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A MAP kinase kinase kinase (MAPKKK) was identified in phaeochromocytema (PC12) cells which reactivated homogencous MAP kinase kinase

(MAPKK) tom rabbit skeletal muscie that had been inactivated by incubation with protein phosphatase 2A. Reactivation was accompanied by

stoichiometric phosphorylation of MAPKK on u scrine residue(s). Following stimulation of PC12 cells with nerve growth factor and chromalog-

raphy of the extracts on Mono Q, MAP kinase and MAPKK were detected as active phosphorylated enzymes, whereas MAPKKK was inactive

and only activated aller prolonged storage at 4°C. The results suggest that the activalion of MAPKKK by growth fuclors is likely (o oceur by
1 non-covilent mechanism,

MAP kinuse: Nerve growth factor; PC12 cell; Protein phosphorylation; Signal ransduction

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 kinases that are acti-
vated very rapidly in response to a variety of extracellu-
lar signals which cause cells to divide or to differentiate
(reviewed in [1,2]). The activation of MAP kinase is
triggered by phosphorylation of a threonine and a tyro-
sine residue 3,4], both catalysed by a single “dual spec-
ificity’ MAP kinase kinase (MAPKK) [5-10}. MAPKK
and MAP kinase are activaled with half times of 1-2
min and 3 min, respectively, following stimulation of rat
phaeochromocytoma (PC12) cells with nerve growth
factor (NGF), maximal activation occurring after 5 min
(MAPKK) and 10-15 min (MAP kinase) {11]. MAPKK
from PC12 cells [5] (and other iissues [6-8]) is inac-
tivated in vitro by incubation with protein plhiosphatases
that are specific for serine and threonine residues, but
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not by ircubation with pretein tyrosine phosphatases;
nor can the deactivated MAPKK be reactivated by in-
cubation with MgATP [5]. These observations imply
that activation of MAPKK is likely to involve its phos-
phorylation on serine and/or threonine residues cataly-
sed by a distinct MAP kinase kinase kinase
(MAPKKE.). In this paper we identify a MAPKKK
activity in PC12 cells that activates MAPKK by phos-
phorylating it on serine residues. However, in contrast
to MAPKK and MAP kinase which are detected as
active phosphorylated species after Mono Q chroma-
tography of extracts from NGF-stimulated cells,
MAPKKK is detected as a latent, inactive enzyme.
These results suggest that activation of this MAPKKK
is is likely to occur by a non-covalent mechanism and
not by a direct phosphorylation or dephosphorylation
of this enzyme.

2. MATERIALS AND METHODS

2.1. Materials

MAPKK ([7], 5. Nakielny) and the catalytic subunit of protein
phosphatase 2A ([12], D. Schelling) were purified to homogensiiy from
rabbit skeletal muscle in this laborutory by the investigators indicuted
in parentheses. Recombinant murine p42™r* (a generous gifl from
Miss S. Leevers and Dr. C.J. Marshall , Instiiute for Cancer Research.
London) was expressed as a glutathione S-transferase fusion proteir
in Escherichia cofi, purified by affinity chromatography on glutathi-
one-Sepharose and cleaved with thrombin [13]. Okaduic acid was
provided by Dr. Y.Tsukilani (Fujisawa Pharmaceutical Co., Tokye,
Japan) and the protein tyrosine phosphatase LAR by Dr. H. Sailo
(Dana Farber Cancer Institute, Boston, USA). Sources of other mate-
rials are given elsewhere [6,11].

23, Chrompiography of PC12 cell exiracis an Mano 3

PCI12 cells were cultured [14], incubated with or without 5¢ ng/ml
NGF and lysed in 20 mM Tris acetate pH 7,0 (20°C), 0.27 M sucrose,
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1 mM EDTA, 1 mM EGTA, | mM sodium orthovanadate, 10 mM
sodium glycerophosphate, 50 mM NaF, 5 mM sodium pyro-
phosphate, 1% (by vol.) Triton X-100, 1 mM benzamidine, 4 ug/ml
leupeptin, 0.19 (by vol.) 2-mercaptoethanol (Buffer A). Extracts pre-
pared from 10 dishes (6x 107 cells) were applied to 2 5% 0.5 em
column of Mono Q equilibrated in 50 mM Tris-HC1 pH 7.3 (20°C),
2 mM Na-EDTA, 2 mM Na-EGTA, 0.3 mM sodium orthovanadate,
5% (by vol.) glycerol, 0.03% (by weight) Brij 35, 0.1% (by vol) 2-
mercaptoethanol, 1 mM benzamidine and 4 ug/ml leupeptin (Buffer
B). After washing with 10 ml of equilibration bufler, the columns were
developed with 40 ml linear salt gradients to 0.7 M NaCl in Buffer B.
The flow rate was 1.0 mi/min and fractions ol 1.0 ml were collccted.

2.3, Assay of protein kinases

MAP kinase [5] and MAPKK [11] were assayed as described previ-
ously. One unit of MAP kinase was that amount of activity which
catalysed the incorporation of 1.0 nmol of phosphate into myelin basic
protein in one min. One unit of MAPKK was that amount of activity
which produced 50% activation of recombinant MAP kinase in one
min. {11].

MAPKKK was assayed routinely using inactive recombinant MAP
kinase and inactive MAPKK from unstimulated PC12 cells. The inac-
tive MAPKK eluted in the Alowthrough fractions from Mono Q (sec-
tion 2.2). 5y of inaclive MAPKK in Buffer A was incubated with 5
ul of 4 uM recombinant inactive MAP kinase diluted in 50 mM
Tris-HC1 pH 7.5 (20°C), 0.1 mM Na-EGTA and 0.1% (by vol))
2-mercaptoethuno! (Buffer C) containing 0.04% {by weight) Brij 35
and 5 ul of MAPKKK (i.e. Mono Q eluate). After 3 min at 30°C the
reaction was initiated with 5 zl of 40 mM magnesium acetate-0.8 mM
unlabelied ATP. After a further 20 min at 30°C, a 0.01 ml aliquot was
removed and added to 0.04 ml of ice cold Buffer C containing 1.0
mg/ml bovine serum albumin and 0.5 mM sodium orthovanadate. A
10 4l aliquot of this solution was then assayed for MAP kinase activ-
ity. Control incubutions were carried in which inactive MAPKK was
omitted and these values subtracted from those obtained in the pres-
ence of MAPKK. Asshown in Fig. 1, the rate of production of active
MAP kinase (monitored with myelin basic protein as subsirate) in-
creased with lime ias would be expected from increased formation of
active MAPKK, and MAPKKK activity was completely dependent
on the inclusion of both inactive MAPKK and MAPKKK in the
assay, One unit of MAPKKK was defined as that amount which
increased the activity of MAP kinase by 1.0 unit in the 20 min assay.

3. RESULTS

Extracts prepared from NGF-stimulated PC12 cells
were chromatographed on Mono Q and assayed for
MAPKK and MAP kinase activities. As reported previ-
ously (e.g. [5,11]), anion-exchange chromatography re-
solved twov peaks of active MAPKK and two peaks of
active MAP kinase activity, the latter corresponding to
the p42™°Pk and p44™ark 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
cells (Fig, 2). However, upon storage at 4°C, a single
peak of MAPKKK could be detected after about two
weeks which eluted after p44™P* (Fig, 2A and B). Iden-
tical results were obtained whether PC 12 cells were

462

FEBS LETTERS

Uecember 1992

stimulated with NGF for 2, 3, 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 § 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 uM) or the protein tyrosine phosphatase inhibitor
sodium orthovanadate (0.1 mM) to the column frac-
tions, but was prevented by freezing the fractions at
-70°C. MAPKKK that had been activated by storage
at 4°C 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% [5]. MAPKKK
that had been activated by storage, eluted from Mono
Q at the same position as the inactive enzyme foliowing
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 kinase kinase kinase activity. MAPKKK from
Mono Q (Fig. 2) was incubated with inactive MAPKK, inactive MAP
kinase and MgATP as described in section 2.3, The closed circles show
the production of active MAP kinase as measured by the phosphoryi-
ation of myelin basic protein (MBP), while the closed triangles and
open circles show contrel incubations in which cither MAPKKK or
inuctive MAPKK were omitted from the assays, respectively.
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Fig. 2. Detection of MAP kinase kinase kinase after cliromatography of PC12 cell exiracts on Mono Q. Extracts were chromatographed on Mono
€ as described in section 2.2. and assayed immediately after chromatography for MAP kinase (v—v), MAPKK (v---¥) and MAP kinase kinase
kinase (KKK, 0—0). The column was subsequently reassayed for MAPKKK 12 days later (@—). Similar results were obtained in about 15
different experiments. Although in this particular experiment only fractions 34-40 were assayed for MAPK KK, in other experiments all the column
fractions were assayed, but no MAPKKK was detected anywhere, except between {ractions 34 and 40 afler prolonged storage at 4°C., A. Results
obtained using extracts prepared from PCI12 cells thal had been stimulated for 5 min with 50ng/ml NGF. B. Results from unstimulated (control)
cells, Chromatography on Mono Q resolves two isoforims of MAP kinase, termed p42™®* (42) and pa4™7 (44) and two different forms of MAPKK
(KKI and KK2). KK2 may be a more highly phosphorylated form of KKI [11).

in the flowthrough fractions from Mono Q (section 2.2).
However, MAPKKK also activated a homogeneous
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Fig. 3. Time dependent activation of MAP kinase kinase kinase. Frac-

tion 36/37 from the Mono Q column (Fiz. 2) was assayed for

MAPKKK aciivity immediaiely {day 1) and at various iimes up to 22

days. The closed circles show the results with MAPKKK from MGF-

stimulated cells and the open circles results from unstimulated (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. 5A) 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. 5B), 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-fold (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 incubation with
MgATP and either MAPKKK that had been stored at
—=70°C to prevent activation or the inactive MAPKKK
in freshly isolated Mono Q fractions (data not shown).

4. DISCUSSION

In contrast to MAPKK and MAP kinase, MAPKKK
is uot 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 prolenged storage of
the fractions at 4°C. 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 kinase kinase from rabbit skeletal muscle
by MAP kinase kinase Rinase. A homogeneous prepuration of
MAPKK from rabbit skeleta! muscle (2 i, 75 gg/ml) in 25 mM
Tris-HC] pH 7.4 (20°C), 0.2 M NaCl, 1.0 mM Na-EDTA, 0.5 mM
Nu-EGTA, 5% (v/v) glycerol, 0.029% (w/v) Brij 35, 0.1% (v/v) 2-merca-
pocthanol wus inactivated by incubation for 30 min a1 30°C with 2 4l
ol 20 mU/ml protein phosphatase 2A (see rel. 12 for definition of
units) in 50 mM Tris-HCI pH 7.0 (20°C), 0.1 mM EGTA, 0.1%
2-mercuptoethanol, then 2 gl of 10 uM okadaic acid was added 10
inactivate the phosphatase, A 2 gl aliquot of' the inactivaled MAPKK
was mixed with 3 ul of BufTer B, 2 ul of active MAPKKK (i.e. fraction
36 in Fig. 2) and warmed at 30°C for 3 min. Activalion of MAPKK
was then initiated with 3 gl of 33 mM magnesium acetate-0.67 mM
unlabelled ATP. At differant times aliguots were diluted and assuyed
for MAPKK aclivity (@—®). The open circles show a conirol experi-
ment in which MAPKKK was omitted The closed and open triangles
show experimenis in the presence and absence of MAPKKK, respec-
tively, in which active MAPKK (i.e. nol preincubated with protein
phosphatase 2A) was used instead of inactivated MAPKK. The value
of |00% corresponds to the activily of MAPKK that has not been
inaclivated by protein phosphaiase 2A.

MAPKKK or an associated inhibitory subunit. How-
ever, attempts to mimic activation by incubation with
trypsin or chymotrypsin have so far been unsuceessful,
while incubation at ambient temperature for up to
16 h [ailed to cause significant activation of the freshly
isolated Mong Q fractions.

The failure to detect any other enzyme in the Mono
Q fractions capable of activating MAPKK., suggests
that the MAPKKK we have identified may be responsi-
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Fig. 5. Phosphorylalion of MAP kinase kinase from rabbit skelatal
muscle by MAP kinase kinase kinase. A. Homogeneous skeletal mus-
cle MAPKK was activated by MAPKKK as described in the legend
1o Fig. 4, except that [F*P]ATP (10° cpm/nmol) replaced unlabelled
ATP. After incubation of MAPKK with MAPKKK and MgATP for
60 min at 30°C, the sumples were denatured in SDS, subjected (o
clectrophoresis on 10% SDS-polyaerylamide gels [22] and autoradi-
ographed. Migration is from top to bottom and the arrows denote the
positions of, bovine serum albumin (66 kDa), MAPKK (44 kDa, KRK)
and carbonic anhydrase (30 kD). Lane |, sutophosphorylation of
active MAPKK in the absence of MAPK KK; lane 2, phosphorylation
of active MAPKK in the presence of active MAPKKK; lunes 3 and
4, same as lanes 1 and 2 except that MAPKK was first inactivated by
preincubation with protein phosphatase 24: lane 5, sume as lanes 2
and 4, except that MAPKK was omitted. B. MAPKK [rom lane 4 in
A was eluted from the gel, precipitated with wrichloroacetic acid and
the precipitated protein washed with wuter as described previously [6].
The sample was then hydrolysed for 1.5 h at 110°C in 6 N HCl .,
electrophoresed on thin layer cellulose to resolve phosphorylated
amine aecids and autoradiographed [6] The positions of phosphoty-
rosine (pY), phosphothreonine (pT) and phosphosering (pS) and inor-
panic phosphate (Pi) are marked. The other *P-labelied spot is a
phosphopeptide resulting from incomplete hydrolysis.

ble for activating MAPKK after NGF stimulation.
However, in this ¢ase, its mechanism of activation can-
not involve phosphorylation or dephosphoryiation per
se, otherwise MAPKKK (like MAP kinase and
MAPKEK) should have been detected as an active en-
zymie in the Mono Q eluate from NGF-stimulated cells.
Our results therefore imply that MAPKKK is activated
by a non-covalent mechanism. Two potential candi-
dates for the physiological activator of MAPKKK are
the GTP-liganded form of p2lras and phosphatidyl-
inositol 3,4,5-trisphosphate both of which are formed
very ranidly in many cells in response to growth factors
whose receptors arg protein tyrosine kinases. In PC12
cells NGF causes partial conversion of p2iras to its
active GTP-liganded state within 2 min [16], while trans-
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fection of PC12 cells with the dominant-negative
(Asn1?) mutant of p21ras blocks the ability of NGF to
activate MAP kinase [17]. Similarly, NGF stimulation
of PC12 cells activates phosphatidyl inositol 3-kinase
increasing the intracellular level of phosphatidyl inosi-
tol 3,4,5-trisphosphate over 10-fold within a minute
[18].

Transfection of several mammalian cells with the
viral oncogene v-raf, a protein serine/threcnine 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 CQOS-1 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 M-ter-
minally truncated ¢-raf [19], or c-raf immuncprecipi-
tated from phorbol ester-stimulated cells overex-
pressing full length c-raf [21], activate MAPKK in vitro.
The purificaiton of MAPKKEK w lomogensity aiid
peptide sequencing will be needed to determine whether
it is related to c-raf or other known protein kinases.
Nevertheless, the detection of a MAPKKK in an un-
transfected mammalian cell for the first time will facili-
tate both its characterisation and the elucidation of its
actlivation mechanism.
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