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Hog1 (2, 3, 22, 23, 31). The activities of the Hog1 MAPK
pathway are essential for yeast cells to survive in high-osmolarity environments. Thus, ⌬ssk2 ⌬ssk22 ⌬ste11 triple mutants
are osmosensitive because such mutants lack all three MAP
KKKs (22, 31). The presence of any one of the three MAP
KKKs, however, is sufficient for yeast cells to survive in highosmolarity conditions. By functional complementation, we previously isolated a human homolog of the Ssk2 and Ssk22 MAPKKKs, namely MTK1 (36). The kinase domain of MTK1 is
highly homologous to those of Ssk2 and Ssk22 (42 and 36%
identities, respectively), and when expressed in yeast cells, it
specifically activates Pbs2. Nonetheless, their N-terminal regulatory (noncatalytic) domains have only limited similarity,
suggesting that the MTK1 regulatory mechanism is distinct
from that of Ssk2/Ssk22. Indeed, yeast Ssk2/Ssk22 MAPKKKs
are activated by a two-component response regulator whose
homolog does not exist in mammalian cells (30, 32). Thus, it is
unlikely that MTK1 is activated in yeast cells by the activation
machinery for the Ssk2/Ssk22 MAPKKKs. Consistent with this
reasoning, all of the MTK1 cDNA clones isolated in the functional complementation screening lacked the N-terminal regulatory region to various extents (36).
It is known that many protein kinases of the MAPKKK family,
including Ssk2 and MTK1, can be constitutively activated by eliminating their N-terminal sequences (4, 31, 42). Thus, it is likely
that their regulatory N-terminal regions contain autoinhibitory
domains and that any activation mechanism of such kinases entails a dissociation of the autoinhibitory domain from the catalytic
domain. A simple activation mechanism is a proteolytic removal
of the N-terminal inhibitory sequence; for example, MEKK1 may
be cleaved by an activated caspase (5, 11). Phosphorylation by an
upstream kinase, such as Ste20 and P21-activated kinases (PAKs),
is another proposed mechanism for activating MAPKKKs (18, 29,

In eukaryotes from yeasts to mammals, various cellular
stresses generate intracellular signals that converge on the
stress-responsive mitogen-activated protein kinases (MAPKs).
In mammalian cells, two families of stress-responsive MAPKs,
JNK and p38, are activated by stimuli such as UV radiation,
ionizing radiation, hyperosmolarity, oxidative stress, and translation inhibitors, as well as cytokines such as interleukin 1,
tumor necrosis factor alpha, and transforming growth factor ␤
(7, 8). These MAPKs are activated by their cognate MAPK
kinases (MAPKKs) through phosphorylation of conserved
threonine and tyrosine residues in the kinase domain activation loop (15, 28). A MAPKK is activated by specific MAPKK
kinases (MAPKKKs) through phosphorylation of conserved
threonine and/or serine residues (1). An interacting set of
MAPKKKs, MAPKKs, and MAPKs constitutes a specific
MAPK cascade. Numerous MAPKKKs are now known to
function upstream of the JNK and p38 MAPKs, undoubtedly
reflecting the diverse stimuli that lead to JNK and p38 activation. While it is believed that different MAPKKKs are activated by disparate mechanisms, individual mechanisms are
either unknown or only vaguely understood. Human MTK1
(and its mouse homolog MEKK4) is one of the MAPKKKs
that act upstream of JNK and p38 (16, 36). In this report, we
characterize the MTK1 activation mechanism by making use of
our previous observation that MTK1 can be expressed functionally in Saccharomyces cerevisiae.
In yeast cells, hyperosmotic stress activates a stress-responsive MAPK pathway that is composed of three MAPKKKs
(Ssk2, Ssk22, and Ste11), the MAPKK Pbs2, and the MAPK
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A variety of cellular stresses activate the stress-responsive mitogen-activated protein (MAP) kinases p38 and
JNK. In this study, we studied the activation mechanism of a human MAP kinase kinase kinase, MTK1 (also
known as MEKK4), which mediates activation of both p38 and JNK. MTK1 has an extensive N-terminal
noncatalytic domain composed of ⬃1,300 amino acids. Full-length or near full-length MTK1 is catalytically
inactive when expressed in Saccharomyces cerevisiae cells, as it is in mammalian cells. Deletion of a segment
including positions 253 to 553 activates kinase, indicating that this segment contains the autoinhibitory
domain. In the autoinhibited conformation, the MTK1 kinase domain cannot interact with its substrate,
MKK6. By a functional complementation screening with yeast cells, GADD45 proteins (GADD45␣, ␤, and ␥)
were identified as MTK1 activators. GADD45 proteins bind a site in MTK1 near the inhibitory domain and
relieve autoinhibition. Mutants of full-length MTK1 were isolated that can interact with MKK6 in the absence
of the activator GADD45 proteins. These MTK1 mutants are constitutively active, in both yeast and mammalian cells. A model of MTK1 autoinhibition by the N-terminal inhibitory domain and activation by GADD45
binding is presented.
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45). Also, binding of an activator protein is a possible activation
mechanism. It is well established, for example, that the Raf family
kinases are activated by binding of the small G protein Ras (8)
and that the apoptosis signal-regulating kinase 1 MAPKKK is
activated by binding of TRAF2 or Daxx (6, 26). In an analogous
manner, yeast Ssk2 is activated by binding of the Ssk1 response
regulator protein (23, 30, 32). As for MTK1, it was previously
reported that a family of GADD45-like proteins (GADD45␣,
GADD45␤ [MyD118], and GADD45␥ [CR6]) bind tightly to an
N-terminal region of MTK1 and coexpression of the full-length
MTK1 and GADD45 resulted in strong activation of the MTK1
kinase (37). GADD45␣ is a p53-regulated small protein of 21
kDa and was originally identified as one of the genes that are
induced by radiation and other cellular stresses (13). While the
exact function of GADD45␣ is still unclear, it seems to serve as a
key coordinator of stress response by regulating cell cycle,
genomic stability, DNA repair, and other stress-related responses
(35). GADD45␤ and GADD45␥ are both highly homologous to
GADD45␣ and may have overlapping but distinct cellular functions.
It was unclear, however, how GADD45 interaction leads to
MTK1 activation. In this report, we demonstrate that the

MTK1 N-terminal region inhibits the C-terminal kinase domain by preventing the kinase domain from interacting with its
substrate, MKK6. Furthermore, we show that the GADD45
proteins can activate MTK1, in yeast as well as mammalian
cells, by freeing the MTK1 kinase domain from the N-terminal
autoinhibitory domain.
MATERIALS AND METHODS
Yeast strains. The following yeast strains were used: FP75 (MATa ura3 leu2
trp1 his3 ssk2::LEU2 ssk22::LEU2 ste11::HIS3) and L40 (MATa leu2 trp1 his3
ade2 LYS2::lexAop-HIS3 URA3::lexAop-lacZ gal80)
Buffers and media. Lysis buffer contains 20 mM Tris-HCl (pH 7.5), 1% Triton
X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 50 mM ␤-glycerophosphate,
10 mM NaF, 1 mM sodium vanadate, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10 g of leupeptin/ml, and 10 g of aprotinin/ml. Kinase
buffer contains 25 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 0.5 mM sodium
vanadate, 25 mM ␤-glycerophosphate, 2 mM dithiothreitol, and 1 mM EGTA.
Sodium dodecyl sulfate (SDS) loading buffer is 65 mM Tris-HCl (pH 6.8), 5%
(vol/vol) 2-mercaptoethanol, 2% SDS, 0.1% bromophenol blue, and 10% glycerol. Yeast extract-peptone-dextrose (YPD) medium contains 10 g of yeast
extract, 20 g of tryptone, and 20 g of dextrose per liter. YPGal medium contains
10 g of yeast extract, 20 g of tryptone, and 20 g of galactose per liter.
Yeast expression plasmids. p414ADH, p414TEF, p415TEF, and p426GAL
vectors have been described previously (24). pRS422-THL, which contains the
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FIG. 1. MTK1 N-terminal region inhibits its kinase activity. (A) Yeast strain FP75 (⌬ssk2 ⌬ssk22 ⌬ste11) was transformed with either a
centromeric vector plasmid (p414ADH) or one of its derivatives containing various MTK1 segments. Transformed cells were spread on YPD agar
plates supplemented with (⫹) or without (⫺) 1.5 M sorbitol. FP75 cells grow on plates containing sorbitol only when the MTK1 kinase activity
is expressed. The segment of MTK1 cDNA sequence included in each construct is indicated, both schematically and numerically, in panel B.
(B) The topmost bar represents the full-length MTK1 cDNA (amino acids from positions 22 through the C terminus [position 1607]), and other
bars represent deletion derivatives. The gray section indicates the GADD45-binding site, whereas the filled section indicates the kinase catalytic
domain. Funct. compl., functional complementation; ⫹, complementation; ⫺, no complementation.
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TEF1 promoter, a hemagglutinin (HA) tag, a nuclear localization signal (NLS),
a multicloning site (MCS), and the CYC1 terminator sequence, was created as
follows. A sequence encoding an HA tag (YPYDVPDYA) and an NLS
(PKKKRKVED) (17) was amplified by PCR and cloned into p415TEF, which
contains the TEF1 promoter and the CYC1 terminator sequence. From this
intermediate construct, the sequence containing the TEF1 promoter followed by
the HA tag, NLS, MCS, and the CYC1 terminator was excised and subcloned
into pRS422 (9) to generate pRS422-THL. The complete open reading frames
(ORFs) of human GADD45␣, ␤, and ␥ were individually cloned into pRS422THL to create pRS422-THL-GADD45␣, ␤, and ␥. p414ADH-MTK1 was constructed by subcloning a fragment derived from pACT-MTK1 that contains the
MTK1 ORF and an HA tag at its N terminus into p414ADH. The full-length
MTK1-FL constructs actually start with the Met22 codon because we believe this
is a more likely initiation codon than Met1.
Mammalian expression plasmid. pFlag-MTK1, pFlag-MTK1-K/R, and pHAGADD45␥ were described previously (37). The deletion constructs, such as
pFlag-MTK1(1322-1607), were generated by a PCR-based method. pSR␣-HAMKK6-K/A (kinase-dead mutant) was constructed by subcloning the MKK6-K/A
sequence amplified by PCR into the pSR␣-HA vector (38).
Isolation of MTK1 activators by functional complementation in yeast cells.
Osmosensitive yeast mutant FP75 (⌬ssk2 ⌬ssk22 ⌬ste11) was transformed with a
full-length MTK1 construct (p414ADH-MTK1-FL or p414TEF-HA-MTK1-FL).
These transformants, which were still osmosensitive, were then supertransformed with a HeLa or Jurkat cDNA library constructed in the yeast expression
vector pNV7 (25). Osmoresistant transformants were selected on plates containing 1.5 M sorbitol (and 2% galactose to induce the expression of cDNA in the
pNV7 vector). pNV7-derived plasmids were recovered from osmoresistant transformants (33) and retransformed into FP75 to eliminate false-positive clones.
cDNA inserts from reproducibly positive clones were subcloned into the pBluescript vector and sequenced.
Two-hybrid analyses. Two-hybrid analysis was carried out essentially as described previously (12) with pACTII for GAL4 activator domain fusion proteins
(20) and either pBTM116 (39) or its derivative pBTM118 for LexA DNAbinding domain (DB) fusion proteins. The following plasmids and their derivatives were used. pACT-MTK1-FL, which encodes a fusion protein between the
GAL4 activator domain and the full-length MTK1 ORF, has been described
previously (37). pACT-MTK1-FL-K/R was generated by replacing Lys1371 with
an arginine codon by PCR-mediated mutagenesis. The pBTM118 vector was

RESULTS
Inhibition of the MTK1 kinase domain by its N-terminal
region. N-terminally truncated MTK1 mutants that lack most
of the noncatalytic domain, being constitutively active, complement the osmosensitive defect of ⌬ssk2 ⌬ssk22 ⌬ste11 triple
mutants (36). In contrast, full-length MTK1 (MTK1-FL) failed
to complement the same yeast mutants, suggesting the presence of an autoinhibitory domain within the MTK1 N-terminal
region. In order to define the location of the autoinhibitory
domain more precisely, especially in terms of its relationship to
the GADD45 binding domain (residues 147 to 250; Fig. 1B),
we constructed a series of MTK1 N-terminal deletion mutants
and examined whether they can complement ⌬ssk2 ⌬ssk22
⌬ste11 triple mutants. As demonstrated by the results shown in
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FIG. 2. Activation of full-length MTK1 (MTK1-FL) by GADD45
proteins. Yeast strain FP75 was transformed with two expression plasmids (p414TEF for MTK1-FL and p426GAL for GADD45) with (⫹)
or without (⫺) the indicated cDNA sequences. p426GAL is a multicopy plasmid with the galactose-inducible GAL1 promoter. Transformed cells were spread on YPGal agar plates supplemented with (⫹)
or without (⫺) 1.5 M sorbitol.

constructed by replacing the MCS of pBTM116 with that of pUC18 by using the
unique EcoRI and PstI sites. pBTM-MKK6-K/A was constructed by subcloning
the complete MKK6-K/A ORF (36) into pBTM118. The three-hybrid analysis
was performed by using the pRS422-THL construct in addition to the two vectors
used in the two-hybrid analysis. Yeast strain L40 was triply transformed with
pACT (LEU2⫹), pBTM (TRP1⫹), and pRS422-THL (ADE2⫹) plasmids, plated
on a selective medium lacking leucine, tryptophan, and adenine, and incubated
for 3 days at 30°C. Each colony was streaked on both a selective medium lacking
leucine, tryptophan, and adenine and a medium which also lacked histidine to
examine histidine prototrophy. For each two-hybrid test, LacZ (␤-galactosidase
[␤-Gal]) activity was also visualized in situ by using 5-bromo-4-chloro-3-indolyl␤-D-galactopyranoside (X-Gal) as previously described (39).
Isolation of MTK1 mutants that constitutively interact with MKK6. Yeast L40
cells doubly transformed with pBTM-MKK6-K/A and either pACT-MTK1-FL,
pACT-MTK1-FL-K/R, or pACT-MTK1(253-1607)-K/R, were cultured in a selective medium lacking leucine and tryptophan. These transformants were then
plated on plates of synthetic dextrose medium lacking leucine, tryptophan, and
Listidine at ⬃107 cells/plate. After 4 to 7 days at 30°C, 70 His⫹ colonies were
randomly picked from 34 plates, and both histidine prototrophy and ␤-Gal
activity were evaluated. pACT-based plasmids were recovered from His⫹ ␤-Galpositive colonies and retransformed into L40 with pBTM-MKK6-K/A to eliminate false positives. Nucleotide sequencing of the entire MTK1 ORF from 11
MTK1 mutant plasmids revealed that each mutant plasmid had either one or two
missense mutations. Finally, an individual mutation from each MTK1 mutant
plasmid was introduced into the parent pACT-MTK1 vector by the swapping of
a short restriction fragment so that all mutations could be compared in a common structure. This process also served to eliminate any possibility that a second
mutation exists elsewhere in the original mutant plasmids. The reconstructed
pACT-MTK1 mutant plasmids were individually cotransformed with pBTMMKK6-K/A into L40, to verify both histidine prototrophy and ␤-Gal activity.
Immunoblotting analyses. Immunoblotting analyses were carried out essentially as described previously (37, 38). The following antibodies were used in this
study: mouse monoclonal antibody (mAb) M2 specific to the Flag epitope (Sigma), rat mAb 3F10 specific to the HA epitope (Roche), and rabbit polyclonal
antiserum specific to phospho-MKK3/MKK6 (Cell Signaling Technology).
Tissue culture and in vitro kinase kinase assays. COS-7 or HeLa cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, penicillin, and streptomycin. Cells grown in 35-mm-diameter
dishes were transfected with the appropriate expression plasmids with either
Effectene reagent (Qiagen) or Lipofectamine and PLUS reagents (Invitrogen).
The total amount of plasmid DNA was adjusted to either 0.4 (see Fig. 8B) or 2
(see Fig. 8A and C) g per plate with empty vector DNA. Thirty-six hours after
transfection, cells were lysed in lysis buffer supplemented with 0.5% deoxycholate. Cell lysates were incubated with anti-Flag M2 mAb for 2 h at 4°C.
Immune complexes were recovered with the aid of protein G-Sepharose beads
(Pharmacia), washed twice with lysis buffer containing 500 mM NaCl, washed
twice with lysis buffer, and washed two additional times with kinase buffer.
Immunoprecipitates were resuspended in 30 l of kinase buffer containing 3 g
of the specific substrate glutathione S-transferase (GST)–MKK6-K/A. The kinase reaction was initiated by the addition of 20 Ci of [␥-32P]ATP and 20 M
nonradioactive ATP. After a 15-min incubation at 30°C, reactions were terminated by adding 7.5 l of 5⫻ SDS loading buffer. Samples were boiled for 5 min,
separated by SDS-polyacrylamide gel electrophoresis on 7.5% polyacrylamide
gels, dried, and visualized by autoradiography.
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FIG. 3. Two-hybrid interaction analysis between MTK1 and MKK6. (A) Interaction of various MTK1 segments fused to the GAL4 activation
domain (ACT-MTK1 constructs) with MKK6-K/A fused to the LexA DB (DB–MKK6-K/A) was tested. Vectors used in these experiments were
pACTII and pBTM118. Segments of MTK1 included in the ACT-MTK1 constructs are indicated. A minus sign in the ACT-MTK1 column
indicates the vector without an insert. Yeast L40 cells were transformed with two plasmids (ACT-MTK1 and DB–MKK6-K/A constructs) as
indicated. ⫺, vector without an insert; ⫹, vector with an insert. Transformed L40 cells were spread on the appropriate synthetic agar plates
supplemented with (⫹His) or without (⫺His) histidine. A kinase-defective MKK6-K/A mutant was used to reduce the toxic effect of MTK1
expression. MTK1(1309-1607) encodes the kinase catalytic domain, whereas MTK1(22-1341) encodes the N-terminal noncatalytic domain. In situ
␤-Gal assays gave essentially identical results (not shown). (B) Summary of the experiments in panel A and additional two-hybrid tests. The MTK1
coding sequence is represented by the horizontal bar. Gray and filled boxes are the GADD45-binding domain and the kinase catalytic domain,
respectively. The segment between amino acid positions 253 and 553 is required for autoinhibition of the MTK1-MKK6 interaction. ⫹, growth on
⫺His plates; ⫺, no growth on ⫺His plates. (C) Summary of two-hybrid analyses for the MTK1 binding site in MKK6. Binding of full-length
(positions 1 to 334) and various deletion constructs of DB–MKK6-K/A was tested with ACT-MTK1(1309-1607) as a bait. The MKK6 coding
sequence is represented by the horizontal bar. Filled boxes represent the kinase catalytic domain. The C-terminal noncatalytic region of MKK6
is necessary to interact with the MTK1 kinase domain. ⫹, growth on ⫺His plates; ⫺, no growth on ⫺His plates.
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Fig. 1A and summarized in Fig. 1B, deletion of 332 or more of
the N-terminal amino acids resulted in successful complementation of ⌬ssk2 ⌬ssk22 ⌬ste11, indicating that activation of the
MTK1 kinase domain took place. Deletion of 252 or fewer of
the N-terminal amino acids, however, did not activate the
kinase domain. MTK1-FL was expressed equally well and as
stably as other deletion constructs (data not shown). Thus, the
autoinhibitory domain and the GADD45-binding domain
seem contiguous to each other with relatively little overlap, if
any.
Isolation of MTK1 activators by using functional complementation in yeast mutants. In mammalian cells, MTK1-FL is
presumably activated by an upstream activator mechanism;
however, a homologous activation mechanism does not seem

to exist in the yeast cells, resulting in the failure of MTK1-FL
to rescue the yeast ⌬ssk2 ⌬ssk22 ⌬ste11 triple mutants. We thus
reasoned that, if the mammalian activator of MTK1 is coexpressed with MTK1-FL, the latter would be activated even in
yeast cells and that the consequent activation of MTK1-FL
would be manifested by functional complementation of the
⌬ssk2 ⌬ssk22 ⌬ste11 triple mutation. Based on this prediction,
we screened for MTK1 activators. Yeast strain FP75 (⌬ssk2
⌬ssk22 ⌬ste11) was transformed with either MTK1-FL or HAtagged MTK1-FL. In either case, these cells are osmosensitive,
indicating a failure to express the active MTK1 kinase. We
then transformed these cells with two different human cDNA
libraries made from mRNA of Jurkat T cells and HeLa cells.
Transformants were then replicated on selective plates containing osmostressor (1.5 M sorbitol), and osmoresistant colonies were isolated. In all, we identified 31 human cDNA
clones that complemented the osmosensitivity of FP75 carrying
a full-length MTK1 plasmid from an estimated total of ⬃10
million transformed yeast cells. Of the 31 cDNA clones, 5
encoded N-terminally truncated MTK1 and an additional 11
clones encoded the TAK1 MAPKKK. These clones complemented the ⌬ssk2 ⌬ssk22 ⌬ste11 cells even in the absence of
MTK1-FL, indicating that they directly activated the yeast
Pbs2 MAPKK rather than activating MTK1-FL. TAK1 has
been shown, under certain conditions, to activate another yeast
MAPKK, Ste7 (43). These clones were not characterized any
further.
Of the remaining 15 clones, 1 clone encoded GADD45␣ and
14 clones encoded GADD45␤. Although we did not find the third
member of the GADD45 family, namely GADD45␥, in our
screenings, a GADD45␥ construct did also complement the osmosensitivity of FP75 plus MTK1-FL (Fig. 2). A GADD45 clone
alone, in the absence of MTK1-FL, could not complement the
osmosensitive defect of FP75. From these observations, it was
concluded that coexpression of the GADD45 proteins releases
MTK1-FL from kinase autoinhibition.
It was previously shown by two-hybrid analyses that the
GADD45 proteins bind to a site near the MTK1 N terminus
(residues 147 to 250) (37). The functional interaction between
GADD45 and MTK1-FL, as defined here by complementation
of the ⌬ssk2 ⌬ssk22 ⌬ste11 mutants, requires the same binding
site: the short N-terminal deletion mutant MTK1(253-1607),
which contains MTK1 amino acids from position 253 through
the C terminus but lacks the GADD45 binding site, cannot be
activated by GADD45 proteins under the conditions that activate MTK1-FL (see Fig. 4B) (37). Thus, the binding of
GADD45 to the MTK1 GADD45-binding domain (between
residues 147 and 250) appears to nullify the autoinhibitory
effect of a nearby domain (including, but not limited to, the
residues between 253 and 332), resulting in the activation of
the C-terminal kinase domain.
Interaction between the MTK1 kinase domain and MKK6.
MTK1 activates the MKK6 MAPKK by phosphorylating the
conserved threonine and serine residues (Ser207 and Thr211)
in the kinase domain activation loop (36). This activation process necessarily involves a direct contact between the MTK1
kinase domain and the MKK6 kinase. One possible mechanism
of MTK1 autoinhibition is, therefore, to obstruct such an interaction. We thus examined the interaction between the
MTK1 and MKK6 kinase domains by using the yeast two-
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FIG. 4. Three-hybrid interaction analysis. Yeast L40 cells were
transformed with three plasmids (ACT-MTK1, DB–MKK6-K/A, and
GADD45 constructs) as indicated. A minus sign indicates the corresponding vector (pACTII, pBTM118, or pRS422-THL) without an
insert; a plus sign indicates the vector with an insert. Transformed cells
were spread on the appropriate synthetic agar plates supplemented
with (⫹His) or without (⫺His) histidine.
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hybrid method. For this purpose, we constructed a LexA DB–
MKK6-K/A fusion protein and a series of Gal4 transcription
activation domain (ACT)-MTK1 fusion proteins. DB–MKK6K/A contains the full-length MKK6 with the Lys823Ala substitution (kinase dead) mutation because coexpression of the
wild-type MKK6 with an active MTK1 construct was toxic to
yeast cells. Yeast strain L40 was cotransformed with combinations of ACT-MTK1 and DB–MKK6-K/A constructs; when
there is successful protein-protein interaction, cotransfected
yeast cells will grow on histidine-deficient media.
As shown in Fig. 3A, ACT-MTK1(1309-1607), which contains only the MTK1 kinase domain, indeed interacted with
DB–MKK6-K/A. In contrast, ACT-MTK1(1-1341), which contains only the MTK1 N-terminal regulatory region, did not
bind DB–MKK6-K/A. Perhaps more important, the full-length
MTK1 (ACT–MTK1-FL) also failed to interact with DB–
MKK6-K/A, even though it contains the kinase domain. These
results are consistent with our model that the MTK1 autoinhibitory domain masks its kinase domain from interacting with
MKK6 (see Fig. 10).
To define the segment of MTK1 that is required to inhibit the
interaction between MTK1 and MKK6, we tested additional deletion derivatives of the ACT–MTK1-K/R. In these experiments,
we used the kinase-dead MTK1-K/R mutant because expression
of catalytically active and N-terminally truncated MTK1 is somewhat toxic to yeast cell growth, presumably by overactivating the
endogenous Pbs2 MAPKK (36). As summarized in Fig. 3B, deletion of the first 252 residues or deletion of the sequence be-

tween residues 554 and 830 did not induce MTK1-MKK6 interaction. In contrast, deletion of the first 708 amino acids did cause
the MTK1-MKK6 interaction. Thus, it can be concluded that the
presence of the sequence between residues 253 and 553 is required for the inhibition of the MTK1-MKK6 interaction. It
should be noted that deletion of the GADD45-binding site (residues 147 to 250) did not induce the MTK1-MKK6 interaction,
indicating that the autoinhibitory domain and the GADD45-binding domain are separable.
To define the segment of MKK6 that is required for its
interaction with MTK1, we examined the capacity of various
DB–MKK6-K/A deletion constructs to interact with ACTMTK1(1309-1607). As summarized in Fig. 3C, deletion of the
most C-terminal 20 amino acids that lie outside the catalytic
domain abolished MTK1 binding completely, whereas the Nterminal region is dispensable. Thus, the observed MTK1MKK6 interaction required the C-terminal region of MKK6. It
seems likely that the binding of the MKK6 C terminus to
MTK1 is a necessary recruitment step for an efficient phosphorylation of MKK6 by MTK1.
GADD45 proteins stimulate the interaction between fulllength MTK1 and MKK6. We showed above that coexpression
of GADD45 and MTK1-FL in yeast cells activates the intrinsic
catalytic activity of the MTK1 kinase domain. It is likely that
this activation is mediated by an MTK1 conformational
change, resulting in a dissociation of the N-terminal inhibitory
domain from the MTK1 kinase domain (see Fig. 10). If so,
coexpression with GADD45 should allow the otherwise inert
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FIG. 5. Mutants of full-length MTK1 that can interact with MKK6 in the absence of GADD45. Yeast L40 cells were transformed with an
ACT-MTK1 construct (pACT-MTK1-FL wild type or one of its derivatives, as indicated on the figure) and a common DB–MKK6-K/A construct
(pBTM-MKK6-K/A). Transformed yeast cells were spread on the appropriate synthetic agar plates supplemented with (⫹His) or without (⫺His)
histidine. Mutations are designated by a one-letter amino acid code: L534Q, for example, stands for a mutation of leucine at the 534th amino acid
position to glutamine. ACT-MTK1(1309-1607), which contains only the MTK1 kinase catalytic domain, was used as a positive control.
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MTK1-FL to productively interact with MKK6. This prediction
was borne out by a three-hybrid analysis: expression of either
GADD45␣, ␤, or ␥ induced interaction between ACT–
MTK1-FL and DB–MKK6-K/A (Fig. 4). GADD45 proteins
alone did not induce the reporter gene (HIS3) expression (Fig.
4A), indicating that GADD45 stimulates the interaction between ACT–MTK1-FL and DB–MKK6-K/A. As might be further predicted, GADD45 proteins did not have any effect on
the ACT–MTK1(253-1607)-K/R construct that lacks the
GADD45-binding domain (Fig. 4B). By further two-hybrid
analyses, we have excluded the possibility that GADD45 proteins interact with MKK6 (as well as with MTK1), forming a
bridge between the two molecules (data not shown). We thus
conclude that GADD45 proteins, by binding to MTK1, induce
a conformational change in MTK1, and allow the MTK1 kinase domain to interact with MKK6.
Isolation of MTK1-FL mutants that are capable of interact-

ing with MKK6. Yeast two-hybrid tester strain L40 does not
grow on histidine-deficient media when cotransformed with
the ACT–MTK1-FL and DB–MKK6-K/A constructs because
these molecules do not interact. The same cells, however, gave
rise to occasional His⫹ colonies. These His⫹ cells, we reasoned, potentially contained MTK1 mutants that were no
longer autoinhibitory. We recovered ACT–MTK1-FL plasmids
from spontaneously arisen His⫹ cells and tested their ability to
interact with DB–MKK6-K/A by retransformation into the parental L40 cell with DB–MKK6-K/A. In this manner, we isolated 11 MTK1-FL mutants that became capable of interacting
with MKK6-K/A (Fig. 5). Sequencing of the entire coding
regions of the 11 MTK1-FL mutants revealed that 9 mutants
had only one mutation each. Two were double mutants, but
segregation of the two mutations showed that only one was
entirely responsible for the mutant phenotype in each case.
These mutations are represented by a one-letter amino acid
code. L534Q, for example, stands for a mutation of leucine at
the 534th amino acid position to glutamine. The 11 mutations
are clustered in two regions: region A near the middle of the
noncatalytic domain and region B near the junction between
the noncatalytic domain and the kinase domain (Fig. 6A).
These regions are further subdivided into A1, A2, B1, and B2,
as shown in Fig. 6A, for reasons which are explained later.
Although the three-dimensional structure of the MTK1 kinase
domain is unknown, a structure is available for related protein
kinases, such as PAK1 (19). A comparison of the PAK1 and
MTK1 sequences, with reference to the PAK1 crystallographic
structure, reveals that MTK1 Ile1360 should be located at the
end of the ␤2 strand, near the surface loop between ␤2 and ␤3
(Fig. 6B). Similarly, Met1414 is expected to be located at the
beginning of the ␤5 strand, near the ␤4-␤5 surface loop. When
placed in the consensus protein kinase folding, these sites are
both exposed on the external surface of the kinase N lobe.
If these mutations abolish or weaken the autoinhibition by
the N-terminal region, it will be predicted that these MTK1
mutants are constitutively active. In order to test this prediction, these MTK1 mutants were transformed into the yeast
strain FP75 (⌬ssk2 ⌬ssk22 ⌬ste11). The wild-type MTK1-FL
and MTK1(1051-1607) served as negative and positive controls, respectively. As shown in Fig. 7, all 11 mutants could
rescue the osmosensitive defect of FP75, although the region
B1 mutants grew more slowly (it is not clearly visible in Fig. 7).
Thus, at least in yeast cells, these mutants are constitutively
active.
Activities of MTK1 mutants. We then investigated whether
these constitutively active MTK1 mutants do indeed have
higher kinase activities when expressed in mammalian cells,
both by measuring the kinase activities of immunoprecipitated
MTK1 in vitro and by monitoring the phosphorylation state of
an MTK1 substrate in vivo. To these ends, Flag-tagged MTK1
constructs (wild type and a randomly chosen mutant, G743E)
were constructed by using a mammalian expression vector.
HeLa cells were transfected with the Flag-MTK1 expression
constructs alone or together with an HA-tagged GADD45␥
expression construct. As positive and negative controls, Nterminal truncation [Flag-MTK1(1322-1607)] and kinase-dead
(Flag-MTK1-K/R) mutants were transfected, respectively. Forty-eight hours after transfection, cell lysates were prepared and
the kinase activity of immunoprecipitated Flag-MTK1 was as-
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FIG. 6. Locations of the constitutively active MTK1 mutations.
(A) The positions of the 11 MTK1 mutations are shown along a bar
representing the MTK1 coding sequence. Four regions (A1, A2, B1, and
B2) are indicated. The GADD45-binding domain and the kinase catalytic
domain are also shown. (B) The predicted three-dimensional locations of
the two mutations in region B2 (I1360M and M1414I) are shown by using
the crystallographic structure of the PAK1 kinase domain (19).
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sayed in vitro by using a specific substrate, GST–MKK6-K/A.
The immunoprecipitated full-length MTK1 (wild type) had
only a weak kinase activity, indicating that it is in an autoinhibited conformation (Fig. 8A). Cotransfection of full-length
MTK1 with GADD45␥ resulted in a 13-fold increase in MTK1
kinase activity. In contrast, the MTK1-G743E mutant protein
had significantly higher kinase activity even in the absence of
GADD45 coexpression, indicating that the G743E mutation
indeed activates the MTK1 kinase domain. Coexpression with
GADD45␥ further increased the kinase activity of MTK1G743E; the effect seems additive, but its significance is unknown at present. By the same assay method, we found that all
of the mutants in regions A1, A2, and B2 were also constitutively active (Fig. 8B). The region B1 mutants had, however, no
higher kinase activities than the wild-type MTK1. It is possible
that the yeast cell test was more sensitive than the in vitro
kinase assay.
To test whether the elevated in vitro kinase activities of the
MTK1 mutants actually reflect their in vivo catalytic activities,
the phosphorylation state of intracellular MKK6 was monitored in MTK1-transfected cells. For this purpose, COS-7 cells
were cotransfected with an HA-MKK6-K/A expression plasmid and a Flag-MTK1 (wild type or mutant) expression plasmid, and the phosphorylation status of HA-MKK6-K/A was
monitored by anti-phospho-MKK6 antibody. Consistent with
the results from the in vitro kinase assays, HA-MKK6-K/A was
highly phosphorylated when coexpressed with any of the region
A1, A2, or B2 MTK1 mutants but not when coexpressed with
the region B1 mutants (Fig. 8C). Thus, it was concluded that
the mutants in regions A1, A2, and B2 are indeed constitu-

tively active when expressed in mammalian cells. The region
B1 mutants do not appear to have significantly higher activities
than the wild-type MTK1. It is possible that these mutants also
have activities higher than those of the wild type but lower than
the experimental sensitivity.
Interaction between the MTK1 N and C termini. If the
N-terminal region of MTK1 inhibits the C-terminal kinase
domain by direct interaction, it might be possible to detect
such physical interaction between the two regions. Our attempts to demonstrate the anticipated interaction by coprecipitation assays, however, were frustrated by the apparent
presence of multiple interaction sites. In contrast, two-hybrid
analyses gave more readily interpretable results. Figure 9A
summarizes the results of our initial two-hybrid analysis between the N- and C-terminal regions of MTK1. As seen here,
the N-terminal fragment (positions 22 to 1103) could interact
with the nonoverlapping C-terminal fragment (positions 1249
to 1607). Of some interest is the observation that a shorter
C-terminal fragment (positions 1295 to 1607) cannot interact
with the N-terminal fragments. Thus, the C-terminal fragment
must contain about 100 amino acids (positions 1249 to 1341)
preceding the kinase catalytic domain. Significantly, this region
overlaps with region B1 as defined by the mutant screening.
We then examined, by using an interacting pair of MTK1 N
and C fragments [MTK1(22-1103) and MTK1(1104-1607), respectively], whether activating the mutations we isolated above
had any influence on their interaction. As shown in Fig. 9B,
several mutations did abolish the N-C interaction. On the N
fragment, the mutation in region A1 (L534Q) strongly suppressed the interaction. On the C fragment, mutations in re-
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FIG. 7. MTK1 mutants that can interact with MKK6 in the absence of GADD45 are constitutively active in yeast cells. The osmosensitive yeast strain
FP75 was transformed with p414ADH-MTK1-FL or one of its derivatives, as indicated in the cDNA sequences. K/R is the catalytically inactive K1371R
mutation in the MTK1 kinase domain and was used as a negative control. MTK1(1051-1607) is a constitutively active N-terminal truncation mutant used
here as a positive control. Transformed cells were spread on YPD agar plates supplemented with (⫹) or without (⫺) 1.5 M sorbitol.
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gion B1 (S1299L, V1300F, and E1304Q) strongly inhibited the
interaction. These results, together with the deletion analysis
shown in Fig. 9A, indicate that region A1 in the N fragment
around position 534 and region B1 in the C fragment around

position 1300 are important for the binding between the N and
C fragments, possibly for their interaction with each other. In
contrast, mutations in regions A2 and B2 did not interfere in
the N-C interaction significantly, despite the fact that these
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FIG. 8. Kinase activities of MTK1 mutants. (A and B) In vitro kinase activities of MTK1 mutants. HeLa (A) or Cos-7 (B) cells were transiently
transfected with Flag-tagged MTK1 (wild type or mutant) with or without HA-tagged GADD45␥. Flag-tagged MTK1 was immunoprecipitated
from cell extracts, and its kinase activity was assayed in vitro with the substrate GST–MKK6-K/A in the presence of [␥-32P]ATP. Phosphorylated
GST–MKK6-K/A was detected by autoradiography following SDS-polyacrylamide gel electrophoresis. Expression levels of Flag-MTK1 and
HA-tagged GADD45␥ were monitored by immunoblotting. In panel A, phosphorylated GST–MKK6-K/A was also detected by PhosphorImager
(Molecular Dynamics) and quantitated. Kinase-dead MTK1-K/R was used as a negative control, and N-terminally truncated MTK1(1322-1607)
was used as a positive control. The expression level of Flag-tagged MTK1(1322-1607) was comparable to that of the others, although it is not visible
in this figure due to its smaller size. (C) In vivo kinase activities of MTK1 mutants. Cos-7 cells were transiently transfected with Flag-tagged MTK1
(wild type or mutant) together with HA-tagged MKK6-K/A. The phosphorylation status of transfected HA-MKK6-K/A was detected by immunoblotting with phospho-MKK6-specific antibody. Expression levels of HA-MKK6-K/A and Flag-MTK1 were also monitored by immunoblotting.
wt, wild-type.
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mutants exhibited strong catalytic activities in vivo and in vitro.
It is possible that mutations in the A2 and B2 regions affect
autoinhibition indirectly by altering conformation of the protein. In fact, deletion of region A2 did not activate the MTK1
kinase domain (Fig. 3), indicating that region A2 is not directly
involved in autoinhibition.
DISCUSSION
In this paper, we characterized the regulatory mechanism of
the MTK1 MAPKKK. The main conclusions from this study

can be summarized as follows: (i) the MTK1 N-terminal region
contains an autoinhibitory domain that interacts with the Cterminal kinase domain, inhibits kinase activity, and prevents
interaction with its substrate, MKK6, (ii) GADD45 proteins
are MTK1 activators, and (iii) the binding of GADD45 to the
N-terminal region of MTK1 eliminates inhibition of the kinase
domain by the autoinhibitory domain. The isolation of constitutively active MTK1 mutants, many of which are located in
the noncatalytic domain, further supports these conclusions. A
speculative model of MTK1 activation by the GADD45 protein, based on these observations, is depicted in Fig. 10.

Downloaded from http://mcb.asm.org/ on January 19, 2021 by guest

FIG. 9. Two-hybrid interaction analysis between N- and C-terminal MTK1 segments. (A) Sets of ACT-MTK1 N-terminal constructs and
DB-MTK1 C-terminal constructs, as shown schematically by horizontal bars and numerically in the table, were transformed into L40 tester cells.
The presence and absence of the N-C interaction, as deduced from growth on histidine-deficient plates and ␤-Gal expression, are indicated by plus
and minus signs, respectively. The GADD45 binding site (gray), kinase catalytic domain (black), and four regions (A1, A2, B1, and B2) are also
indicated. (B) Some, but not all, constitutively active MTK1 mutants are defective in the N-C interaction, as detected by two-hybrid analysis. The
ACT–MTK1-N construct contains the MTK1(22-1103) segment, and the DB–MTK1-C construct contains the MTK1(1104-1607) segment. Either
a wild-type (wt) or a mutant sequence, as indicated in the figure, was tested in each pair. A minus sign indicates the corresponding vector (pACTII
or pBTM118) without an insert. ⫹His, with histidine; ⫺His, without histidine.
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GADD45 proteins (GADD45␣, ␤, and ␥) were previously
identified as MTK1 activators by using the two-hybrid screening strategy (37). It was also shown that GADD45 proteins
bound and activated the full-length MTK1 in transfected mammalian cells as well as in an in vitro assay system (37). In this
study, we added another line of evidence that GADD45 proteins are specific activators of MTK1. The function-based
screening strategy employed in this study is entirely different,
and more stringent, than the two-hybrid screening used in the
earlier study; the functional screening method requires not
only the protein-protein interaction but also the activation of
the MTK1 kinase. The fact that we did not find any genes other
than GADD45 in our functional screening may attest to its
specificity. These results, however, do not preclude the presence of an alternative MTK1 activation mechanism(s). It is
possible, for example, that GADD45 may simply be the most
abundant activator in HeLa and Jurkat cells.
GADD45␣ was initially identified as a gene whose mRNA is
rapidly induced by agents that cause DNA damage (UV,

N-acetoxy-2-acetylaminofluorene, methyl methanesulfonate,
and H2O2) (13, 14, 27). GADD45␤ and GADD45␥ mRNA
expression is also induced by various stress stimuli as well as by
cytokines (37, 44). The role of the GADD45 proteins in the
p38 and JNK pathways, however, was disputed by others based
on several lines of evidence: unimpaired activation of p38 and
JNK kinases in GADD45␣-deficient mice, different time
courses between p38/JNK activation and GADD45 expression,
and the absence of an effect of the protein synthesis inhibitor
cycloheximide (34, 40). Beside the fact that these studies used
mutant mice with only the GADD45␣ gene deleted, their objections seem to reflect a tacit assumption that there should be
only one mechanism to activate JNK/p38 for each external
stimulus. Considering the fact that there are more than 10
different MAPKKKs that act upstream of the p38 and JNK
kinases, it is more likely that several MAPKKKs, activated by
different molecular mechanisms, contribute to JNK/p38 responses. Furthermore, there is now more direct evidence that
GADD45 proteins, especially GADD45␤ and GADD45␥,
serve crucial roles in p38 activation in T lymphocytes. It was
found, by using gene knockout mice, that gamma interferon
production in T helper type 1 (Th1) cells is dependent on the
induction of the GADD45␤ or GADD45␥ gene and on the
resulting activation of the p38 MAPK (21, 44). Clearly, specific
roles of individual MAPKKKs, as well as those of their activators, need to be studied further for a better understanding of
their physiological significance.
Using a novel screening procedure, we isolated 11 MTK1
mutants that are constitutively active. These mutations are
clustered in four regions, which are designated A1, A2, B1, and
B2 (Fig. 6). Since no structural information is available for the
N-terminal region of MTK1 or its homologs, it is premature to
speculate on the structural consequences of the mutations in
the regions A1, A2, and B1. Nonetheless, the presence of
mutations in the N-terminal noncatalytic domain that influence the interactive properties of the C-terminal kinase domain compels us to conclude that a direct interaction between
the N- and C-terminal domains must take place. In fact, our
two-hybrid analyses (Fig. 9) indicated that an interaction between the MTK1 N- and C-terminal regions does occur. Interestingly, the mutations in regions A1 and B1 significantly weakened such an interaction, indicating that these regions have
dominant roles in the N-C interaction. It is even possible that
the A1 and B1 regions interact with each other, although there
is no direct evidence. These regions, however, may not be
directly involved in the kinase inhibition because mutants in
these regions have relatively weak kinase activities (Fig. 8B).
As graphically suggested in Fig. 10B, the strong A1-B1 interaction may aid the weaker, but inhibitory, interaction between
the N-terminal autoinhibitory domain and the C-terminal kinase domain.
Because the two mutations in region B2, I1360M and
M1414I, are within the conserved kinase domain, their locations can be predicted by using the crystallographic structures
of similar protein kinases. Thus, it is predicted that these sites
are both exposed on the external surface of the kinase N lobe
(Fig. 6B). It is of interest that MTK1 Ile1360 is at the position
corresponding to CDK4 Arg24, where mutations are known to
exist that inhibit the binding of its inhibitor protein, p16INK4a
(10, 41). By analogy, it is possible that the region B2 sites

Downloaded from http://mcb.asm.org/ on January 19, 2021 by guest

FIG. 10. A speculative model of MTK1 autoinhibition by its Nterminal region and activation by GADD45 binding. (A) Schematic
representation of MTK1 structure. The GADD45 binding site, kinase
inhibitory domain, and kinase catalytic domain are shown. Also shown
are the locations of four regions (A1, A2, B1, and B2) defined by
constitutively active MTK1 mutations. (B) Model of MTK1 activation
mechanism. In the autoinhibited conformation, the N-terminal inhibitory domain interacts with the C-terminal kinase domain so that
substrates (such as MKK6) cannot interact. It is likely that there are
multiple interactions between the N- and C-terminal regions. The A1
and B1 regions may interact strongly and serve as a clasp. Weaker
interactions involving the kinase domain itself must also exist. Binding
of GADD45 to a site near the inhibitory domain sterically interferes
with the N-C interaction, making the kinase domain accessible to its
substrates.
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directly interact with the N-terminal autoinhibitory domain. A
binding of the GADD45 protein to the GADD45-binding site
near the autoinhibitory domain will interfere in the autoinhibitory interaction between the MTK1 N and C termini, leading
to MKK6 binding and its activation by phosphorylation (Fig.
10B).
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