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FOREWORD 

Opinions, interpretations, conclusions and recommendations are 
those of the author and are not necessarily endorsed by the US 
Army. 

'•hy   where copyrighted material is quoted, permission has been 
obtained to use such material. 

"'&?}   where material from documents designated for limited 
distribution is quoted, permission has been obtained to use the 
material. 

(0*7 Citations of commercial organizations and trade names in 
this report do not constitute an official Department of Army 
endorsement or approval of the products or services of these 
organizations. 

(\jfr  in conducting research using animals, the investigator(s) 
adhered to the "Guide for the Care and Use of Laboratory 
Animals," prepared by the Committee on Care and Use of Laboratory 
Animals of the Institute of Laboratory Resources, National 
Research Council (NIH Publication No. 86-23, Revised 1985). 

(vji\  For the protection of human subjects, the investigator(s) 
adhered to policies of applicable Federal Law 45 CFR 46. 

ygf    in conducting research utilizing recombinant DNA technology, 
the investigator(s) adhered to current guidelines promulgated by 
the National Institutes of Health. 

V'lT In the conduct of research utilizing recombinant DNA, the 
investigator(s) adhered to the NIH Guidelines for Research 
Involving Recombinant DNA Molecules. 

^J2  In tne conduct of research involving hazardous organisms, 
the investigator(s) adhered to the CDC-NIH Guide for Biosafety in 
Microbiological and Biomedical Laboratories. 
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INTRODUCTION 

Growth  stimulation  of cancer  normal  cells  is  accompanied  by  activateion  of 
cytoplasmic   kinase   cascades.   MAPKs(   Mitogen-activated   protein   kinases) 
pathway   is   one   of the  best  characterized  signaling  cascade  which  encompasses 
Raf-1 kinase, the MAPK activator MEK, and MAPKs. A good body of evidences 
supports   a  linear  arrangement  of  this   cascade:   Raf-1   phosphorylates   and 

activates  MEK,  which in turn phosphorylates  and activates  MAPK . The MAP 
Kinase  cascade  seems  to  be  highly  conserved  through  revolution  since  several 

similar  signaling  cascades  have  been  identified  in  the  yeast  systems . On the 
basis of sequence homology to yeast kinases Byr2 and STEH, Länge-Carter et al. 
cloned another mammalian kinase capable to activate MEK in vivo when 
overexpressed in COS cells    and to phosphorylate and activate MEK in vitro, 

3 
hence named MEK Kinase (MEKK) .The proposed model is: MEK serves as a 
convergent  point  for signals  from  Raf-1   and  MEKK  which  may  transmit     signals 
from  different  upstream   components.   In  the  kinase  cascade   from   the   activation 
of raf-1  to the activation of MAP kinase, only the mechanism by which MAP 

kinase  is  activated has  been analysed in detail . Little is known about the 
molecular detail of MEK activation other than that it is activated by 
phosphorylation,   probably   on   serine   residue(s).   Moreover,   it   is   interesting   and 
important to  clarify  whether MEKK     and Raf phosphorylate  and  activate MEK in 
the  same  or distinct way. 

Protein  Serine/Threonine  kinase  Raf-1   can  be  activated  by  a  variety  of 
mitogenic   signals,   including   epidermal   growth   factor,   platelet-derived   growth 

factor,   erythropoeitin,   insulin,   nerve  growth  factor  and     phorbol  ester .  The 
essential  role  of Raf-1   in  transduction  of proliferative  signals  is   demonstrated 
by  the  ability  of antisense c-raf-1  RNA or dominant negative Raf-1  mutants  to 
block the  DNA  synthesis  and cell growth  stimulated by  serum and phorbol  ester 

TPA  .  Raf-1  has  been positioned downstream of Ras in numerous  signal 
transduction  pathways  and     several  lines  of evidences  have  shown  that  Raf-1 

might serve as one of    the    immediate targets of Ras '    '    '    '      '      .   Regarding 
the consequences  of raf-1  activation, both in vitro  and in  vivo  data 
demonstrated Raf-1     activates MEK and MAPK. 

Compared  to   Raf-1,   there  is   relatively  little  information   about  the   function   and 
regulation of MEKK in vivo. In PC12 cells, it has been shown that the MEK 
phosphorylation  activity  of MEKK is  rapidly activated by  the treatment of EGF, 

i 2 
NGF and TPA    .Even though both overexpressed MEKK and v-Raf can activate 
MEK in COS  cells and phosphorylate MEK in vitro .unlike Raf-1, neither full 
length   nor   N-terminal   truncated   MEKK   displays   transforming   activity   in 
fibroblasts  (  such  as NIH3T3  and Rat-1  cells, observation in Dr.Templeton's  lab). 
In  addition,   the  stable  expression  of N-terminal  deletion  mutant of MEKK 
(AMEKK)     is     either deleterious  or growth inhibitory to the cells  (unpulished 
data from  Templeton's  lab).  This  raises  the question  whether Raf-1   and MEKK 
regulate   precisely   the   same   downstream   targets. 

The  existence   of  several  functionally  distinct  kinase  cascades   in  yeast  and  the 
structual   conservation   of  these   cascades,   together  with  the   fact  that  mammalian 
cells   need   differential   responses   to   different   environmental   changes,   suggests 
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that   mammalian   cell   might   employ   kinase   cascades   other  than   MAP  kinase 
cascade  to     response  to  extracellular  alterations.  The  recently  cloned  and 
characterized   Stress   activated   protein   kinase   (Sapk)/c-Jun   N-terminal   kinase 

(JNK)  defines  one  of such kinase  cascades    '      . Even though there is 
overlapping  in  the  activation  of Sapk  and  Mapk  by  different  stimuli,  cellular 
stress   such   as   heat  shock,   translational  inhibition,   UV  irradiation  and 
inflammatory  cytokines  such  as  TNF-a  and  IL-1   more  efficiently  activate  Sapk 

1 *3 than  mitogens  which,  in  contrast,   more  strongly  activate  MAPK    . Both ras- 
dependent  and  ras-independent  pathways   seem   to   be   involved   in  the   activation 

of Sapk    '      . However, the mechanism by which Sapk is activated is not clear: 
what  are   the   upstream  kinases   that  activate   Sapk  pathway? 

Results: 
1.   Identification   of   two   serine   residues   which   are 
differentially   phosphorylated   by   Raf-1   and   MEKK( see 
appendex A 6 ). 
To identify phosphorylation sites  on MEK-1,  we relied on a T7 promoter based 

17    18 mammalian   cell   overexpression   system    '        that has been very well adapted 

and extensively used in our laboratory.  The  vector pTMl   we Used has  been 

modified to encode one of two different peptide epitopes that are placed in the 

amino-terminal of expressed kinases.  One epitope tag "EE"  (EEEEYMPME) is 

derived from middle T antigen  of    polyomavirus  and the  other one  "HA"  epitope 

(YPYDVPDYA)   from   influenza   virus. 

Expression     plasmids: 
cDNA  of Rat  MEK-1   was   cloned  by  reverse  transcriptase-polymerase  chain 

reaction   according  to  published   sequence   and  then  subcloned  into   5'EE  pTMl. 

ARaf is a truncated form of human Raf-1 (obtained from ATCC), in which the N- 

terminal 303 amino acids are deleted.    A cDNA of p42 Mapk was obtained from Dr. 

Micheal Weber and also cloned into the 5'EEpTMl or 5'HApTMl. AMEKK, an N- 

terminal 367 deletion form of MEKK1  was cloned by Louis Parrott in our Lab 

using RT-PCR and expressed as a 5'EE or 5'HA tagged protein using pTMl as a 

vector.   In  addition,   "KR"   mutants  for each  of the kinases  were  generated by 

substituting   the   conserved   Lysine   residue   in   the   kinase   domain   with   Arginine: 

for ARaf, K375R; for AMEKK, K447R; for MEK-1, K97R; and for MAPK , K46R. A PCR 

based   site-directed   mutagenesis   method   was  used  to  make   all  these  mutants. 

Reconstitution    of   MAPK    activation    in    T7    overexpression 
system 
In  vaccinia  T7   overexpression   system,   when  MAPK  was   singly  expressed,   it 

appeared   as   a   single      band   which   represents   unphosphorylated   and 



annual report     Yan,  M 

enzymatically inactive form of MAPK (  as confirm by  in  vivo  phospho   labeling 

experiment  and  in vitro  kinase  assay).   Coexpression with  MAPK  activator MEK-1 

did not change  this pattern.  However,  coexpression  with either ARaf or AMEKK 

resulted in the  appearance of a slow migrating band of MAPK which 

corresponded  to   the  phosphorylated  and  kinase  active  form  of MAPK.   Inclusion 

of MEK-1   in  the transfection  almost completely converted MAPK into  the  upper 

band  .  Therefore  activation of MAPK can be reconstituted in this  system. 

In   vitro   phosphorylation   of MEK-1   by   ARaf and AMEKK. 

In  order to  identify the phosphorylation  site(s)  on MEK-1,  the first piece  of 

information needed to know is  which type of    amino acid is phosphorylated.  To 

do this, EE tagged MEK-1 KR (as substrate) and ARaf and AMEKK  were expressed 

in  CV1   cells   individually  and  purified  by  immunoprecipitation  followed  by 

elution  with EE peptide.  The eluted proteins were then used for in  vitro  kinase 

assays.   The  phosphoproteins   were  separated  on  SDS-PAGE,  electrotransfered   to 

Immobilon   and   visualized  by   autoradiography.  Both  purified  ARaf and AMEKK 

can   strongly   phosphorylate   MEK-1   KR.   The  phosphoamino   acid   analysis 

indicated that both ARaf and AMEKK  phosphorylate MEK-1  only  on  serine 

residues. 

Serine   218   is   one   of   the   phosphorylation   site 
If activation  of MEK is  conserved    through its  evolution,  we speculate that the 

significant   serine   residues   should   either   be  identical  in   other  alleles   or  possibly 

altered to threonine residues. Based on this,    some of    the potential serine 

residues  were  individually  mutated to  alanines  in  the background  of KR MEK-1 

and similar in vitro kinase assay was performed.     Of these mutants, S218A 

demonstrated   significantly   reduced   phosphorylation   level   even   though 

comparable  amount of protein was used  ,  suggesting serine 218  is  a possible 

phosphorylation site.    To confirm this, I took advantage of the fact that MEK-1 

was   only  phosphorylated  on  serine  residue(s)  and  mutated  this  codon  to   a 

threonine  residue.  The  level of phosphorylation of this S218T mutant by AMEKK 

was equivalent to that of the wild type MEK-1.  Significantly, about 80% of the 

radiophosphate   was   contributed   by   threonine   residue   with   the   remainder   by 

serine   residue.   Therefore,   S218   is   one   of the   phosphorylation   sites." 
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Identification    of    another    phosphorylation    site 
One   of chymotryptic  phosphopeptide   obtained  from  the   in  vitro labeled    S218T 
MEK-1   contained   both   phosphoserine   and   phosphothreonine(   data   not   shown), 
suggesting  that  at  least  another phosphoserine  was   localized  in  the   same  peptide 
as phosphothreonine 218 did.  Serine 218  lies  within a domain similar to one in 
MAPK phosphorylated on two  clustered residues.  This led us  to  speculate that 
MEK-1   might be doubly phosphorylated in a similar manner.  Each of the two 
serines  near Serine  218  (serine  212  and  serine  222)  was  mutated to  threonine 
and only  S222T MEK-1  could be phosphorylated on threonine residue by ARaf or 
AMEKK,   suggesting  serine  222  was  another phosphorylation  site.  Finally,  the 
double   mutants   S218T/S222T   was   only  phosphorylated  on   threonine   while 
S218A/S222A   was  just  barely  phosphorylated.   Therefore  serine  218   and   serine 
222 are two phosphorylation sites by ARaf and AMEKK. 

Raf   and   MEKK   show   different   site   preference   for MEK 
phosphorylation. 
The  phosphorylation  kinetics   analysis   of codon  218   and  codon  222 using 
mutants MEK S218T and MEK S222T as substrates revealed that AMEKK 
phosphorylate   codon   218   more   rapidly   than  codon   222  irrespective of  whether   it 
was  a serine  or threonine,  contrary to ARaf   which   phosphorylated these   two 
codons   nearly  equally  at  all  time  points. 

Phosphorylation   of   these   two   sites   is   important   for   MEK-1 
activation    in    vitro. 
In order to activate MEK-1  in vitro, ARaf and AMEKK   immunopurified   from 
transfected CV1  cells  were used to phosphorylate wild type MEK-1  or double 
alanine-substituted MEK-1   in  the presence  of 50  uM cold ATP  in kinase  reaction 
buffer for    30 minutes. KR MAPK was then added together with y-32P-ATP   and 
the   kinase   reactions   were   stopped   after   another   30   minutes   incubation.   Both 
ARaf and AMEKK were able to activate wild type MEK-1    in    vitro, whereas 
S218A/S222A  mutant  was  unable to  be  activated. 

Phosphorylation   of   these   two   sites   is   important   for   MEK-1 
activation    in    vivo. 
To   test   whether  phosphorylation   of  these   two   serine   residues   which   are 
phosphorylated    in  vitro is  important for MEK-1   activation  in  vivo, the effects of 
mutations   of   either   one   serine   residue   to   a   nonphosphorylatable   alanine   were 
evaluated.  Wild type MEK-1,  single-site MEK mutants  or double-site mutant ( all 
N-terminal   "EE"  tagged)  were coexpressed with either wild type ARaf or KR ARaf 
( not tagged) in CV1  cells.  The epitope tagged MEK were immunopurified by Affi- 
Gel  beads   coupled  with  anti-EE  antibody  and kinase  activities  were  measured  by 
using  KR MAPK  as  a substrate.  Both  single-site     mutations  partially  reduced the 
activities   of  MEK-1   while   double-site   mutation   completely   eliminated   the  kinase 
activity of MEK-1. 

2.   Activation   of   stress   activated   kinase   pathway   by 
MEKK  (see appendex B19) 

As an initial step to study the function of MEKK in  vivo, we have attempted to 

establish cell lines able to stably overexpress AMEKK. AMEKK was cloned into a 
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CMV promoter-based vector that has been modified    to attach an N-terminal  "EE" 

epitope  tag  to  the  open  reading  frame  of gene  of interest.  In transient 

transfection  experiments,  the expression of "EE"  AMEKK  was easily detected by 

immunoblot using  "EE"  antibody.  However, I have failed to obtain stable cell 

lines that expressed detectable amount of AMEKK from Hela cells, NIH3T3 cells, 

Rat-1  cells  and CV1  cells.  In parallel experiments,  we successfully obtained cell 

lines  that  overexpressed MEK.2E  (a constitutively  active MEK mutant 

substituting   two   glutamic   acids   for  serine   residues  that   are  phosphorylated 

during  activation).  Moreover,  when  AMEKK  expression  plasmid  was 

cotransfected   with   drug  resistance  plasmid,   the   number  of  colonies   after  drug 

selection  was   much  fewer  compared  with  that  of the control  transfection.  All 

these  suggested that stable  overexpression  of AMEKK was lethal to or growth 

inhibitory  on  cells  tested.   To  overcome  the  problem  associated  with  constitutive 

overexpression,  I  turned  to  an  inducible  expression  system  to  study  the 

biological function of MEKK    in vivo. 

Establishment   of   NIH3T3    cell    lines    that   inducibly   expressed 
AMEKK. 

The   LacSwitch   system   (Strategen)   was   chosen  to   establish  the   inducible 

expression cell lines. The AMEKK  including N-terminal  "EE"  epitope tag was 

cloned into  the pRSV-IOP3  vector whose expression was  detected by 

immunoprecipitation   followed   by   anti-EE   immunoblot. 

NIH3T3 cells were transfected with p3'SS and pEE-AMEKK-IOP3 at a ratio of 3:1 

using  standard  Calcium phosphate  method.  The cells  were  let to  recover for one 

day  before  splitting  into  selection  medium  containing  500  ug/ml  G418. 

Individual clones  were picked and grown up. The inducibility of AMEKK 

expression  of each G418  resistant clone was tested in the presence or absence of 

1 mM IPTG. Of about 30 clones tested, one third of them turned out to be positive 

and two  of them which displayed     the lowest basal level and the highest 

inducibility   of AMEKK   expression  were  chosen  for further  studies. 

Inducible   expression   of   AMEKK   by  IPTG. 
The expression of AMEKK could be clearly detected after 12 hours of IPTG 
induction.   Significantly,   the   effect  on  Sapk  activation  was  detectable  only   after 
3   hours   induction  by  IPTG(see  below). 

Cell   growth   inhibition   associated   with   AMEKK    expression 
One   apparent  consequence   of IPTG  induction  was   the  cell  growth  inhibition,   a 
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common   characteristics   of  all   inducible  clones,   even  though  to   various   extent. 
Actually,   these  cells  demonstrated  slower  cell  growth  than  parental  NIH3T3  cells 
even without IPTG, possible due to leaky expression of AMEKK within these cells. 
The  mechanism  of this  observed  cell  growth  inhibition  is  not clear. 

Activation  of SAPK  but  not  MAPK  by  MEKK  in  vivo. 
If MEKK is an activator of MEK as Raf,   it is expected that expression of AMEKK 
would activate MAPK in these cells. To our surprise, induction of AMEKK 
expression  in these two clones  had no effect on MAPK activation.  However, in 
these cells  the    MAPK pathways  were still functional because treatment of TPA 
strongly activated MAPK. TPA did not activate SAPK in these cells, consistent 
with the previous report that in NIH3T3 cells SAPK was not activated by TPA 
treatment.     Then we tested whether SAPK could be a downstream target of MEKK. 
Indeed, induction of IPTG activated SAPK in the inducible cells but not in the 
parental cells.  The  activation  of SAPK was  evident 3  hours  after induction and 
reached   maximum   after   12  hours,   while  MAPK  activities   remained  essentially 
unchanged   throughout   the   23   hour   incubation   with   inducer.   Taken   together, 
these  results  suggested that MEKK can  function  to  activate  SAPK pathway  which 
is  separated from    MAPK pathway.Therefore MEKK appears to have a distinct 
role   in   activating   downstream   signals   from  Raf-1.   At  least  in   the  experimental 
system I have used, MEKK differentially activate     Sapk pathway but not MAPK 
pathway.   Furthermore,   in   collaboration   with   other   laboratories,   we   have   shown 
that MEKK  can  directly  phosphorylate  and activate  the  SAPK activator SEK in 

20 vivo  and in  vitro     . 

Conclusions: 

In  vitro  and  in vivo  overexpression system, both Raf and MEKK can 
phosphorylate   and   activate   MEK   by   phosphorylating   two   critical   residues   S218 
and S222.  Biochemically, however,     Raf and MEKK are not identical because Raf 
shows  no  preference  to  these  two   sites   while  MEKK differentially 
phosphorylate   one   of  them.   In   the   inducible   expression   system,   the   relatively 
low level expression of AMEKK  specifically  activated the  SAPK  pathway  but not 
MAPK   pathway   which   was   preferentially   activated   by   TPA   treatment. 
Appreciation   of  these   two   distinct   signaling   pathways   will   help   better 
understand   the     growth   regulation   of both  cancer  and  normal   cells   in 
response   to   diverse   external   signals. 
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The signal transduction kinase MEK (mitogen-acti- 
vated protein (MAP) or extracellular signal-regulated 
(Erk) kinase)-l is activated via phosphorylation by 
MEKK (MEK kinase) and rafkinases. We show here that 
these two kinases phosphorylate rat MEK-1 exclusively 
on two serine codons, Ser218 and Ser222. Phosphorylation 
of MEK-1 on serines 218 and 222 is both necessary and 
sufficient for MEK-1 to be activated and able to phos- 
phorylate MAP kinase. A mutant form of MEK-1 that 
replaces these two codons with alanine cannot be acti- 
vated, and one that substitutes glutamic acid residues in 
place of these 2 serines is active independent of activa- 
tion by phosphorylation. These sites of activation occur 
in a region of MEK-1 that is similar to sites of activating 
phosphorylation in several other serine/threonine ki- 
nases, suggesting that this region may represent a con- 
served "activating domain" of many kinases. MEKK and 
raf display differences in site preference between these 
two codons, with MEKK showing preference for the 
amino acid at codon 218 and raf phosphorylating each 
residue approximately equally. This site preference 
might result in differences in the temporal or subse- 
quent substrate patterns of MEK activation that result 
from these two activation pathways. 

Cell growth signal transduction is frequently accompanied 
by phosphorylation and activation of MAP1 kinase, as reviewed 
recently (1). Two kinases capable of activating MAP kinase 
have been cloned, one termed MEK-1 (MAP or Erk kinase; 
alternatively MAP kinase kinase-1) (2, 3) and the other MAP 
kinase kinase-2 (4). MEK-1 is in turn activated by phospho- 
rylation by the v-raf oncoprotein (5). Activation of c-raf is 
stimulated by the ras activation pathway, and recently direct 
interaction of c-raf with the ras oncoprotein has been demon- 
strated (6-9). 

A kinase structurally unrelated to raf is similarly able to 
phosphorylate and activate MEK-1. This kinase, termed MEK 
kinase (or MEKK) because it lies immediately upstream of 
MEK, has recently been cloned (10), and several groups have 
characterized the enzymatic activity (see Ref. 11 for review). 
Although the growth signal that passes through MEKK might 
originate separately from the signal that passes through raf, the 
net effect, i.e. activation of MAP kinase, seems equivalent (10). 

Since MEK-1 lies at the convergence of signaling pathways 
that may have distinct origins, the molecular details of MEK 
regulation are important. We have investigated the nature of 

* The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
"advertisement" in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fact. 

1 The abbreviations used are: MAP, mitogen-associated protein; MEK, 
MAP or extracellular signal-regulated (Erk) kinase; MEKK, MEK ki- 
nase; MAPK MAP kinase; MOPS, 4-morpholinepropanesulfonic acid; 
PAGE, polyacrylamide gel electrophoresis. 

MEK-1 activation by raf and MEKK and have developed in vivo 
and in vitro systems to model the activation of MEK. Using 
these model systems, we have identified the amino acid resi- 
dues upon which raf and MEKK phosphorylate MEK-1 and 
show here that these sites are necessary for activation of 
MEK-1 in vitro and in vivo. 

EXPERIMENTAL PROCEDURES 

Cell Culture and Gene Expression—Kinases were expressed in CV1 
monkey kidney cells (ATCC) maintained in Dulbecco's modified Eagle's 
medium with 10% calf serum using the plasmid vector pTMl (12, 13), 
which encodes protein products under the control of the bacteriophage 
T7 promoter. To express the proteins in eukaryotic cells, the plasmid- 
transfected cells were infected with the recombinant vaccinia virus 
vector vTF7-3 that encodes the T7 RNA polymerase and then were 
transfected with the plasmid vector. Transfection and infection of CV1 
cells using this system has been described previously (14). 

Plasmid Constructions—-Rat MEK-1 (2) and mouse MEKK (10) were 
cloned by reverse transcriptase-polymerase chain reaction using prim- 
ers designed from the published sequence. The coding regions were 
expressed as an epitope-tagged protein, with a synthetic amino-termi- 
nal epitope (EEEEYMPME, termed "EE") derived from middle T anti- 
gen of polyomavirus. This antibody, and suggestions for its use, were 
from Gernot Walter, University of California, San Diego. In this paper, 
we have used exclusively a truncated active fragment of MEKK, repre- 
senting a deletion of the amino-terminal 367 amino acids, termed 
AMEKK. A truncated active form of c-raf, in which the 303 amino- 
terminal amino acids are deleted, was also used in these experiments 
(termed Ära/) and was also epitope tagged with the EE epitope. A cDNA 
encoding murine MAP kinase (p42) was obtained from Michael Weber 
(University of Virginia) and was modified by addition of an amino- 
terminal EE epitope as for the other kinases. Inactive "KR" mutations 
used were, for Arof, K375R; for AMEKK K447R; for MEK-1, K97R; and 
for MAPK K46R. 

Mutagenesis—A variation of the "megaprimer" PCR method of mu- 
tagenesis (15) was used. Small restriction fragments containing the 
mutagenized region were subcloned into unmutagenized plasmids and 
the entire mutagenized region sequenced to assure against unexpected 
mutations. 

Immunopurification of Kinases—Transfected cells expressing 
epitope tagged kinases were lysed in MLB (50 nm MOPS-Na, pH 7.0, 
250 mil NaCl, 5 miu EDTA, 0.1% Nonidet P-40, and 1 mM dithiothreitol, 
containing the protease inhibitors aprotinin (2.5 ug/ml), leupeptin (2.5 
)ig/ml), and phenylmethylsulfonyl fluoride (50 ug/ml) and the phospha- 
tase inhibitors NaF (10 mil), sodium pyrophosphate (5 mM), Na3V04 (1 
mM), and ß-glycerol phosphate (10 mi). After clarification of the cell 
extracts, epitope-tagged kinases were precipitated using Affi-Gel 10 
beads (Bio-Rad) coupled to purified EE monoclonal antibody (3 mg of 
antibody/ml of gel). To purify protein from 107 transfected cells, 20 ul of 
this affinity matrix was used. Immune complexes were collected and 
washed in MLB by spin filtration using microfiltration columns ("Com- 
pact Reaction Columns," U. S. Biochemical Corp.). Bound proteins were 
eluted overnight in 25 pi of elution buffer (50 mM Tris-Cl, pH 7.4, 0.5 mM 
dithiothreitol, 10 mM ß-glycerophospKate, 1 mM Na3V04, 20% glycefol), 
including 40 ug/ml EE peptide (iV-Ac-EEEEYMPME-COOH), and the 
filtrate recovered by centrifugation. Typically, the resulting solution 
contained 50-200 ng of kinase/ul, and the immunopurified kinase is the 
only protein detected using Coomassie gel staining. 

In Vitro Phosphorylation—Routinely, 1 pi of the recovered kinase 
from the procedure above was used to phosphorylate 4 pi of an identi- 
cally purified kinase substrate. The 20-ul reaction mixture contained 10 
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Fio. 1. /» vtoo modeltet; of MAPK and MEK-1 activation. MAPK 

was expressed in CV1 ceU. together with MEK-1 «»1th or -without acti- 
vated forms of MEKK or raf ua indicated. Each of the kinaaaa vcrc 
ugged with an ahuno-terminal synthetic epitape ("KB"), and the ex- 
pression of each protein was monitored using (UiQ-EE antibody for 
imrounobloMiag. MAPK expressed alone (lane 1) la minimally j>ho«pho- 
rylated, as tvldeaced by the absence of the «lowly migrating phospho- 
rylated form. Co-expraision of MEK with MAPK (tent 2) ix insafflrient 
to increase MAPKphosphorylatioa, unlcaa an activating irinase such os 
rofiloM* 3 and 4) or MEKK (lamm 5 and 6) is included. la this cm», 
MEK displays tevortl forma with reduced mobility coaaiiwmt with 
phoxphoiylation. MAPK is phojphorylalcd in nuipcaa« to tha raf or 
MEKK activators, even »ore so ih conjunction *ith MEK-1. Addition- 
ally, braf show» a slowly migrating phoephorylnwd band, «epecially 
when expressed together with MEK (lam 4). 

pa« ATP. 10 uCi of [r^PlATP. In 50 mi* TriaCl, pH 7.4, 0.6 mM dlthie- 
threitol, 10 mx MgCl,. After 30 min at routn temperature, reaction »as 
»topped by the addition of SDSAiUhiothreitol Sampls buffer and boiling. 
Because wa found thtt the cpitope-tagped Aro/" kinaji« was only frac- 
tionally eluted firom the beads oiling thla procedure, in aome reactions 
(those in Fiff. 7) reaction* war« performed unins Ideates that remained 
attached to the immune affinity bead«. Xinsse reaction eondjtloun were 
otherwise a» shown above, 

Pho$phoami>u> Acid Analysis—Phoephoprotejns blotted onto Inuno- 
büon »«re hyarolyzed in 6 M HC1 at 110 "C for 1 h according to Kamps 
(16) and analysed by thin layer eleetrophoreaia at pH 3.5- 

RESULTS 
Expression of Signal Transduction Kineses—We uaad the T7* 

polymerase gene expreosion syatem of Moss (12,13) to oxpress 
MAP kinaße (p42), MEK-1, and truncated ktaase-octiva ver- 
sions of MEKK and raf, cither alone or in combinations within 
cells. To monitor expression of these protein kinasee. and to 
afford simple means of micropuriflcon'on of the wild type or 
mutant forms, we modified each of the proteins by the addition 
of a 10-amino acid synthetic epitope to the ammo terminus of 
each protein. Each of the kinaaea iß thus identifiable by Wert- 
em blotting against the synthetic epitope (termed EE) and can 
be immunopurifled under uondenaturing conditions. 

When expressed alone using this system, MAPK is almost 
completely unphoisphorylated (as shown in Fig. 1, lane 1), and 
phosphoryjation of MAPK ia unaffected by ec-expression of 
MEK-1 (lane 2). This is probably because MEK itself ic depend- 
ant upon upstream activation. When MAPK ia expressed to- 
gether with either Ctraf or AMEKK, increased phosphorylation 
of MAPK Is eeon, evidenced by a band with reduced «lactrc- 
phoretie mobility. Inclusion of MEK with these kinaaea results 
in nearly complete phoephorylation of MAPK (lanes 4 and 6). 
apparently due to expression of a complete activation pathway. 
In these lanes, MEK also shows a reduced eleotrophotetic mi- 
gration compared with when it ie expressed alone. This change 
reflect» phoaphorylation of MEK on serine and threonine, resi- 
dues (17) po9Bibly from phosphorylation by Araf or AMEKK or 
by retrograde phoaphorylation of MEK by MAPK or other ki- 
nasea. 

In Vitro Phosphorylation of MEK-t by MEKK and raf— 
Activation of MEK-1 was also modeled in vitro uaiag the active 
form» of MEKK or raf to phoiphorylate MEKl. lb do tlüs, we 
mununopurified epitope-tagged forma of both of these kinases 

Klnase: 

Substrate; 

/** 

MEK-KR- 

MEK-KR- 

dMEKK- 

1      2      3 
fio 2. Phosphorylation of MEK-1 in vitro. AMEKK and traf 

were Itomunopwified aa de»cribcd under "Experimental Procedures" 
oad used to phosphoiylata a Irinase inactive form of MEK-1. termed 
MEK-KR. MEK-KB la atrongly phosphorylat«! by both MEKK and raf 
but w da*oid of auiopboBphorylatinJi activity, mnce it ia not phonpho- 
rjlated when Incubated without the other klnaaes (lana 3). AMEKK is 
•1*0 »tronely pboiTphor>-l«.ted, and brof ia »HghOy pboaphoryUted. 
hintly xlaible in this experiment, migrating between AMEKK and 
MEK 

(see "Experimental Procedures*) and similarly purified a ki- 
nase inactive mutant of MEK-1 (containing a lysine to arginine 
mutation within the ATP binding domain of the klnase (18)). An 
example of this is shown in Fig. 2, in which both AMEKK and 
Aro/ are «sod to phosphorylat« MEK-KR protein (lanes I and 
2), whereas the preparation of substrate MEK-KR Is itself com- 
pletely devoid of phosphorylatine activity [Ian* 3). AMEKK ia 
aleo atrongly phosphorylated, apparently through an autocnta- 
lytic reaction, where»» Ara/"iü weakly phosphorylated (lane 2, 
but more clearly seen in Fig. 4). In experiments not shown, we 
found that MAPK phosphorylated MEK-1 on aerine and threo- 
nine residue«, whereas MEKK and raf phoöphorylated exclu- 
sively aerine risidues, Since ro/and MEKK a*e able to phos- 
phorylate MEK-1 only on aerine reaiduee, and toü 
phoaphorylation was sufficient to activate MEK kinaae activity 
(see Pigs. 4 and 5 below), we focused on serine residues as 
potential sites of activating phosphorylation. 

Identifying th* Sites of MEK-1 Phosphorylation by rafand 
MEKK—hurpectioTL of the predicted amino acid sequence of the 
rat MEK-1 protein reveals 16 serine residues, of which some 
are not conserved in MEK alleles or the homologous counter- 
parts of MEK In other apedes. If activation of MEK-l is con- 
served through it» evolution, we predicted that the significant 
aerine residues should either be Identical in other alleles or 
poembly oould be altered to threonlne residues. Based on these 
suppositions, we initiated a program of directed mutagenesie 
targeting- several serine codone, preparing these mutants in a 
background of the inactivated K96R MEK mutant to eliminate 
autophosphorylation by MEK 

Phosphorylation of mutant MEK proteins using AMEKK or 
Aro/kinases showed that mutant S21&A demonstrated reduced 
phosphorylation despite equivalent expreasion levele (not 
shown). However, mutation of this residue might have caused 
unpredictable changes in protein conformation, reaulünfcT In 
decreased phosphorylation at a diatant site. To confirm phos- 
phorylation of «erine 218 genetically, we mutated this oodon to 
a threonine residue. The level of phosphorylation of mutant 
protein S216T by AMEKK was equivalent to that of the wild 
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type protein. However, about 80% of th« radiophosphate in this 
mutant protein «a* localized to threonine residues with th« 
remainder on serine residue». Because a «mall «mount of phos- 
phoaerine was atill d«tectad in mutant S218T, we surmised that 
atW one more site of serine phoaphorylotion was pr,aent on 

We identified the additional phoaphorylaticm site baa.d on 
two observations. Fir«, one of two chymotryptic peptidea ob- 
tained dunng pcptid« mapping of th« in vitro labeled MEK 
S218T mutant contained both phosphoscrine and phospho- 
threonine (data not shown), This suggested that th« two phos- 
phorylation ait«« were oontained within the same chymotryptic 
peptid«. Second, the S«r™ residue lies within a domain aimilar 
to one in MAP kinase phosphorated on two cluster«! residue» 
(see Fig. S). Thia lead u3 to speculate that MEK might be 
doubly pho»phorykt«d in a similar cluster. We subsequently 
mutated each of the two serine residues new Ser"». creating 
threoama codon., and found that only one of these mutant 
protein« (S222T) was phosphorylatad on threonine. A double 
mutant m which both aerine codons at 218 and 232 are altered 
J° v£S£?* <**■***** no phosphoaerine when phosphorylated 
by MbKK or raf. These experiments are shown in F% 3 

Thssa data show that activated raf and MEKK phospho- 
rylate the same 2 residuee on MEK-1. MEKK show« apparent 
preference for th« Sar»' residua in vitro, whereas rc/phospho- 
rylate« each sit« roughly equivalent]* baaed on the levels of 
pnogphorylation of the individual threonin« mutants. This ob- 
serration ia examined more cloealy below in Pig 7  addition- 

*?*'!" d*ta * Pis' 3 Ehow that B0 aitei other than the serines 
at 218 and 222 are phosphorylated, since the 218T/222T mu- 
tant displays no phoephoaerine, and the wild type protein dis- 
plays no phoßphorylaüon on threonine or tyrosine. 

Do the Idtntified Sites Confer "Actiuatability' to MEK-1 in 
W-If S.^9 and Ser« are required to activate MEK-1 on 
important prediction to test ia that mutation of these «itce 
wo«aa «liroiDÄt« the ability of MBK to be activated bv raf or 
MEKK th tlvo. To test thin prediction, we exposed'apitope 
tagged MEK-1 protaina (wild type or alanin* substirutions at 
the 218 and 222 sites, all EE-tagged) with or without active 
Antf-proteuu (without the EE «pitope tag in thia sxperiment) 
We then specifically immunopurified the epitope~ta«ed MEK 
protons and assayed them for MAP kinase phosphorylation 
activity n vitro. Aa shown in Fi^. 4, both of the single-site 
mutant proteina are Btül partly activated. Only th« double al- 
nnme mutant demonstrated no actixity either in the presence 
or absence»of raf.Thus, both Ser»" and Ser1" contribute to th. 
acbvatabuSty of MEK by raf. The wild type MEK-1 protein was 
acavatad by «-«xpraacion with anf. but clearly displaya some 
basal actmty ever in the absence of co-transfected active raf. 
Since the plasmid-encoded proteina are expressed in the full 
context of normal cellular proUina, this low level of MEK acti- 
vation almost certainly results from activation by uncharaetar- 
»»d collular Hnase(f0, probably including but not exclusively 
the endogenous raf and MEKK kinaees. 

Do the Sites Confer Actioatabiltty in Vitro?—Sin« the acti- 
-aboa of MEK-1 by raf in fig. 4 occurred in intact cells, it re- 
mained poaaibl« that activation of MEK was not a result of raf, 
butrather by an intermediate reactivated kinase. lb model the 
activation of MEK in vivo. >. e purified raf and MEKK and used 
these kinasea to phosphorylate MEK or the aknine-substituted 
mutant, in the presence of urdabeled ATP. Phosphorylated MEK 
protein was then incubated with an inactive mutant (K46R) of 
MAPKto quantify MEK activity. As shown ia Kg. S. bothrafand 
MiKK are able to activate wild type MEK-1 in vitro, whereas 
the mutant substituting alanine raüduae at eodon« 218 and 222 
ia unable to be activated. Thua, thtae codons are required for 
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Jnartivatlnff K97Rrautition to prevent autophoaphoiylation. A pho^ 
phorylanon of MEK mutants by «for MEKK Iamunopurificd MEK-1 

^Et?(fa"" 1~S) Vth *r°fUo*>6 6-10) tofirthar with "P-Iabeled 
ATF, The reaction product« w.r» separattd by SDS-PAGE followed by 
^uiat.r to ImmoWlon mmnbranas for autoradlography. All mutant 
MEK pretdas were phosphorylated to apprariaaul, the »amc LmO. 
S™h* TÜ?!!" "■ ?' 3218A/SS22A «»«üble mutjt, which wM ».a pboiphiaylat*! bv eithor sctivating klrnu«. AMBKK wo 1tronEIv au- 
f <?/ ST 1     !" tSi8 n**ti<"°* »™l ira/»iu weakly autophoipho- 

BJEK-1 mutants. Band, of radidaUUd MUX from the exp.Tlment 

m.mbran, and luhjaotad to add hydroly»i» (see TEjcp.rim.ntJ Pra». 
flW" ^w1»**^ w,r- 8»P*r»t^ by one^imensional 
thin lay«: deetmphorasia nt pH 3.6. The position of unlabeled phot- 
phoim.no »ad toarkn-s If Indicated by the dotud cirdtl, as ia that of 
fr«e phcj.paatc and the parbally bydrolyred pepddes. Both AMEKK 
ond, ^"r*™ »M« to phosphorylate mutant threonine residua, locatad 
at the pMüBon of the naturally phoaphoryUted serinee. No «crme pho»- 
Phoryladoa is aaea m the 218tv222T mutant, domoimb-atinj that no 
other Mnduaa of MEK »re pho«phoryl9tod by the« kinaa.s in. vitro 
Kelatlv. Uxtit of pbojphoserin« «ad phosphothrrwnltui qunntiflod &om 
Mis «xpenment mn ahown b«naath «aeh lane. 

direct activation by either raf or MEKK 
Mutanon of the Actuation Sit« to Glutamic Acid Results in 

Constitutive Activation—Sine* phosphorylaöon of MEK-1 at 
codons 218 and 222 introduce negative charges into this por- 
tion of the protein and result«, in Icinaaa activation, we conjec- 
tured that substitution of negatively chargad amino acid« at 
these two positions might similarly activat« a mutant MEK-1 
protein. Such a constitutivaly active allele would be predicted 
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FIG. 4. Ser218 and Ser222 are required 
for activation of MEK in vivo. EE 
epitope-tagged MEK-WT, or alanine sub- 
stitution mutants as indicated, were co- 
expressed with Araf or the_ inactive mu- 
tant Araf-K375R (that both lacked the EE 
epitope) to assess activation of MEK by 
Araf. EE-tagged MEK protein was specifi- 
cally immunoprecipitated using anti-EE 
Affi-Gel beads and assayed for kinase ac- 
tivity by incubation with inactive epitope- 
tagged MAPK-KR substrate. Phosphoryl- 
ated proteins were separated by SDS- 
PAGE and blotting onto Immobilon. 
Incorporation of radiophosphate into 
MAPK was quantified using an AMBIS 
ß-imager and is shown in the top panel. 
The autoradiogram of this gel is shown in 
the middle panel. After quantification, 
the filter was probed using anti-EE mAb 
to verify equal recovery of kinases and 
substrate, shown in the bottom, panel. 
Wild type MEK was active when ex- 
pressed in the presence of raf, but not in 
the presence of the inactive mutant raf. 
Mutation of both sites to alanine codons 
completely prevented both basal MEK ac- 
tivity and raf activation. Mutation of in- 
dividual serine codons to alanine resulted 
in partial activation. Autophosphoryla- 
tion of MEK parallels phosphorylation of 
the MAPK substrate. 

raf activation: 

/MEK 

XMAPK-KR 

8 

MEK-WT MEK-2A 
FIG. 5. Ser218 and Ser222 are required for activation of MEK in 

vitro by MEKK or raf. Immunopurified MEK-WT or MEK S218A/ 
S222A mutant was activated in vitro with purified AMEKK, Araf, as 
described under "Experimental Procedures" using MAPK-KR as sub- 
strate. After SDS-PAGE and autoradiography, labeled MAPK was ex- 
cised from the gel and quantified by Cerenkov counting. MEK-WT, but 
not the S218A/S222A, mutant was efficiently activated by AMEKK and 
Ära/1. 

to be active independent of activation by phosphorylation by 
upstream kinases. To test this hypothesis, we constructed a 
mutant allele of MEK that contains the two mutations S218E 
and S222E, termed MEK-2E. Immunopurified MEK-2E was 
found to be catalytically active (see Fig. 6) but a more impor- 
tant question was whether the activity of the MEK-2E protein 
requires activation by upstream kinases. 

In the experiment shown in Fig. 6, we expressed MEK-WT or 
MEK-2E together in cells with either Araf or the kinase-inac- 
tive Araf-KR mutant (neither raf allele was epitope tagged in 

Kinase: None 
raf activator: 

Substrate:  i  

-MEK-WT-i r-MEK-2E- 
+       -       +       - 
 MAPK-KR  

MEK- 
ppMAPK-» 

MAPK^ ■■■HPf 255 ^^^^F 

FIG. 6. MEK-2E allele is constitutively active. EE epitope-tagged 
MEK-WT or MEK-2E proteins were expressed together in cells with 
untagged Araf or the kinase-inactive Araf-KR mutant (designated + or 
- raf activator). Activity of the immunopurified MEK was detected 
using inactive MAPK-KR as substrate, detecting phosphorylation of 
MAPK by upward mobility shift on SDS-PAGE. MAPK is mostly un- 
phosphorylated when incubated without MEK protein (lane 1). Incuba- 
tion of the MAPK-KR substrate with Araf-activated MEK-1 results in 
nearly complete conversion of MAPK to the phosphorylated form (lane 
2), but little conversion if MEK-1 is co-expressed with the inactive raf 
allele (lane 3). The MEK-2E mutant protein is also able to effect com- 
plete conversion of the MAPK-KR substrate to the phosphorylated form, 
either when expressed with (lane 4) or without (lane 5) active raf 
kinase. Thus MEK-2E activity is independent of upstream activation. 

this experiment). We then measured the ability of the immu- 
nopurified MEK to phosphorylate inactive MAPK-KR, detect- 
ing phosphorylation of MAPK by upward mobility shift on SDS- 
PAGE. Approximately 90% of immunopurified MAPK substrate 
is unphosphorylated (lane 1) when incubated without MEK 
protein. Incubation of the MAPK-KR substrate with Araf-acti- 
vated MEK-1 results in nearly complete conversion of MAPK to 
the phosphorylated form (lane 2), but little conversion of 
MAPK is seen if MEK-1 is co-expressed with the inactive raf 
allele, demonstrating that activity of wild type MEK-1 protein 
is dependent upon activation by the co-expressed raf kinase. 
The MEK-2E mutant protein is also able to effect complete 
conversion of the MAPK-KR substrate to the phosphorylated 
form, but in contrast to the wild type MEK protein, MEK-2E is 
active when expressed either with or without active raf kinase 
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that codon position. In contrast, Arafkinase phosphorylates both codons approximately equally at all time points. 

(lane 5). Thus MEK-2E activity is independent of upstream 
activation. 

MEKK and raf Have Distinct Specificity for Site Phospho- 
rylation—-The experiment shown in Fig. 3 suggests that phos- 
phorylation of MEK-1 by raf results in approximately equal 
phosphorylation on serines at codons 218 and 222, whereas 
MEKK phosphorylates codon 218 preferentially. However, this 
distinction could reflect differences in the completion of the 
phosphorylation reaction rather than differences in the actual 
site preferences. Therefore we sought means of observing the 
kinetics of phosphorylation of each codon separately. 

We first considered using synthetic peptide substrates to 
measure the site specificity of MEKK or raf. However, versions 
of MEK-1 containing large (50-100 codons) deletions distant to 
the activating sites have been completely unphosphorylated by 
MEKK or raf.2 We interpret this to mean that an intact MEK 
protein is required for recognition of MEK-1 as a substrate by 
these kinases. It thus seems unlikely that peptide substrates 
could give meaningful results. 

To measure phosphorylation of MEK on each of the two 
codons, we instead utilized MEK S218T and S222T mutations, 
together with the inactivating KE mutation. The reciprocal 
threonine mutations are important for measuring potential dif- 
ferences in codon specificity versus preference for serine over 
threonine residues. MEK S218T or S222T mutants were ex- 
pressed separately and then immunopurified and reacted to- 
gether with AMEKK or Araf kinases for increasing time peri- 
ods. Radiolabeled MEK protein was subjected to phosphoamino 
acid analysis, and the amount of radiolabel associated with 
phosphoserine or phosphothreonine was quantified using an 
AMBIS ß-detector. 

Fig. 7 shows the analysis of the four experiments using the 

2 M. Yan, unpublished observations. 

two substrates and the two kinases. MEKK was found to phos- 
phorylate the residue at codon 218 more rapidly than the resi- 
due at codon 222 in reactions with both mutant MEK proteins 
(A and C). At later time points, phosphorylation on codon 218 
plateaus and phosphorylation at codon 222 increases slightly. 
In contrast, Arafkinase (B and D) phosphorylated both codons 
approximately equally at all time points. When codon 222 was 
substitute with threonine, slightly less radioactive phospho- 
threonine was detected with either kinase. This may reflect 
that threonine is a slightly less preferred residue for both ki- 
nases. It is clear, however, that phosphorylation of MEK by 
MEKK and raf is biochemically distinguishable, although we 
have not detected biological consequences of this differentially 
phosphorylated MEK proteins. 

DISCUSSION 

Identification of the sites of activation of MEK-1 clarifies the 
role of MEKK and raf in transduction of cellular growth sig- 
nals. The two sites of activating phosphorylation lie within a 
domain of MEK-1 between kinase domains VII and VIII (18). 
This activation domain of MEK-1 is conserved between MEK 
variants and species homologs. Fig. 8A shows the alignment of 
the comparable region of many MEK homologs across diverse 
species. In all cases, the 2 serines identified as MEK-1 activa- 
tion sites are preserved, although in yeast and Xenopus the 
second serine is changed to a threonine residue. 

Fig. 8B depicts the analogous regions of several serine-threo- 
nine protein kinases for which the sites of activating phospho- 
rylation are known. In all examples found, activating phospho- 
rylation also occurs between conserved kinase domains VII and 
VII. For the analogous activating region of MAPK, this region 
lies in a solvent-exposed portion of the protein, which has been 
termed the "activating lip" (34) and which may partially ob- 
struct a substrate binding pocket. Spacial conservation of the 
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FIG. 8. Comparison of the activation domain in homologs of 

MEK-1 and in other serine/threonine kinases. A, amino acid se- 
quences of MEK-1 and homologous proteins are compared in the region 
of the activating phosphorylation sites of MEK-1. Shaded boxes indicate 
serine or threonine residues conserved at the sites of MEK activation. 
Amino acid sequences of rat MEK-2 (MAP kinase kinase-2) (4) Dro- 
sophila Dsor-1 (19), Xenopus MAPKK (20), Xenopus MEK-2 and MEK-3 
(21), Schizosaccharomyces byr-1 (22) and wis-1 (23), Saccharomyces 
PBS-2 (24), STE7 (25), and MKK1 and MKK2 (26) were from published 
sources. B, regions of several serine/threonine protein kinases between 
conserved domains VII and VIII are compared in which the kinases are 
known to be stimulated by phosphorylation in this region. Shaded boxes 
show sites of phosphorylation. Published sources identifying activating 
sites were used for MAPK(27), PKC-a (28), cdc2 (29, 30), c-raA3 D, PKA 
(32), and ISPK-1 (33). 

naling in several ways. For example, the two distinctly phos- 
phorylated forms of MEK could recognize different substrates 
other than MAPK. Under this scenario doubly phosphorylated 
MEK (activated by raf) could phosphorylate an unknown sub- 
strate critical for cell transformation that is not recognized by 
MEKK activated MEK-1. Alternatively, one of the differently 
phosphorylated MEK-1 forms could remain activated longer 
within the cell. Since phosphatase(s) that inactivate MEK-1 
have not been characterized, it is possible that a separate phos- 
phatase is responsible for dephosphorylating each residues. If 
this were true, termination of the two activating events might 
be separately regulated. Since our data indicate that singly 
phosphorylated MEK-1 remains partially activated (see Fig. 4), 
a phosphatase specific for codon 218 could specifically negate 
signals arising from MEKK activation while leaving the signal 
arising from raf partially intact. 

Irrespective of mechanism, the differences between MEK-1 
signal transduction effected by MEKK or raf is significant for 
one overriding reason: raf'has clearly been identified as a com- 
ponent of an oncogenic kinase cascade, whereas MEKK has not. 
Alternative phosphorylation of MEK-1 protein, resulting in 
similar yet distinct activation of MEK-1, could be a means by 
which oncogenic versus non-oncogenic growth signals are 
propagated. 

Since this work was completed, a report identifying MEK 
codons 218 and 222 as substrates for raf has been published 
(36). 
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sites of activating phosphorylation suggests that this mode of 
regulation of kinase activity is strongly conserved, especially 
among kinases within signal transduction cascades. Activation 
sites in other kinases might thus be inferred by homology to 
this region. 

The constitutive activity of our MEK-2E allele strongly sup- 
ports the identification of codons 218 and 222 as sites of acti- 
vating phosphorylation on MEK. Furthermore, this allele could 
prove to be a valuable reagent for analysis of signal transduc- 
tion events, since it almost certainly contributes a continuous 
MEK-1 signal to the cell. We have recently constructed cell 
fines that express the MEK-2E allele in a regulated fashion and 
are beginning to measure the effects of this allele on growth 
signaling in cells. It should be noted that our strategy of sub- 
stituting acidic residues in place of activating phosphorylation 
sites is not always successful. As a pertinent example, we have 
detected no activity in alleles of MAPK (obtained from Michael 
Weber) containing substitutions of glutamic acid for either the 
phosphorylated threonine, or tyrosine residues, or both. 

Although MEK-1 is clearly activated by raf and MEKK it is 
also capable of phosphorylating itself, as documented by sev- 
eral groups (20, 35). Using our S218T and S222T mutants we 
have confirmed that MEK-1 autophosphorylates both codons 
218 and 222 and also phosphorylates uncharacterized threo- 
nine and tyrosine residues. 

Our studies have shown clearly that phosphorylation of 
MEK-1 by MEKK and raf are not identical, with MEKK 
strongly preferring codon Ser218 as a site of phosphorylation. 
However, we do not know if this difference is reflected in bio- 
logical differences in the signaling process effected by these two 
kinases. Using phosphorylation and activation of MAPK as a 
measure of MEK-1 function, both MEKK and raf seem equally 
able to activate MEK-1. The differences we observe in site 
preference might, however, reflect biological differences in sig- 

REFERENCES 
1. Blenis, J. (1993) Proc. Natl. Acad. Sei. U. S. A 90, 5889-5892 
2. Crews, C. M., Alessandrini, A., and Erikson, R. L. (1992) Science 258,478-480 
3. Ashworth, A., Nakielny, S., Cohen, P., and Marshall, C. (1992) Oncogene 7, 

2555-2556 
4. Zheng, C. F., and Guan, K L. (1993) J. Biol. Chem. 268, 11435-11439 
5. Kyriakis, J. M., App, H., Zhang, X. F., Banerjee, P., Brautigan, D. L., Rapp, U. 

R., and Avrueh, J. (1992) Nature 358, 417-421 
6. Vqjtek, A B., Hollenberg, S. M„ and Cooper, J. A. (1993) Cell 74, 205-214 
7. Warne, P. H., Viciana, P. R., and Downward, J. (1993) Nature 364, 352-355 
8. Zhang, X. F., Settleman, J., Kyriakis, J. M., Takeuchi-Suzuki, E., Elledge, S. J., 

Marshall, M. S., Bruder, J. T., Rapp, U. R., and Avrueh, J. (1993) Nature 
364,308-313 > 

9. Van Aelst, L., Barr, M., Marcus, S., Polverino, A, and Wigler, M. (1993) Proc. 
Natl. Acad. Sei. U. S. A. 90, 6213-6217 

10. Lange-Carter, C. A., Pleiman, C. M., Gardner, A M., Blumer, K. J., and John- 
son, G. L. (1993) Science 260, 315-319 

11. Ahn, N. G., Seger, R., and Krebs, E. G. (1992) Curr. Opin. Cell Biol. 4,992-999 
12. Elroy-Stein, O., Fuerst, T., and Moss, B. (1989) Proc. Natl. Acad. Sei. U. S. A. 

86, 6126-6130 
13. Moss, B., Elroy-Stein, O., Mizukami, T., Alexander, W. A, and Fuerst, T. R. 

(1990) Nature 348, 91-92 
14. Qian, Y., Luckey, C, Horton, L., Esser, M., and Templeton, D. J. (1992) Mol. 

Cell. Biol. 12, 5363-5372 
15. Sarkar, G., and Sommer, S. S. (1990) BioTechniques 8, 404-7 
16. Kamps, M. P., and Sefton, B. M. (1989) Anal. Biochem. 176, 22-27 
17. Ahn, N. G., Campbell, J. S., Seger, R., Jensen, A. L., Graves, L. M., and Krebs, 

E. G (1993) Proc. Natl. Acad. Sei. U. S. A 90, 5143-5147 
18. Hanks, S. K, and Quinn, A. M. (1991) Methods Enzymol. 200, 38-62 
19. Tlsuda, L., Inoue, Y. H., Yoo, M. A, Mizuno, M., Hata, M., Lim, Y. M., Adachi- 

Yamada, T., Ryo, H, Masamune, Y, and Nishida, Y. (1993) Cell 72,407^14 
20. Kosako, H., Nishida, E., and Gotoh, Y (1993) EMBO J. 12, 787-794 
21. Yashar, B. M., Kelley, C, Yee, K, Errede, B., and Zon, L. I. (1993) Mol. Cell. 

Biol. 13, 5738-5748 
22. Nadin-Davis, S. A, and Nasim, A. (1990) Mol. Cell. Biol. 10, 549-560 
23. Warbrick, E., and Fantes, P. A. (1991) EMBO J. 10, 4291^299 
24. Boguslawski, G., and Polazzi, J. O. (1987) Proc. Natl. Acad. Sei. U. S. A. 84, 

5848-5852 
25. Teague, M. A, Chaleff, D. T., and Errede, B. (1986) Proc. Natl. Acad. Sei 

U. S. A 83, 7371-7375 
26. Irie, K, Takase, M., Lee, K S., Levin, D. E., Araki, H., Matsumoto, K, and 

Oshima, Y (1993) Mol. Cell. Biol. 13, 3076-3083 
27. Payne, D. M., Rossomando, A. J., Martino, P., Erickson, A. K, Her, J. H, 

Shabanowitz, J., Hunt, D. F., Weber, M. J., and Sturgill, T. W. (1991) EMBO 
J. 10, 885-892 

28. Cazaubon, S. M., and Parker, P. J. (1993) J. Biol. Chem. 268, 17559-17563 
29. Gould, K L., Moreno, S., Owen, D. J., Sazer, S., and Nurse, P. (1991) EMBO J. 

10, 3297-3309 



MEK-1 Activation by raf and MEEK                                                 19073 

30. Krek, W., and Nigg, E. A. (1992) New Biol. 4, 323-329 581-588 
31. Kolch, W., Heidecker, G., Kochs, G., Hummel, R., Vahidi, H., Mischak, H, 34. Zhang, F., Strand, A., Robbins, D., Cobb, M. H., and Goldsmith, E. J. (1994) 

FinkenzeUer, G., Marme, D., and Rapp, U. R. (1993) Nature 364, 249-252 Nature 367, 704-711 
32   Shoji S., Titani, K., Demaille, J. G., and Fischer, E. H. (1979) J. Biol. Chem. 35. Macdonald, S. G, Crews, C. M., Wu, L., Driller, J., Clark, R., Erikson, R. L., 

254, 6211-6214 and McCormick, F. (1993) Mol. Cell. Biol. 13, 6615-6620 
33. Sutherland, C, Campbell, D. G., and Cohen, P. (1993) Eur. J. Biochem. 212, 36. Zheng, C.-F., and Guan, K.-L. (1994) EMBO J. 13, 1123-1131 



LETTERS TO NATURE Append B   Y*A,t 

Activation of stress-activated 
protein kinase by 
MEKK1 phosphorylation 
of its activator SEK1 

Minhong Yan*, Tianang Dait, Joseph C. Deak*, 
John M. Kyriakisl, Leonard I. Zon§, 
James R. Woodgettt & Dennis J. Templeton* || 

* Institute of Pathology and Program in Cell Biology, 
Case Western Reserve University School of Medicine, 
10900 E. Euclid Avenue, Cleveland, Ohio 44106, USA 
t Ontario Cancer Institute, Princess Margaret Hospital, 
500 Sherbourne Street, Toronto, Ontario M4X 1K9, Canada 
t Diabetes Research Laboratory, 
Medical Services Massachusetts General Hospital and 
The Department of Medicine, Harvard Medical School, MGH East, 
149 13th Street, Charlestown, Massachusetts 02129, USA 
§ Division of Hematology, Howard Hughes Medical Institute, 
Children's Hospital, Harvard Medical School, Boston, 
Massachusetts 02115, USA 

A KINASE distinct from the MEK activator Raf1-3, termed MEK 
kinase-1 (MEKK), was originally identified by virtue of its homo- 
logy to kinases involved in yeast mating signal cascades . Like 
Raf, MEKK is capable of activating MEK in vitro**. High-level 
expression of MEKK in COS-7 cells4 or using vaccinia virus 
vectors5 also activates MEK and MAPK, indicating that MEKK 
and Raf provide alternative means of activating the MAPK signal- 
ling pathway. We have derived NIH3T3 cell sublines that can be 
induced to express active MEKK. Here we show that induction of 
MEKK does not result in the activation of MAPK, but instead 
stimulates the stress-activated protein kinases (SAPKs) which 
are identical to a Jun ammo-terminal kinase9'10. We find that 
MEKK regulates a new signalling cascade by phosphorylating an 

!l To whom correspondence should be addressed. 
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SAPK activator, SEK1 which in turn phosphorylates and activates 
SAPK. 

Stably transfected NIH3T3 subclones express MEKK in 
response to isopropyl-/J-r>thiogalactosidase (IPTG) (Fig. la) 
but MAPK activity remains unchanged (Fig. lb). In contrast, 
SAPK activity is increased six- to eightfold in MEKK-inducible 
cell lines but not in the parent NIH3T3 cells. These MEKK- 
expressing cells are able to activate MAPK in response to some 
mitogenic signals, because treatment with phorbol ester increases 
MAPK activity in each of these clones (as well as in NIH3T3 
cells), whereas SAPK activity is unaffected (Fig. lc). Increased 
SAPK activity is evident by 3 hours and maximal after 12 hours 
of induction; MAPK activity is unchanged throughout the 23- 
hour incubation with inducer (Fig. Id). Together these results 
iridicate that, in contrast to the presumed role of MEKK in 
activating MEK and MAPK, MEKK acts instead to activate 
SAPKs. Expression of truncated AMEKK in these clones 
resulted in six- to eightfold inhibition of growth rate compared 
with parental NIH3T3 cells. 

We modelled activation of SAPK by MEKK using cloned 
genes and purified proteins expressed using vaccinia virus 
vectors11,12. MEKK induced electrophoretic retardation of 
SAPK, which was suggestive of quantitative phosphorylation 
(Fig. 2a), and also increased the amount of phosphotyrosine in 
SAPK and activated its Jun N-terminal kinase activity. Thus, in 
this overexpression model as well as in the inducible cell line, 
MEKK expression results in activation of the SAPK pathway. 

We considered the possibility that activation of SAPK occur- 
red as a consequence of activation of the MEK and MAPK 
cascade. To stimulate MAPK independently of MEKK, we used 
activated Raf and a constitutively active allele of MEK1 termed 
MEK 2E (ref. 5). Both Raf and MEK 2E were able to induce 
phosphorylation of coexpressed MAPK (Fig. 2b). Neither of 
these MAPK activators induced phosphorylation of SAPK, indi- 
cating that the SAPK activation pathway is effectively insulated 
from the MAPK pathway. 

MEKK was unable to phosphorylate^APK in vitro (below). 
We therefore tested whether MEKK activated the newly identi- 
fied SAPK activator, SEK1 (ref. 13), whose sequence is similar 
to MEK1. Immunopurified MEKK (but not the inactive mutant 
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FIG. 1 a, MEKK expression in NIH3T3 cells. Epitope-tagged truncated 
MEKK (AMEKK) was detected in MEKK clone 1 cells (lanes 1 and 2) 
or in MEKK clone 2 cells (lanes 5-8) but not in a control clone (lanes 
3 and 4) treated with IPTG for 24 h (lanes 2 and 4) or at the indicated 

. - times (lanes 6-8). b, MAPK and SAPK activity in MEKK-inducible cell 
'$^ lines. Numbers below labelled bands indicate c.p.m. of radioactivity in 

substrates. SAPK activity, but not MAPK activity, was increased in 
response to MEKK expression, c, Functional MAPK signalling in NIH3T3 
cells and MEKK-expressing subclones after stimulation (+) with 
250 ng ml-1 TPA. d, Time course of induction of SAPK activity in MEKK 
3T3 clone 2 cells after IPTG treatment. MAPK activity throughout this 
period remained unchanged, whereas SAPK activity was increased even 
at the 3-h time point, when MEKK expression could not yet be detected. 

MEKK expression in cells used here is shown in a, lanes 5-8. 
METHODS. The EE epitope-tagged5 C-terminal 320 amino acids of 
MEKK1 (AMEKK) was expressed in NIH3T3 cells using the lacSwitch 
prompter (Stratagene). AMEKK was induced in cell clones with 1 mM 
IPTG and detected by immunoprecipitation and immunoblotting using 
the anti-EE monoclonal antibody (mAb). MAPK and SAPK activity was 
determined using polyclonal antibodies recognizing a C-terminal pep- 
tide of p42MAPK or a p54SAPK-GST fusion protein. Immune complexes 
containing protein from 10° cells were reacted with 0.5 ug GST-Jun 
(amino acids 5-89; ref. 8) for SAPK, or MBP (Sigma) for MAPK in 20- 
ul reactions (50 mM Tris-Cl, pH 7.4,10 mM MgCI2, 1 mM DTT, 15 uM 
ATP, 5 uCi [32P-y]ATP), for 30 min at room temperature. Radioactivity 
was quantified using an AMBIS ^-detector. 

MEKK(K-t-R) rapidly phosphorylated a glutathione-S-trans- 
ferase(GST)-SEK fusion protein on serine and threonine resi- 
dues (Fig. 3a) but failed to phosphorylate a SEK mutant in 
which the two residues equivalent to the sites of activation in 
MEK were mutated. Phosphorylation of GST-SEK activated 
the SAPK activity of GST-SEK. Thus, SEK is a substrate of 
MEKK and phosphorylation by MEKK is sufficient to activate 
SEK. MEKK expression also activates SEK in vivo (Fig. 3b). 
Activation of SAPK by MEKK requires functional SEK because 
coexpression of a dominant inhibitory allele of SEK blocks activ- 
ation of SAPK by MEKK (Fig. 3c). 

Coexpression of full-length MEKK protein is able to effect 
phosphorylation of SEK and activation of SAPK (Fig. 4a), simi- 
lar to the activation induced by truncated MEKK. The high 
activity of full-length MEKK protem during overexpression sug- 
gests that a cellular activity might regulate natural MEKK 
expressed at lower levels. This result is in contrast to Raf, which 
displays low levels of kinase activity unless truncated14. 

Our results demonstrate complete reconstitution of a kinase 
cascade, beginning with MEKK, that phosphorylates and activ- 
ates SEK, which subsequently phosphorylates and activates 
SAPK. Each component of this cascade is functionally parallel 

FIG. 2 Activation of SEK-SAPK pathway by coexpression of AMEKK 
using vaccinia virus vectors, a, Epitope-tagged SAPK was expressed 
with either the untagged inactive K -> R mutant of AMEKK (lane 1) or 
wild-type AMEKK (lane 2). Coexpression of active MEKK resulted in 
mobility shift of SAPK detected by anti-epitope immunoblotting (bottom 
panel) and also increased tyrosine phosphorylation of SAPK detected 
in anti-epitope immunoprecipitates (middle panel). SAPK activity was 
also strongly elevated, reflected by phosphorylation of GST-Jun(5-89) 
using anti-epitope immunoprecipitates (top panel), b, epitope-tagged 
MAPK (lanes 1-4) or SAPK (lanes 5-8) was expressed with epitope- 
tagged forms of truncated active Raf (lanes 1, 5), constitutively active 
MEK 2E (lanes 2, 6), AMEKK(K - R) mutant (lanes 3, 7) or AMEKK wild 
type (lanes 4, 8), and detected in whole cell lysates using anti-epitope 
western blot. Activation of both MAPK and SAPK is identifiable by the 
appearance of bands with delayed mobility, indicated by stars, pp prefix, 
phosphorylated protein forms. Raf and active MEK 2E are able to activ- 
ate MAPK, but not SAPK, thus the SAPK pathway is insulated from the 
MAPK pathway. MEKK is able to activate MAPK in this overexpression 
system, though it is not when expressed at lower levels (Fig. 1). Of the 
kinases tested, only MEKK is able to activate SAPK. 
METHODS. The N-terminal EE-epitope-tagged p54SAPKal, and un- 
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tagged AMEKK were expressed using the vaccinia virus expression sys- 
tem and the plasmid pTMl (ref. 12). Phosphotyrosine was detected 
using mAb 4G10 (UBI) to probe anti-EE immunoprecipitates. Jun kinase 
was assayed as for Fig. 1. Kinase expression and blotting has been 
described5. 
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a 
SEK phospwyution 

FIG. 3 a, MEKK phosphorylates and activates of SEK in vitro. 
Immune-purified AMEKK phosphorylated wild-type GST-SEK (lane 
3) on serine and threonine (see phosphoaminoacid analysis, 
inset), but not mutant GST-SEK protein lacking the two phos- 
phorylation sites (lane 4). GST-SEK1 phosphorylated by MEKK 
in vitro acquired SAPK kinase activity, as shown after secondary 
reaction with inactive (K>A) mutant thrombin-cleaved GST- 
SAPK with radioactive ATP (lane 6). Mutant GST-SEK protein 
lacking phosphorylation sites (lane 8) or reactions without either 
MEKK or SEK did not allow phosphorylation of SAPK. b, MEKK 
activates SEK1 in vivo. Epitope-tagged SEK expressed in CV1 
cells using a CMV expression vector (lane 1) became activated 
by (»expression of AMEKK lacking the epitope tag (lane 2). Anti- 
epitope immunocomplexes were assayed for SEK activity using 
GST-SAPK as substrate (see Fig. 1 legend), c, SAPK activation 
by MEKK requires SEK1. Epitope-tagged SAPK expressed using 
SV40-based vectors was activated by (»expression with AMEKK. 1234 
This activation was reversed by triple (»expression of a dominant 
inhibitory mutant of SEK1 containing (S220A, T224L; SEK AL). 
METHODS. Epitope-tagged AMEKK was expressed, immunopurified and eluted 
using excess EE peptide5. Bacterial SEK-GST fusion protein was purified and 
reacted in situ on glutathione-agarose beads. Activated MEKK was separated 
from GST-SEK by washing the glutathione beads, and subsequently incubated 
with SAPK substrate (cleaved from GST by thrombin, and containing an inactivat- 
ing K55A mutation) in kinase reactions containing [^PJATP (20 mM ATP total 
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concentration). Inhibition of HA-epitope-tagged SAPK by SEK-S220A, T224L (SEK- 
AL) was tested in L929 cells using the SV40-based pMT2 vector; 7 u,g SAPK, 7 ng 
AMEKK and 15 ug SEK-AL expression plasmids were transfected together with 
empty pMT2 vector DNA to equalize plasmid mass. SAPK assays represent 
triplicate measurements using GST-Jun substrate as described". 

to a component of the MAPK activation pathway: SAPK is 
analogous to MAPK, SEK analogous to MEK, and MEKK 
analogous to Raf (Fig. 4b). Other evidence suggests that SAPK 
signalling in response to ultraviolet irradiation ,l5 and tumour- 
necrosis factor-a16 lies downstream of Ras. Additionally, domi- 
nant inhibitory Ras reduces the activity of MEKK17 and the 
MEKK homologue Byr2 associates with Rasl in yeast18. Thus, 
in parallel to Raf-MEK-MAPK, the MEKK-SEK-SAPK 
pathway most probably lies downstream of Ras. Cofactors for 
Ras must exist that contribute specifically to either the mitogenic 
or stress-response pathways. 
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FIG. 4 a, Activation of SEK and SAPK in vivo by full-length MEKK. Using the 
vaccinia virus expression system in CV1 cells, SEK1 or SAPK were separately 
expressed alone (lane 1) or with vectors encoding full-length wild-type MEKK1 
(lane 2) or a kinase-inactive (K447R) mutant allele of MEKK1 (lane 3). Expression 
of several bands related to full-length MEKK (top panel) was detected using 
chicken polyclonal antibodies raised against bacterially expressed AMEKK. Endo- 
genous proteins of 70K, 90K and 110K were also detected (lane 1). Epitope- 
tagged SEK1 and SAPK1 (middle panels) were detected by immunoblotting. Elec- 
trophoretically retarded bands arising from phosphorylation of both SEK and SAPK 
were observed from coexpression with full-length MEKK, indicating that MEKK 
thus expressed is constitutively active. SAPK activity was activated by full-length 
MEKK (bottom panel), b, Diagram of separate pathways emanating from Raf and 
MEKK. Both Raf and MEKK appear to be dependent upon the function of Ras, 
as described in the text The Raf-MEK-MAPK pathway is functionally analogous 
to the MEKK-SEK-SAPK pathway, although the result of stimulation of each path- 
way is distinct A dotted arrow from MEKK to MEK reflects the ability of MEKK to 
phosphorylate MEK in vitro and during high-level cell expression. In stable induc- 
ible cell lines, MAPK activation by MEKK is not seen, drawing the physiological 
significance of this path into question. The opposing nature of two signalling 
pathways both emanating from Ras suggests an important role for factors 
cooperating with Ras to provide specificity for stimulation of one path versus the 
other. 

Is MEKK able to activate MEK, as originally proposed? 
When tested in vitro or during overexpression4,5, MEKK is 
able to phosphorylate and activate MEK. But with the stable 
MEKK-inducible NIH3T3 cells studied here, MEKK, through 
SEK, activates SAPK and not MAPK, even though these 
cells express an intact MAPK activation pathway. MEKK 
might stimulate MAPK in other cell types, or transiently, 
although we detected no MAPK activity as early as 3 hours, 
at which time SAPK activity was raised and MEKK was 
undetectable. Additionally, activated Drosophila MEK (Dsorl) 
rescues D-Raf null mutants in both the Torso and R7 photo- 
receptor pathways19, implicating Raf as the major physiological 
MEK activator. 

Perhaps it is appropriate to consider MEKK versus RAF 
signalling as analogue rather than binary cell regulation. 
Depending on the interplay between kinase activities, substrate 
availability and the intracellular milieu, MEKK might activate 
SAPK in our experimental systems; other cellular conditions 
might translate MEKK activity into a variety of mixed signals 
involving other homologues of MAPK20, including SAPK.   D 
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