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In response to various external stimuli, MAP kinases are
activated by phosphorylation on tyrosine and threonine
by MAP Kkinase kinase (MAPKK), a dual specificity
kinase. This kinase is in turn activated via Raf-1 and
MAPKK kinase (MAPKKK). To determine regulatory
phosphorylation sites of MAPKK, we isolated a Chinese
hamster cDNA, that we epitope-tagged and expressed in
fibroblasts. This hamster MAPKK (MEK]1 isoform) can
reactivate recombinant p44m%* when immunoprecipi-
tated from growth factor-stimulated cells or when
incubated with an active form of MAPKKK. Mutations
at either of two residues that are conserved among
kinases, D208N or S222A, abolished MAPKK activity.
However, only S222A/MAPKK showed a reduction in
phosphorylation in response to active MAPKKK and
exerted a dominant negative effect on the serum-
stimulated endogenous MAPKK. Finally, replacing
Ser222 with Asp, a negatively charged residue, restored
MAPKK activity independently of the upstream kinase.
These results strongly suggest that Ser222 represents one
key MAPKKK-dependent phosphorylation site switching
on and off the activity of MAPKK, an event crucial for
growth control.
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Introduction

Mitogen activated protein kinases, p42k and p44™ak, are
two members of a family of serine/threonine kinases that
relay an immense variety of extracellular signals to the
nucleus (Cobb et al., 1991; Sturgill and Wu, 1991; Pelech
and Sanghera, 1992; Ruderman, 1993). Their activation
proceeds via a kinase cascade, referred to as the MAP kinase
module, that is conserved from yeast to mammals (Errede
and Levin, 1993; Neiman, 1993). This module includes at
least two upstream kinases: MAP kinase kinase kinase
(MAPKKK), a mammalian homologue of the fission yeast
byr2 (Lange-Carter et al., 1993), and Raf-1 (Dent et al.,
1992; Howe, 1992; Kyriakis et al., 1992). Both activate
MAP kinase kinase (MAPKK), a dual specificity kinase.
MAPKK, also referred to as MEK (MAPK/ERK kinase),
(Ashworth er al., 1992; Crews and Erikson, 1992a,b;
Kosako et al., 1992; Seger, 1992; Seger et al., 1992) is
unique in that it concomitantly phosphorylates two clustered

tyrosine and threonine residues (TEY motif) of MAP
kinases. Phosphorylation of the TEY motif, located in kinase
subdomain VII just downstream of the well conserved S/APE
sequence, is essential for activity (Anderson et al., 1990;
Payne et al., 1991). MAPKK which possesses all the
primary structural characteristics of protein serine/threonine
kinases (Hanks et al., 1988), first phosphorylates the tyrosine
residue of the TEY motif of MAPKs (Haystead ez al., 1992).
Replacing Thr with Ala does not impair tyrosine
phosphorylation of the TEY motif, suggesting that this
MAPK activator possesses a primary specificity for tyrosine.
A second characteristic of MAPKK is its specificity for
substrate. Other than MAPK, no additional substrates have
been identified for MAPKK (Seger et al., 1992). This
extraordinary specificity among protein kinases seems to
have been particularly well designed to ‘forge’ fidelity in
signal transduction and cellular communication. The recent
resolution of the unphosphorylated p42#* tertiary structure
(Zhang et al., 1994) reveals that Tyr185 of the TEY motif
is buried in a largely hydrophobic pocket. A MAPKK/
MAPK-mediated interaction is therefore required to induce
a conformational change exposing Tyr185. This unique
feature might be the basis for the restriction of MAPK
phosphorylation to one specific group of protein kinases,
MAPKKSs. Approximately 20 MAPKK homologues have
been cloned from a wide range of organisms [see Mordret
(1993) for review]. While there is no doubt that MAPKK
is itself dependent on Ser/Thr phosphorylation for activity
(Kosako et al., 1992, 1993; Ahn eral., 1993), the
mechanism of its activation has not yet been elucidated.

In our previous work with cells of mesenchymal origin
(fibroblasts, vascular smooth muscle and mesangial cells),
we showed that: (i) only potent growth factors induce a
biphasic and sustained activation of both p42"# and
p44mak (Kahan et al., 1992; Meloche et al., 1992a,b;
Vouret-Craviari et al., 1993; Wang et al., 1992), (ii) the
sustained phase of activation, lasting up to 6 h, parallels
growth factor-induced MAP kinase nuclear translocation
(Lenormand et al., 1993a), and (iii) MAP kinase activation
is a prerequisite for Gg-arrested fibroblasts to pass the
‘restriction point’ (Lenormand et al., 1993b; Pages et al.,
1993).

To determine the mechanism of MAPKK activation and
to investigate further the time course of MAP kinase
activation, in particular the basis of the biphasic activation,
we cloned, epitope-tagged and expressed wild type and
mutated forms of a Chinese hamster MAPKK. Here we
report: (i) the functional expression of a cloned hamster
MAPKK that, in contrast to MAPKs, responds to growth
factors with a long lasting and monotonic phase of activation,
(ii) the identification of a MAPKK Ser phosphorylation site
critical for its activation by the upstream kinase MAPKKK
and (iii) a mutation that constitutively activates MAPKK.
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Results

Molecular cloning of the Chinese hamster MAPKK

A PCR product of 500 bp was amplified from hamster
fibroblast mRNA using degenerated primers from a peptide
sequence of Xenopus MAPKK (Matsuda et al., 1992). A
Agt10 cDNA library from Chinese hamster lung fibroblasts
was screened at high stringency using the PCR product as
a probe (see Materials and methods). The longest of the 30
positive clones analysed was subcloned in the PTZ18 vector
and sequenced. The longest open reading frame (Figure 1)
encodes a protein of 45 kDa that exhibits respectively 80
and 95% identity with the Xenopus (Kosako et al., 1993)
and murine amino acid sequences (Crews and Erikson,
1992a). This high level of identity indicates that we have
cloned the Chinese hamster homologue of MAPKK
corresponding to the human isoform MKK1 or MEKI1
(Seger, 1992; Mordret, 1993).

Stable expression of epitope-tagged HA-MAPKK in
hamster fibroblasts

To facilitate the studies of the hamster MAPKK, we
introduced at the N-terminus the nine-residue epitope of the
HAL influenza virus haemagglutinin, which is recognized
by the 12CAS monoclonal antibody (Wilson et al., 1984).
Polyclonal antibodies raised against the MAPKK Xenopus
N-terminal peptide were also used to compare the level of

-119 CTGTATAGTGCCTGCAAACTGTGTGAAAACCCTTTAACCATTTTAATCCGA
-68 TGTTTATCAATCTAATCTCTTATTCTAATAAAAATACTATGGAGTTAAAATGAAAAAAAARAAAAAG
1 ATG CCC AAG AAG AAG CCG ACG CCC ATC CAG CTG AAC CCG ACC CCC GA’I‘ GGC

LK K _K P _T P I Q 17

52 ’rcc ccc c.'n' m\c cca ACC AGC TCG GCC GAG ACC AAC c'rc GAG GCC TTG cm
S A E T N L E A L Q 34

103 MG MG c'rc GAG cm c1'c GAG c'r'r GAG GAG CAG CAG CGA AAC CGT c‘rc GAG

K K L E E L E Q Q@ R N 51
154 GCC TTT CTG ACC CAG AAG CAG MG C’l‘G GGA GAA CTG AAG GAT GA‘T GAC T‘I‘T
F T Q K Q@ K VvV 6 E L K D D D 68

205 GAG AAG ATC AGT GAG CTG GGG CCC GGC MC GGT GGA GTG GTA TTC AAG G’I‘C

I s v F X v 85
as6 TCC CA'I' AAG CCG ’I‘CT CGC C‘I‘A GTT ATG OCC AGG AAG CTA ATT CAT CTG GAG

K P V M A R K L I H L E 102
307 A’I‘C AAA CCC GCA ATC CGG MC CAG ATC A’[‘C CGG GAG CTG CAG GTG CTG CAT

I K P A I R Q L H 119

358 GAG TGC AAC TCC CCA TAC A’I'C GTG GGC TTC TAT GGG GTT TTC TAC AGT GAC
N § P Y I V G F Y G V F S D 136

409 GGC GAG ATC AGC ATC TGC ATG GAA CAC A‘I‘G GAT GGT GGG TCC TTG GAT CAA

G E I s I C M E D Q 183
460 G‘I‘T CTG AAG AAA GCT GGA AGA ATT CCT GAG CAA ATT 'l"l‘A GGA AM GTT AGC
A G R I P E Q 1 L G K v s 170
511 A’l"l‘ GC‘I‘ GTG A‘I‘A AAA GGC CTG ACA TAT CTT CGG GAG MG CAC MG ATT A’I‘G
I L T Y L 187
562 CAC AGA GAT G‘I‘C AAG cc’r TCC AAT ATT CTA GTA AAC TCC CGT GGA GAA M‘C
$S ® I L V N S R G E I 204
613 AAA CTC TGT GAT TTT GGG GTC AGC GGG CAA CTA ATT GAC TCC ATG GCC AAC
K L (o] D r e Vv s G Q L hs D s M A N 221
664 TCC ’H‘T GTA GGC ACA AGA TCA TAC ATG TCG CCC GAG AGA CTC CAG GGG ACT
S Y M s P B R L Q G T 238
715 CAC TAC TCC GTG CAG TCG GAC ATC TGG AGC ATG GGG CTC TCT CTG GTG GAG
H Y s v Q s D M G L E 255
766 ATG GCA GTT GGG AGA TAC ccC ATC CCT CCT CCT GAT GCC MG GM CTG GAG
R P I P P P D A K E L E 272
817 CTG CTG TTT GGA TGC CAG GTG GAG GGA GAT GCA GCC GAA ACG CCA CCC AGG
L L F 6 ¢ Q VvV E GG D A A E T P P R 289
868 CCG AGG ACC CC’I‘ GGG AGG CCC CTT AGC TCA TAT GGA ATG GAC AGC CGA CCT
P L S Y G M D S R P 306
919 CCC A'I‘G GCA ATT TTT GAG TTG TTG GAT TAT A’I‘A G‘I‘C MT GNJ CCT CCT GCA
P M A I F E L L D Y P A 323
970 MA ‘H‘G CCC AGT GGA GTA TTC AGT CTG GAG T‘l"l‘ CAA GAT 'r'r'r GTG AAT AAA
G VvV F § L E F Q D F V N K 340
1021 TGC TTA ATA AAG AAC CCT GCA GAG AGA GCA GAT CTA AAG CAG CTT CTG GTT
o) L I K N P A E R A D L K Q L 357
1072 CAC GCT TTC ATC AAG AGA TCT GAT GCC GAG GAA GTA GAC TTC GCA GGT TGG
H A F I K R s D A E E V D F A G w 374
1123 CTC TGC TCC ACC ATT GGG CTT AAC CAG CCC AGC ACA CCA ACC CAT GCC GCT
L Cc s I 6 L N Q P S T P T H A A 391
1174 AGC ATC TGA GCCTTTGGGAAGCAGCAAAGAGGAAATCCTCTTCCCAGTGGCATGCCATGTTGCT
s 1 *
1238  TTCACGCCTCTCCCATGCTTGTCTCTGTTCAGACGTGCATCTCATCTGTGACAAAGGATGAAGAACA
1306  CAGCATGTGCCAAATTGTACTTGTGTGTGTCATTTTTAATATCACTGTCTTTATCACTATGGTTACT
1374  CCCCTAAGTGATTGGCTTTGTGCTTGGGGCTATATGTATGTTGATCAAACACATACCAGGCTGAACT
1442 ATAGTGAAACCCTGGTGACCAGGGTGGTCATTCTTATTGATGTTTGCACTGCTGTTCATGTTCCGTG
1510 ACTCACA‘OGC‘I'GGCTGGZTC‘I‘A’H‘GTCPGGATMCGGPCCm@GTACI’I‘CACImGC’ICGTGAC
1578  CTCTCAG' CCTTCACAGGCAGTGCAT CATGCTTTGC
1646 ‘l‘GC‘l‘ACK‘GAMTGAGCATCAGAﬂ‘G’rGTACATCATG?TATﬂ‘TTATGT'[‘ﬂ‘GCTHTGATMAGAAC
1714  TCAGCAATTCCCATCAAAAAAAACAAAACAAAAAAAAAAAAAAAAAA

Fig. 1. Nucleotide and predicted amino acid sequence of Chinese
hamster MAPKK. The sequence is derived from the full-length clone
identified as described in Materials and methods. Underlined protein
sequences correspond to the region used for the design of PCR
oligonucleotides. Bold amino acids correspond to amino acids
conserved among all the kinases.
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expression of the ectopically expressed kinase with that of
the endogenous one. The epitope-tagged MAPKK
construction together with the pECE expression vector used
are depicted in Figure 2. PS 120, a Na*/H* exchanger
(NHEI)-deficient derivative of CCL39 cell line (Pouysségur
et al., 1984), was stably transfected with HA-MAPKK, and
protein levels from control and transfected cell extracts were
analysed by immunoblotting. Figure 3 (left) shows that the
12CAS5 monoclonal antibody specifically recognizes a 47
kDa protein in the transfected cells. In contrast, the
polyclonal anti MAPKK-derived peptide recognizes a single
protein of 45 kDa in control cells and a doublet of 45 and
47 kDa in transfected cells (Figure 3, right). This doublet
corresponds to the endogenous MAPKK (45 kDa) and to
the more slowly migrating epitope-tagged MAPKK (47
kDa). The average level of expression of the recombinant
HA-MAPKK is at least 4- to 5-fold higher than the
endogenous kinase taking into account that about half of the
transfected population has received the transgene.
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Fig. 2. Expression vector of the hamster MAPKK tagged with an HA
epitope (HA-MAPKK). The construction of the vector is detailed in

Materials and methods. The boxed amino acids correspond to the HA1
epitope and the underlined ones to the MAPKK protein. The italicized
amino acids were created during the construction of the fusion protein.
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Fig. 3. Level of expression of the transfected HA-MAPKK protein. PS
120 cells transfected with vector alone or HA-MAPKK cDNA (see
Materials and methods) were analysed for the endogenous and epitope-
tagged MAPKK expression. 25 ug of Triton X-100 soluble proteins
were resolved by SDS—PAGE (10% acrylamide gel) and
immunoblotted with the 12CAS5 monoclonal antibody specific for the
HA epitope (left) or with the polyclonal anti-N-terminal peptide of
Xenopus MAPKK (right). The position of the 49 kDa molecular
weight standard is shown on the left.



Recombinant HA-MAPKK can be activated by growth

factors

An in vitro assay was developed to test the activity of the
endogenous and recombinant HA-MAPKK. As a substrate
for the kinase reaction, we used the epitope-tagged hamster
recombinant p44m* (HA-MAPK) immunoprecipitated
from resting fibroblasts (Meloche et al., 1992a). PS 120 cells
transfected with HA-MAPKK were arrested in G, and
stimulated by 20% fetal calf serum for 5 min. Figure 4A
shows that HA-MAPKK immunoprecipitated with the anti-
HA epitope was able to phosphorylate HA-MAPK in a
serum-dependent manner (compare lanes 3 and 4 of
Figure 4A). A similar result was obtained using the deficient
kinase HA-T192A/MAPK as a substrate (compare lanes 5
and 6 of Figure 4A). Note that in this case the extent of
phosphorylation of HA-MAPK was reduced due to the
elimination of one of the two phosphorylation sites (T192A).
This serum-induced phosphorylation was specific to HA-
MAPKK activity since it did not occur in cells transfected
with the vector alone (see lanes 1 and 2).

In Figure 4B we analysed the intrinsic activity of HA-
MAPK by monitoring the phosphorylation of the substrate
myelin basic protein (MBP). As expected, phosphorylation
of HA-MAPK coincided with activation of the kinase
(Figure 4B, compare lanes 3 and 4). Similar results were
obtained by replacing HA-p44mark with purified
recombinant p42m@k (data not shown). However, this
activation did not take place when the deficient kinase HA-
T192A/MAPK was used (compare lanes 2 and 6 of

control HA-MAPKK
I LI | L)
serum ——e» = + - + - +
substrate: HA-MAPK WT T192A
1 " L)
A
HA-MAPK —» - =
1 2 3 4 5 6
B

Fig. 4. HA-MAPKK phosphorylates and reactivates p44mapk in
response to serum growth factors. PS 120 cells, transfected with the
vector alone (control) or the vector expressing HA-MAPKK, were
arrested in Gy (—) or restimulated for 5 min with 20% fetal calf
serum (+). (A) Phosphorylation of the MAPK substrates: HA-MAPK
or HA-T192A/MAPK. The activities of HA-MAPKK immuno-
precipitates from control (vector alone) and HA-MAPKK transfected
cells were tested by measuring incorporation of 32P on two substrates
derived from the hamster p44mark: HA-MAPK (WT) and HA-
T192A/MAPK (T192A). Both substrates were immunoprecipitated
from non-stimulated transfected PS 120 cells (Pages ez al., 1993).
Equal protein samples were separated by SDS—PAGE (10%
acrylamide), and the gel was dried and autoradiographed. (B) MBP
kinase activity of the phosphorylated HA-MAPK. Autoradiogram of a
13% acrylamide gel showing the corresponding phosphorylated MBP
as a reflection of MAPK activity in the experiment depicted in panel
A (see Materials and methods).

Regulatory phosphorylation sites of MAPKK

Figure 4B) or when HA-MAPK was omitted (not shown).
Altogether these results indicate that the recombinant HA-
MAPKK expressed in fibroblasts is functional since its
activation by serum growth factors specifically induces the
phosphorylation and reactivation of MAPKs.

Using this assay it was then possible to analyse the time
course of MAPKK activation during the period that precedes
S-phase entry. Resting fibroblasts expressing HA-MAPKK
were stimulated with fetal calf serum. Figure SA shows that
the HA-MAPKK band resolved by SDS—PAGE rapidly
acquires a lower mobility in response to serum growth factors
that persists for at least 8 h. The band-shift experiment
somewhat parallels activation of MAPKK (Figure 5B).
Maximum activity is reached at 10—15 min, followed by
a very slow decline, persistent activation still being detectable
after 8 h of stimulation. A similar time course was observed
with the endogenous MAPKK or when cells were stimulated
with a-thrombin (data not shown). This kinetic of activation
markedly contrasts with the biphasic activation of MAPKs
that we observed under the same conditions of stimulation
(Meloche et al., 1992a,b).

In vitro reconstitution of the MAPK module

At least two different kinases appear to regulate MAPKK
activity: the product of the raf-I proto-oncogene and a
recently cloned MAPKKK, a mammalian homologue of byr2
(Lange-Carter et al., 1993). Deletion of the N-terminal
domain of Raf-1 is sufficient to generate an auto-active kinase
(Beck et al., 1987; Stanton et al., 1989). Interestingly, the
same type of truncation, eliminating the first 352 amino acids
of MAPKKK, constitutively activated the kinase (our
unpublished data; Gary Johnson, personal communication).
We added the HA epitope at the new 5’-terminus and the
HA-AMAPKKK, inserted in the pECE vector, was
expressed transiently in 293 cells. When a kinase assay is
performed with this immunoprecipitated HA-AMAPKKK,
together with HA-MAPK as a substrate, no phosphorylation

time(min) 0 1 5 15 30 120 240 480
HA-MAPKK
MAPKK — xﬂ.!...@

Densitometric units
m

time (min)

Fig. 5. Time-course of HA-MAPKK activation in response to serum.
Cells expressing HA-MAPKK were arrested in G and stimulated with
20% fetal calf serum for the times indicated. (A) Serum-induced band-
shift of MAPKK. Triton X-100 lysates were run on an SDS—
polyacrylamide gel (10% acrylamide/0.09% bis-acrylamide), then
analysed by immunoblotting with the anti-MAPKK antibody.

(B) Immunoprecipitates with the anti-HA epitope were assayed for
MAPKK activity as described in the legend to Figure 4 and quantified
by laser densitometry of the phosphorylated HA-MAPK.
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is detected except the autophosphorylation of the truncated
MAPKKK (Figure 6, lane 2). However, introduction of a
non-activated HA-MAPKK in the kinase assay immediately
restores the kinase cascade (Figure 6, lane 3). HA-MAPK
is now phosphorylated as a consequence of phosphorylation
and reactivation of HA-MAPKK since it does not occur in
the absence of HA-AMAPKKK (Figure 6, compare lanes
1 and 3). If MBP is added in the assay, it becomes
phosphorylated. This phosphorylation is, however, strictly
dependent upon the addition of the truncated HA-
AMAPKKK (data not shown). This result indicates that the
HA-MAPKK is directly activatable by MAPKKK since the
entire cascade can be reconstituted in vitro.

Identification of a critical serine phosphorylation site
of HA-MAPKK

HA-MAPKK is heavily phosphorylated in resting cells and
its activation by growth factors is associated with increased

+ + + HA-MAPK

+ - + HA-MAPKK

- + =+ HA-AMAPKKK
<—HA-MAPKK
<——HA-MAPK

45kDa —

<+—HA-AMAPKKK

1 2 3

Fig. 6. In vitro reconstitution of the MAP kinase cascade. The
truncated and constitutively active epitope-tagged MAP kinase kinase
kinase (HA-AMAPKKK) was transiently expressed in 293 cells and
immunoprecipitated with the 12CAS5 antibody. Non-activated HA-
MAPKK and HA-MAPK were immunoprecipitated as described in the
legend to Figure 4. Lane 1: HA-AMAPKKK was omitted; lane 2: HA-
MAPKK was omitted; lane 3, the three components were present. The
kinase reaction was performed as described for the MAPKK assay (see
Materials and methods). Note that the autoradiogram reveals the
phosphorylation of the three members of the cascade in lane 3.

Ser/Thr phosphorylation (Kosako et al., 1992; Ahn ef al.,
1993). Comparison of phosphorylated tryptic peptides
derived from resting and activated MAPKK in vivo,
highlights mainly two new phosphopeptides that correspond
to retro-phosphorylation by MAPK. However, phosphoryl-
ation at these two Thr residues is not critical for MAPKK
activity (Brunet er al., 1994). To identify putative key
Ser/Thr phosphorylation sites we aligned MAPKK sequences
of various species together with those of MAPK, cdk1 and
cAPK. Figure 7 shows conservation of Ser residues among
these kinases between conserved domains VII and VIII of
the protein kinases. This region is of particular interest
because it contains the so-called ‘autophosphorylation’
domain of serine/threonine kinases (Hanks ez al., 1988)
shown to be critical for MAPK, cdkl and cAPK activity.
We specifically mutated Ser222, the key phosphorylation site
equivalent to Thr161, Thr192 and Thr197 of respectively
cdkl, MAPK and cAPK. Figure 8 shows that replacing this
Ser with a non-phosphorylatable residue, Ala, totally
abolishes MAPKK activity. Indeed, HA-S222A/MAPKK
can no longer phosphorylate and activate HA-MAPK in
response to growth factors. In contrast, S228A, a similar
mutation created at a Ser that is well conserved among the
MAPKK family, did not affect the kinase activity (data not
shown).

Because protein kinases display an extraordinarily well
conserved tertiary structure (Taylor e al., 1993; Zhang
et al., 1994), it is tempting to speculate that Ser222 also
represents a key phosphorylation site of MAPKK.
Unfortunately, comparison of phosphopeptide maps from in
vivo 32P-labelling of MAPKK and S222A/MAPKK did not
reveal a major qualitative change (data not shown). This
result might simply indicate that Ser222 is located in a multi-
phosphorylated tryptic peptide. Therefore, we directly
analysed the in vitro phosphorylation of MAPKK and its
mutated form S222A by the upstream kinase MAPKKK.
Equal amounts of HA-MAPKK, wild type, S222A and
D208N (Figure 9B), were used as substrates for the auto-
active kinase HA-AMAPKKK. Figure 9A shows that the
mutated form S222A, compared with the wild type MAPKK,
is a very poor substrate for MAPKKK. Alternatively, this
low phosphorylation level could reflect a lack of

208 218 222 228

* * *
MAPKK (hamster) PR MAV|SIGQLI - - - - - - plslyan - - -[gF - ver r[dfEvERE
MEK1 (mouse) PR VISIGQLI - - - - - - DIS)(MA N - - -|S|F - V G T R|S|¥g M| E
MEK2 (Xenopus) DN T|S(GQLV - - - - - - DISfITIAK- - -[TIRDAGCRZPEM E
Byr 1 (S. pombe) DN V|ISIGELV - - - - - - NSVAQ——-TF—VGTSM E
STE 7 (S. cerevisiae) DNl VIS([GQLI - - - - - - D|Si(MA N - - -[S|F - V G T R|[s|hel M §-38:A
Hemipterous (Drosophila) bR I |S|G R LV - - - - - - DISIKAN - - -|T/RS A GC A Vid -1 B3
MKK1 (S. cerevisiae) PR MY VISIGEAV - - - - - - N|SILAT - - -|T|F - T G T S Fid M\ §=38]
PBS2 (S. cerevisiae) DIl VIS(GNLV - - - - - - A|ISILAK- - -|TIN-IGCQ ’BiA P E
Wis 1 ( S. pombe) PN} VISIGNLV - - - - - - A|ISf[ISK---|TIN-IGCQ "BilA P E
MEKK (mouse) DR AIAIARLA----SKGITIGAGEFQGQLLGTTI Ay M~ b3
Byr 2 (S. pombe) DN T |ISIK KLELNSTSTER[TIGGARPSFQ- -GS S Fhd MVl
MAPK (hamster) BN I, A R I A - - - - - - - DPEHTGFL|TJEY VATR whg R B0
cAPK (bovine) e F A KRV - - - - - - - - - KGRTW-|T|L - CGT P Efgg L 338
Cdk1 (human) DI I, ARAF - - - - - - - GIPIRVY-|TIHEVVTL W RS §-3
CAK (sea star) DR I, AKSF - - - - - - - GPNRIY—EHQVVTRWR

subdomain VII

subdomain VI

Fig. 7. Comparis?n of MAPKK sequences from different species with related kinases. Alignment of MAPKK and related kinases between the ‘DFG’
and ‘A/SPE’ .motxfs of the VII and VIII conserved subdomains of protein kinases. Conserved serine or threonine residues are boxed. Amino acids
mutated in this study are shown by an asterisk (D208N; S222A; S228A) and positions correspond to the hamster MAPKK.
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autophosphorylation since S222A/MAPKK is a ‘dead
kinase’. For this reason we compared the phosphorylation
of another ‘dead kinase’, D20SN/MAPKK, defective in the
essential Asp residue of the well conserved DFG motif. This
mutated form is in fact an excellent substrate for MAPKKK
(Figure 9A). We therefore conclude that Ser222 represents
a phosphorylation site essential for the activation of MAPKK
by MAPKKK.

S222A behaves in vitro as a dominant-negative
mutant

S222A/MAPKK stably expressed in PS 120 cells was tested
for its capacity to interfere with the endogenous MAPKK.
Gy-arrested cells were stimulated for 5 min with 20% fetal
calf serum. Cell lysates were immunoprecipitated with a
10-fold excess of the antiserum directed against the N-
terminal region of Xenopus MAPKK (see Materials and
methods). Under these conditions, both the ectopically
expressed and the endogenous forms of MAPKK are

control HA-MAPKK
I LI | !
WT  S222A
serum — = % L .|.| S .|.|
HA-MAPK —- P . A
MBP — ‘ B

Fig. 8. The S222A/MAPKK mutant is totally deficient in kinase
activity. This experiment was conducted exactly as described in the
legend to Figure 4. (A) Phosphorylation of the substrate HA-MAPK
from immunoprecipitates derived from cells transfected with either the
vector alone (control), wild type HA-MAPKK (WT) or HA-
S222A/MAPKK (S222A). (B) Corresponding activity of the HA-
MAPK, using MBP as a substrate.

HA-MAPKK

o> &
\‘\‘\ gqflo 0@0

A & .. W <— HA-MAPKK

<+— HA-AMAPKKK

B A, e ar

Fig. 9. The S222A/MAPKK mutant is a poor substrate for MAPKKK.
Constitutively active HA-AMAPKKK was prepared as described in the
legend to Figure 6 and used to in vitro phosphorylate wild type (WT)
and S222A and D208N mutated forms of HA-MAPKK (A). The HA-
MAPKK isoforms were immunoprecipitated from non-stimulated cells
and used as a substrate for HA-AMAPKKK phosphorylation. (B)
Shows immunoblotting with anti-HA monoclonal antibody from
aliquots of extracts used in panel A.

Regulatory phosphorylation sites of MAPKK

immunoprecipitated. The capacity to phosphorylate HA-
MAPK was used as the MAPKK assay. Figure 10 shows
that S222A/MAPKK significantly inhibits the endogenous
MAPKK activity (compare lanes 2 and 6). Activity from
cells transfected with WT HA-MAPKK is higher (compare
lanes 2 and 4) because of the combined activities of
endogenous and ectopically expressed MAPKK. The degree
of inhibition that we observed in this assay varied among
the clones tested and could be as high as 90% (data not
shown). This interference appears specific of S222A mutant
since it was not observed with the other inactive kinase,
D208N/MAPKK, even when expressed at higher levels (data
not shown).

Replacing Ser222 with Asp ‘constitutively’ activates
HA-MAPKK

To reinforce the notion that Ser222 is a key residue in the
conformation of the MAPKK catalytic site and that
phosphorylation at this site ‘switches on’ MAPKK, we
mutated this residue into Asp to mimic the negative
phosphate charge. Interestingly, this mutant HA-
S222D/MAPKK expressed in PS 120 cells displays
constitutive activity as measured by phosphorylation and
activation of HA-MAPK (Figure 11). Indeed, in
unstimulated cells, S222D/MAPKK stimulates the
phosphorylation of MAPK (Figure 11A, compare lanes 3
and 5). This phosphorylation involves tyrosine residues as
it resists alkali treatment (Figure 11B, lane 5); this HA-
MAPK-induced phosphorylation parallels MBP kinase
activity (Figure 11C, compare lanes 3 and 5).

Discussion

Here, we report the cloning of a Chinese hamster MAPKK
cDNA based on partial sequences of Xenopus MAPKK
(Matsuda et al., 1992). Three genes encoding MAPKK, and
displaying distinct pattern of expression during development,
have been identified in Xenopus laevis (Yashar et al., 1993).
Based on amino acid identity, the cDNA sequence we report
here is the hamster homologue of the MEK1 isoform of
Xenopus or murine MAPKK (Crews and Erikson, 1992a;
Yashar et al., 1993; Mordret, 1993). Using either polyclonal
antibodies against the N-terminal peptide of Xenopus MEK 1

control HA-MAPKK
WT S222A
serum —» - + - + - +
HA-MAPK & - . & s
- o -

Fig. 10. S222A/MAPKK exerts a dominant-negative effect on
endogenous MAPKK. Gg-arrested cells expressing either the vector
alone (lanes 1 and 2), wild type HA-MAPKK (lanes 3 and 4) or HA-
MAPKK mutated on serine 222 (S222A) were stimulated (+) or not
(—) with 20% serum for 5 min. Cell lysates were immunoprecipitated
with the N-terminal MAPKK antibody that recognizes both endogenous
and transfected MAPKK. Activity of these different immunocomplexes
was tested by incorporation of 32P on HA-MAPK immunoprecipitated
from unstimulated cells.
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control HA-MAPKK
r 3 v
WT S§222D
L} L) ¥ T 1
serum —» — + - + - +

HA-MAPK —»

HA-MAPK —»

MBP —»

Fig. 11. Constitutive activity of the S222D/HA-MAPKK mutant. PS
120 cells were transfected either with the vector alone (control) or the
vector expressing the wild type (WT) or the S222D/HA-MAPKK.
HA-MAPKK was immunoprecipitated from resting cells stimulated (+)
or not (—) by 20% serum. (A) Phosphorylation of non-active HA-
MAPK; (B) same gel as in (A) treated for 1 h with KOH and

(C) corresponding MBP kinase activity. A Western blot attested that
similar amounts of HA-MAPKK were immunoprecipitated.

or the 12CAS monoclonal antibody directed against the HA1
epitope ‘grafted’ onto the hamster MAPKK (HA-MAPKK),
we demonstrated that the hamster cDNA encodes a functional
MAPKK. Functionality of HA-MAPKK was assessed both
by its capacity to phosphorylate T192A/MAPK [mutant of
the TEY motif (Pages ez al., 1993)] on tyrosine and by its
capacity to activate MAPK measured by its MBP kinase
activity. We showed that HA-MAPKK can be activated by
serum, thrombin or FGF. As for MAPK activation (Kahan
et al., 1992; L’Allemain et al., 1992; Meloche et al., 1992a)
and mitogenicity in CCL39 cells (Chambard et al., 1987),
thrombin-induced MAPKK activation is sensitive to pertussis
toxin (data not shown). These results strongly support the
notion that this MAPKK isoform is fully competent to
transduce mitogenic signals. The time course of MAPKK
activation (endogenous and exogenous expressed forms) does
not, however, parallel that of MAPK. Activation of MAPK
by serum or thrombin shows a typical biphasic mode (Kahan
et al., 1992; Meloche et al., 1992a,b) that is not detected
for MAPKK (Brunet et al., 1994). Also, activation of
MAPKK during the Gy¢/G, to S-phase transition persists
longer than that of MAPK. Indeed MAPKK activity is still
detectable 8 h after serum stimulation whereas MAPK
activity returns to the resting value between 4 and 6 h after
stimulation. This finding suggests that MAPK is specifically
subjected to inactivation by specific phosphatases. The
extinction of the second phase could very well be attributed
to MAPK phosphatase (MKP1) that is maximally induced
during this period (Noguchi ez al., 1993; Nebreda, 1994),
whereas another phosphatase yet to be identified must be
responsible for the early phase of inactivation.

In the second part of this work, we identified a key serine
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residue, Ser222, that switches on and off MAPKK activity
upon phosphorylation by the upstream kinase, MAPKKK.
This residue was chosen for site-directed mutagenesis
because of its remarkable conservation among several protein
kinases (Figure 7) and more importantly because it
corresponds to the key phosphorylatable residue activating
MAPKSs (Thr of the TEY motif), cdkl (Thr161) and cAPK
(Thr197). Firstly we showed that Ser222 is indeed essential
for kinase activity as S222A/MAPKK is not activatable.
Secondly, we showed that, in contrast to wild type MAPKK
or another dead kinase (D208N/MAPKK), S222A/MAPKK
is a poor substrate for in vitro phosphorylation by active
MAPKKK. Comparison of wild type and S222A/MAPKK
expressed in CCL39 cells revealed a 4- to 5-fold decrease
in 3P incorporated into a cyanogen bromide-derived
phosphopeptide obtained from the mutated MAPKK (data
not shown). These results strongly suggest that Ser222 is
indeed phosphorylated and represents a key residue for
controlling MAPKK activity at least in response to the active
MAPKKK isolated by Lange-Carter ez al. (1993). With the
emergence of multiple MAPKK isoforms (Yashar et al.,
1993) and therefore the co-expression of parallel kinase
cascades, a possible explanation is that MAPKK (MEK1
isoform) is not the best substrate of Raf-1. This issue of
specificity is of extreme importance and will require further
investigations. Identification of Ser222 as a crucial residue
does not exclude phosphorylation of additional Ser/Thr sites
during activation. Whereas we found that Ser228 was
dispensable for activity, the well conserved Ser/Thr218 is
a good candidate for phosphorylation. Finally, we found that
replacing Ser222 with Asp, a negatively charged residue,
‘constitutively’ activated MAPKK and prevented further
activation by serum. This finding reinforces the notion that
Ser222 represents a real switch for controlling MAPKK
activity, and indicates that phosphorylation of this residue
is sufficient to confer an active conformational change of
the kinase.

Direct phosphorylation of Ser222 has not been directly
demonstrated here, although all our results are consistent
with that conclusion. Interestingly, after completion of this
work, a paper by Zheng and Guan (1994) demonstrated that
MAPKK is phosphorylated at Ser218 and Ser222 upon
activation by Raf-1. Both residues appear to be critical for
activation, and phosphorylation at one site by Raf-1 is
independent of phosphorylation at the other, shown by the
separate substitution of both Ser residues by Thr. In this
regard it is interesting to note that the constitutive activity
of S222D/MAPKK that is not maximal in the absence of
growth factors is not further enhanced by serum stimulation.
In fact the activity is slightly reduced (Figure 11, lane 6).
One explanation is that in the S222D/MAPKK mutant,
Ser218 cannot be phosphorylated or alternatively, if
phosphorylation occurs, it might reduce the activity of the
mutated enzyme. This point deserves further examination.
Another point that is also worth considering is the substrate
specificity of either MAPKKK or Raf-1 in regard to MAPKK
(MEKI1 isoform). Although Zheng and Guan (1994) reported
activation of MAPKK (MEK1) in response to activated Raf,
in our hands, activated Raf-1 or v-Raf are much weaker
activators than activated MAPKKK (data not shown).

In addition, this report, together with those of Zheng and
Guan (1994), provides another example in favour of the
emerging picture that linker L12 or the ‘lip’ between domains



VII and VIII of protein kinases (Taylor ef al., 1993; Zhang
et al., 1994) contains the phosphoregulatory switch for
enzyme activity. We anticipate that engineering a chimera
within this ‘lip” should break fidelity within the signalling
kinase cascades. This approach will also indicate whether
the variable region of the ‘lip’ is in itself sufficient to specify
kinase recognition.

We previously demonstrated that interfering with the MAP
kinase cascade in fibroblasts by expressing either a p44mapk
antisense or a dominant-negative mutant prevented entry into
the cell cycle (Pages et al., 1993). With the availability of
a MAPKK constitutive allele, it will now be possible to
analyse the incidence of this unregulated member of the
cascade on growth factor relaxation and oncogenicity.

Materials and methods

Materials

[v-32P]ATP and the enhanced chemoluminesence (ECL) immunodetection
system were obtained from Amersham; bovine myelin basic protein (MBP)
and bovine serum albumin were purchased from Sigma; Triton X-100 was
from Pierce. Polyclonal antibodies used for detection of endogenous MAPKK
were directed against the N-terminal peptide of Xenopus MAPKK (PKK-
KPTPIQLNPNPEG) synthesized by Neosystem SA (Strasbourg) [see
Lenormand et al. (1993b) for details]. Monoclonal antibody 12CAS, raised
to a peptide from influenza HA1 protein (Wilson ez al., 1984), was purchased
from Babco (Emeryville, CA).

Cell culture

The established Chinese hamster lung fibroblast line CCL39 (American Type
Culture Collection), its derivative PS 120, which lacks NHEI antiporter
activity (Pouysségur et al., 1984), and corresponding transfected cells were
cultivated in Dulbecco’s modified Eagle’s medium (DMEM, from
Gibco/BRL) containing 7.5% fetal calf serum, penicillin (50 U/ml) and
streptomycin sulfate (50 pg/ml). The human 293 cells were cultivated in
DMEM containing 7.5% decomplemented fetal calf serum. Cells were
growth-arrested by completely depriving them of serum for 16—24 h.

Stable transfection

We used NHE1 as a selective marker and the H*-killing selection
technique as previously described (Sardet er al., 1989; Pages er al., 1993).
PS 120 cells (106 cells per 10 cm plate) were co-transfected by the calcium
phosphate technique with 2 ug of pEAP expression vector (NHE1 cDNA)
(Wakabayashi er al., 1992) and 20 pg of pECE expression vector (Ellis
et al., 1986) containing different constructs of MAPKK. Forty-eight hours
after transfection, cells were subjected to an acid-load selection that killed
non-transfected cells, usually 90—95% of the cell population. Two additional
acid-load selections were applied usually on days 4 and 8 after transfection.
Stable clones were either picked up for analysis or mixed to provide the
transfected population. The population or individal clones were passaged
with application of the acid-load selection once a week.

Isolation and characterization of MAPKK cDNA clones

First strand cDNA was synthesized from 1 pg of CCL39 poly(A)* RNA
using avian myeloblastosis virus reverse transcriptase with an oligo(dT)
primer. This material was used as template for polymerase chain reaction
(PCR) amplification. The following degenerate oligonucleotides derived from
Xenopus MAPKK sequence (Matsuda er al., 1992) were synthesized and
used as primers: 5'- CC(C/G)AA(G/A)AA(G/A)AA(G/A)CC(C/G)AC(C/
G/T/A)CC-3' and 5'-CA(G/A)CT(C/T/GA)AA(C/T)CC(C/G)AA(C/
T)CC-3'. An aliquot of cDNA was amplified in 50 pl reaction volume with
1 pg of each primer, 200 uM dNTPs and 2.5 U Taq DNA polymerase
(Boehringer) in a buffer containing 10 mM Tris—HCI (pH 8.3), 50 mM
KCl, 1.5 mM MgCl, and 0.001% gelatin. The PCR amplification was
performed in a DNA thermal cycler (Biotechnia) using the following
parameters: 1 min at 95°C, 2 min at 55°C and 2 min at 72°C for 30 cycles
followed by an extra cycle with a 10 min extension step at 72°C. A fragment
of the expected size (~ 500 bp) was obtained. After purification on a 2%
agarose gel (Bio-Rad), it was 32P-labelled by random priming and used as
a probe to screen an amplified Chinese hamster lung fibroblast cDNA library
in \gt10 (1.4 X 106 recombinants). Phage plaques were screened according
to Benton and Davis (1977) then pre-hybridized at 55°C for 1 h in 6x SSC,
2 X Denhardt’s solution and hybridized in the same solution at 55°C with
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106 c.p.m./ml of 32P-labelled probe and 500 ug/ml of denatured salmon
sperm DNA for 16 h. Filters were washed in 2 x SSC, 0.1% SDS at 55°C
and exposed to film for 24 h. Of the 30 positive clones identified, 10 were
isolated and plaque purified. The longest clone, which contained a 1.8 kb
insert, was subcloned in PTZ 18 vector and subjected to sequence analysis.
The cDNA clone was digested with different restriction enzymes and the
suitable restriction fragments were sequenced by the dideoxynucleotide chain
termination method (Sanger er al., 1977) using T7 DNA polymerase
(Pharmacia). Sequences were analysed with the MacVector program for
Macintosh (IBI, New Haven, CT).

DNA constructs and expression vector

Two oligonucleotides, JP39 and JP40, were designed to introduce the hamster
MAPKK sequence in-frame in the pECE/HAP vector (Meloche et al.,
1992a). This plasmid already contains the Kozak consensus sequence for
initiation of translation and a sequence coding for a nine-residue
immunodominant peptide from influenza virus haemagglutinin HA1 inserted
between a HindIII site (5') and an EcoRI (3') site. JP39 (5'-GTGAATTCG-
CC(C/G)AA(G/A)AA(G/A)AA(G/A)CC(C/G)AC(C/G/T/A)CC-3") cor-
responds to the N-terminal coding region and possesses an EcoRI site
allowing an in-frame insertion in the EcoRI site of the vector. JP40
(5'-GTAATTCGCAACATGGCATGCCACTGGG-3') also contains an
EcoRlI site and is located within the 3’ untranslated region. The expression
vector containing the tagged pd4mapk (HA-MAPK) has already been
described (Meloche et al., 1992a; Pages et al., 1993). The vector coding
for the constitutively active HA-AMAPKKK was constructed as follows.
The full-length mouse MAPKKK cDNA (Lange-Carter et al., 1993)
subcloned in pBluescript vector was cut by Ncol (position 1541), blunted
with T4 polymerase and then cut by Xbal (which cuts in the pBluescript
plasmid’s polylinker). This fragment was introduced into the pPECE/HAP
vector described above between the Smal and Xbal sites.

Immune complex kinase assays

Quiescent PS 120 cells expressing different forms of HA-MAPKK were
stimulated in HEPES-buffered DMEM with 20% serum for 5 min at 37°C.
Cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed
in Triton X-100 lysis buffer (50 mM Tris—HCI pH 7.5, 100 mM NaCl,
50 mM NaF, 5 mM EDTA, 40 mM B-glycerophosphate, 200 uM sodium
orthovanadate, 0.1 mM phenylmethyl-sulfonyl fluoride, 10 mM p-nitrophenyl
phosphate, 4 pug/ml aprotinin, 1% Triton X-100) for 15 min at 4°C. Insoluble
material was removed by centrifugation at 12 000 g for 5 min at 4°C. Proteins
from cell lysates were incubated with the 12CAS antibody preadsorbed to
protein A —Sepharose coated beads for 2 h at 4°C. The same procedure
was followed for preparing the HA-MAPK substrate from non-stimulated
CCL39 cells. Inmune complexes were washed three times with Triton X-100
lysis buffer and the beads coming from HA-MAPKK and HA-MAPK
immune complexes were mixed, then washed again with kinase buffer (20
mM HEPES, pH 7.4, 20 mM MgCl,, 1 mM MnCl,, 1 mM dithiothreitol,
10 mM p-nitrophenylphosphate). MAPKK activity was assayed by
resuspending the final pellet in 50 ul of kinase buffer containing 5 uM of
[y-32P]JATP(5000 c.p.m./pmol). The reaction mixture was incubated for
30 min at 30°C. To test MAPK activity, reactivation by MAPKK was carried
out as described above for 30 min at 30°C with non-radioactive ATP and
the reaction was started by simultaneous addition of 50 uM [y-32P]JATP
(5000 c.p.m./pmol) and MBP (0.25 mg/ml). The reactions were stopped
by Laemmli sample buffer (Laemmli, 1970). The samples were heated at
95°C for 5 min and protein separated by SDS—PAGE (10% acrylamide
gel for the resolution of MAPK and 13 % acrylamide gels for the resolution
of MBP). For detection of phosphotyrosine-containing proteins, the gels
were incubated in 1 M KOH at 55°C for 1 h (Cooper et al., 1983). The
alkali-treated gels were neutralized in 10% acetic acid, 10% methanol and
subjected to autoradiography.

Other methods

Protein concentration was measured using the bicinchonic acid protein assay
kit (Pierce) with bovine serum albumin as standard. Site-directed mutagenesis
was performed according to the Clontech double strand DNA strategy based
on the Deng and Nickoloff method (1992).
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Note added in proof

During the submission of this report, another study appeared on the
phosphorylation sites regulating MAPKK in response to activated Raf-1
[Alessi,D. et al. (1994) EMBO J., 13, 1610—1619].



