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MEK kinases (MEKKS) 1, 2, 3 and 4 are members of
sequential kinase pathways that regulate MAP kinases
including c-Jun NH,-terminal kinases (JNKs) and extra-
cellular regulated kinases (ERKSs). Confocal immuno-
fluorescence microscopy of COS cells demonstrated
differential MEKK subcellular localization: MEKK1
was nuclear and in post-Golgi vesicular-like structures;
MEKK2 and 4 were localized to distinct Golgi-associ-
ated vesiclesthatwere dispersed by brefeldin A. MEKK1
and 2 were activated by EGF, and kinase-inactive
mutants of each MEKK partially inhibited EGF-stimu-
lated JNK activity. Kinase-inactive MEKK1, but not
MEKK2, 3 or 4, strongly inhibited EGF-stimulated
ERK activity. In contrast to MEKK2 and 3, MEKK1
and 4 specifically associated with Rac and Cdc42 and
kinase-inactive mutants blocked Rac/Cdc42 stimulation
of JNK activity. Inhibitory mutants of MEKK1-4 did
not affect p21-activated kinase (PAK) activation of INK,
indicating that the PAK-regulated JNK pathway is inde-
pendent of MEKKSs. Thus, in different cellular locations,
specific MEKKs are required for the regulation of
MAPK family members, and MEKK1 and 4 are involved

in the regulation of JNK activation by Rac/Cdc42
independent of PAK. Differential MEKK subcellular
distribution and interaction with small GTP-binding
proteins provides a mechanism to regulate MAP kinase
responses in localized regions of the cell and to different
upstream stimuli.
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Introduction
The mitogen-activated protein kinase (MAPK) family of

serine/threonine kinases is composed of the extracellular

regulated kinases (ERKSs), c-Jun Mtérminal kinases
(JNKs) and p38 kinases (for review, see Kyriakis and
Avruch, 1996). The MAPKs are components of sequential

Raf which regulates the ERK pathway (Desttal, 1992;
Howe etal, 1992; Kyriakisetal, 1992) and a group
of MEK (MAP/ERK kinase) kinases (MEKKSs) which,
although they have the ability to activate ERK (Lange-
Carteret al, 1993; Blanket al,, 1996), appear to preferen-
tially regulate the JNK pathway (Kyriakist al., 1994;
Minden et al,, 1994; Yanet al,, 1994). In addition to Raf
and MEKKs, other kinases have been proposed to function
as MAPK kinase kinases including germinal center kinase
(GCK), p2l-activated kinase (PAK), TdBactivated
kinase (TAK), tumor progression locus-2 (Tpl-2), mixed
lineage kinase-3 (MLK-3), mitogen-activated protein
kinase kinase kinase 5 (MAPKKKS5) and apoptosis signal
regulating kinase 1 (ASK1) (Bagrodé al., 1995; Pombo

et al, 1995; Yamaguchet al,, 1995; Brownet al., 1996;
Ranaet al, 1996; Salmeroret al., 1996; Teramoteet al,
1996a; Waneet al,, 1996; Ichijoet al,, 1997). Thus, there
are potentially many different kinases where biochemical
and limited genetic evidence suggests these kinases could
function as MAPK kinase kinases. Why so many kinases
might function as MAPK kinase kinases is unclear; an
obvious explanation would be that these kinases allow
input into the MAPK pathways from many diverse stimuli
(for review, see Fangeat al., 1997).

Possibly the best example of multiple cellular stimuli
feeding into the MAPK pathways is illustrated by the
JNK pathway. In many cell types, growth factors such as
EGF and cytokines including IL-1 and TNFactivate the
JNK pathway (Coscet al, 1995). Also, stress stimuli
including heat shock, DNA damaging agents like cisplatin
and irradiation can activate the JNK pathway (¥ual,
1996; for review, see Kyriakis and Avruch, 1996). Cer-
tainly, agents like cisplatin and growth factors such as
EGF have dramatically different mechanisms of action
and different initial cellular signaling responses leading
to JNK activation.

We have cloned four MEKKS, referred to as MEKK1,
2, 3 and 4 based on the order in which they were cloned
(Lange-Carteret al, 1993; Blanket al, 1996; Gerwins
etal, 1997). Each functions as a MAPK kinase kinase
capable of activating the JNK pathway. MEKK1, 2 and 3
are also capable of activating the ERK pathway to varying
degrees in transfection experiments, whereas MEKK4 has
little ability to activate the ERKs. MEKK1-4 do not
appear to be involved in the regulation of the p38 pathway.

The deduced primary sequence of MEKK1, 2, 3 and 4
predicts specific properties for each (for review, see Fanger
et al,, 1997). The kinase domain of each MEKK is encoded
at the COOH-terminal end, with unique features in the

kinase cascades which are phosphorylated and activatedNH,-terminal regulatory moiety. MEKK1 is a 196 kDa

by an intermediate MAPK kinase in the pathway; MAPK

protein having a proline-rich motif near its NHerminus,

kinases are themselves phosphorylated and activated byone or two predicted pleckstrin homology domains and a

MAPK kinase kinases (for reviews, see Seger and Krebs,

1995; Denhardt, 1996). The MAPK kinase kinases include

© Oxford University Press

modest cysteine-rich domain. The MEKK1 kinase domain

region and a small sequence just upstream of the kinase
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domain have been shown to bind Ras in a GTP-dependent A
manner (Russekt al, 1995). MEKK2 and 3 are smaller
kinases being ~70 kDa with no demonstrable regulatory
domains except possible bipartite nuclear localization
signals in their NH-terminus (Blanlet al,, 1996). MEKK4

is a 180 kDa protein which is similar to MEKK1 and has

pCMV5

W MEKK1

pCMV5
MEKK4

MEKK1—

—206 = - ‘ <-MEKK4

a proline-rich motif near its Nkiterminus, a predicted R 17—
pleckstrin homology domain and a modified Cdc42/Rac b 4
interactive binding (CRIB) domain adjacent to its kinase MEKK1—%- %% -89 —

domain. The kinase domains of MEKK2 and 3 are 96%

conserved at the amino acid level indicating they are

extremely homologous in their catalytic regions, whereas ==
their NH,-terminal moieties are quite different. Relative

to MEKK2 and 3 the kinase domains of MEKK1 and 4

are ~55% conserved in amino acid sequence and similarly

conserved towards each other. As with MEKK2 and 3, C 0w o D22

the NH,-terminal domains of MEKK1 and 4 are also E § E ¥

dramatically different. Therefore the sequences of Q g Q <

MEKK1, 2, 3 and 4 indicate their regulation may be quite {006 -

different even though they all appear capable of activating

the JNK pathway. = Bl .4—MEKK3
In this report, we demonstrate that the MEKK family MEKK2 —- -89 -

members have distinct intracellular distributions. In addi-

tion, we show activation of MEKK family members

by epidermal growth factor and utilizing kinase-inactive —47 -
mutants more clearly define the role of each MEKK, and
the specificity inherent to each kinase, in mediating the
effects of this growth factor on MAPK family members.
Furthermore, evidence that the MEKK family members
differentially interact with GTP-binding proteins, and are
not required for INK activation by PAK, provide a better Fig. 1. Characterization of type-specific MEKK antibodies used for
mechanistic understanding of the sequence of eventsimmunofluorescence. Peptides corresponding to unique sequence
involved in regulation of not only the MEKKSs, but also within each MEKK family member were generated and used to derive

the MAPK family members. These findings define the MEKK type-specific antibodies (see Materials and methods). Western
y ’ blot analysis was performed on lysates from COS cells transfected

MEKK proteins as localized sensors in the cell for i either empty mammalian expression vector (pCMV5) or pCMV5
regulation of MAPK pathways. vector expressing the full-length forms GAXMEKKZ1, (B) MEKK4,
(C) MEKK2 or (D) MEKKS3. Relative sizes are indicated by molecular
weight markers.

Results

Subcellular localization of MEKKs Figure 2 shows the subcellular localization of MEKK1,
Figure 1 shows immunoblots for type-specific MEKK 2 and 4 that was determined using confocal immuno-
antibodies using lysates from control and MEKK1, 2, 3 fluorescence microscopy. Analysis was performed by co-
and 4 transfected COS cells. Endogenous MEKK1 is 196 staining with either wheat germ agglutinin (WGA) to

kDa and, due to different phosphorylation states, the identify plasma membrane and Golgi or anti-adaptin

recombinantly expressed MEKK1 migrates as a triplet at (AP-1) antibody, a marker specific for the Golgi adaptor
about this size. MEKK1 also has a 90 kDa proteolytic complex AP-1 (&hkd., 1988). For reference, J, K and
cleavage fragment (C.Widmann and G.Johnson, submittedL show the profiles of Golgi, mitochondria and the

for publication) which due to low abundance is difficult endoplasmic reticulum, respectively. Figure 2A and B
to observe, but is present in untransfected lysates anddemonstrate that MEKK1 is found in the nucleus and
readily apparent when expressed by transfection. Recom- dispersed in punctate vesicular-like structures in the cyto-

binant MEKK4 migrates as a slightly larger protein than plasm. Figure 2D and E show that MEKK2 localization
the endogenous 180 kDa MEKK4 protein because of its is different from that of MEKK1 in that it is found
hyperphosphorylated state and its epitope-tag. Endogenoupredominantly in the Golgi, as well as a distinct cyto-

MEKK2 and 3 are difficult to observe in immunoblots plasmic punctate pattern. Similar to MEKK2, but in
because of their low abundance. Transfected MEKK2 and contrast to MEKK1, MEKK4 appears strictly Golgi-
3 migrate as bands larger than their calculated size due in associated (Figure 2G and H). Using AP-1 as a marker

partto their phosphorylation, which also generates multiple for clathrin-coated membranes of thans-Golgi network
gel-shifted bands. The antibodies for MEKK1 and 2 were and brefeldin A (BFA) to induce rapid redistribution of
immunoprecipitating, whereas those for MEKK3 and 4 coat proteins associated with clathrin-coated vesicles from
were not. The antibody for MEKK3 did not stain cells ttrans-Golgi (Orci et al,, 1991), Figure 2B/C, E/F and

using indirect immunofluorescence procedures that were H/I demonstrate that MEKK2 and 4, but not MEKK1, are
successful with the antibodies raised against epitopes for associated with structures that lead to their redistribution
MEKK1, 2 and 4. in response to BFA. These findings demonstrate that
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Fig. 2. Subcellular localization of MEKK family members. COS cells were plated onto glass coverslips and, using type-specific MEKK antibodies,
digital confocal immunofluorescence was utilized to determine the subcellular localization of the MEKK family members. In (A), (D) and (G), cells
were stained with a combination of fluorescein conjugated WGA (green) to better visualize cell membrane (WGA also stains the Golgi complex in
COS cells), as well as with type-specific antibodies directed against eRl@MEKK1, (D) MEKK2 or (G) MEKK4 (red). In (B), (E) and (H), cells

were stained with a combination of an anti-adaptin (AP-1) antibody that identifies the Golgi complex by recognizing the Golgi adaptor complex
AP-1 (green), as well as with antibodies specific B MEKK1, (E) MEKK2 and H) MEKKA4 (red). Cells were treated with brefeldin A (BFA) to
induce redistribution of coat proteins associated with clathrin-coated vesicles framatiseGolgi and stained with anti-AP-1 (green) in combination

with antibodies specific for§) MEKK1, (F) MEKK2 and () MEKKA4. In order to better identify subcellular structure§ the Golgi complex was
identified with BODIPY-ceramide K) the mitochondria was identified with rhodamine 123 ah{l the endoplasmic reticulum (ER) (denoted by

arrow) was identified with DIOgL3).
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Thus, in COS cells, MEKK1 and 2 are activated by

() E EW ‘) E_EW stimulation of the EGF receptor independent of PI3-K
activation.
‘ ‘4—c Jun
Fold MEKK regulation of JNK and ERK activation in
Activation: 1.0 2.1 21 1.0 3.9 4.1 response to EGF

In order to define the role of MEKK1, 2, 3 and 4 in
Fig. 3. Regulation of MEKK1 and 2 by EGF. Representative example  mediating activation of pathways associated with MAPK
of at least three complex kinase assays where either endogenous  famjly members, JNK and ERK activation was measured
MEKK1 or 2 was immunoprecipitated following stimulation with . . . -
EGF. Where indicated cells were pretreated with 100 nM wortmannin In response 1o eXPress"?” Qf activated MEKK' family
(W) prior to EGF (E) stimulation. c-Jun phosphorylation was members or EGF stimulation in the presence of wortman-
measured following addition of recombinant wild type JNKK and nin or kinase-inactive mutants of each MEKK family
iy Promagt s nes i scomine  Tember. Expression of MEKKL, 2, $ and 4. where
autoradiograpny. ~ho S, the NH,-terminal regulatory domains have been deleted
the relative changes in MEKK1 and 2 activity. (AMEKK1-4), results in activation of JNK (Figure 4A)
to similar (~5-fold) levels and ERK (Figure 4B) to varying
degrees. Although sorbitol elicited a 3.5-fold activation,
none of theAMEKKSs were able to stimulate p38 activation
(data not shown). In COS cells EGF is also capable
of activating both JNK and ERK (Figure 4C and D,
respectively) which, similar to the activation of MEKK1
and 2, is insensitive to the effects of wortmannin (compare
Figure 3 with 4C and D) indicating PI3-K is not involved.
As illustrated in Figure 4E, only expression of a kinase-
inactive inhibitory mutant of MEKK1 and not the kinase-
inactive inhibitory mutants of MEKK2, 3 or 4 inhibit
ERK activation by EGF in COS cells. The inhibition of
ERK activation by kinase-inactive MEKK1 was80%.
Immunoblotting of the epitope-tagged MEKKs indicated
they were expressed at similar levels (not shown), demon-
strating the selectivity of kinase-inactive MEKKL1 in
inhibiting ERK activation. The inhibitory effect of kinase-
inactive MEKK1 on activation of the ERK pathway is
most likely related to the interaction of MEKK1 with Ras
(Russellet al,, 1995). Finally, kinase-inactive mutants of
each MEKK expressed in COS cells only modestly
inhibited EGF-mediated JNK activation, suggesting that
multiple MEKKs and possibly additional kinases are
involved in regulating the JNK pathways in response to
EGF (data not shown).

MEKK2 and 4 co-localize with Golgi-associated struc-
tures. However, a component of MEKK2 is also found
localized in BFA resistant structures in the cytoplasm. In
no instance did MEKK1, 2 or 4 appear associated with
the mitochondria or endoplasmic reticulum. These findings
were verified using additional antibodies recognizing inde-
pendent epitopes of MEKK1 and 2 and a green fluorescent
protein—-MEKKA4 fusion as described in the Materials and
methods. Thus, MEKK1, 2 and 4 are found in unique
subcellular locations in the cell with MEKK2 and 4
overlapping with BFA sensitive coat proteins in thans
Golgi. The differential distribution of the MEKK proteins
suggests selective roles for each in responses involving
MAPK pathways.

MEKK1 and 2 are activated by EGF

It has been particularly difficult to demonstrate the regula-
tion of MEKKs in response to extracellular stimuli
primarily because transiently expressed MEKKs are con-
stitutively active and immunoprecipitation of endogenous
MEKKSs results in high basal activity. The high basal
activity of MEKKs when recombinantly expressed and/or
immunoprecipitated is similar to STE11p B®accharo-
myces cerevisig@ MAPK kinase kinase component of the
pheromone response pathway (Neiman and Herskowitz,
1994). To overcome this problem we used dilutions of
MEKK1 and 2 immunoprecipitations from control and Kinase-inactive MEKK1 and 4 block Rac and Cdc42

EGF stimulated COS cells in an vitro sequential protein  activation of the JNK pathway

kinase assay (Gardnet al., 1994; Blanket al., 1996). In Constitutively activated mutants of Cdc42 and Rac
this assay, bacterially expressed JNK kinase and JNK are(Cdc42QL and RacQL) stimulate JNK activity, whereas
added to the kinase reaction and the MEKK activation of inhibitory mutants of Cdc42 and Rac having high affinity
the pathway is assayed by monitoring JNK phosphoryl- for GDP (N17Cdc42 and N17Rac) inhibit INK activation
ation of GST-c-Jun (Figure 3). In three independent by EGF, indicating that these low molecular weight GTP-
experiments imager analysis of the phosphorylated sub-binding proteins are critical mediators of the effects of
strate demonstrated EGF stimulated the activity of MEKK1 growth factors on JNK activation @asp1995; for

an average of 2.1-fold and MEKK2 an average of 3.9-fold. review, see Vojtek and Cooper, 1995). Figure 5 demon-

In mast cells we have also been able to demonstrate strates that kinase-inactive mutants of MEKK1 and 4
MEKKZ1 activation in response to crosslinking of the block Rac and Cdc42 stimulation of the JNK pathway. In
FceRI receptor (Ishizukat al,, 1996). MEKK1 and JNK contrast, kinase-inactive mutants of MEKK2 and 3 do not
activation in response to ERI ligation is inhibited by affect Rac and Cdc42 stimulation of the JNK pathway.

wortmannin, suggesting an involvement of phosphatidyl- Figure 5A shows a representative experiment, whereas
inositol 3-kinase (PI3-K) in the regulation of mast cell Figure 5B demonstrates that equal amounts of HA-tagged
MEKKZ1. Even though EGF elicited a 4.2-fold increase in JNK were immunoprecipitated from each sample.

PI3-K activity which was inhibited by wortmannin (data Figure 5C and D show the average of four to six experi-
not shown), in contrast to the results with theeRt ments for Cdc42 and Rac, demonstrating, respectively,
receptor, wortmannin did not inhibit either MEKK1 or 2 the regulation of the INK pathway and selective inhibition
activation in response to EGF in COS cells (Figure 3). by kinase-inactive MEKK1 and 4. These findings strongly
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implicate both MEKK1 and 4 in Rac/Cdc42 regulated bound state (Figure 6B and C, respectively). The full-

signal transduction pathways. length forms of MEKK2 and 3 were also unable to
. . associate with Rac, Cdc42 or Rho (data not shown)
MEKK1 and 4 associate with Rac1 and Cdc42 providing additional evidence that these two MEKKs do

Recombinant GST fusion proteins for Rac, Cdc42 and not pind to the Rho family of GTP-binding proteins.

GDP or GTP. The recombinant proteins were combined jn poth the GTP and GDP bound forms, MEKK4 did not
with COS ce:ll lysates expressing truncated f_orms of the pind to GST alone (Figure 6D) or to several other GST
_MEKK_ proteins that encod_e the COOH_—ter_mlnaI moiety fysion proteins (data not shown).

including the kinase domain to determine if the MEKK 14 yjigate the findings with bacterially expressed GST
proteins interacted with the low molecular weight GTP- fsjons we prepared recombinant polyhistidine fusions of
Rac and Cdc42, but not when they were loaded with GDP gjmjjar results were obtained where MEKK1 bound to
a GTP or GDP bound state. MEKK2 and 3 did not Rpo (Figure 6E). In contrast to MEKK1, MEKK4 bound
associate with Cdc42, Rac or Rho in either nucleotide {5 cdc42 and Rho in both the GTP and GDP states
(Figure 6F). These findings highlight the differential bind-
ing characteristics of MEKK1 and 4 to low molecular

4 o
o 8 weight GTP-binding proteins and predict different poten-
T ggog . tial regulatory functions for Cdc42/Rac in the control of
X X kX 2’ MEKK1 and 4.
=T33 33 3%
; iﬁ ; MEKKT1 and 4 bind directly to Cdc42 and Rac
“‘—Hun E: i To determine if the interaction of MEKK1 and 4 with
off Rac and Cdc42 was direct, MEKK family members were
E"" o expressed as maltose binding protein (MBP) fusions in
= bacteria and purified. Recombinant Rac and Cdc42 were
loaded with §-*2P]JGTR/S and incubated with either

0 MEKK1, 3 or 4 bound to amylose beads, washed, and the

T g € g N relative binding was determined for each MEKK-bead

2 g g g preparation. Rac and Cdc42 bound to MEKK1 and 4, but

= 5 - not to either MEKK3 or protein that encodes only MBP
C ‘ D ‘7 (Figure 7), confirming the findings in Figure 6 that
— 5l MEKK1 and 4 interact with Rac and Cdc42. Interestingly,
2 s the ability of MEKK4 to bind Rho {-*?P]GTR/S was low
3 41 Eg 4 relative to its association with Cdc42 and Rac (not shown).
_;‘:g §§ The reason for this is not apparent, because the specific
S’ v’ activity of the Rho }-32P]GTR/S was similar to that for
g% 5 o, | Rac and Cdc42. This suggests that the interaction of Rho
%;'5 8% with MEKK4 (see Figure 6) may involve another protein
T z and, although this binding event may be indirect, it

0 0

- E EW -} E EW Fig. 4. Analysis of JINK and ERK pathways in COS cells.

(A) Representative example of three experiments where endogenous

E - JNK was precipitated from cell lysates with GST—c-Jun conjugated to

Sepharose beads following transfection of either empty expression
vector (=) or NHB-terminally truncated forms of specific MEKK family
5 members AMEKK1—-4). Activity was measured in a kinase reaction
following the addition of -32P]ATP. Samples were separated by
SDS-PAGE and the relative JNK activity was evaluated using
Phosphorimager analysiB)Representative MAPK assay illustrating
results from three separate experiments where either empty expression
vector (=) or NB-terminally truncated MEKK family members
(AMEKK1-4) were expressed and endogenous ERK activity was
immunoprecipitated with an anti ERK2 antibody. Relative changes in
ERK activity were assayed by-£2P]ATP phosphorylation of substrate
peptide (EGFR2-68} and determined by scintillation counting.
Average relative changes in JNICYand ERK2 D) activity [measured
as described in (A) and (B), respectively] following EGF (E)
stimulation either with or without 200 nM wortmannin (W)
pretreatment. Average of three separate experiments are shown.
(E) Average EGF-mediated activation of MAPK activity following
expression of kinase-inactive forms of the MEKK family members
(MEKK1-4KM) and HA—ERK2. Empty expression vector (pCMV5)
was included as necessary to maintain equal DNA concentrations
1 during transfection. Averages represent four separate experiments.

Error bars represent the standard deviation.

Relative Fold Induction
of ERK Activity

MEKK1KM
| MEKK2KM

m
7]
-
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Fig. 5. MEKK1 and 4, but not MEKK2 and 3 contribute to JNK
activation by Cdc42 and Rac. COS cells were transfected with
activated forms of either Cdc42Q61L or RacQ61L along with kinase-
inactive forms of each MEKK family member (MEKK1-4KM).

Empty expression vector (0CMV5) was included as necessary to
maintain equal DNA concentrations during transfection. JNK activity
was measured following immunoprecipitation of HA-JNK.

(A) Autoradiograph of a representative INK ass&y.\Western blot of

a portion of the HA-JNK immunoprecipitation demonstrating the
equivalent levels of HA—JNK utilized in the assay. Average fold
inductions of JNK activation from 4-6 separate experiments following
stimulation with either €) Cdc42 or D) Rac. Error bars represent the
standard deviation.

contrasts to the direct binding of MEKK1 and 4 to Cdc42
and Rac.

Inhibitory mutant MEKKs do not block PAK
stimulation of JNK activity
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Fig. 6. MEKK1 and 4, but not MEKK2 or 3 associate with Rac and
Cdc42. COS cells were transfected with mammalian expression
plasmids expressing COOH-terminal kinase domains encoding either
MEKK1, 2, 3 or 4. In @), (B), (C) and D) lysates were incubated

with 10 pg of bacterially expressed GST fusions of either Cdc42, Rac,

The PAKs bind Cdc42 and Rac in a GTP-dependent or Rho loaded with either GDP or GY8 and conjugated to

manner (Manseretal, 1994) and mediate specific
responses involving Cdc42/Rac (Zhareg al, 1995;
Westwicket al, 1997). The homology between the PAKs
and STE20p (Manset al,, 1994), which mediates specific
responses involving Cdc42p 8cerevisiaglLebereret al,,
1997), has prompted the hypothesis that PAKs are inte
mediate in the regulatory pathway Cdc42/RdeAK -
MEKK (Minden et al,, 1995; for review, see Vojtek and

Sepharose beads. GST alone [GST(-)] was also included as a negative

control for nonspecific binding. InK) and F), COS cell lysates
recombinantly expressing either MEKK1 or 4 were incubated with

10 ug of Sf9 expressed polyhistidine (pHIS) tagged Cdc42 or Rho
loaded with either GDP or GTY8 and conjugated to Sepharose beads.
NTA-Ni Sepharose beads preincubated w9 lysate (—) were

r- included as a negative control for nonspecific binding. After washing,

precipitates were separated by SDS—PAGE, transferred to
nitrocellulose and Western blotted with type-specific antibodies for (A)
and (E) MEKK1, (B) MEKK2, (C) MEKKS3, and (D) and (F)

Cooper, 1995). However, the association of MEKK1 and MEKKA4.
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Fig. 7. MEKK1 and 4 bind directly to Rac and Cdc42.uy of
GST-Cdc42 or GST-Rac was loaded wit*fP]GTR/S and

incubated with 1Qug of bacterially expressed MBP fusions of

MEKK1, 3 and 4 conjugated to amylose resin. MBP alone [MBP(-)]
was used as a negative control for nonspecific binding. After washing,
reactions were counted with a scintillation counter and plotted relative
to control levels. Values represent at least three separate experiments.
Error bars represent the standard deviation.

4 with Rac and Cdc42 argues that a more likely scenario
is a pathway where PAK and MEKK1/4 associate inde-
pendently with Cdc42 and Rac and are parallel to one
another in component signaling pathways. Consistent
with previously published results (Manset al, 1994),
Figure 8A shows that recombinant PAK associates with
Cdc42 and Rac in the GTP-bound form and this interaction
stimulates the kinase activity of PAK (Figure 8B). Whereas
kinase-inactive inhibitory mutants of MEKK1 and 4 inhibit
Cdc42 and Rac activation of the JNK pathway (Figure 5),
these inhibitory mutants do not block PAK stimulation of
the JNK pathway. Kinase-inactive mutants of MEKK2 Fig. 8. MEKKs do not lie downstream and mediate the effects of
and 3 also did not inhibit PAK stimulation of the JNK PAK. (A) Western blot of haemagglutinin tagged PAK. COS cells

H : i were transfected with a plasmid expressing the full-lengtiBR&K
activity (Flgure 80)' In addition, we have been unable to gene and lysates were incubated withigpof GST fusions of either

measure any detectable phosphorylation of catalytically cqcs2, Rac, or Rho loaded with either GDP or GSRand conjugated
inactive mutants of MEKK1—-4 by PAK under conditions to Sepharose beads. GST alone [GST(-)] was also included as a
where PAK efficiently autophosphorylated and phos- negative control for nonspecific binding. After washing, precipitates
phorylated specific substrates (data not shown). Therefore Were separated by SDS-PAGE, transferred to nitrocellulose and
these results indicate that PAK does not lie directly Western blot analysis was performed with an anti-HA antibody.

. . (B) Kinase assay of PAK incubated in either the presence or absence
upstream of MEKK1, 2, 3 or 4 in a pathway leading t0 of GTP/S-loaded Cdc42Q61L. Myelin basic protein was included in
JNK activation. Rather, the data supports the prediction of the reaction as a substrat€)Relative levels of INK activation

two independent pathways involving PAKs and MEKK1/4 following transfection of the wild type PAK with kinase-inactive forms
that regulate JNK activity of the MEKK family members (MEKK1-4KM). pCMV5 was included

to maintain equal total levels of transfected plasmid. Western blot
analysis of a portion of the immunoprecipitation indicated that

equivalent levels of HA-JNK were immunoprecipitated in each

sample. Averages represent five separate experiments. Error bars

In this study, we have better defined the mechanisms indicate the standard deviation.

controlling regulation of the MEKK family members

(MEKK1-4), as well as their role as growth factor- in a Cdc42/Rac dependent manner. MEKK-mediated regu-
mediated MAPK kinase kinases that regulate the activity lation of JNK activity by these low molecular weight

of JNK and ERK. From these findings we propose a GTP-binding proteins is parallel to PAK. MEKK1 is also
model shown in Figure 9, wherein the MEKK family capable of binding to Ras (Russetlal., 1995) and kinase-
members potentially play a role in JNK activation by inactive MEKK1 inhibits ERK activation in response to
EGF, but only MEKK1 and 4 regulate the JNK pathway EGF. The mechanisms that may allow for MEKK2 and 3

Relative Fold Induction
of JNK Activity

g
g

MEKK1KM

> [MEKK2KM
F
MEKK4KM

MEKK3KM

Discussion
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Growth Factor Raf (Maraiset al, 1995; Jelineket al, 1996), as well as
Y Cell surface MEKKZ1. Unlike PAK and Raf, the MEKKs also display
-Rmmor high constitutive activity when expressed recombinantly
. or when the endogenous kinases are immunoprecipitated

from cells which contributes to obscuring activation
incurred by addition of recombinant Cdc42 or Rac. High
constitutive activity is also observed for STE11, a MEKK1
homologue fromS.cerevisiag(Neiman and Herskowitz,
1994), and is a feature of this family of kinases. It appears
that when the MEKK proteins are isolated or overexpressed
in cells that, like STE11, they become activated. This
activation most likely involves an autophosphorylation
and/or loss of interaction with a regulatory protein.
The differential subcellular localization of the MEKKs
indicates that they function to regulate localized signaling
. , , : in response to different stimuli. The finding that MEKK2
v Y y y and 4 are redistributed from a Golgi localization to
L Cellular Response cytoplasm by BFA argues strongly that they are associated
. . _ with vesicles budding from the Golgi complex. Recently,
e e b e e e oy Ce42 Was shown 10 be localized to the Golgi alloving
facto¥s to their res)[/Je)(/:tive receptors acti\rl)ates.the recepto?’s in%rinsic for it to be co-localized with MEKK4 (E“Cksqmt _al",
tyrosine kinase activity which leads to activation (GTP loading) of low 1996). MEKK2 also has a punctate cytoplasmic distribu-
molecular weight GTP-binding proteins and sequential protein kinase  tion that is not affected by BFA; similarly, MEKK1 has a
Do el as other less well characterized response pahways, can conrol Y P IaSTIC distribution that is distinct from that deter-
critical cellular responses. With respect to trrm)e epid%rmal grdmh factor mined fo.r MEKK2. In addition, a cqmp_onent of the
(EGF) receptor, the MEKK family of kinases are critical in mediating MEKK1 in cells hQS a _nUCIear localization. We_ have_
the effects of this receptor and all of the MEKKs play a role in JNK shown that MEKK1 is activated by agents such as cisplatin
ctivaion by this growth factor receptor. MEKKL and 4 associte with o g oo © (C-Widmann and G.L Johnson, submit-
and mediatg the (—?ffects of Cdc42 ar?d Rac on activation of the JNK ?re]dt;:%r gﬂglhecl?stlogg’ ;ugtgrgzgngétn;grm?o qunNcKor:j;r:ngglrrt]g

pathway. Furthermore, MEKK1 has been demonstrated to associate N . Lo e
with Ras in a GTP-dependent manner, providing additional evidence ~ agents. The differential localization of specific MEKKs

that MEKK1 is an important component of ERK activation (Russell in cytoplasmic and Golgi vesicular-like structures, as well
fetdal., 1935)i Pf\K me?'f‘r:es'v'ltéKe}f?Cts_lon the gNK Pathwa¥ ot e S the nucleus indicates that each could function as a
independent of any of the amily members suggesting that the P P ; :

MEKK1 and 4 coordinate with other kinases such as PAK and Raf to Sensqr to.Sp(.aCIfIC. stimuli in Iocahzed regions of the cell.
mediate the effects of specific low molecular weight GTP-binding The implication is that the different MEKKs would
proteins. Although MEKK2 and 3 play a role in JNK activation by regulate signaling pathways in defined cellular locations.
EGF the proteins that control their activity and the mechanisms by This model is consistent with the growing number of
which these kinases are regulated is not well defined at this time. MAPK kinase kinases that appear capable of activating

Dashed arrows indicate unresolved mechanisms of signaling . .
regulation, whereas solid arrows indicate established and relatively the IJNK pathway (Bagrodi@t al, 1995; Pomboet al,

well-defined aspects of signaling regulation. 1995; Yamaguchgit al, 1995; Brownet al, 1996; Rana

et al, 1996; Salmeroet al., 1996; Teramotet al., 1996a;

Wanget al., 1996; Ichijoet al, 1997) and to interact with
regulation of the JNK pathway independent of the low Cdc42 or Rac (Manseetal, 1994; Teramotoet al,
molecular weight GTP-binding proteins is at present 1996a). The low molecular weight GTP-binding proteins
undefined. However, EGF stimulates MEKK2 and its Rac/Cdc42/Rho also appear to be found in several different
activation is involved in JNK regulation by this growth subcellular locations (Adamebal, 1992; Erickson
factor. Thus, there appears to be considerable specificityet al., 1996) and to regulate a diverse set of cytoskeletal
inherent to the regulation of the MEKK family members, and morphological functions in addition to multiple kinase
and in lieu of the relatively conserved kinase domains this pathways (for reviews, see Chant and Stowers, 1995;
suggests that the highly divergent Mteérminal regions Symons, 1996). Thus, MEKK1 and 4 are members of a
of these kinases encode domains or motifs responsible forfamily of diverse effectors for the Rho family GTP-

their selective regulation. binding proteins.

Although EGF stimulates MEKK1 activation and trans- There are distinct differences in the abilities of MEKK1
fection of activated forms of Cdc42 and Rac yield a and 4 to interact with the Rho family of low molecular
modest, yet reproducible activation of MEKK1 (G.Fanger weight GTP-binding proteins. Although MEKK1 did not
and G.Johnson, unpublished observations), the addition of associate with Rho, it clearly associated with Rac and

Cdc42Q61Lin vitro does not directly stimulate MEKK1  Cdc42 in a strict GTP-dependent fashion. In contrast,
activation as it does for PAK. This is consistent with other MEKK4 associated with either the GDP or GTP bound
kinases regulated by low molecular weight GTP-binding Rac and Cdc42. The binding of MEKK4 to both the GDP
proteins, where it has been problematic to show that and GTP bound Rac and Cdc42 is similar to other proteins
recombinant Ras—GTP stimulates Raf activation (Zhang such as PIP5-kinase (Restal, 1996) that have been

et al, 1993), suggesting that another input possibly from shown to bind to Rac in both GDP and GTP states.
another kinase may be required to mediate activation of MEKK4 expressed in COS cells also associated with Rho,
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but this interaction could not be seen with a MBP-MEKKA4 that are responsible for their unique subcellular locations
fusion protein purified from bacteria. The reason for failure and interactions with regulatory proteins.

to see MEKK4 interaction directly with Rho is unclear,

but it could suggest that when MEKK4 is expressed in ]

COS cells it binds a protein that allows interaction with Materials and methods

Rho. It has been proposed that_ Rho can regulate thePl.atsmids, protein purification and antibodies

JNK pathway in a cell type specific manner (Teramoto Activated forms of Rac (Q61L) and Cdc42 (Q61L) were expressed in

et al, 1996b), but this suggestion and our observations pCMV5. NHy-terminally truncated, activated forms of MEKK1, 2, 3

with Rho require further investigation to determine their and 4 8MEKK) were expressed in pCMV5, as were kinase-inactive,
Signiﬁcance competitive inhibitory mutants (MEKKKM) which were created by

. e . . substitution of methionine for lysine in the ATP binding domain. Since
MEKK4 contains a modified Cdc42/Rac interactive the full-length MEKK1 protein undergoes a proteolytic cleavage event

binding (CRIB) domain (Burbelat al, 1995), whereas  which is critical for formation of the biologically active form of MEKK1
MEKKZ1 does not. The modified CRIB domain in MEKK4 (see Figure 1; C.Widmann and G.Johnson, submitted for publication),
is CDTPKSYDNVMHVG Corresponding to residues the kinase-inactive forms of MEKK1 that act as competitive inhibitors
A o and were used in this study corresponded to shorter naturally occurring,
1311-1324 in the MEKK4 sequence. The proposed CRIB oteqlytically cleaved MEKKY products. Otherwise, for MEKK2, 3 and
motif is ISXP (x2_g) EXH (X2) HVG where the underlined 4 which do not contain proteolytic cleavage sites, the full-length kinase-
sequences in the MEKK4 sequence are found in the inactive forms functioned as competitive inhibitory molecules. Since the
consensus CRIB sequence. Preliminary studies indicate’® Y2 B0 Caee To0nce et e e bl and found to
th,at_delet'o,n Qf the CRIB motif diminishes but ,does not be equivalent (not differing by more than 10%) in all cases examined.
eliminate binding of MEKK4 to Cdc42 suggesting more  The 8 form of PAK was cloned from a rat brain cDNA using PCR
than one interaction site in the two proteins (P.Gerwins and primers that flanked the’ BATG start and the 3 TAG stop

and G.L.Johnson, unpublished observations). Regions thaisite, SGCTGGGATCCAAAATGTCTGACAGCTTGGATAACGAAG3
mediate interaction of MEKK1 to Cdc42 and Rac are not 21d _3GGCTGCGGCCGCTAACGGCTACTGTTCTTAATGGCTTC-

. . . C5'. The full-length ratBPAK was cloned into pCMV5 and used for
yet defined but are being pursued in our laboratory. subsequent transgfectionﬁs' P

There is a growing awareness that specific effectors for  Glutathione Stransferase (GST) fusions of RacQ61L, Cdc42Q61L,
GDP/GTP-binding proteins can in fact bind to both the and RhoQ63L were expressed Escherichia coliwith the pGEX-5X
GDP and GTP states (Cht al, 1997). In fact, the crystal gxpfessilon vector (Phafmhacilav Lﬁlppsa'ay vaeden) banfjj pl{ifri]ed from

. . . P acterial cell lysates with glutathione-Sepharose beads (Pharmacia,
Strl“.'CtureS of h(_ater.otrlmenc.G proteins indicates that the Uppsala, Sweden). Polyhistidine (pHIS) fusions of Cdc42Q61L and
major effector binding domain does not undergo conforma- rRhoQ63L were constructed by subcloning into the expression vector
tional changes in the GTP state relative to GDP (Noel pAcHLT-A (Pharmingen, San Diego, CA) which was expresse&
etal, 1993; Colemaretal, 1994; Mixon et al, 1995; insect cells. Ni-NTA Sepharose beads (Quiagen, Santa Clarita, CA) were
Wall et al 1995) The prediction is that a second region used to purify recorr_lbinant pHIS—tagged protein fr_om cell lysates. In all
that inter:;cts WitH the effector under f fi | preparations from_ eithe.coli or Sf9 c_eIIs the protein was analyzed by
) g goes a con Or_m.a 'On_a gel electrophoresis followed by loading assays Witi3P]GTR/S (ICN
change in the GTP state relative to GDP, and it is this Biologicals, Costa Mesa, CA) in order to determine the quality and
site that activates the effector enzyme (Mixetral,, 1995; concentration of the recombinant protein prepared. The COOH-terminal,
Wall etal, 1995). A two-site interaction for Rac with '(‘i“afe domaln portions )Of MEKKL (nUC'(EOti?es T4 12 MfKK3
- nucleotides 1324-2277), and MEKK4 (nucleotides 3909-4791) were
SpeCIfIC effectors also _has been proposed (@eal", . subcloned into the bacterial expression vector pMAL-c2 (New England
1996). In yeast, Bud1 binds Bem1 only when Budl is in giolabs, Beverly, MA) which fuses a small portion of the maltose
a GDP, but not a GTP bound state; Budl binds a secondbinding protein (MBP) to MEKK. Recombinant MBP-tagged MEKK
protein, Cdc24, when Bud1l is in the GTP bound state was expressed i&.coli and purified with maltose-amylose resin (New

; . . England Biolabs).
(Hersk0W|tzet al, 1995; Lebereet al, 1996; Peteet al, Type specific MEKK antibodies were generated in rabbits by injecting

1996)..Th_us, the b_inding of effector proteins to GDP/ peptides corresponding to COOH-terminal regions of each MEKK with
GTP-binding proteins can be GTP-dependent, GDP- divergent amino acid sequence.

dependent or bind in either GDP or GTP bound states.
The relevance of these observations must be realized inCell culture and transfection o _ _
defining the regulation of effector proteins for Rac/Cdc42/ COS cells were maintained in a humidified g£@nvironment in

Rho i l I h lati f effect Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
0 In mammalian cells where regulaton or efrector 15q ym penicillin, 100ug/ml streptomycin, 5% newborn calf serum

pathways generally is conserved to that found in yeast. and 5% calf serum (Gibco Laboratories, Grand Island, NY). For growth
Our results would suggest Rac/Cdc42 would regulate factor studies, cells were starved for either 4 h or overnight with DMEM
MEKK1 only when GTP is bound; in contrast MEKK4 containing 0.1% calf serum before being stimulated with 100 ng/ml
: : P ' EGF (Collaborative Biomedical Products, Bedford, MA). Cells were
mlg_hf[ be localized by blndlng t(.) RaC/CqC‘.‘Z but .that transfected with DEAE dextran (Ausubet al, 1987).
additional regulatory inputs including protein interactions
Would_ bg required for its a_ctivation. _  Immunofluorescence
As indicated by our studies on the MEKKS, differential Cells were plated onto uncoated glass coverslips at least 1 day prior to
subcellular localization and/or interactions with specific beijng fixed for 10 min irz a solu)tion Itl:ontaininrg]; 3% pa;]ra;ormﬁldehyded
; _hindi i _ and 3% sucrose in PBS (pH 7.4). Cells were then washed with PBS an
IOW mOIeEUIar Welth ETP bm.?.m.g prOtgms arle Key mfecrf]] permeabilized with 0.2% Triton X-100 for 10 min, washed again and
anisms t_ at con_tro the Sp_eCI icity a_n regulation ot the allowed to incubate for 15 min in normal growth media. Coverslips were
MAPK kinase kinases. It is becoming apparent that to then incubated for 1 h with the indicated combinations of fluorescein-
define the regulation of the MAPK kinase kinases and conjugated WGA (Molecular Probes, Eugene, OR) and/or affinity-
their relevant downstream substrates, their localization in Ell:)rr']f;grf]":‘isb;tdi’;tt'i'r']\"gi;ﬁéagtt'l'_'\é'l'fi*;ﬁb‘;r:;m%gy‘l‘: g{lg‘mcl’iﬂzewrggﬂ%‘g
the cell, as well as their specific interaction with .and ith PBS, cells were incubated with 1.5 mg/ml of Eyonjugated
access to regU|at0r$ ?—nd SUbStrat?Sv must be consideredinity purified donkey anti-rabbit Ig (Jackson ImmunoResearch Laborat-
We are currently defining the domains within each MEKK  ories, West Grove, PA) and/or fluorescein-conjugated donkey anti-mouse

4969



G.R.Fanger, N.L.Johnson and G.L.Johnson

Ig (Jackson ImmunoResearch Laboratories). Coverslips were washed and ERK activity was immunoprecipitated fugnof408l lysate
with PBS and allowed to incubate for 12 h in PBS supplemented with with either an anti-HA antibody (Berkeley Antibody Company) when
0.2% sodium azide before being mounted onto slides with 20 mg/ml HA-ERK2 was transfected or an anti-ERK2 antibody (Santa Cruz, Santa
o-phenylenediamine (OPDA) in 1 M Tris (pH 8.5). Cells were visualized Cruz, CA) when endogenous ERK activity was assayed. Immunoprecipit-
by digital confocal immunofluorescence and images were captured with ates were washaditmdkinase assays were carried out at 30°C
a cooled CCD camera mounted on a Leica DMR/XA microscope for 15 min in buffer containing 20 mM HEPES (pH 7.5), 50 npGP,
using a 4X Plan Neo objective. In order to remove out of focus 100 sodium vanadate, 20 mM magnesium chloride, 0.1 mM EGTA,
immunofluorescence, images were deconvolved using Slidebook (Intelli- 0.2 mM ATP, 10puCi [y-32P]JATP (ICN Biologicals), 50pg/ml IP-20
gent Imaging Innovations, Inc., Denver, CO) on a 9500 Power PC peptide gud 80 epidermal growth factor receptor 662—681 peptide
Macintosh computer. (EGFRP92-68) 55 a selective substrate for MAPK activity. Reactions
The subcellular localization of MEKK1, 2 and 4 was verified by at were terminated with the additionfof@5% trichloroacetic acid,
least two antibodies to each kinase made against different epitopes. Forspotted onto P81 phosphocellulose ion exchange paper (Whatman,
MEKK1 and 2, antibodies made against fusion proteins recognizing the Maidstone, UK), washed three times with 75 mM phosphoric acid, and
kinase domain or Nktterminal regulatory domain gave similar staining  washed once with acetone. The level of EGFR peptfékincorporation
patterns (not shown) to the antibodies raised using peptides corresponding was determined by scintillation counting.
to divergent COOH-terminal regions of each protein (see Figure 2). For
MEKK4, a green fluorescent protein-MEKK4 fusion gave a similar MEKK assay
peri-nuclear Golgi localization as that observed with the anti-COOH- Either endogenously expressed MEKK1 or 2 was immunoprecipitated
terminal antibody. It was observed that with transfection the expression With type-specific antibodies in lysis buffer (20 mM Tris pH 7.6, 0.5%
of wild-type MEKK or green fluorescent protein constructs appeared to NP-40, 250 mM sodium chloride, 3 mM EDTA, 3 mM EGTA, 1mM
also give a diffuse cytoplasmic staining, presumably because ‘docking PMSF, 2 mM sodium vanadate, 2g/ml aprotinin, 5ug/ml leupeptin
sites’ for the MEKKs were saturated (not shown). For this reason, and 1 mM DTT) from serum-starved cells that were either unstimulated
antibody staining for the endogenous protein rather than transfected or stimulated with 10Qug/ml EGF (Collaborative Biomedical Products)
green fluorescent protein fusions were performed for analysis of MEKK for 10 min. Where indicated, cells were preincubated for 10 min with
protein distribution in cells. 100 nM wortmannin (Sigma). Each immunoprecipitate was incubated at
In some cases cells were treated withd/ml BFA (Sigma) for up to 30°C for 20 min in kinase buffer (20 mM HEPES pH 7.5, 10 nfi@P,
30 min at 37°C in a C@supplemented environment before being fixed 10 mM PNPP, 10 mM magnesium chloride, 1 mM DTT, andp50
and stained with indicated antibody as described above. In order to sodium vanadate) containing wild type JNK, wild type JNKK, and 2 mM
visualize the Golgi complex, cells were washed on ice with cold HEPES- ATP. This reaction was incubated with GST—c-Jun substrate conjugated
supplemented Minimum Essential Medium (HMEM) and incubated on to Sepharose beads for 20 min at 4°C, before being washed and incubated
ice for 30 min in HMEM containing 0.3 mg/ml defatted bovine serum for 20 min at 30°C in kinase buffer containing 16Ci of [y-32P]ATP
albumin (BSA) and .uM BODIPY-ceramide (Molecular Probes). The  (ICN Biologicals). Kinase reactions were stopped by the addition of
BODIPY-ceramide was prepared as described in Ladimglgl. (1994). SDS sample buffer, separated by SDS-PAGE, and visualized with
Cells were washed with HMEM containing defatted BSA and incubated autoradiography. To quantify the relative changes in GST-c-Jun phos-
at 37°C in a CQ free environment for 30 min before being visualized ~phorylation Phosphorimager analysis was utilized.
live in the FITC channel. To visualize the endoplasmic reticulum, cells . L.
were fixed and permeabilized as described above. Cells were thenAffinity precipitation , _
incubated in 2.51g/ml of 3, 3dihexyloxacarbocyanine iodide [DIQE)] G_ST or pHIS fusion proteins _of either Rac, Cdc42 or Rho, which were
(Molecular Probes) for 10 s before being washed with PBS, mounted as Still attached to the glutathione—(for GST) or Ni-NTA—(for pHIS)
described above, and observed in the FITC channel. To visualize Sepharose beads, were loaded with either guanosimipBosphate
mitochondria, cells were incubated with i5g/ml of rhodamine 123 (GDP; Sigma) or guanosine'-©-(3-thiotriphosphate) (GT¥S; Sigma)
(Molecular Probes) for 25 min at 37°C in G@upplemented environ-  at 30°C for 30 min in loading buffer containing 20 mM Tris (pH 7.5),

ment. Cells were observed live in the rhodamine channel. 1 mM dithiothreitol, and 0.5 mg/ml BSA. This reaction was stopped by
the addition of 1 mM magnesium chloride. COS cells recombinantly
Jun kinase assay expressing either rg8PAK, MEKK1, 2, 3 or 4 were lysed in buffer

Cells were lysed in buffer containing 20 mM Tris (pH 7.6), 0.5% NP-  containing 1% Triton X-100, 10 mM Tris, S mM EDTA, 50 mM sodium
40, 250 mM sodium chloride, 3 mM ethylenediaminetetraacetic acid fluoride, 50 mM sodium chloride, and 26g/ml aprotinin and 40Qug

(EDTA), 3 mM ethylene glycolbifi-aminoethyl ethefy,N,N’,N'-tetra- of cell lysate was incubated with 3@y of the indicated fusion protein
acetic acid (EGTA), 1 mM phenylmethylsulfonyl fluoride (PMSF), 2mM  Preparation of the low molecular weight GTP-binding protein attached
sodium vanadate, 2jug/ml aprotinin, 5pg/ml leupeptin and 1 mM to Glutathione beads for 1 h at 4°C. Each reaction was washed three

dithiothreitol (DTT). Protein concentration was determined using the times, run on SDS-PAGE and immunoblotted with the appropriate
method of Bradford (1976) and under conditions where HA-IJNK was antibody. Alternatively, 1qug of either Rac or Cdc42 proteln dls_somated
transfected, JNK activity was immunoprecipitated from 4@pof cell from Sepharose beads and loaded witiP]GTR/S (ICN Biologicals)
lysate with an anti-haemagglutinin (HA) antibody (Berkeley Antibody ~Was incubated with lug of amylose resin conjugated MBP fusion
Company, Richmond, CA). JNK immunoprecipitates were washed and Proteins of either MEKK1, 3 or 4 for 1 h at 4°C in PAN buffer [100 mM
activity was measured using dn vitro kinase assay which utilized ~ sodium chloride, 10 mM piperazirg:N'-bis-(2-ethanesulfonic acid)
10 uCi [y-3%P]ATP (ICN Biologicals) and an excess of recombinantly (PIPES), and 38ig/ml aprotinin]. Reactions were washed three times
expressed glutathion&-transferase—c-Jun(1-79) (GST-c-Jun) as sub- with PAN buffer and quantitated with a scintillation counter.

strate. Alternatively, where indicated, JNK was precipitated from4§0

of cell lysate with GST—c-Jun conjugated to Sepharose beads, washe . .
and acti)\//ity was measured in akina{sg assay folloeving addition piCi0 Protein was separated by SDS-PAGE, transferred to nitrocellulose
[y-32P]ATP (ICN Biologicals). Kinase reactions were performed for _(Sc_hlelcher qnd S.Chu%"' K_eene, NH)’ and |mmunoblo_tted' with the
20 min at 30°C in buffer containing 20 mM HEPES (pH 7.5), 10 mM indicated antibody in 5% milk solution. Enhgnced chemllumlnesce_nce
B-glycerophosphateRGP), 10 mM p-nitrophenyl phosphate (PNPP), _(Dupon_t, Bos_ton, MA_) was used to c_ietect the_lmmune comp_lex following
10 mM magnesium chloride, 1 mM DTT, and EM sodium vanadate. |n_cybat|0n Wlth protein A—horsera_dlsh peroxidase. Autoradiography was
The kinase reaction was terminated by the addition of SDS sample utilized to visualize immunoreactive bands.

buffer (0.31 M Tris pH 6.8, 11.5% SDS, 50 mM DTT, 50% glycerol),

samples were boiled, size fractionated by SDS—PAGE,3Rdabeled Acknowledgements

GST-c-Jun was visualized by autoradiography. Phosphorimager analysis

was utilized to quantitate the relative differences in GST—c-Jun phos- This work was supported by NIH grants DK 37871, DK 48845, CA
phow|ation as a measure of JNK activity. (538,\;.?;6:;%16’\/'30324 to G.LJ.G.R.F is Supported by NIH grant

d Western blot

MAP kinase assay

Cells were lysed in buffer containing 20 mM HEPES (pH 7.5), 50 MM References

BGP, 100uM sodium vanadate, 2 mM magnesium chloride, 1 mM

EGTA, 0.5% Triton X-100, 5ug/ml leupeptin, 2lug/ml aprotinin and Adamson,P., Paterson,H.F. and Hall,A. (1992) Intracellular localization
1 mM DTT. Protein concentration was determined as described above of the p21™ proteins.J. Cell. Biol, 119, 617-627.

4970



Regulation of MEK kinases

Ahle,S., Mann,A., Eichelsbacher,U. and Ungewickell,E. (1988) Structural Kyriakis,J.M., Banerjee,P., Nikolakaki,E., Dai,T., RubieE.A.,
relationships between clathrin assembly proteins from the Golgi and  Ahmad,M.F., Avruch,J. and Woodgett,J.R. (1994) The stress-activated
the plasma membran&MBO J, 7, 919-929. protein kinase subfamily of c-jun kinasdsature 369, 156-160.

Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidmann,J.G., Ladinsky,M.S., KremerJ.R., Furcinitti,P.S., Mcintosh,J.R. and
Smith,J.A. and Struhl,K. (eds) (198Current Protocols in Molecular Howell,K.E. (1994) HVEM tomography of the trans-Golgi network:
Biology. Wiley and Sons, New York. structural insights and identification of a lace-like vesicle cdaCell

Bagrodia,S., Derijard,B., Davis,R.J. and Cerione,R.A. (1995) Cdc42 and  Biol., 127, 29-38.
PAK-mediated signaling leads to Jun kinase and p38 mitogen-activated Lange-Carter,C.A., Pleiman,C.M., Gardner,A.M., Blumer,K.J. and
protein kinase activationl. Biol. Chem. 270, 27995-27998. Johnson,G.L. (1993) A divergence in the MAP kinase regulatory
Blank,J.L., Gerwins,P., Elliott,E.M., Sather,S. and Johnson,G.L. (1996) network defined by MEK kinase and re8cience260, 315-319.
Molecular cloning of mitogen-activated protein/ERK kinases (MEKK) Leberer,E., Chenevert,J., Leeuw,T., Harcus,D., Herskowitz,l. and

2 and 3.J. Biol. Chem. 271, 5361-5368. Thomas,D.Y. (1996) Genetic interactions indicate a role for Mdglp

Bradford,M. (1976) A rapid and sensitive method for the quantitation ~ and the SH3 domain protein Bem1p in linking the G-protein mediated
of microgram quantities of protein utilizing the principle of protein yeast pheromone signalling pathway to regulators of cell polarity.
dye binding.Anal. Biochem 72, 248-254. Mol. Gen. Genet.252 608-621.

Brown,J.L., Stowers.L., BaerM., Trejo,J., Coughlin,S. and LebererE., Wu,C., LeeuwT., Fourest-LieuvinA., SegallJ.E. and
Chant,J. (1996) Human Ste20 homologue hPAK1 links GTPases to  Thomas,D.Y. (1997) Functional characterization of the Cdc42p binding
the JINK MAPK kinase pathwayurr. Biol., 6, 598—605. domain of yeast Ste20p protein kina&MBO J, 16, 83-97.

Burbelo,P.D., Drechsel,D. and Hall,A. (1995) A conserved binding motif Manser,E., Leung,T., Salihuddin,H., Zhao,Z. and Lim,L. (1994) A brain
defines numerous candidate target proteins for both Cdc42 and Rac  Serine/threonine protein kinase activated by Cdc42 and Reatlire

GTPasesJ. Biol. Chem. 270, 29071-29074. 367, 40-46. ,
Chant,J. and Stowers,L. (1995) GTPase cascades choreographing cellulaMarais,R., Light,Y., Paterson,H.F. and Marshall,C.J. (1995) Ras recruits
behavior: movement, morphogenesis, and mol, 81, 1—4. raf-1 to the plasma membrane for activation by tyrosine

Chi,N.C., Adam,E.J.H. and Adam,S.A. (1997) Different binding domains _ PhosphorylationEMBO J, 14, 3136-3145. .
for Ran-GTP and Ran-GDP/RanBP1 on nuclear import factor p97. Minden,A., —Lin,A,,  McMahon,M.,, ~ Lange-Carter,C., Derijard,B.,

J. Biol. Chem. 272 6818-6822. Davis,R.J., Johnson,G.L. and Karin,M. (1994) Differential activation
Coleman,D.E., Berghuis,A.M., Lee,E., Lundi,M.E., Gilman,A.G. and of ERK and JNK mitogen-activated protein kinases by raf-1 and

Sprang,S.R. (1994) Structures of active conformations oflGind .MEKK' SC|_ence266 1719-1723. . .

the mechanism of GTP hydrolysiScience 265 1405-1411. Minden,A., Lin,A., Claret,F., Abo,A. and Karin,M. (1995) Selective
Cos0,0.A., Chieareillo,M., Yu,J., Teramoto,H., Crespo,P., Xu,N., Miki,T. activation of the JNK signaling cascade and c-Jun transcriptional

and Gutkind,J.S. (1995) The small GTP-binding proteins Racl and Miig‘f'}"l'\t/lyé’y t{‘:esga”(:%rg‘;ﬁ?sc aB’;? Cdoastesl Bé'i#“r?;\lémén d

Cdc42 regulate the activity of the INK/SAPK signaling pathvizstl, y Pl Lo gnuis,A.M., an.A.k.

81 1137-1146. Sprang,S.R. (1995) Tertiary and quaternary structural changegin G

induced by GTP hydrolysisScience270, 954—-960.

Neiman,A. and Herskowitz,l. (1994) Reconstitution of a yeast protein
kinase cascadia vitro: activation of the yeast MEK homologue STE7
by STE11.Proc. Natl Acad. Sci. USA1, 3398-3402.

Noel,J.P., Hamm,H.E. and Sigler,P.B. (1993) The 2.2 angstrom crystal

Denhardt,D.T. (1996) Signal-transducing protein phosphorylation
cascades mediated by Ras/Rho proteins in the mammalian cell: the
potential for multiplex signallingBiochem. J.318 729-747.

Dent,P., Haser,W., Haystead,T.A.J., Vincent,L.A., Roberts, .M. and
Sturgill, T.W. (1992) Activation of mitogen-activated protein kinase i : -
kinase by v-raf in NIH 3T3 cells anid vitro. Science257, 1404-1407. Ztégcture of transducia-complexed with GTHS. Nature 366 654

Erickson,J.W., Zhang,C., Kahn,R.A., Evans,T. and Cerione,R.A. (1996) Orci L'
Mammalian Cdc42 is a brefeldin A-sensitive component of the Golgi -
apparatusJ. Biol. Chem. 271, 26850-26854.

Fanger,G.R., Gerwins,P., Widmann,C., Jarpe,M.B. and Johnson,G.L.
(1997) MEKKs, GCKs, MLKs, PAKs, TAKs, and Tpls: upstream

Tagaya,M., Amherdt,M., Perrelet,A., Donaldson,J.G.,
Lippincott-Schwartz,J., Klausner,R.D. and Rothman,J.E. (1991)
Brefeldin A, a drug that blocks secretion, prevents the assembly of
non-clatherin-coated buds on golgi cistern@ell, 64, 1183-1195.

4 - - g - Peter,M., Neiman,A.M., Park,H.O., Lohuizen,M.v. and Herskowitz,l.

regulators of the c-jun amino-terminal kinases@rr. Opin. Genet. (1996) Functional analysis of the interaction between the small GTP

Dev, 7, 67-74. , binding protein Cdc42 and the Ste20 protein kinase in yda4B0
Gardner,A.M., Lange-Carter,C.A., Vaillancourt,R.R. and Johnson,G.L. 3 15 7046-7059.

(1994) Measuring activation of kinases in mitogen-activated protein Pombo,C.M., Kehrl,J.H., Sanchez,l., Katz,P., Avruch,J., Zon,L.l.,
kinase regulatory networlMethods Enzymql238 258-270. Woodgett,J.R., Force,T. and Kyriakis,J.M. (1995) Activation of the
Gerwins,P., Blank,J.L. and Johnson,G.L. (1997) Cloning of a novel  gApK pathway by the human STE20 homologue germinal centre

mitogen-activated protein kinase kinase kinase, MEKK4, that kinase.Nature 377, 750—~754.

selectively regulates the c-Jun amino terminal kinase pathwagjol. Rana,A., Gallo,K., Godowski,P., Hirai,S., Ohno,S., Zon,L., Kyriakis,J.M.

Chem, 272, 8288-8295. and Avruch,J. (1996) The mixed lineage kinase SPRK phosphorylates
Herskowitz,l., Park,H.O., Sanders,S., Valtz,N. and PeterM. (1995) and activates the stress-activated protein kinase activator, SEK-1.

Programming of cell polarity in budding yeast by endogenous and J. Biol. Chem. 271, 19025-19028.

exogenous signal€old Spring Harb. Symp. Quant. Bi@0, 717-727. Ren,X., Bokoch,G.M., Traynor-Kaplan,A., Jenkins,G.H., Anderson,R.A.
Howe,L.R., Levers,S.J., GomezN., Nakielny,S., CohenP. and and Schwartz,M.A. (1996) Physical association of the small GTPase

Marshall,C.J. (1992) Activation of the MAP kinase pathway by the Rho with a 68-kDa phosphatidylinositol 4-phosphate 5-kinase in Swiss

protein kinase rafCell, 71, 335-342. 373 cells.Mol. Biol. Cell, 7, 435-442.

Ichijo,H., Nishida,E., Irie,K., Dijke,P., Saitoh,M., Moriguchi,T.,  RussellM., Lange-Carter,C.A. and Johnson,G.L. (1995) Direct
Takagi,M., Matsumoto,K., Miyanzono K. and Gotoh,Y. (1997) interaction between Ras and the kinase domain of mitogen-activated
Induction of apoptosis by ASK1, a mammalian MAPKKK that protein kinase kinase kinase (MEKKZ). Biol. Chem, 270, 11757—
activates SAPK/JNK and p38 signaling pathwa§sience275 90-94. 11760.

Ishizuka,T., Oshiba,A., Sakata,N., Terada,N., Johnson,G.L. and Salmeron,A., Ahmad,T.B., Carlile,G.W., Pappin,D., Narsimhan,R.P. and
Gelfand,E.W. (1996) Aggregation of thedRI on mast cells stimulates Ley,S.C. (1996) Activation of MEK-1 and SEK-1 by Tpl-2
c-Jun amino-terminal kinase activity. Biol. Chem. 271, 12762— protooncoprotein, a novel MAP kinase kinase kingSkIBO J, 15,
12766. 817-826.

Jelinek,T., Dent,P., Sturgill TW. and Weber,M.J. (1996) Ras-induced Seger,R. and Krebs,E.G. (1995) The MAPK signaling cascBASEB
activation of Raf-1 is dependent on tyrosine phosphorylatiol. J., 9, 726-735.

Cell. Biol, 16, 1027-1034. Symons,M. (1996) Rho family GTPases: the cytoskeleton and beyond.

Kyriakis,J.M. and Avruch,J. (1996) Protein kinase cascades activated by  Trends Biochem. S¢i21, 178-181.
stress and inflammatory cytokineBioEssays18, 567-577. Teramoto,H., Coso,0.A., Miyata,H., Igishi,T., Miki,T. and Gutkind,J.S.

Kyriakis,J.M., App,H., Zhang,X., Banerjee,P., Brautigan,D.L., Rapp,U.R. (1996a) Signaling from the small GTP-binding proteins Racl and
and Avruch,J. (1992) Raf-1 activates MAP kinase-kinh&sure 358, Cdc42 to the c-Jun N-terminal kinase/stress-activated protein kinase
417-421. pathway.J. Biol. Chem.271, 27225-27228.

4971



G.R.Fanger, N.L.Johnson and G.L.Johnson

Teramoto,H., Crespo,P., Coso,0.A., Igishi,T., Xu,N. and Gutkind,J.S.
(1996b) The small GTP-binding protein Rho activates c-Jun N-
terminal kinases/stress-activated protein kinases in human kidney
293T cells.J. Biol. Chem.271, 25731-25734.

\ojtek,A.B. and Cooper,J.A. (1995) Rho family members: activators of
MAP kinase cascade€ell, 527-529.

Wall,M.A., Coleman,D.E., Lee,E., Iniguez-Lluhi,J.A., Posner,B.A.,
Gilman,A.G. and Sprang,S.R. (1995) The structure of the G protein
heterotrimer G;1B,,. Cell, 83, 1047-1058.

Wang,X.S., Diener,K., Jannuzzi,D., Trollinger,D., Tan,T., Lichenstein,H.,
Zukowsi,M. and Yao,Z. (1996) Molecular cloning and characterization
of a novel protein kinase with a catalytic domain homologous to
mitogen-activated protein kinase kinase kinakeBiol. Chem,. 271,
31607-31611.

Westwick,J.K., Lambert,Q.T., Clark,G.J., Symons,M., Aelst,L.V.,
Pestell,R.G. and Der,C.J. (1997) Rac regulation of transformation,
gene expression, and actin organization by multiple, PAK-independent
pathwaysMol. Cell. Biol, 17, 1324-1335.

Xu,S., Robbins,D.J., Christerson,L.B., English,J.M., Vanderbilt,C.A. and
Cobb,M.H. (1996) Cloning of rat MEK kinase 1 cDNA reveals
an endogenous membrane-associated 195-kDa protein with a large
regulatory domainProc. Natl Acad. Scj.USA 93, 5291-5295.

Yamaguchi,K., Shirakabe,K., Shibuya,H., Irie,K., Oishi,l., Ueno,N.,
Taniguchi, T., Nishida,E. and Matsumoto,K. (1995) Identification of a
member of the MAPKKK family as a potential mediator of T@F-
signal transductionScience270, 2008-2011.

Yan,M., Dal,T., Deak,J.C., Kyriakis,J.M., Zon,L.I., Woodgett,J.R. and
Templeton,D.J. (1994) Activation of stress-activated protein kinase by
MEKKZ1 phosphorylation of its activator SEKNature 372 798-800.

Zhang,X., Settleman,J., Kyriakis,J.M., Takeuchi-Suzuki,E., Elledge,J.,
Marshall,M.S., Bruder,J.T., Rapp,U.R. and Avruch,J. (1993) Normal
and oncogenic p2% proteins bind to the amino-terminal regulatory
domain of c-raf-1Nature 364, 308-313.

Zhang,S., Han,J., Sells,M.A., Chernoff,J., Knaus,U.G., Ulevitch,R.J. and
Bokoch,G.M. (1995) Rho family GTPases regulated p38 mitogen-
activated protein kinase through the downstream mediator Pakl.
J. Biol. Chem. 270, 23934-23936.

Received on April 10, 1997; revised on June 6, 1997

4972



