1 uCi [y -
32P]ATP when indicated, and 5 pg phosphatidylserine)
for 1 h at 30°C. To control protein phosphorylation, the
phosphorylated reaction mixture was treated with 10 ng
of alkaline phosphatase for 30 min at 30°C. Preheated
inactive Hisg-MKK3 (wt) or Hisg-MKK S169A (30 pmol)
was incubated with active bacterially-expressed MEKK3
in 50 pl of protein kinase assay buffer, as for the above
SGK1 assay. The reaction mixture was loaded onto a 10%
SDS-PAGE gel, and the dried gel was exposed to X-ray
film.

Immunoprecipitation and In Vitro SGK1 or MEKK3
Kinase Assays—Cells were solubilized in lysis buffer (20
mM HEPES, pH 7.6, 1% Triton X-100, 137 mM NaCl, 0.1
mM NasVO,, 256 mM B-glycerophosphate, 3 mM EDTA,
and 1 mM phenylmethylsulfonyl fluoride) for 10 min at
4°C. The cell lysates were then centrifuged at 15,000 xg
for 15 min at 4°C and the supernatants were incubated
with anti-GST or anti-GFP antibody for 16 h at 4°C. The
immuno-complex was precipitated with protein A agar-
ose beads (Upstate Biochem, New York, NY). The beads
were washed twice with 1 ml of lysis buffer and then
twice more with 0.5 ml of kinase reaction buffer (20 mM
HEPES pH 7.6, 20 mM MgClL,, 0.1 mM Na;VO,, 25 mM -
glycerophosphate, and 2 mM dithiothreitol). The protein
kinase assays were performed and analyzed as described
above.

Vol. 133, No. 1, 2003

ments repeated independently. The mean relative
activity is indicated below.

RESULTS AND DISCUSSION

The Phosphorylation of MEKK3 by SGK1—It has been
shown that SGK1 recognizes certain amino acid
sequences (R-x-R-x-x-(S/T)-¢; ¢ indicates a hydrophobic
amino acid) in its substrate proteins, similar to Aktl (17,
19, 23, 24). The existence of two putative SGK1 phos-
porylation sites in MEKKS3 (159epRsRhlSVil68 and
330dpRgRIpSAd339) led us to suspect that SGK1 phos-
phorylates MEKK3, an important regulatory protein in
SAPK signal transduction.

To demonstrate whether SGK1 phosphorylates
MEKKS3, SGK1 was incubated with recombinant MEKK3
proteins or peptides in vitro. As shown in Fig. 1A, the
recombinant wild type MEKKS3 protein was phosphory-
lated by SGK1. The mutant MEKK3 S166A S337A, in
which both Ser!® and Ser337 are replaced by alanine, was
not phosphorylated by SGK1. To confirm the phosphory-
lation, the reaction mixture was treated with alkaline
phosphatase and the phosphorylated protein bands dis-
appeared (Fig. 1A, middle lanes).

Further, to determine whether Ser!%® and Ser’7’ in
MEKKS3 are phosphorylated by SGK1, the fluorescein-
labeled MEKKS3 peptides (FITC-%epRsRhlSVil®8 and
FITC-330dpRgRIpSAd?®°) were incubated with SGK1. As
shown in Fig. 1B and C, the amount of phosphorylated
MEKKS3 peptide increased depending on the SGK1 con-
centration. There was no detectable amount of phospho-
rylated product at 0 min (Fig. 1, B and C). Thus these
observations demonstrate that SGK1 phosphorylates
Ser!66 and Ser®” in MEKKS3.

According to the reported substrate preference of Aktl
and SGK1, and our in vitro data (Fig. 1 B and C), Ser!66 is
more easily phosphorylated than Ser’ by SGK1. How-
ever, it is unclear whether this is also true in vivo because
SGK1 and Aktl may display differences in the efficiency
of phosphorylation on the two regulatory sites of
MEKKS3, similar to the phosphorylation of B-Raf or
FKHRL1 (23, 24).

The Phosphorylation of MKK3 Peptide by MEKK3—It is
known that MEKKS3 phosphorylates Ser!8? on MKK3 and
Ser?” on MKK6 (1-3, 8). As shown in Fig. 2A, the wild

2T0Z ‘62 Joqueldes uo A1sleAlun pezy diwes| e /Biosfeudnolpioxorql//:dny wouy papeojumoq


http://jb.oxfordjournals.org/

106

A

MKK3 S189A MKKS3 (wt)

AP~ ot -

. - . -

— MEKKS3 (70 kD)

— MKK3 (50 kD)

B Time (min) MEKKS3 (ng)

I L 1 ] LIS 1
45 30 15 2010 5 O

Relative activity

Fig. 2. Recombinant MEKK3 phosphorylates Ser'#? on MKK3.
To determine whether MEKKS3 phosphorylates Ser!8? on MKK3, a
protein kinase assay was performed in the presence of [y-32P]ATP
with MEKKS3 and two recombinant MKK3 proteins, wild type (wt)
MKK3 and mutant MKK3 S189A. As a control, alkaline phos-
phatase (AP) was added to the kinase assay products. The phospho-
rylated MEKK3 and MKK3 are indicated in (A). To establish an
MEKKS3 kinase activity assay system, the flourescein-conjugated
MKK3 peptide (FITC-18SGYLVDSVAKTIA!%) was used. The
amount of phosphorylated MKK3 peptide increased in a time- and
MEKKS3 concentration dependant manner. The phosphorylated
product (solid arrowheads) and the unphosphorylated substrate
(open arrowheads) are indicated in (B). The mean relative activity
is indicated below.

type MKK3 was phosphorylated by MEKKS3 while the
mutant MKK3 S189A was not. The phosphorylated
bands disppeared upon treatment with alkaline phos-
phatase (AP). To clarify the phosphorylation of Ser!s?
onMKKS3 and to establish an MEKK3 kinase activity
assay system, we used a fluorescein-conjugated MKKS3
peptide (FITC-183SGYLVDSVAKTIDA9), As shown in
Fig. 2B, the amount of phosphorylated MKK3 peptide
increased depending on the concentration of MEKKS3 and
the incubation time. To verify the specificity of the MKK3
peptide as a substrate for MEKKS, the peptide was incu-
bated with PKC and GSKS3 instead of MEKKS3. Other flu-
orescein-labeled peptides including IRS-1, PDKI1, and
CDC42 were also incubated with MEKK3. However,
there was no detectable phosphorylated product in any of
these reactions (data not shown). Thus, it was demon-
strated that MEKKS3 phosphorylates Ser'®? on MKKS,
and that this MEKK3 kinase assay system using a fluo-
rescein-conjugated MKK3 peptide is feasible. We used
this MEKK3 assay system to monitor changes in the
kinase activity of MEKKS3 in vivo and in vitro.

SGK1 Phosphorylates MEKK3 and Inhibits the Kinase
Activity of MEKK3 In Vitro and In Vivo—MEKKS3 plays
various roles in the control of cell shape, adhesion, move-
ment, endocytosis, secretion and downstream SAPK
activity (I-3, 28). The kinase activity of MEKKS3 was
assayed with or without SGK1 pretreatment in vitro, in
order to investigate whether the function of MEKKS is
affected by its phosphorylation by SGK1. The recom-
binant wild type MEKKS3 and the double mutant MEKK3
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Fig. 3. Inhibition of the protein kinase activity of MEKKS3 by
SGKI1. To confirm that the phosphorylation of Ser!6¢ and Ser®7 on
MEKKS3 affects the MEKK3 kinase activity, we measured the
kinase activity of MEKK3 and the phosphorylation of the serine
residues with and without SGK1 pretreatment. Twenty nanograms
of immuno-precipitated wt MEKK3 and dm MEKK3 S166A S337A
were pretreated with SGK1 (0, 2, 4, and 6 ng for 20 min at 30°C),
and the MEKKS3 kinase assay was performed with the MKK3 pep-
tide (FITC-83SGYLVDSVAKTIA!%). The kinase activity of wt
MEKK was reduced by SGK1 pretreatment (A), while that of dm
MEKK3 S166A S337A was not affected (B). The mean relative
activity of four independent experiments is indicated below.

S166A S337A were expressed in E. coli and purified. The
purified proteins were treated with 0-6 ng of active
SGK1 and their kinase activities were measured. The
kinase activity of wt MEKKS3 was reduced depending on
the SGK1 concentration (Fig. 3A), while that of dm
MEKKS3 S166A S337A remained constant regardless of
SGK1 pretreatment (Fig. 3B). These results suggest that
SGK1 inhibits the protein kinase activity of MEKKS3 by
phosphorylating MEKKS in vitro.

To confirm this in vivo, 1 pg of wt GFP-MEKKS3 or dm
GFP-MEKK3 S166A S337A was co-transfected with
GST-SGK1 into COS-1 cell at different DNA ratios of
MEKK3 to SGK1 (0:0, 1:1, 1:2, 1:4, and 1:8). GFP-
MEKK3 and GST-SGK1 were immunoprecipitated,
respectively, with anti-GFP and the anti-GST antibodies.
To monitor the expression level of the transfected
MEKK3 and SGK1, Western blot analyses were per-
formed. SGK1 expression increased with the increase in
the ratio of MEKK3 to SGK1 (middle lower Fig. 4, A and
B), while MEKKS3 expression remained constant (bottom
in Fig. 4, A and B). In the same samples, the activities of
MEKKS3 and SGK1 were assayed, respectively, with
flourescein-conjugated MKK3 peptide (FITC-183SGYLVD-
SVAKTIA¥) and MEKKS3 peptide (FITC-%epRsRhlS-
Vil68) as substrates. As shown in Fig. 4A top, the kinase
activity of wt MEKK3 declined along with the increase of
SGK1 DNA concentration, meanwhile that of dm
MEKKS3 S166A S337A was unchanged regardless of the
increase in SGK1 DNA concentration (Fig. 4B, top). Thus,
these results also suggest that SGK1 phosphorylates
MEKKS and inhibits MEKKS3 protein kinase activity in
vivo. Therefore, we demonstrated that the MEKK3
kinase activity on Ser!® of MKK3, which corresponds to
Ser?07 of MKKS6, is inhibited by the phosphorylation of
MEKKS3 by SGK1 both in vitro and in vivo. Thus, the
SGK1 signal transduction pathway seems to be antago-
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Fig. 4. SGK1 phosphorylates and inhibits MEKK3 A

in vivo. To evaluate the effect of the phosphorylation of

MEKK3 by SGK1, COS-1 cells were co-transfected with

different DNA ratios of wt MEKK3 or dm MEKK3  MEKK3
S166A S337A to SGK1 (0:0, 1:1, 1:2, 1:4, and 1:8).  activity
MEKKS kinase activity (top in A and B) and the SGK1
activity (middle upper in A and B) were measured with
the flourescein-conjugated MKK3 peptide and the
MEKKS3 peptide (FITC-%%epRsRhISVil®8), respectively.
The phosphorylated products (solid arrowheads) and
unphosphorylated substrate (open arrowheads) are
marked. Along with the DNA ratio of MEKK3 (wt or
dm) to SGK1, both the expression (middle lower in A SGK1
and B) and activity of SGK1 increased while MEKK3  western
expression (bottom in A and B) remained unchanged.

Western blot analyses for MEKK3 and SGK1 were per- MEKK3
formed with anti-MEKK3 and anti-SGK1 antibodies. Western
The kinase activity of MEKKS3 (wt) in the cells declined

SGK1
activity

DNA ratio MEKK3 to SGK1 B
1:8 1:4 1:2 1:1 0:0
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in contrast to the increase in the DNA concentration and activity of SGK1 (A), while that of the double mutant remained constant in spite of
the increased DNA concentration and activity of SGK1 (B). The mean relative activity of four experiments is indicated below.

nistic to the MKK3/6-SAPK1/2 signal pathway (25, 28,
29). MEKK3 has diverse functions depending on cell
type, so it remains to be determined whether MEKKS is
regulated by SGK1 in other cell lines/organisms.

It has been reported that MEKKS3 regulates the
SAPK1/2 and NF-xB pathways (14, 30). Although we
demonstrated that SGK1 regulates MEKK3 and its
downstream MKKS3/6 activities, it is also important to
establish whether SGK1 is involved in the activation of
NF-kB in the MEKKS3 signal transduction pathway (30).

The identification and characterization of the target
proteins of SGK1 may provide clues to understanding
how SGK1 contributes to the survival and death of cells.
We noticed that the apoptosis signal-regulating kinases
1/2 (ASK1/2) contain SGK1/Akt1 phosphorylation motifs.
ASK1/2 are involved in apoptosis by activating the
SEK1-SAPK1 and MKK3/6-SAPK2 signal cascades (29,
31, 32). Thus, it is suggested that SGK1 and Aktl may
phosphorylate ASK1/2 and down-regulate them.

MEKKS is involved in apoptosis and cell growth, so the
upstream of MEKK3 signal pathway seems to be related
to the bifurcation of the functions of MEKK3. Which
extracellular signals regulate MEKKS3 remains to be
shown. It has been reported that 14-3-3 proteins bind to
the amino-terminal regulatory and carboxy-terminal
kinase domains of MEKK3 (33). This suggests that 14-3-
3 proteins are important for the regulation of MEKKS3 by
mediating interactions between MEKKS3 and its regula-
tory proteins. As demonstrated in this study, SGK1 phos-
phorylates MEKKS3 to inactivate it. So one of these regu-
latory proteins under the influence of the interaction
between 14-3-3 and MEKKS is thought to be SGK1. We
also notice that one of the 14-3-3 binding motifs (R-X;-,-S-
X,-3-pS) overlaps both SGK1 phosphorylation sites (Ser!6
and Ser?7 ) of MEKKS (34). Thus, we are now investigat-
ing crosstalk between SGK1, MEKKS3 and 14-3-3.

We demonstrated that SGK1 phosphorylates Serl66
and Ser3%” on MEKK3 by using a recombinant MEKK3
protein and fluorescein-labeled MEKKS3 peptides. This
phosphorylation leads to the inactivation of MEKKS,
resulting in a decrease in the phosphorylation of Ser!8? on
MKK3.
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