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lating acid resistance in vivo, was corroborated 
by in vitro experiments. When E. coli strains 
isolated from the cattle were grown in the lab- 
oratory with a high concentration of glucose, 
acetic acid accumulated in the medium, pH 
declined, and the cell sunrival after acid shock 
was high (Fig. 3B). If the glucose concentration 
of the medium was low, little acid was pro- 
duced, and cell survival was extremely low. 
Strains isolated from cattle fed forage or grain, 
and E. coli 0157:H7 (ATCC 43895, CDC EDL 
933) behaved similarly, and this result indicated 
that grain feeding was inducing acid resistance 
rather than selecting a different population of E. 
coli. 

About 5% of our E. coli isolates (n  = 155) 
were sorbitol negative, a diagnostic trait of 
0157:H7 (14); but none of these strains tested 
positive for 0157:H7 antigens (18). The ab- 
sence of E. coli 0157:H7 i n  our cattle is not 
surprising. Previous workers have noted that 
nonpathogenic E. coli can often outgrow patho- 
genic strains, and this point is illustrated by at 
least three obsenrations: (i) The percentage of 
0157:H7-positive animals in herds directly 
linked to outbreaks was less than 2% (19); (ii) 
even cattle experimentally inoculated with E. 
coli 0157:H7 did not shed the bacterium for 
long periods of time (20): and (iii) E. coli 
0157:H7 numbers can be reduced by giving 
animals doses of nonpathogenic E. coli (21). 

The finding that grain feeding increased 
both the number and acid resistance of E. coli 
in cattle could have significant implications 
for food safety. Although not all E. coli are 
pathogenic, there is always the risk that at 
least some cattle will harbor pathogenic 
strains. Acid resistance appears to be a factor 
in the dissemination (transmission) of E. coli 
from cattle to humans. Therefore, it is rea- 
sonable to suggest that the induction of acid 
resistance could increase the risk of food- 
borne illness. Our studies indicated that the 
time needed to decrease E. coli numbers was 
relatively short (Fig. 4A). Cattle adapted to a 
90% grain diet had an acid-resistant E. coli 
count greater than lo6 viable cells per gram. 
After change to a hay diet, the viable cell 
number immediately declined, and after 5 
days the E. coli population was nearly 1O6- 
fold lower (Fig. 4B). 

Grain feeding is a practice that promotes 
the production and efficiency of cattle pro- 
duction, and it is unlikely that American cat- 
tle will ever be fed diets consisting only of 
hay. However, our studies indicate that cattle 
could be given hay for a brief period imme- 
diately before slaughter to significantly re- 
duce the risk of food-borne E. coli infection. 
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MPI: A MEK Binding Partner 
That Enhances Enzymatic 

Activation of the MAP Kinase 
Cascade 

Hans J. Schaeffer," Andrew D. Catling," Scott T. Eblen, 
Lara S. Collier,? Anke Krauss,$ Michael J. WeberS 

Signal transduction is controlled both by regulation of enzyme activation and 
by organization of enzymatic complexes with nonenzymatic adapters, scaffolds, 
and anchor proteins. The extracellular signal-regulated kinase (ERK) cascade is 
one of several evolutionarily conserved mitogen-activated protein (MAP) kinase 
cascades important in the regulation of growth, apoptosis, and differentiation. 
A two-hybrid screen was conducted t o  identify nonenzymatic components of 
this signaling cascade that might be important in  regulating its activity. A 
protein called MPI (MEK Partner 1) was identified that bound specifically t o  
MEKI and ERKl and facilitated their activation. When overexpressed in cultured 
cells, MPI enhanced activation of ERKl and activation of a reporter driven by 
the transcription factor Elk-1. Expression of MPI in cells increased binding of 
ERKl t o  MEKI. MPI apparently functions as an adapter t o  enhance the effi- 
ciency of the MAP kinase cascade. 

The MAP kinases ERKl and ERK2 are com- way, the specificity and efficiency of the 
ponents of a protein kinase cascade display- enzymatic components are facilitated by a 
ing evolutionary conservation of protein se- nonenzymatic "scaffolding protein," STE5, 
quence and a three-kinase architecture (1). that directly interacts with the signaling en- 
ERKs are activated by the MAP kinase ki- zymes of this pathway (2). 
nases MEKl or MEK2 . MEKs, in turn, are Although a scaffold-like component has 
activated by members of the Raf family. In a not previously been reported for MAP kinase 
related MAP kinase pathway in Saccharoiny- pathways in higher eukaryotic systems, our 
ces cerevisiae, the pheromone response path- earlier work indicated that efficient signaling 

through the Raf-MEK-ERK pathway also ap- 
pears to require an additional, unknown com- 
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comparable enzymatic activity but are unable 
to transform cells (3) or to activate ERKs in 
vivo (5). Thus, the ability of mutationally 
activated MEK to transform cells depends not 
only on the enzymatic activity of MEK, but 
also on the presence of the PRS. These find- 
ings indicated that a MEK partner that would 
interact with the PRS might be important for 
efficient MAP kinase signaling in mammali- 
an cells. 

To identify such MEK partners, we used a 
yeast two-hybrid screen (6) with MEKl as 
bait, and isolated a cDNA encoding a 13.5- 
kD protein that we term MP1 (MEK Partner 
1; GenBank accession number AF082526). 
Analysis of the predicted protein sequence 
revealed no obvious similarity to proteins in 
the GenBank, PDB, SwissProt, or PIR data- 
bases. However, we identified several clones 
identical to the MP1 cDNA sequence in 
mouse expressed sequence tag (EST) data- 
bases and highly conserved sequences 
(97.6% identity at the amino acid level) in 
human EST databases. RNA blot analysis 

of various mouse tissues showed similar 
amounts of a 1.4- to 1.5-kb MP1 transcript in 
heart, brain, lung, liver, muscle, and kidney, 
and smaller amounts in spleen and testis (7). 
MPl protein was detected by immunoblotting 
in various cell lines (NIH 3T3, Ratl, and 
CCL39 fibroblasts and PC12 pheochromocy- 
toma) (7). 

To define the region of MEKl that is 
necessary for MP1 binding, we fused various 
MEKl deletion mutants to the Gal4 DNA 
binding domain and tested them for their 
ability to interact with MP1 in the two-hybrid 
system. Only full-length MEKl and a frag- 
ment spanning the COOH-terminal half of 
MEKl that includes the PRS (MEKl 220- 
393) interacted with MP1. Moreover, a 

MEKl deletion mutant lacking the PRS 
(MEK1 APRS) failed to give a detectable 
signal in the two-hybrid assay (Fig. 1A). This 
observation indicated that the PRS is neces- 
sary for association of MEKl with MP1. 
MEK2 failed to bind detectably to MPl in the 
two-hybrid system (7). 

To determine whether MEKl and MPl 
interacted in mammalian cells, we tested 
whether the proteins would coirnmunopre- 
cipitate. CCL39 fibroblasts were transiently 
transfected with various HA-tagged MEK 
constructs and FLAG-tagged MP1. MEKl 
was coimmunoprecipitated with antibody to 
FLAG (Fig. 1B). Mutationally activated 
MEKl (S2 18, 222D) also coimmunoprecipi- 
tated with MPl (7). However, neither MEKl 
APRS nor MEK2 were detected in MPl im- 
munoprecipitations, in agreement with the 
two-hybrid results. 

To determine whether MP1 plays a role in 
the enzymatic activation of the Raf-MEK- 
ERK cascade, we developed an in vitro assay 
with purified recombinant B-Raf, MEK1, and 
MPl (8). MEKl was incubated with B-Raf 
alone or with B-Raf and MPl in the presence 
of Mg2+ and [~-~~P]adenosine triphosphate 
(ATP). Addition of MP1, but not lysozyme or 
boiled MPl (3, enhanced MEK phosphoryl- 
ation by B-Raf (Fig. 2A). Determination of 
MEKl activation with a coupled MAP kinas* 
myelin basic protein (MBP) phosphorylation 
assay demonstrated that enhanced phosphoryl- 
ation of MEKl due to MPl was quantitatively 
reflected in enhanced MEKl activation (Fig. 
2B). MPl also enhanced activation of ERIC by 
mutationally activated MEKl in the absence of 
B-Raf (Fig. 2C). Thus, MPl increases the abil- 
ity of MEKl to be activated by B-Raf and also 
enhances the ability of mutationally activated 
MEK to activate ERK in vitro. 

Although these data suggest that MPl fa- 
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Fig. 2. Effect of MP1 on MEK in vitro. (A) 
Enhanced phosphorylation of MEKl by B-Raf in 
vitro in the presence of MP1. Recombinant 
MEKl was incubated with B-Raf alone, with 
B-Raf and MP1, or with B-Raf and lysozyme 
control in the presence of MgZ+I[y-32P]ATP. 
Proteins were resolved by polyacrylamide gel 
electrophoresis and detected by autoradiogra- 
phy. (8) Enhanced activation of MEKl by B-Raf 
in the presence of MP1. Reactions were per- 
formed as described in (A) except that MEKl 
activity was measured in terms of its ability t o  
activate recombinant ERK. ERK activity was 
measured using MBP as substrate in the pres- 
ence of Mg2+I[y-32P]ATP. Proteins were re- 
solved by polyacrylamide gel electrophoresis 
and detected by autoradiography. (C) MP1 en- 
hances the activity of mutationally activated 
MEKl (MEK1 SID). MEKl S/D was incubated 
with recombinant ERK alone, with ERK and 
MP1, or ERK and lysozyme. ERK activity was 
later measured using MBP as substrate in the 
presence of MgZ+ l[y-32P]ATP. Proteins were 
resolved by polyacrylamide gel electrophoresis 
and detected by autoradiography. 
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Fig. 1. Binding of MP1 to  MEK. (A) Requirement 
of the MEKl PRS for MP1 binding. MEKl deletion 
mutants were constructed and tested for interac- 
tion with MP1 in the two-hybrid system. (B) 
Specific binding of MP1 to MEK1, but not to  
MEKl APRS or MEKZ. CCU9 cells were cotrans- 
fected with FLAG-tagged MP1 and HA-tagged 
MEK constructs. FLAG-MP1 immunoprecipitates 
(9) were immunoblotted for MEK with antibody 
to  HA (top panel) or for MP1 with antibody to  
FLAG (middle panel). Identical amounts of cell 
lysate were blotted with antibody to  HA to  verify 
expression of comparable amounts of MEK (lower 
panel). Epitope-tagged MEK expression constructs 
have been described (3). 
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Fig. 3. Association of MP1 with ERKl but not 
ERKZ. CC139 cells were transiently cotrans- 
fected with FLAG-tagged MP1 and HA-tagged 
ERKl or ERKZ constructs. Immunoprecipita- 
tions and blots were done as in Fig. 1. 
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cilitates MEKl function by binding specifi- gesting that MPl interacts preferentially with 
cally to the PRS, several lines of evidence inactive or partially active conformers of 
indicate that its mechanism of action may be MEK1. Moreover, even though MPl specif- 
more complex. For example, MP1 was with- ically binds to MEKl in vivo, it binds in vitro 
out effect on MEKl previously activated by to MEK2 as well. Consistent with this, MP1 
phosphorylation in vitro by B-Raf (7), sug- facilitates activation of both MEKl and 

Fig. 4. Specific activation of ERK1, but 80- 
not ERK2, after cotransfection with 
MP1. Duplicate dishes of NIH 3T3 cells 
were transiently cotransfected with 
HA-tagged ERKl or ERK2 and either 

60- 

MP1 or control vector. After 24 hours, 
cells were deprived of serum for 4 hours 8 
and then either left untreated or stim- 40- 
ulated with fetal calf serum (FCS, 10%) * 
for 10 min. HA-tagged ERKs were im- $ 
munoprecipitated and assayed with 5 
MBP as substrate, essentially as de- 
scribed (70). I 

M P l  - + - + - + - +  
ERKl + + + + - - . .  
ERK2 - - - - + + + +  
FCS - - + + - - + +  -------- 

ERKl blot ERK2 blot 

Fig. 5. Enhanced ERK1-stimulat- 3 

ed gene transcription in the 
presence of MP1. COS cells .s 
were transfected with various 5 
amounts of MEK1, ERK1, and g .- 
MP1 expression constructs, to- 5 
gether with reporter plasmids, at 
a fixed total DNA concentration. 2 
After 5 hours, cells were washed 
with phosphate-buffered saline 
and then incubated for 19 hours < 
in Dulbecco's modified Eagle's 2 , 
medium (DMEM) supplemented 9 
with FCS (1%). Cells were then I 
harvested and luciferase activity % 
was measured in duplicate dish- 
es. Constructs were transfected 
at the following concentrations, 
per dish: 50 ng of Gal4-Elk-1 and MP-1 - +  - +  - +  - +  .+ . +  . +  . +  - +  - +  - +  . +  

1000 ng of 5X GalCElMucif- 
erase reporter construct; o or MEK' SID - - 
2000 ng of pLNC MP1; 0, 25, ERKl Cng) 0 50 100 
100. or 500 nn of MEKl SID; and 
0,50, or 100 ng of pCGN HA-ERK1. In all cases, the total amount of transfected DNA was kept constant 
by addition of the appropriate empty vector. 

Fig. 6. MP1 increases the association between ERK1 and FLAG-ERKi + - + + + +  
MEK1. COS-1 cells were transfected with FLAG-ERK1, 

$,"EK1 I - + +  -+-- + +  
HA-MEK1, and increasing amounts of untagged MP1 
expression plasmidr After 5 hours, cells were washed and -7 placed in DMEM supplemented with FCS (10%) for 15 
hours. The cells were then washed twice and placed in IP FLAG Blot HA 

serum-free DMEM for 4 hours before harvesting in hypo- FLAG-ERKl , 
tonic lysis buffer (7 7). After centrifugation, FLAG-ERK1 
was immunoprecipitated from equal amounts of the I! 
soluble lysates with antibody t o  FLAG (Sigma) and 
washed as described (7 7). lmmunoprecipitated FLAG- HA.MEK1 , 
ERKl and associated HA-MEK1 were analyzed by immu- 
noblotting. Equal amounts of soluble lysate were immu- Lysate BIO~  HA 
noblotted for expression of HA-MEK1. The following 
amounts of each construct were used, as indicated, per 10-cm dish: 3 y g  of HA-MEK1; 2 y g  of 
FLAG-ERK1; and 0.1,0.5, or 1 y g  of MP1. The appropriate empty vector was used to  keep total DNA 
amounts constant in each transfection. 

9 -. 
' FLAG Blo! 

-0- 

FLAG 

MEK2 in vitro. The differences in MPl func- 
tion in vivo and in vitro could reflect differ- 
ences in posttranslational modification (for 
example, phosphorylation of MEK) or the 
requirement for additional factors. 

When MP1 was immunoprecipitated from 
CCL39 cells transfected with HA-tagged 
ERKs and FLAG-tagged MP 1, ERKl but not 
ERK2 was associated with MPl (Fig. 3). This 
raised the possibility that MP1 preferentially 
targets MEKl to ERK1. 

To test whether overexpression of MPl 
affects activation of ERKl in preference to 
ERK2, we transiently cotransfected NIH 3T3 
cells with HA-tagged ERKl or ERK2 and 
MP1 or control vector. After incubation in 
the absence of serum, cells were either left 
untreated or stimulated with serum, and MAP 
kinase activity was assessed in immune com- 
plex kinase assays. Enhanced ERKl activity 
(by a factor of 1.5 to 2.5) was observed when 
coexpressed with MP1 (Fig. 4). Enhancement 
of ERK activation by MP1 in vivo was less 
than seen in vitro (Fig. 2), possibly because 
of the presence of endogenous MP1 in the 
cells. Expression of MPl did not enhance 
ERK2 activation by serum. 

MPl did not enhance ERKl activation in 
every trial (7). This may result from experi- 
mental variability in the expression (and con- 
sequently the relative stoichiometry in vivo) 
of MP1, MEK1, and ERK1. For adapter or 
scaffold proteins to facilitate signaling, the 
relative concentrations of the components 
must be in balance. Therefore, we examined 
the effects of MPl on signaling when the 
amount of mutationally activated MEKl and 
ERKl DNA transfected were varied. MAP 
kinase activation was assayed by measuring 
activation of the transcription factor Elk-1 
driving a luciferase reporter (Fig. 5). 

When MPl was cotransfected with vari- 
ous concentrations of mutationally activated 
MEK1, but without additional ERK1, MP 1 
expression did not affect activation of Elk-1. 
However, in cells transfected with mutation- 
ally activated MEK1, MP1, and 50 ng of 
ERK1, MP 1 enhanced transcriptional activa- 
tion of Elk-1 in the presence of small but not 
large amounts of input MEK1. When the 
same experiment was performed with twice 
as much ERKl cDNA (100 ng), MP1 acti- 
vated transcription at both high and low con- 
centrations of input MEKI. Immunoblots 
confirmed that the expression of MEK and 
ERK was dose-dependent with respect to the 
amount of plasmid transfected, and that co- 
expression of MP1 did not influence expres- 
sion of the other components (7). MPl appar- 
ently stimulates activation of Elk-1 until 
ERKl becomes limiting; increasing the 
ERKl concentration allows the MPl effect to 
occur at higher concentrations of MEK1. 
These data do not address the issue of iso- 
form specificity because cells transfected by 
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mutationally activated MEK become trans- 
formed, activating both isoforms of MEK and 
ERK. However, this experiment clearly dem- 
onstrates the ability of MP1 to enhance sig- 
naling through the MAP kinase pathway, de- 
pendent on the relative stoichiometries of the 
components. 

MPl may participate in functionally link- 
ing a subset of components of the MAP 
kinase pathway by facilitating specific pro- 
tein-protein interactions. To test this directly, 
we assessed the effect of vaiying amounts of 
MPl expression on the binding of MEKl 
with ERKl (Fig. 6). Cells were transfected 
with DNAs encoding MEKl, ERK1, and in- 
creasing amounts of MP1. Expression of 
MP1 enhanced the coimmunoprecipitation of 
MEKl with ERK1, except at the highest 
amounts of MP1 DNA, where a decrease in 
MEK1-ERK1 binding was observed. These 
results are consistent with a model where 
MP1 can form a ternary complex with MEKl 
and ERK1, facilitating the interaction of the 
two enzymes; however, at high concentra- 
tions of MP1, binary MP1-ERK1 and MP1- 
MEKl complexes would be favored. 

In yeast, scaffolding proteins such as 
STE5 can enhance signaling by locally se- 
questering a subset of components. In the 
mammalian MAP kinase pathway, analogous 
functions may be distributed among several 
proteins, acting at different steps in the path- 
way, with MP1 facilitating the functional in- 
teractions involving MEK. The existence of 
multiple small proteins that serve adapter 
functions would provide enhanced flexibility 
in regulating the efficiency and specificity of 
the MAP kinase cascade. 
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A Mammalian Scaffold Complex 
That Selectively Mediates MAP 

Kinase Activation 
Alan J. Whitmarsh, Julie Cavanagh, Cathy Tournier, Jun Yasuda, 

Roger J. Davis* 

The c-Jun NH,-terminal kinase (INK) group of mitogen-activated protein (MAP) 
kinases is activated by the exposure of cells t o  multiple forms of stress. A 
putative scaffold protein was identified that interacts wi th  multiple compo- 
nents of the JNK signaling pathway, including the mixed-lineage group of MAP 
kinase kinase kinases (MLK), the MAP kinase kinase MKK7, and the MAP kinase 
JNK. This scaffold protein selectively enhanced JNK activation by the MLK 
signaling pathway. These data establish that a mammalian scaffold protein can 
mediate activation of a MAP kinase signaling pathway. 

The c-Jun NH,-terminal kinase (JNK) group 
of MAP kinases represents one of three 
groups of MAP kinases that have been iden- 
tified in inammalian cells (I). JNK is activat- 
ed in cells exposed to environmental stress or 
in cells treated with proinflammatory cyto- 
kines. Targets of the JNK signaling pathway 
include the transcription factors ATF-2, Elk- 
1, c-Jun, and NFAT4. JNK is required for a 
number of cellular processes in both Dro- 

a MAP kinase kinase kinase (MAPKKK). 
Distinct signaling modules activate the differ- 
ent MAP kinase groups. Components of the 
JNK signaling module include the MAPKKs 
MKK4 and MKK7, together with members of 
the MEK lunase (MEKK) and mixed-lineage 
kinase (MLK) groups of MAPKKKs. JNK ac- 
tivity can therefore be regulated by many 
protein kinases, some of which also regulate 
other MAP kinase signaling pathways. Be- 

sophzla and mammalian cells. These include cause JNK also displays some overlap in 
early embryonic development, apoptosis, on- substrate specificity with other MAP kinases, 
cogenic transformation, and the immune re- mechanisms must exist to achieve signaling 
sponse (I). specificity and to ensure the correct biologi- 

Similar to other MAP kinases, JNK is cal response to extracellular stimulation. 
activated by dual phosphorylation on Thr and An emerging property of signal transduc- 
Tyr within protein kinase subdomain VIII by tion pathways that might account for speci- 
a MAP kinase kinase (MAPKK). Each ficity is the formation of signaling complexes 
MAPKK is phosphorylated and activated by (2). These complexes may result from the 

physical interaction between components of 
Program in Molecular Medicine, Department of Bio. ' paTticular pathways Or as- 
chemistrv and Molecular Bioloev, Universitv o f  Mas- sembly of signaling molecules on anchor or 
sachusetis Medical School andHoward  Hu ihes  Med- scaffold proteins that localize their binding 
ical Institute, Worcester, M A  01605, USA. partners to specific subcellular compartments 
'To w h o m  correspondence should be addressed. or to specific substrates. Multienzyme com- 
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