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A MAP kinase kinase kinasc (MAPKKK) was identified in phaeochromocytomn (PC1 2) cells which rcxtivated l1on~ogeucou5 MAP kinase kinasc 
(MAPKK) rrom rabbit skeletal muscle that had been inactivated by incubation with protein phosphntase 2A. Reactivation was accompanied by 
noichiometric phosphorylation of MAPKK on 11 scrinc residue(s). Ftillowing stimulation of PC12 cells with nerve growth factor and chromalog- 
rophy of the extracts on Mono Q, MAP kinasc and MAPKK were detcctcd as active phosphorylatcd enzymes, whcrcas MAPKKK was inactive 
and only activutecl arter prolonged storage at 4OC. The results suggest that the activation of MAPKKK by growlh factors is likely to occur by 

a non-covalent mechanism. 
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1. INTRODUCTION 

The initial steps in signal transduction by many 
growth factors involves their interaction with plasma 
membrane-bound receptors, followed by auto- 
phosphorylation of the receptors on tyrosine residues. 
Receptor autophosphorylation then leads within min- 
utes to increases (and decreases) in the phosphorylation 
of many intracellular proteins on serine and threonine 
residues. Consequently, unravelling the molecular 
mechanisms by which receptor protein tyrosine kinases 
regulate cytoplasmic serine/threonine phosphorylation 
has become a major preoccupation of many laborato- 
ries. 

Much attention is currently Focussed on the activa- 
tion of mitogen-activated protein (MAP) kinases. a 
family of protein serine/threonine kinascs that are acti- 
vated very rapidly in response to a variely of extracellu- 
lar signals which cause cells to divide or to differentiate 
(reviewed in [I ,2]). The activation of MAP kinase is 
triggered by phosphorylation of a threonine and a tyro- 
sine residue [3,43* bolh catalysed by a single ‘dual spec- 
ificity’ MAP kinase kinase (MAPKK) [S-IO]. MAPKK 
and MAP kinase are activated with half times of 1-2 
min and 3 min, respectively, following sti,mulation of rat 
phaeochromocytoma (PC12) cells with nerve growth 
factor (NGF), maximal activation occurring after 5 min 
(MAPKK) and lo-15 min (MAP kinase) [1 I]. MAPKK 
from PC12 cells [S] (and other tissues [6-S]) is inac- 
tivated in vitro by incubation with protein phosphatases 
that are specific For serine and threonine residues, but 

Curresputrrh~~ uu’rlrrs~: N. Gonxz, XRC Protcill Phosphor__lation 2.2. Clrro!?:r?togrq~!t~ of PC!2 cell twwct,~ 011 Mom Q 
Unit, Department oT Biochemistry, University of Dundee, Dundcc PC12 cells were cultured [ 141. incubated with or without 50 n&ml 
DDI 4l-lN, Scotland, UK. Fax: (44) (382) 23 778. NGF and lyscd in 20 mM Tris acetalc pH 7.0 (2OT). 0.27 hl sucrose. 

not by incubation with protein tyrosine phosphatases; 
nor can the deactivated MAPKK be reactivated by in- 
cubation with MgATP [S]. These observations imply 
that activation of MAPKK is likely to involve its phos- 
plzorylation on serine and/or threonine residues cataly- 
sed by u distinct MAP kinase kinase kinasc 
(MAPKKK’. In this paper we identify a MAPKKK 
activity in PC12 cells thal activates MAPKK by phos- 
phorylating it on serine residues. However, in contrast 
to MAPKK and MAP kinase which are detected as 
active phosp:?orylated species after Mono Q chroma- 
tography of extracts from NGF-stimulalcd cells, 
MAPKKK is detected as a latent, inactive enzyme. 
These results suggest that activation of this MAPKKK 
is is likeiy to occur by a non-covalent mechanism and 
not by a direct phosphorylation or dcphosphorylation 
of this enzyme. 

2. MATERIALS AND METHODS 

MAPKK ([7], S. Nnkielny) and the catalytic subunit of protein 
phosphatasc 2A ([ 121. D. Schelliag) were puritied to fiomoguuriiy from 
rabbit skeletal muscle in this laboratory by the investigators indicdtcd 
in parentheses. Recombinant murine p42”UFk (a gcncrous girt Ii-on? 
Miss S. Lccvers and Dr. C.J. Marshall, Institute for Cancer lirscnrdf. 
London) was expressed as a glutathionc S-transl’emse fusion protein 
in Exhericltiu mli. puritied by nflinity chromatography on glutathi- 
one-Scphaross and cleaved with thrombin [t3]. Okadaic acid was 
provided by Dr. Y.Tsukitani (Fujisawn Pharmaceutical Co., Tokyo, 
Japan) and the protein ryrosine phosphalase LAR by Dr. H. Saito 
(Dana Farber Cancer Institute, Boston, USA). Sources orother male- 
rials are given elsewhere [G,l I]. 
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1 mM EDTA. 1 mlvl EGTA, I mM sodium orthovanadnte, IO mM 
sodium glyceropbasphate. 50 mM NaF, 5 mM sodium pyro- 
phosphate, 1% (by vol.) Triton X-100, 1 mM bcnzamidinc, 4 pg/ml 
lcupcptin. 0.1% (by vol.) 2-mercaptoethanoi (Buffer A). Extrncts pre- 
pared from 10 dishes (6 x 10’ cells) were applied to 3 5 x 0.5 cm 
column of Mono Q equilibrated in SO mM Tris-1-U yH 7.3 (2O”C), 
2 mM Na-EDTA, 2 mM Na-EGTA, 0.3 mM sodium orthovanadate, 
5% (by vol.) glycerol, 0.03% (by wright) Brij 35, 0.1% [by vol) 2- 
mcrcaptoethunol, 1 mM bcnzamidinc and 4 ,@ml leupuptin (Buffer 
B). After washing with 10 ml ofcquilibrution bulTer. the columns were 
developed with 40 ml linear salt gradients to 0.7 M NaCl in Buffer B. 
The flow rale was I.0 mllmin and fractions of 1 .O ml were colic-s&d. 

MAP kinase [S] and MAPKK [l I] were assayed as described previ- 
ously. One unit of MAP kinasc was that amount of activity which 
catalysed the incorporation of I .O nmol of phosphate into myelin basic 
grolcin in one min. One unit of MAPKK was that amount of activity 
which produced 50% activation of recombinant MAP kinase in one 
min. [I I]. 

MAPKKK was nssoyed routinely using inactive recombinant MAP 
kinnsc and inactive MAPKK from unstimulatcd PC12 cells. The inac- 
tive MAPKK elutcd in the flowthrough fractions from Mono Q (SCC- 
tion 2.2). 5 /ii of inadva MAPKK in Buffer A was incubated with 5 
~1 of 4 PM recombinant inactlvc MAP kinasc diltncd in 50 mM 
Tris-HCI aH 7.5 (2O’Cj. 0.1 mM Na-EGTA and 0.1% Ibv vol.) 
2-mercapt;ethanol (Buff& C) containing 0.04% (by wci&j hrij 35 
and 5 ~1 of MAPKKK (i.e. Mono Q cluatc). After 3 min at 30°C the 
reaction was initiated with 5 ~1 of 40 mM magnesium acetalc-0.8 mM 
unlabelled ATP. After a further 20 min at 30°C, a 0.01 ml aliquot was 
removed and nddcd LO 0.04 ml of ice cold Buffer C containing 1.0 
mgfmi bovine strum albumin and 0.5 mM sodium orthovanadate. A 
10 ~1 aliquot of this solution was then assayed for MAP kinase activ- 
ily. Control incubations were carried in which inactive MAPKK was 
omitted and these values subtracted from those obtained in the pres- 
encc of MAPKK. As shown in Fig. 1, the rate or production of active 
MAP kinnsc (monitored whh myelin basic protein as substrate) in- 
creased with time as would be expected from increased formation of 
active MAPKK, and MAPKKK nctivity was completely dependent 
on the inclusion of both inactive MAPKK and MAPKKK in the 
assay. One unit of LMAPKKK was defined as that amount which 
iocreased the activity of MAP kinase by 1.0 unit in the 20 min assay. 

3. RESULTS 

Extracts prepared from NGF-st.imulated PC12 cells 
were chromatographed on Mono Q and assayed for 
MAPKK and MAP kinase activities. As reported previ- 
ously (e.g. [S, 1 l]), anion-exchange chromatography re- 
solved twti peaks of active MAPKK and two peaks of 
active MAP kinase activity, the latter corresponding to 
the p42mnpk and @Irntipk isoforms (Fig. 2A). In contrast, 
MAP kinase activity (Fig. 2B) and MAPKK (data not 
shown) were undetectable after Mono Q chromatogra- 
phy of extracts from unstimulated cells, as reported 
previously [5,14]. 

When assayed immediately after chromatography on 
Mono Q, no MAPKKK activity could be detected in 
any fraction from either NGF-stimulated or control 
ce!!s (Fig. 2). However, upon etnrage at 4OC, a single 
peak of MAPKKK could be detected. after about two 
weeks which eluted after p44”“pk (Fig. 2A and B). lden- 
tical results were obtained whether PC 12 cells were 

stimulated with NGF for 2,5, or 15 min prior to chrom- 
atography, or if NGF was omitted. 

The activation of MAPKKK as a function of time is 
shown in Fig. 3. MAPKKK could barely be detected 
after storage at 4°C for 5 days, but became easily detect- 
able after 10 days and was still rising after several 
weeks. The rate of activation was similar in fractions 
obtained from NGF-stimulated or control cells (Fig. 3). 
Activation was not prevented by addition of the protein 
serine/threonine phosphatase inhibitor okadaic acid 
(0.1 PM) or the protein tyrosine phosphatase inhibitor 
sodium orthovanadate (0.1 mM) to the column frac- 
tions, but was prevented by freezing the fractions at 
-7OV. MAPKKK that had been activated by storage 
at 4OC for several weeks could not be inactivated by 
incubation with protein phosphatase 2A (30 mU/ml, see 
[12] for definition of units) or the protein tyrosine phos- 
phatase LAR (0.1 mg/ml) under conditions where MAP 
kinase activity was decreased by 90% [S]. MAPKKK 
that had been activated by storage, eluted from Mono 
Q at the same position as the inactive enzyme foiiowing 
rechromatography on the anion-exchange column (data 
not shown). 

MAPKKK was assayed in Figs. 2 and 3 using an 
inactive form of MAPKK from PC12 cells which elutes 
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Fig. 1, Assay of MAP kinosc kinase kinasc activity. MAPKKK from 
Mono Q (Fig. 2) was incubated with inactive MAPKK, inactive MAP 
kinnsc and MgATP iIs described in section 2.3. The closed circles show 
the production of active MAP kinase ns measured by the phosphoryi- 
ation of myelin basic protein (MBP), while the closed triangles and 
open circles show control incubations in which Either MAPKKK or 

inactive MAPKK were omitted from the assays, respectively. 
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Fig. 2. Detection of MAP kinase kinase kinose after chromatography of PC 12 cell extracts on Mono Q. Extracts were chromatogmphed on Mono 
Q as described in scclion 2.2. and nssaycd immediately nftcr chromatography for MAP kinase (v-v), MAPKK (V--T) and MAP kinase kinase 
kinnse (KKK, C-O). The column was subscquontly reassayed for MAPKKK 12 days later (04). Similar resr~hs wcrc obtained in about I5 
different experimenls. Although in this particular experiment only fractions 34-40 were assayed for MAPKKK, in other experiments all the column 
rractionv were assayed, but no MAPKKK was detected anywhcrc. except between fractions 34 and 40 after prolonged storage at rl°C. A. Results 
obtained using extracts prepared from PC12 cells thal had been stimulated for 5 min with 50ndml NGF. EL Results .from unstimulated (control) 
cells. Chromatograph:~ on Mono Q resolves two isoforms of MAP kinase, ternled p42m’pk (42) and p4WypL (44) and two different forms of MAPKK 

(KKI and KK2). KK? may be a more highly phosphorylatcd form of KKI [I I]. 

in the flowthrough fractions from Mono Q (section 2.2). 
However, MAPKKK also activated a homogcncolis 

0 5 IO 15 20 25 

time (days) 
Fig. 3. Time dependent activation of MAP kinase kinese kimue. Frac- 
tion 36/37 from the Mono Q column (Fin. 2) was nssavcd for - - , -1, ., ., IVIA~IUYF. activity imn~ediaiei~ (day i j a&i al vtiiious times up to 22 
days. The closed circles show the results with MAPKKK from NGP- 
stimulated cells and the open circles results from unstimulnted (con- 

trol) cells. 

preparation of MAPKK from skeletal muscle [7] which 
had been inactivated by preincubation with protein 
phosphatase 2A (Fig. 4). Reactivation was accompa- 
nied by the phosphorylation of MAPKK (Fig. SA) to 
0.8 mol per mol 44 kDa subunit after 1 h (the protein 
concentration being estimated by the method of 
Bradford [15]). Nearly all the phosphate was attached 
to a serine residue(s) (Fig. SB), and the traces of 
phosphothreonine and phosphotyrosine can be ac- 
counted for by the slow autophosphorylation of these 
residues catalysed by activated MAPKK [7]. MAPKK 
that had not been preincubated with protein phosphat- 
ase 2A was activated up to 2-fuld (Fig. 4) and 
phosphorylated (Fig. 5) by MAPKKK, indicating that 
the purified muscle enzyme is not isolated in a fully 
phosphorylated state. No phosphorylation or activa- 
tion of MAPKK occurred upon in.cubation with 
MgATP and either MAPKKK that had been stored at 
-7OOC to prevent activation or the inactive MAPKK.K 
in freshly isolated Mono Q fractions (data not shown). 

4. DlSCUSSlON 

In contrast to MAPKK and MAP kinase, MAPKKK 
is not detected as an active enzyme after Mono Q 
chromatography of extracts from NGF-stimulated 
PC12 cells. Instead, it is found in a latent inactive form, 
activity only being generated after prolonged storage of 
the fractions at 4OC. One possible explanation for acti- 
vation is limited proteolysis catalysed by a proteinase 
present as a contaminant in these fractions. This pro- 
teinase may either destroy an inhibitory domain on 
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Fig. 4, Activation of MAP klna~e kinase from rabbit skeletal muscle 
by MAP kinase kinase kinase. A homogeneous preparation of 
MAPKK from rabbit skeletal muscle (2/el, 75 ,ugfml) in 25 mM 
Tris-HCl pH 7.4 (20"C), 0.2 M Noel, 1.0 mM Na-EDTA, 0.5 mM 
Na-EGTA, 5% (vtv) glycerol, 0.02% (w/v) Brij 35, 0.1% (v/v) 2-merca- 
poethanol was inactivated by incubation for 30 rain at 30°C with 2 al 
of 20 mUtml protein phosphatase 2A (see ref. 12 for definition of 
units) in 50 mM Tris-HCl pH 7.0 (20~C), 0.1 mM EGTA, 0.1% 
2-mercaptoethanol, then 2 ,ttl of 10 ,ttM okadaic acid was added to 
inactivate the phosphatase. A 2 ,ttl aliquot of the inactivated MAPKK 
was mixed with 3 ~1 of Buffer B, 2,ul of ~lctive MAPKKK (i.e. fraction 
36 in Fig. 2) and warmed at 30°C for 3 min. Activation of MAPKK 
was then initiated with 3 ,ul of 33 mM magnesium acetate-0.67 mM 
unlabelled ATP. At differznt times aliqaots were diluted a,ld assayed 
for MAPKK activity (o--e).  The open circles show a control experi- 
ment in which MAPKKK was omitted The closed and open triangles 
show experiments in the presence and absence of MAPKKK, respec- 
tively, in which active MAPKK (i.e. not preincubated with protein 
phosphatase 2A) was used instead of inactivated MAPKK. The value 
of 100% corresponds to the activity of MAPKK that has not been 

inactivated by protein phosphatase 2A. 

M A P K K K  or an associated inhibitory subunit. How- 
ever. attempts to mimic activation by incubation with 
trypsin or chymotrypsin have so far been unsuccessful, 
while incubation at ambient temperature for up to 
16 h failed to cause significant activation o f  the freshly 
isolated Moan Q fractions. 

The failure to detect any other enzyme in the Moan 
Q fractions capable of activating MAPKK, suggests 
that the MAPKKK we have identified may be responsi- 
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Fig. 5. Phosphorylation of MAP kinase kinase from rabbit skeletal 
muscle by MAP kinase kinase kinase. A. Homogeneous skeletal mus- 
cle MAPKK was activated by MAPKKK as described in the legend 
to Fig. 4, except that [Z~-~P]ATP (106 cpmtnmol)replaced unlabollcd 
ATP. After incubation of MAPKK with MAPKKK and MgATP for 
60 rain at 30'C, the samples were denatured in SDS, subjected to 
electrophoresis on 10% SDS-polyacrylamide gels [22] and autoradi- 
ographed. Migration is from top to bottom and the arrows denote the 
positions of, bovine serum albumin (66 kDa), M APKK (44 kDa, KK) 
and carbonic anhydrasc (30 kDa). Lane 1, atttophosphorylation of 
active MAPKK in the absence of MAPKKK; lane 2, phosphorylation 
of active MAPKK in the presence of active MAPKKK; lanes 3 and 
4, same as lanes 1 and 2 except that MAPKK was first inactivated by 
preincubation with protein phosphatase 2A: lane 5, same as lanes 2 
and 4, except that MAPKK was omitted. B. MAPKK from lane 4 in 
A was eluted from the gel, pre.clpitated wlth trichloroacetic acid and 
the precipitated protein washed with water as described previously [6]. 
The sample was then hydrolysed for 1,5 h at 110°C in 6 N HCI,  
cleetrophorQsed on thin layer cellulose to resolve phosphorylated 
amino acids and autoradiographed [6] The positions of phosphoty- 
rosine (pY), phosphothrconine (pT) and phospho~crinc (pS) and inor- 
ganic phosphate (Pi) are marked. The other s"P-labellcd spot is a 

phosphopeptide resulting from incomplete hydrolysis. 

ble for activating M A P K K  after N G F  stimulation. 
However, in this case, its mechanism of activation can- 
not involve phosphorylation or dephosphorylation per 
se, otherwise M A P K K K  (like MAP kinase and 
M A P K K )  should have been detected as an active en- 
zyme in the M o n o  Q eluate from NGF-stimulated cells. 
Our results therefore imply that M A P K K K  is activated 
by a non.covalent mechanism. Two potential candi- 
dates for the physiological activator of  M A P K K K  are 
the GTP-liganded form of  p21ras and phosphatidyl- 
inositol 3,4,5-trisphosphate both of  which are formed 
very rapidly in many cells in response to growth factors 
whose receptors are protein tyrosine kinases. In PCI2 
cells N G F  causes partial conversion of  p21ras to its 
active GTP-liganded state within 2 rain [16], wlfile trans- 
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fection of PCI2 cells with the dominant-negative 
(Asn l 7) mutant of p21 ras blocks the ability of  NGF to 
activate MAP kinase [17]. Similarly, NGF stimulation 
of PCl2 cells activates phosphatidyl inositol 3-kinase. 
increasing the intracellular level of  phosphatidyl inosi- 
tel 3,4,5-trisphosphate over 10-fold within a minute 
[[81. 

Transfection of several mmnmalian cells with th~ 
viral oncogene v-raf, a protein serinelthreonine kinase, 
or N-terminally truncated (active) forms of  the cellular 
homologue c-raf, cause constitutive activation of MAP 
kinase in the absence of  growth factor stimulation [19- 
21], while transfection of  COS-I cells with c-raf itself, 
potentiates the activation of  MAP kinase by phorbol 
esters and epidermal growth factor [21]. Furthermore, 
recombinant v-raf expressed in Escherichia coli [20], raf  
immunoprecipitated from cells that overexpress N-ter- 
minally truncated c-raf [19], or c-tar  immunoprecipi- 
tated from phorbol ester-stimulated cells overex- 
pressing full length c-raf [21], activate M A P K K  in vitro. 
The: parifit:atio, of  M A P K K K  to homogeneity - " J  r A I I U  

peptide sequencing will be needed to deten~_~_ine whether 
it is related to c-tar or  other known protein kinases. 
Nevertheless, the detection of  a M A P K K K  in an un- 
transfected mammalian cell for the first time will facili- 
tate both its eharacterisation and the elucidation of its 
activation mechanism. 
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