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Raf-1 kinase is a central regulator of mitogenic signal
pathways, whereas its general role in signal transduc-
tion of tumour necrosis factor (TNF) is less well defined.
We have investigated mechanisms of Raf-1 regulation
by TNF and its messenger ceramide in cell-free assays,
insect and mammalian cell lines.In vitro, ceramide
specifically bound to the purified catalytic domain and
enhanced association with activated Ras proteins, but
did not affect the kinase activity of Raf-1. Cell-
permeable ceramides induced a marked increase of
Ras—Raf-1 complexes in cells co-expressing Raf-1 and
activated Ras. Likewise, a fast elevation of the endog-
eneous ceramide level, induced by TNF treatment of
human Kym-1 rhabdomyosarcoma cells, was followed
by stimulation of Ras—Raf-1 association without sig-
nificant Raf-1 kinase activation. Failure of TNF or
ceramide to induce Raf-1 kinase was observed in
several TNF-responsive cell lines. Both TNF and exo-
geneous G-ceramide interfered with the mitogenic
activation of Raf-1 and ERK by epidermal growth
factor and down-regulated v-Src-induced Raf-1 kinase
activity. TNF also induced the translocation of Raf-1
from the cytosolic to the particulate fraction, indicating
that this negative regulatory cross-talk occurs at the
cell membrane. Interference with mitogenic signals at
the level of Raf-1 could be an important initial step in
TNF's cytostatic action.
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Introduction

Tumour necrosis factor (TNF) is a pleiotropic cytokine
capable of inducing, depending on the cell type, strikingly
different cellular reactions, such as proliferation, differenti-
ation and necrotic or apoptotic cell death (reviewed in

Dixit, 1996; Wallach, 1997). TNF-mediated cellular activ-
ation also encompasses the rapid activation of phospho-
lipases, such as PC-phospholipase C, phospholipase A
and sphingomyelinases, the latter producing the novel
second messenger ceramide (Hannun and Obeid, 1995;
Obeid and Hannun, 1995). Exogenously added short chain
ceramides can mimic several TNF actions (Szhet al,,
1992; Mathias and Kolesnick, 1993; Obestl al, 1993;
Jarvis et al, 1994), emphasizing the role of this lipid
messenger in TNF signalling. Ceramide is an important
mediator of cell cycle arrest and apoptosis (Hannun
and Obeid, 1995; Obeid and Hannun, 1995). Several
intracellular targets of ceramide have been described, the
role of which in TNF signalling is not yet fully understood.
Protein kinase C (PKCJ was described as a ceramide-
responsive kinase that can function as a molecular switch
between pleiotropic signals of TNF (Lozaeb al., 1994;
Muller et al,, 1995) and that very recently has been shown
to be an important negative regulator of apoptotic signals
induced by UV irradiation (Berrat al,, 1997). A ceramide-
activated phosphatase has also been described (Dobrowski
and Hannun, 1992). Further, TNF induces a ceramide-
activated protein kinase (CAPK) located at the plasma
membrane, which has been reported directly to phos-
phorylate and activate Rafifh vitro and in intact myelo-
monocytic HL-60 cells (Yaet al, 1995). Whether Raf-1
activation is a general consequence of TNF stimulation,
and its specific role in TNF signal pathways are unknown
at present.

Raf-1 is considered a key enzyme in transmitting
proliferative, developmental and oncogenic signals from
receptor tyrosine kinases to the nucleus via the mitogen-
activated protein kinases/extracellular signal-regulated
protein kinases (MAPKs/ERKSs) signal pathway (Dent
et al, 1992; Howeet al, 1992; Kyriakiset al, 1992).
The regulatory signals converging at the Raf kinase are
highly complex and still a target of intense research (for
review, see Morrison and Cutler, 1997). The activation of
Raf-1 in response to many growth factors is associated
with increased phosphorylation of the molecule at serine,
threonine and, in some cases, tyrosine residues (Heidecker
et al, 1992). The mechanism of Raf-1 activation is
incompletely understood, but in many situations is depend-
ent on association with activated, i.e. GTP-loaded, Ras
(Moodie and Wolfman, 1994; Williams and Roberts, 1994;
Dent et al, 1995). Ras-GTP binds to a domain in the
amino-terminus of Raf-1 with high affinity (Vojte&t al.,
1993; Warneet al, 1993; Chuanget al, 1994). Ras
binding in itself fails to activate Raf-1 directly. Recent

Grell and Scheurich, 1996). Response diversity emanatesstudies proposed that a physiological role for Ras in Raf-1

from two distinct TNF receptors and several receptor-

activation is to translocate Raf-1 from the cytosol to the

associated signal transducers, comprising the families ofplasma membrane (Leeveet al, 1994; Stokoeet al,
death domain proteins and the TNF receptor-associated1994), where Raf-1 is activated by a still unknown

factor (TRAF) proteins (Rothet al, 1994; Tewari and
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mechanism involving phosphorylation. Recruitment to
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the membrane, however, is not sufficient for maximal A
activation of Raf-1 kinase (Leeverst al, 1994). In

addition to phosphorylation, the involvement of membrane Raf-1
factors and lipids in Raf-1 activation has been suggested - @ —@
(Dentet al, 1995; Ghostet al., 1996).

The possible participation of lipids in the regulation of
Raf-1 activity appears plausible also for structural reasons.
Raf-1 contains three domains conserved among members
of the Raf kinase family, termed CR1, CR2 and CR3. The
CR1 region in the NBterminus harbours sequences
involved in Ras—Raf interaction (Chuarey al, 1994,
Moodie and Wolfman, 1994; Moét al, 1996). In addition,
CR1 contains two pairs of cysteine residues, which bind
zinc and are spaced identically to paired cysteines in
members of the PKC family (Quest al, 1994a,b; Mott
et al, 1996). This zinc finger motif is doubled in most J J T J I I
members of the PKC family and is required for binding 0 2 4 6 8 10
of diacylglycerol (DAG) or phorbol esters (Hug and Sarre, :

1993: Goodnighiet al, 1994: Dekkeret al, 1995). The HM ceramide
atypical PKC { possesses only one zinc finger motif,

which shares homology with the Raf-1 zinc finger region.

Neither the zinc finger of Raf-1 nor that of PkOnteract B
with DAG or phorbol esters (Goodnighgt al., 1992; 2
Kazanietzet al, 1994). PKCZ, however, binds ceramide BXB
and is activated by this lipid in a biphasic manner (Lozano — @
et al, 1994; Miler et al., 1995).

In this study, we show that Raf-1 binds ceramide, and
we have examined whether ceramide as a TNF-induced
lipid messenger plays a direct role in modulating Raf
kinase interaction with its upstream regulators and/or
downstream effector molecules. Moreover, we investigated
a potential cross-talk of TNF with mitogenic signalling
cascades and provide evidence for a ceramide-mediated /
negative regulation at the level of Raf-1 kinase. /
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Results

Raf-1 kinase specifically binds ['*C]ceramide in the 0 1 2 3 4 5
kinase domain, but is not activated by ceramide

TNF-induced intracellular elevations of ceramide are MM ceramide
expected to result in direct interaction of this lipid messen-

ger with effector proteins. Therefore, we tested whether Fig. 1. Saturation binding of'f'C]ceramide to Raf-1 kinase.

; ; ; ; 1 Li (A) GST-Raf-1 proteins (~ 200 ng/vial) immobilized on glutathione—
ceramide might be able to interact with Raf-1 kinase. For epharose beads were incubated wiE]ceramide fo 2 h in the

.thiS purpose, a GST-tagged Raf-1 kinase WaS eXpresse resence or absence of 100-fold excess of unlabellgec€@amide at
in the baculovirus/Sf-9 cell system and affinity purified 4°C and extensively washed, and radioactivity was determined as
by adsorption to glutathione—-Sepharose (GS) beads. GST-described in Materials and methods. Shown is specific binding
Raf-1-loaded GS beads were incubated vif]ceramide - {Unspectic bndng subract fom ttalbindng) as mean vales fom
a_S described in _Mate”als and methOdS_'_ As shown in independent experiments. Insert: the kinase activity of purified
Figure 1A_. pl_J”f'ed GST-Raf-1 specifically bound GsT-Raf-1 was measured in the presence of increasing amounts of
[*C]ceramide in a saturable manner. To correct for Cigceramide, using kinase-negative MEK (MBKas substrate.
unspeciﬁc b|nd|ng of ceramide to the GS beads and/or S'amples were separated on a 10%.SDS gel and' transferred to
the GST portion of the fusion protein parallel experiments nitrocellulose. The blot was autoradiographed (‘kinase assay’), and the

f d with beads | ! ded with th Raf-1 proteins present in the reactions subsequently were visualized by
were_per ormed with GS beads _O.a ed wit _t e GST staining with a Raf-1-specific antiserum (‘Western blot’).
protein alone. Under these conditions, no binding of (B) [¥4C]ceramide binds to the Raf-1 kinase domain. The Raf-1 kinase
[*4C]ceramide above background levels was obtained (datadomain (BXB,®) and the Raf-1 regulatory domain Raf-1 (GR&)
not shown). This indicates that ceramide specifically binds Were purified as recombinant GST fusion proteins from Sf-9 cells.
to the Raf-1 kinase Blntdhmg of [;(_:]cae)amlde was assayed as described in Materials and

) . . L. methods and in (A).
To test whether ceramide affects the catalytic activity

of Raf-1, the kinase activity of purified GST—Raf-1 was
examined with kinase-negative MEK (MEKas substrate  results were obtained with synthetig-@nd G-ceramides,
(inset in Figure 1A). Addition of increasing amounts of or when activated Raf-1 was used. Activated Raf-1 was
C,g-ceramide to thén vitro kinase assays did not change isolated from Sf-9 cells co-infected with GST—Raf-1 and
the basal phosphotransferase activity of Raf-1. ConsistentRas plus Lck or PKQx, respectively. The co-expression
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led to substantial activation of Raf-1 (depending on the A
preparation; between 15- and 25-fold in the case of Ras
plus Lck, and between 4- and 6-fold in the case of
PKC a), but again ceramide did not alter Raf-1 activity
significantly (data not shown). These results indicate that
ceramide binding does not modulate Raf-1 kinase activity
directly in a cell-free assay system.

To determine the potential interaction site of ceramide,
GST fusion proteins encompassing only the regulatory
(GRS) or the catalytic domains (BXB) of Raf-1 kinase
were tested for binding of'fC]ceramide (Figure 1B).
Contrary to our expectation that ceramide would bind to
CR1 in the regulatory domain of the Raf-1 kinase, we
found specific saturable binding curves only with the
catalytic domain of the Raf-1 kinase in a range of 1-
5 UM of ceramide. The BXB-binding curve closely
matched those obtained with full-length Raf-1, whereas
no saturable binding was observed with the GRS fragment,
suggesting that ceramide specifically associated with the
Raf-1 kinase domain.
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Ceramide enhances the association of the Raf-1

kinase with Ras-GTP in vitro

Since no change in the activity of Raf-1 kinase towards
its downstream substrate, MEK, was obtained in the
presence of ceramide, the interaction with its upstream
activator, Ras, was investigated (Figure 2A). GST—-Raf-1
was immobilized on GS beads and pre-incubated with
increasing concentrations of;gceramide. Then, excess
amounts of either Ras-GTP or Ras-GDP were added and,
after washing, bound Ras proteins were detected by
immunoblotting. Ceramide did not induce binding of Raf-1
to Ras-GDP, but selectively enhanced the association of
Raf-1 with Ras-GTP. At ceramide concentrations
>0.5 pM, the Ras-GTP binding to the Raf-1 kinase
increased in a dose-dependent manner, reaching saturation
at ~2uM (Figure 2B). This binding profile closely matched
the ceramide-binding curve to Raf-1, suggesting that
ceramide induces a conformational change in Raf-1, which
elevates its affinity towards Ras-GTP. Ceramide-mediated rig 2 ceramide specifically enhances binding of Ras-GTP to Raf-1
enhancement of Ras-GTP binding to Raf-1 requires the in vitro. (A) GST-Raf-1 was incubated with equal amounts of purified
biologically active form of ceramide and is specific for Ras proteins loaded with GTP or GDP in the presence of increasing
this messenger, as neither the dihydro form gt€ramide concentrations of G-ceramide. The binding reactions were washed,

P - - separated by SDS—-PAGE and blotted. Associated Ras was stained with
gor ngefr?_l,other |;.pld ETIl?dlatOESC:\)lvere found to stimulate the LA69 anti-Ras monoclonal antibodyB)(Densitometric
as—Rar-1 Interaction igure .

quantitation of the Western blot shown in (AX) Lipid specificity of
enhancement of the Ras—Raf-1 interaction. The assay was performed

fold enhancement
of ras-GTP binding

DAG
PS
DAG/PS
Acid
Control

Ceramide —

C6-Ceramide
Dihydro-C6-
Sphingosine
Sphinganine 7
Arachidonic w

Ceramide stimulates Ras association with Raf-1 in
Sf-9 cells
The in vitro findings pertaining to the enhancement of

as in (A) with three concentrations [black, 5; shaded, 1; white u85
(ng/ml in the case of PS)] of the lipid mediators as indicated or no
lipid added to Raf-1 during the pre-incubation (negative control). Data
are expressed as fold enhancement of Ras binding, with background

Ras interaction with Raf-1 by ceramide could be repro- binding to untreated Raf-1 kinase set at 1.0.

ducedin vivo, using Sf-9 cells co-expressing GST—Raf-1

and v-Ha-Ras. Stimulation of Sf-9 cells with cell-per-

meable ceramides increased the association of Ras-GTRhat ceramide binding is not sufficient to stimulate the
with the Raf-1 kinase, peaking at 10 min of ceramide Raf-1 kinase activity in this cellular system.

stimulation (Figure 3). In a parallel kinase assay, where

kinase-negative MEKwas added as substrate, no signi- Ceramide does not stimulate Raf-1-mediated

ficant increase in either the phosphorylation of MEd phosphorylation and activation of MEK-1

Raf-1 autophosphorylation could be detected. Similarly, To investigate the potential impact of ceramide on down-
ceramide treatment did not enhance the kinase activity of stream signalling events, Sf-9 cells were infected with a
Raf-1 isolated from Sf-9 cells co-expressing wild-type virus expressing GST-tagged MEK-1 alone or in combin-
(wt) Ha-Ras, v-Ha-Ras plus Lck, wt Ha-Ras plus Lck or ation with a Raf-1 virus (Figure 4). Cells were stimulated
PKC a, respectively (data not shown). These findings are with cell-permeable ceramide for 5-60 min. GST-MEK-1
fully consistent with thein vitro experiments, indicating  was isolated and its kinase activity was monitored using
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Fig. 3. Ceramide stimulates Ras association with Raf-Yivo and in Sf-9 cells. £) GST-Raf-1 was co-expressed with Ha-Ras in Sf-9 cells. Three
days post-infection, cells were treated with membrane-permeable ceramideh! (29- and G-ceramide). At the time points indicated, cells were
lysed. GST—Raf-1 was purified by adsorption to glutathione—Sepharose beads and examined for kinase activity with kinase-negative NES (MEK
substrate (‘kinase assay’). Samples were separated by SDS—PAGE, blotted to nitrocellulose and sequentially stained with Ras- (upper panel) or
Raf-1- (middle panel) specific antibodyB) Quantitation of the blots shown in (A®, Ras protein associated with GST-Rafll,, GST-Raf-1

protein; A, Raf-1 kinase activity.

kinase-negative MAP kinase (MAPK as substrate. GST-MEK + Raf-1 GST-MEK
Activation of MEK was strictly dependent on the co- 05 10 2030 60 min.ceramide O 10 60
expression of Raf-1, but ceramide stimulation of the cells - - .

had no influence on MEK-1 activity or on its interaction RESTMEK >

with Raf-1. Again, similar results were obtained when M < MAPK= >
GST-MEK-1 was co-expressed with Raf-1 plus v-Ras.

Despite the fact that v-Ras co-expression caused a further kinase assay kinase assay
increase in MEK-1 activation, ceramide treatment had no

effect on induced MEK-1 activity (data not shown). Taken -- e o ZGST-MEKD mpasw
together, these results demonstrate that neither Raf-1 nor

its immediate downstream target, MEK-1, is activated by anti-Mek biot anti-Mek biot

ceramide, despite the increase in Raf-1-Ras interaction
mediated by ceramide.
o= oeoeqg <ARafl
TNF treatment enhances the association of Raf-1
with activated Ras in mammalian cells, but has no anti-Raf blot
'm’?a?t on basal or Ras-stimulated Raf-1 kinase Fig. 4. Ceramide does not affect phosphorylation and activation of
activity o . ] MEK by Raf-1 kinase. GST-MEK was expressed in Sf-9 cells alone
The data obtaineth vitro and in Sf-9 cells argued against (right panel) or together with Raf-1 (left panel). GST-MEK was
a direct role for ceramide in Raf-1 activation. However, isolated from G-ceramide-treated cells by adsorption to glutathione—

T Sepharose beads and subjected tanavitro kinase assay with kinase-
an indirect role could not be excluded. For example, negative MAPK (MAPK) as substrate. Reactions were separated by

ceramld'e could affect . unknowp signalling molecules SDS-PAGE and blotted. Blots were autoradiographed (upper panel)
absent in Sf-9 cells or in then vitro assays performed  and stained for MEK (middle panel) and associated Raf-1 (lower

with purified recombinant proteins. Moreover, synthetic panel) with anti-MEK and anti-Raf-1 antisera, respectively.

ceramide analogues might not be able to substitute fully

for endogenous ceramides generated in the mammaliankinase, as shown by co-immunoprecipitation experiments.
cell. TNF is a well-studied physiological activator of However, TNF failed to cause a significant stimulation of
ceramide generation. Therefore, we also investigatedthe Raf-1 kinase activity in these cells (Figure 5B).
whether TNF could activate the Raf-1 kinase in mamma-  In the next set of experiments, a detailed analysis of
lian TNF-responsive cells. In the first set of experiments, TNF effects was conducted in NIH-3T3 fibroblasts not
we used Kym-1 cells, which are highly sensitive to TNF sensitive to TNF-induced apoptosis. A pool of NIH-3T3
and undergo apoptosis upon TNF stimulation within 18 h transfectants, termed NIH/Raf-1, stably overexpressing a
(Grell et al, 1993). In these cells, TNF induced the human Raf-1 cDNA ~6-fold over endogenous levels, were
production of intracellular ceramide within 2 min; elevated used. Overexpression of Raf-1 does not activate the MEK/
levels of ceramide were sustained for at least 30 min MAPK cascade (data not shown), but these cells were
(Figure 5A, and data not shown). Subsequent to the chosen to facilitate the detection of weak stimulatory
elevation of intracellular ceramide concentrations, there responses. Serum-starved cells were treated with 100 ng/ml
was a>200% increase in association of Ras with Raf-1 murine TNF for the times indicated. The kinase activity
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Fig. 5. TNF increases the intracellular ceramide level and stimulates
Ras association with Raf-1 in Kym-1 cellAX Kym-1 cells (5x10°)

were stimulated by TNF (10 ng/ml). At the indicated times, cells were
washed and scraped from the plates for lipid extraction. Ceramide
levels were determined using the DAG kinase assay kit (Amersham)
with ceramide as standard. Three independent experiments were

performed; values are the means of triplicate determinations. The basal

intracellular ceramide level (100%) corresponds to 24.6 pmol of
ceramide-1-phosphate pex30® cells. @) Kym-1 cells were
stimulated with TNF (10 ng/ml) and lysed at the time points indicated.
Anti-Raf-1 immunoprecipitates from>510° cells were separated by
SDS—PAGE, blotted to nitrocellulose and subsequently stained with
Ras- or Raf-1-specific antibodies. In parallel, the Raf-1
immunoprecipitates were examined for kinase activity in a linked
kinase assay using MEK and kinase-negative MAPK (MAP&s
substrates. The amounts of Raf-1 and co-immunoprecipitated Ras
proteins were quantified by laser densitometry. Raf-1 kinase activity
was measured using a Fuji Phospholma@erco-precipitated Ras;

A, Raf-1 kinase activityl, Raf-1 protein.

A min. TNF ng/ml TNF

: £ o
0255102040 & o 9 FFH I P g
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Fig. 6. TNF induces kB proteolysis and activation of 50 and 97 kDa
kinases but fails to activate the Raf-1 kinas&) NIH/Raf-1 cells

were treated with 100 ng/ml murine TNF for the times indicated or
with different amounts of TNF for 10 min, respectively. The kinase
activity of Raf-1 immunoprecipitates was determined in a linked
kinase assay. In the lane ‘Co.’, MEK and MAPMere incubated in

the absence of a Raf-1 immunoprecipitat®) (n parallel, the same
lysates were immunoblotted and stained foB. (C) Aliquots of the
lysates used in (A) were analysed by an in-gel kinase assay with MBP
as substrate polymerized into the gel. Shown is the autoradiogram of
the dried gel. The sizes of molecular weight markers are indicated.

MBP kinases. As judged from the apparent molecular
weight, the 50 kDa band probably corresponds to SAPKs/
JNKs, while the 95/97 kDa band may represent CAPK.
Thus, TNF was able to elicit specific responses in these
cells, including the activation of kinases, which, however,
were different from Raf-1. Completely consistent results
were obtained when NIH-3T3 or NIH/Raf-1 cells were
treated with cell-permeable ceramides,{Cand G-
ceramide). These ceramides induceB degradation and
MBP kinases, but did not activate the Raf-1 kinase within

of Raf-1 immunoprecipitates was measured in linked a concentration range of 0.1-30€/ml (data not shown).

kinase assays with MEK and kinase-negative MAPK as

As Raf-1 activation by TNF may be cell type-specific

substrates, revealing no activation of Raf-1. Even the use(Yao et al, 1995; Verheijet al, 1996), in addition to
of a wide range of different concentrations of TNF (10— NIH-3T3 and Kym-1 cells, we also examined other known
10 000 ng/ml) failed to activate the Raf-1 kinase (Figure TNF-responsive cell lines, in particular Jurkat, HL-60,

6A). The lack of Raf-1 stimulation was not due to a

COS, HUVEC (data not shown) and HelLa cells (see

general absence of TNF responses in these cells. TNF orbelow). However, under the conditions described above,

ceramide rapidly triggeredkB proteolysis (Figure 6B)

neither TNF nor ceramide caused a significant activation

and stimulated several myelin basic protein (MBP) kinases of Raf-1 in any of these cells lines including HL-60,
detectable by in-gel kinase assays (Figure 6C). Notably, where Raf-1 activation by CAPK has been reported
TNF readily enhanced the actvity of 34, 50 and 95/97 kDa previously (Yaoet al, 1995).
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Fig. 7. TNF interferes with EGF-induced activation of the mitogenic signal cascade downstream of Ras at the level of Raf-1. Serum-starved HelLa
cells were used throughout the experiments described below, treated with 10 ng/ml TNF, 25 ng/ml EGF or both for the time points indicated and
analysed foiin vivo activation of Ras, Raf-1 and ERK. TNF was administered immediately before BGHlfibition of EGF-induced Raf-1 kinase

activity by TNF. Cells were lysed, Raf-1 was immunoprecipitated with antibody cRafVI and subjected to a linked kinase assay with Rec, MEK-1

and kinase-inactive ERK-2 (MAPK as substrates. The reactions were separated by 10% SDS—PAGE and blotted. The blot was autoradiographed
(Raf-1 kinase assay) and subsequently stained with Raf-1-specific antiserum (anti-Raf-1 Western). Kinase activities were quantified with a Fuji
Phospholmager and are given as relative scan units (untreated=cg)ldelow the lanes. In the lane ‘Co’, MEK-1 and MAPMKere incubated in

the absence of a Raf-1 immunoprecipitate as a negative corBjolnijibition of EGF-induced ERK kinase activity by TNF. ERK-1 and -2 were
immunoprecipitated with a mixture of anti-ERK-1 and -2 agarose beags$ €ach, Santa Cruz Biotechnology) and tested for kinase activity with

MBP as substrate. The reactions were resolved on 12.5% SDS—PAGE and autoradiographed (ERK kinase assay). Substrate phosphorylation was
guantified as in (A) and is indicated as relative units below the lanes. In parallel, an aliquot of the same cell lysates was blotted and stained with an
anti-pan ERK antibody (Transduction Labs) to ensure equal ERK expression (ERK Western@jldtytiyation of Ras by TNF and EGF. The

activation of endogenous Ras was measured by pulldown assays with a GST fusion protein comprising the Ras-binding domain of Raf-1 (Raf/RBD)
as described in Materials and methods. Samples were separated on a 12.5% SDS gel and blotted for associated Ras with a panRas antibody
(Transduction Labs). The total content of cellular Ras in the same lysates was determined by direct Western blotting.

TNF and Cgz-ceramide down-regulate the activation either Raf-1 or ERK kinase activity (Figure 7A and B).
of the Raf-1 kinase by EGF However, TNF efficiently counteracted the EGF-mediated
The observation that TNF or ceramide stimulated the activation of both enzymes, dampening both the amplitude
formation of Raf-1-Ras complexes without significantly and the duration of activation (Figure 7A and B). TNF
activating the Raf-1 kinase suggested that TNF may fail was clearly capable of activating Resvivo, with a more

to provide an accessory signal necessary to activate Raf-1rapid and sustained activation compared with the transient
when bound to Ras. Alternatively, it is conceivable that response to EGF stimulation, as revealed from pulldown
ceramide binding to Raf-1 imposes, despite enhancedof activated GTP-Ras by a GST-Raf-Ras-binding domain
Ras—Raf interaction, a negative signal for subsequent(RBD) fusion protein (Figure 7C). The kinetics and levels
activating events. Therefore, we investigated whether TNF of GTP-Ras upon combined EGF/TNF treatment of cells
might modulate Raf-1 activation by stimuli, such as closely resembled that of cells treated with TNF only
epidermal growth factor (EGF), which efficiently activate (Figure 7C).

Ras as well as Raf-1 (reviewed in Downward, 1996;  With respectto down-modulation of EGF-induced Raf-1
Marrais et al, 1996). For this purpose, HelLa cells were kinase activity by TNF, exogenous€eramide mimicked
treated with TNF, EGF or a combination of both agents, TNF action (Figure 8A). Together with the data shown in
and the cellular activation of Ras, Raf-1 and ERK was Figure 7, these results suggest that TNF, via its second
studied (Figure 7). While EGF readily stimulated both messenger ceramide, interferes with EGF-induced mito-
Raf-1 and ERK kinase activity, evident from MAPIind genic signal cascades downstream of Ras at the level of
MBP substrate phosphorylation, TNF did not increase Raf-1 activation, probably at the cell membrane. In support
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of this reasoning, a TNF-dependent translocation of Raf-1 induced ERK stimulation in NIH-3T3 cells and v-Src-
to cellular membranes without kinase activation was noted induced ERK stimulation in COS cells (data not shown).

(see below). The above experiment performed with HeLa

It has been reported that kinases can provide the

cells has been repeated with the monocytic cell line HL- second signal required for full Raf-1 activation at the cell
60, in which the MAPK cascade was strongly activated membrane (Maraist al, 1995). Therefore, the effects of
by phorbol ester (TPA) treatment of cells instead of EGF. TNF were examined in this setting. For this purpose,
As for Hela cells (Figure 7), simultaneous treatment with COS-1 cells were transfected with Raf-1 alone or together

TNF (10 ng/ml) or G-ceramide down-regulated TPA-
induced Raf-1 and ERK activation in HL-60 cells as well.
Moreover, TNF and gceramide reduced TPA- and EGF-

A
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with v-Ras, v-Src or a combination of both, and treated
with TNF (Figure 8B and C). TNF induced a translocation
of Raf-1 to cellular membranes (Figure 8B), but again
failed to enhance the basal (Figure 8B and C) and v-Ras-
stimulated (Figure 8C, upper panels) Raf-1 kinase activity
in these cells. In contrast, TNF induced a rapid and
sustained suppression of Raf-1 activation by v-Src in the
absence and presence of v-Ras (Figure 8C, lower panels).
These data are consistent with the hypothesis that TNF
inhibits activation of Raf-1 by secondary signals at the
cell membrane.

Discussion

It is well accepted that Raf-1 takes a central position in
mitogenic signal pathways induced by a variety of growth
factors (Dentet al, 1992; Howeet al, 1992; Kyriakis

et al, 1992). However, the involvement and functional
role of Raf-1 in signal pathways of the pro-inflammatory
cytokine TNF is less well understood, and controversial
data concerning TNF-dependent activation of Raf-1 exist.
Thus it was reported recently by several groups that TNF
treatment can stimulate Raf-1 kinase activity (Yetoal,
1995; Huwiler et al, 1996; Kalbet al, 1996; Modur

et al, 1996). Yaoet al. (1995) have proposed that CAPK
can directly phosphorylate and activate RafiVitro and

in HL-60 cells, resulting in the subsequent activation of
MEK. In contrast, other studies conducted in different cell
lines did not find TNF activation of Raf-1 (Westwick
et al, 1994; Winstoret al, 1995; Gardner and Johnson,
1996), suggesting that TNF-mediated stimulation of Raf-1
may be highly cell type-specific. In the present investi-
gation, we employed cell-freim vitro assays and studied
various TNF-responsive cell lines for their linkage of Raf-1
to TNF signal pathways. Our data provide compelling
evidence that Raf-1 is modulated by both TNF and its
immediate intracellular messenger ceramide. We show
that TNF treatment via ceramide enhanced Ras-GTP
binding to Raf-1, yet, contrary to the expectations from

Fig. 8. (A) Inhibition of EGF-induced Raf-1 kinase activity by
ceramide. COS cells were transfected with Raf-1. Two days
post-transfection, cells were serum deprived for 16 h and subsequently
treated for 10 min as indicated. Human TNF (10 ng/ml) or
Cg-ceramide (5QuM) was administered immediately before EGF

(25 ng/ml). Raf-1 immunoprecipitates were examined for kinase
activity using the linked kinase assay with MEK and kinase-negative
MAPK (MAPK") as substratesB] TNF induces redistribution of

Raf-1 to cellular membranes without activating Raf-1. COS cells were
transfected with Raf-1. Serum-starved cells were treated with EGF for
10 min or TNF for 5 or 30 min, respectively. Cells were fractionated
into soluble cytoplasmic (‘S’), membrane (‘P’) and insoluble (‘I)
components. The distribution of Raf-1 was examined by Western
blotting, and the kinase activity was monitored by the linked kinase
assay, which tests for MEK activatiorC)Y TNF interferes with
v-Src-induced Raf-1 activation. COS-1 cells were transiently
transfected with the indicated plasmids. Serum-starved cells were
treated with 10 ng/ml TNF. The kinase activity of Raf-1
immunoprecipiates was measured in a linked kinase assay.



data of some of the previous reports (Yabal, 1995;
Huwiler et al, 1996; Kalbet al, 1996; Moduret al,

Ceramide regulates Ras-Raf-1 interaction and kinase activity

GDP-loaded Ras and its binding curve closely parallels
the ceramide-binding profile. Moreover, neither two other

1996), TNF did not activate Raf-1 kinase. Rather, we lipid messengers also implicated in TNF signal pathways,
provide evidence for a negative regulatory cross-talk of DAG and arachidonic acid, nor metabolic derivatives of
TNF, via its second messenger ceramide, with typical ceramide were found to stimulate Ras—Raf-1 interaction,
mitogenic signals at the level of Raf-1. As TNF’s down- corroborating that this action is ceramide-specific. The
regulating function of mitogen-induced Raf-1 kinase ceramide-induced increase of Ras-GTP binding is only
activity was paralleled by the ceramide-dependent binding observed with full-length Raf-1, not with the isolated
of Ras-GTP and recruitment of Raf-1 to cell membranes, a Raf-1 kinase domain (BXB), indicating that ceramide does
causal relationship is suggested. We propose that ceramidanot shift the binding epitope for Ras-GTP to BXB.
imposes a dominant-negative effect on mitogenic Raf-1 Therefore, it may be concluded that ceramide modulates
activation by sequestration into inactive Ras—Raf-1 com- the affinity of Raf-1 for Ras-GTP, probably by inducing
plexes. The alkyl chain protrusion model of ceramide a conformational change. A conformational switch in
function recently proposed by Knée (1997), according  Raf-1 between states with low and high affinity for Ras-
to which ceramide primarily serves as membrane lipid GTP is consistent with the observation that the isolated
anchor to recruit proteins to membranes rather than as aRBD has a substantially higher affinity for Ras-GTP than
soluble messenger, is in line with our interpretation. full-length Raf-1 (Chuangt al, 1994). Based on the data
Interestingly, ceramide specifically bound to the cata- presented, we propose that the ceramide-induced changes
lytic domain of Raf-1. Binding of this lipid messenger in Ras—Raf interaction itself and/or other conformational
was expected to occur at the regulatory domain of Raf-1 alterations due to ceramide binding to the Raf-1 catalytic
in structural analogy to another cysteine-rich zinc finger domain interfere with the inducibility of the kinase by
motif found in PKC{ (Hug and Sarre, 1993; Goodnight mitogenic signals.
et al, 1994; Dekkeet al,, 1995), the latter being activated With respect to TNF’s role in Raf-1 kinase activation,
by ceramide upon TNF stimulation (Lozaed al., 1994; the controversial findings so far published can be explained
Mduller et al, 1995). The affinity of ceramide binding to in several ways. First, TNF may activate the Raf-1 kinase
Raf-1 was found to be rather low, with an estimatégl towards a yet unknown substrate different from MEK.
of 1 uM, and did not result in activation of the kinase. This possibility can be considered because the CAPK-
For comparison, PKC contains both low- and high- induced phosphorylation of Raf-1 was mapped to
affinity ceramide-binding sites; ceramide binding to the threonines 268/269 (Yaet al., 1995), which represent the
low-affinity site of PKC ¢ did not result in activation, = major Raf-1 autophosphorylation sitesvitro (Morrison
whereas high-affinity binding caused robust activation of et al, 1993). These sites, however, differ from known
the enzyme (Mler et al, 1995). By analogy, since activating phosphorylation sites, but might serve to redirect
Raf-1 lacks a high-affinity ceramide-binding site, ceramide the substrate specificity of Raf-1. Second, TNF may fail
may not be expected to activate Raf-1. to recruit a cofactor required for activation of the Raf-1
Recently, two phospholipid-binding domains in Raf-1 kinase after binding to Ras-GTP. The availability of
were described. Phosphatidylserine (PS) binds to thethis cofactor might be cell-specific. In support of this
cysteine-rich amino-terminal region (Huwiletal., 1996), hypothesis, recent work has shown that association of
while the second messenger phosphatidic acid (PA) bindsRaf-1 with Ras-GTP may occur without a concomitant
to the carboxy-terminal domain (Ghost al,, 1996). PS activation of Raf-1 (Moodieet al, 1994). Our data
did not affect either Ras-GTP binding or the activity of obtained with several cell lines treated only with TNF
the Raf-1 kinasén vitro (Forceet al, 1994; Figure 2C),  would be compatible with such a model. However, since
whereas PA was suggested to promote the translocationboth TNF and exogeneous ceramide each interfered with
of Raf-1 kinase to the cell membrane (Williams and a simultaneous EGF-induced or v-Scr-mediated Raf-1 and
Roberts, 1994). Although the latter study failed to show ERK activation, we favour a third alternative, namely an
binding of type IV ceramide from bovine brain to Raf-1, active down-regulating function of TNF on Raf-1 kinase
this result is not necessarily in contradiction to the data activation. Although the molecular mechanisms of this
presented here and probably reflects the use of differentnegative regulatory cross-talk are not yet elucidated in
ceramides: gg-ceramide used here is the prevalent physio- detail, our results indicate that binding of the TNF messen-
logical ceramide in non-brain tissue, whereas bovine brain ger ceramide to the catalytic domain of Raf-1 is a critical
ceramides are a mixture of predominantly longer chain event. The rapidh vivo generation of ceramide upon TNF
ceramides. stimulation and its accumulation in cells where TNF exerts
The important finding of the work presented here is cytostatic or cytotoxic action (Hannun, 1996; Gy
that binding of ceramide to Raf-1 is functionally relevant, S.Bourteele, A.HauRRer, H.[ppler, G.Schwarzmann and
as it directly enhanced the association with GTP-loaded K. Ffizenmaier, in preparation) are consistent with the
Ras without kinase activation. The membrane translocation sustained and dominant inhibition of mitogenic signals
and interference with mitogenic activation of Raf-1 kinase fuelling the MAPK cascade observed here.
by both TNF and exogeneous ceramide is thus probably As TNF/ceramide sequesters active Ras-GTP into an
a direct consequence of ceramide binding to Raf-1. inactive Ras—Raf complex, with direct consequences for
Interestingly, the ceramide-binding domain is located in the mitogenic activation of ERK, we also propose that
the C-terminal kinase domain of Raf-1, whereas the this sequestration may limit the availability of functional
RBD is situated in the amino-terminus. Nevertheless, the Ras for other downstream components such as GTPase-
ceramide-mediated increase in Raf-1-Ras association isactivating protein, phosphatidylinositol-Rinase (PI-3
specific: it can be saturated, requires a GTP- and not akinase) and Ral-GDP dissociation stimulator (Ral-GDS).
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The latter two molecules are intimately involved in mito- deletion of amino acids 26-303 (Brudetral, 1992). GRS represents a

; ; ; _ Raf-1 mutant, where an intern&td fragment encoding amino acids
genic 5|gnaII|ng. Ral-GDS regl'"ates the Ral GTPase, 332-597 was deleted. This results in removal of almost the entire kinase

which participates in the activation of phospholipase D jomain cR3. To construct GST-MEK-L, two novel restriction sites were
(reviewed in Feiget al, 1996), while PI-3 kinase mediates introduced into the MEK-1 cDNA (Gardnest al, 1993), anNcd site
proliferative responses as well as protection from apoptosisat the start codon and atbd site at the stop codon. Then, the 1.2 kb
(reviewed in Vanhaesebroeck, 1996). Raf-1 also appearSch—de fragment was cloned into the pGSTAcC5 vector cut with

. ; . . Ncd and Xbd. Sf-9 cells were infected with recombinant baculoviruses
to be part of at least two different anti-apoptotic signalling and harvested on day 3 post-infection. Cells were lysed in 2 ml of TBST

pathways. One is the ERK pathway, which, in addition to pyffer (20 mM Tris—HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton
the transduction of mitogenic signal(s), has been suggestedx-100) plus protease inhibitors [L mM phenylmethylsulfony! fluoride
to provide protection against apoptosis (>&aal., 1995; (PMSF), 1pg/ml leupeptin] and phosphatase inhibitors (10@ ortho-
Cuvillier etal, 1996; Gardner and Johnson, 1996). Another Vanadate, 20 m\B-glycerophosphate, 2 mM sodium fluoride and 2 mM

. . sodium pyrophosphate). The lysate was centrifuged for 10 min at 15 000
is the bcl-2 pathway, which recently has been reported to r.p.m. and the supernatant was incubated with (1i0&f GS (Pharmacia)

use Raf-1 as an effector kinase that may disable the death+or 15 min at 4°C under constant agitation. The beads were pelleted
promoting properties of BAD (a member of the bcl-2 (1 min, 15 000 r.p.m., 4°C) and washed twice with §0®f TBST and
gene family) by direct phosphorylation (Waret al., ‘;OOUV fmes Vc‘"thl%”d'l\’;g Ntl’“ger(gzgsg)'\"TTt”s—)'zE'OF(’)HJ-“Mlg?hF“m N}’;‘CI"
1996). Oncogenic Raf-1 alleles reduce apoptosis induced %M MJCh 10 mM MnCh, 0.05% Triton X-100, 1 mM dithiothreito
. . (DTT), 1 mM PMSF and Jug/ml leupeptin]. These protein preparations

by growth factor withdrawal (CIeveIar&i al, 1994, Wang were used foin vitro binding assays and kinase assays. The GST-Raf/
et al, 1996), the latter often leading to very high and RBD expression vector was constructed by inserting a 0.5Rét—
persistent intracellular ceramide levels (reviewed in Han- Hindlll fragment of the human Raf-1 cDNA comprising amino acids 1
nun, 1996). Therefore, it is conceivable that the formation 150 intoEscherichia colexpression vector pGEX-KG. The recombinant

fi tive Raf-1—Ras comblexes. mediated by ceramide protein was purified by adsorption to GS_beads (Pharmama) accor_dm_g
of inac ; p ) _ _y ~1 1o standard protocols and used for detection of activated Ras protein in
at the same time counteracts both mitogenic and anti- cell lysates (see below).
apoptotic signals. This may represent a novel regulatory ) ]
principle of ceramide, which could be important for one HRaf-1 and MEK-1 kinase assays and Western blotting

. . . . f Cells were lysed as described above. GST-tagged Raf-1 or MEK proteins
or more of the pleiotropic actions of TNF, in particular were isolated from Sf-9 cell lysates by affinity adsorption to GS

growth arrest, cellular differentiation and apoptosis. (Pharmacia). In order to obtain activated GST-Raf-1, Sf-9 cells were
co-infected with GST—Raf-1 and Ras plus Lck or PKCrespectively,
as described previously (ffteret al, 1994). From lysates of mammalian

Materials and methods cells, Raf-1 was immunoprecipitated with Jubof c-RafVIl antiserum
(Hafner et al, 1994) plus 10ul of protein-A—agarose (Boehringer).
Reagents and cells Precipitates were washed three times in TBST and once with Raf kinase

Semisynthetic &, Cg- and Gg-ceramides, sphingosine and sphinganine  buffer (20 mM Tris—HCI, pH 7.4, 20 mM NacCl, 10 mM MggIl1 mM

were purchased from Biomol, bovine brain type IV and Il ceramides, DTT). Raf kinase reactions contained 100 ng of purified recombinant
DAG, arachidonic acid and PS were obtained from Sigma, kinase-negative MEK (MER), or, in the case of linked kinase assays,
[*4C]palmitoylsphingosine (g-ceramide), §-32P]ATP, 2P} and the 50 ng of kinase-competent MEK plus 150 ng of kinase-negative MAPK
DAG kinase assay were from Amersham, human TNR1@" U/mg) (MAPK-), 2 uM ATP and 5uCi of [y-32P]ATP (H#ner et al, 1994).

was a kind gift of BASF and Quer EiRner, GSF, murine TNF was  MEK activity was assayed under the same conditions using 150 ng of
purchased from Boehringer Mannheim. NIH-3T3, NIH/Raf, COS-1 and MAPK™ as substrate. After incubation for 30 min at 25°C, reactions
HelLa cells were maintained in Dulbecco’s modified minimal essential were terminated by boiling in SDS gel sample buffer, separated by SDS
medium (DMEM, Gibco/BRL) supplemented with 10% bovine calf gel electrophoresis and transferred to nitrocellulose membranes. The
serum (BCS, Seromed). Jurkat and HL-60 cells were maintained in blots were autoradiographed and subsequently stained with the indicated
RPMI 1640 supplemented with 10% fetal calf serum (FCS, Seromed). antibodies using enhanced chemiluminescence (ECL kit, Amersham)
Kym-1 cells were cultured in Click's RPMI with 10% FCS. NIH/Raf  for detection. Substrate phosphorylation was quantitated with a Fuji
cells are a mass culture of NIH-3T3 cells that had been infected with a Phospholmager. In-gel kinase assays were performed exactly as described
recombinant retrovirus transducing a human Raf-1 cDNA along with a by Krautwaldet al. (1995).

hygromycin B resistance gene (pLXSH/Raf, generously provided by

John Sedivy). After selection with hygromycin B;200 resistant cell Ras activation assay

clones were pooled and designated NIH/Raf. These cells overexpressThis assay is based on the fact that only activated, i.e. GTP-loaded, Ras
the human Raf-1 ~6-fold above the endogenous Raf-1. Consistent with is capable of binding to the Raf-1 RBD. Thus, Raf/RBD-associated Ras
previous reports (Heidecket al, 1990), Raf-1 overexpression did not  proteins reflect the fraction of activated Ras molecules. The assay was
lead to cell transformation. For transient transfections, COS-1 cells were performed essentially as described by Rooij and Bos (1997). Briefly,
seeded into 6-well plates in 2 ml of DMEM containing 10% NU serum  cells pre-treated with various stimuli as indicated in the figure legends
(Collaborative Research, #55000). To 20-40% confluent cellgil 20 were lysed in RIPA buffer (20 mM Tris—HCI, pH 7.5, 150 mM NacCl,
DC mix and 3pug of plasmid DNA were added; 100 ml of DC mix 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS). Lysates were cleared
contains 1.03 g of chloroquin phosphate (Sigma) and 8 g of DEAE—- by centrifugation at 15 00@ for 5 min at 4°C. The supernatant was
dextran (Sigma, D-9885). Three to four hours later, the medium was incubated with 5ug of the GST-tagged Raf/RBD bound to GS beads
replaced by phosphate-buffered saline (PBS) containing 10% dimethyl- for 20 min. Samples were washed four times with 1 ml of RIPA buffer,
sulfoxide (DMSO) for 2 min. Then, cells were fed with DMEM plus  separated on 12.5% SDS—-PAGE and blotted. Associated Ras proteins
10% FCS. Under these conditions, protein expression increased linearly were visualized with a Ha-Ras antibody (Transduction Laboratories).
between 1 and 1@ug of plasmid DNA transfected. Two days post-

transfection, cells were deprived of serum overnight and treated as [™#C]ceramide-binding assays

described in the figure legends. For the f4C]ceramide-binding assays, GST-Raf-1 was purified from
Sf-9 cells as described above. Aliquots of 150 ng of GST-Raf-1
Expression and purification of GST-tagged proteins immobilized on GS beads were washed three times for 10 s with 1 ml

The construction of a baculovirus transducing a GST-tagged Raf-1 has of binding buffer (20 mM Tris—HCI pH 7.4; 10 mM Mggl 50 mM
been described previously (fier et al, 1994). Briefly, the human NaCl) and resuspended in 1 ml of buffer. To this suspension, different
c-Raf-1 cDNA was cloned in-frame downstream of the GST portion of concentrations of labelled{C]ceramide with and without a 100-
the baculovirus transfer vector pGSTAcC5. The pGSTAcC5 vector (a fold excess of unlabelletl-hexadecanoyl ceramide {&ceramide), for
kind gift from Gisela Heidecker) features a GST portion followed by determination of total and unspecific binding, respectively, were added.
thrombin cleavage site, a five glycine linker region and a polylinker. In  Prior to the assay, the stock solutions of unlabelled ceramidex(L00
BXB, most of the Raf-1 regulatory domain was eliminated by the kinase buffer were treated for 10 min in an ultrasonic water bath at 37°C.
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Incubation was performed for 2 h at 4°C and unboud@ceramide was
removed by washing the GST-Raf-1 beads three times for 10 s in
binding buffer. Unspecific binding was dependent on the amount of

Sepharose beads present but, under the conditions employed here, didChuang,E.,

not exceed 10% of total binding. The amount HiJceramide present
in the precipitates was measured by liquid scintillation counting.

Ras-Raf binding assay

Aliquots of 300 ng of GST—Raf-1 immobilized to GS beads were added
to 500l of binding buffer (20 mM Tris—HCI pH 7.4; 10 mM MgG]

50 mM NaCl; 0.05 % Triton X-100) containing increasing concentrations
of C,g-ceramide or other lipid mediators and incubated for 2 h at room

temperature. Excess lipids were removed by washing once with binding c

buffer. To reduce unspecific binding, |# of ELISA blocking reagent

(1 mg/ml, Boehringer Mannhein) was added. After 10 min incubation
at 4°C, the GST-Raf-1 beads were washed once and resuspended i
binding buffer. Purified Ha-Ras protein (a kind gift from Alan Wolfman)
was loaded with a non-hydrolysable GDP analogue (beta-thio) or with
a non-hydrolysable GTP analogue (GMP-PNP) according to the method
of DiBattiste et al. (1993). For specific binding, fig of Ha-Ras-GTP

or Ha-Ras-GDP was added to the GST—Raf and incubated fo at

Cleveland,J.L.,
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Bruder,J.T., Heidecker,G. and Rapp,U.R. (1992) Serum-, TPA- and Ras-
induced expression from AP-1/Ets-driven promoters requires Raf-1
kinase.Genes Dey.6, 545-556.

Barnard,D., Hettich,L., Zhang,X., Avruch,J. and

Marshall,M.S. (1994) Critical binding and regulatory interactions

between Ras and Raf occur through a small stable N-terminal domain

of Raf and specific Ras effector residuddol. Cell. Biol, 14,

5318-5325.

Troppmair,J., Packham,G., Askew,D.S., Lloyd,P.,

Gonzalez,G.M., Nunez,G., lhle,J.N. and Rapp,U.R. (1994) V-Raf

suppresses apoptosis and promotes growth of interleukin-3-dependent

myeloid cells.Oncogeng9, 2217-2226.

uvillier,O., Pirianov,G., Kleuser,B., Vanek,P.G., Coso,0.A., Gutkind,S.

and Spiegel,S. (1996) Suppression of ceramide-mediated programmed

cell death by sphingosine-1-phosphatature 381, 800-803.

rbekker,L.V., Palmer,R.H. and Parker,P.J. (1995) The protein kinase C

and protein kinase C related gene famili€sirr. Opin. Struct. Biol.
5, 396-402.

Dent,P., Haser,W., Haystead,T.A., Vincent,L.A., Roberts,T.M. and
Sturgill, T.W. (1992) Activation of MAP kinase kinase by v-Raf in

4°C. Unbound Ras proteins were removed by repeated washes with NIH 3T3 cells andin vitro. Science257, 1404-1407.

binding buffer before the samples were separated by SDS-PAGE and Dent.P.,

blotted onto nitrocellulose. Ha-Ras associated with Raf-1 was detected
by immunoblotting with the monoclonal anti-Ras antibody LA69
(Quality Biotech).

Co-precipitation of Ras with Raf-1
Kym-1 cells were stimulated with 10 ng/ml TNF and, at the indicated

Reardon,D.B., Morrison,D.K. and Sturgil, TW. (1995)
Regulation of Raf-1 and Raf-1 mutants by Ras-dependent and Ras-
independent mechanisnis vitro. Mol. Cell. Biol, 15, 4125-4135.

DiBattiste,D., Gobulic,M., Stacey,D.W. and Wolfman,A. (1993)
Differences in the interaction of c-HaRas-GMP-PNP with full-length
neurofibromin (NF1) and GARDncogene8, 637-643.

Dobrowsky,R.T. and Hannun,Y.A. (1992) Ceramide stimulates a cytosolic

times, plates were placed on ice, medium was removed and cells were protein phosphatasé. Biol. Chem, 267, 5048-5051.

washed twice with ice-cold PBS. Cells were scraped from the plates
with a rubber policeman in buffer A (Mier et al, 1995) and the
immunoprecipitation with Raf antiserum was performed according to
the procedure described in"\Mer et al. (1995). SDS—PAGE and Western

blot analysis of co-precipitated Ras were done as described above. The

combined Raf-1 kinase assay containing MEkKand MAPK  was

performed as described above. Intracellular ceramide levels were deter-

mined with the DAG kinase assay kit (Amersham).

Cell fractionation

Downward,J. (1996) Control of Ras activati@ancer Sury.27, 87—-100.

Feig,L.A., Urano,T. and Cantor,S. (1996) Evidence for a Ras/Ral
signaling cascadélrends Biochem. S¢i21, 438-441.

Force,T., Bonventre,J.V., Heidecker,G., Rapp,U., Avruch,J. and
Kyriakis,J.M. (1994) Enzymatic characteristics of the c-Raf-1 protein
kinase.Proc. Natl Acad. Sci. USA1, 1270-1274.

Gardner,A.M. and Johnson,G.L. (1996) Fibroblast growth factor-2

suppression of tumor necrosis factmrmediated apoptosis requires
Ras and the activation of mitogen-activated protein kindseBiol.

Cells were serum starved overnight and treated as described in the figure Chem, 271, 14560-14566. o
legends. After washing with ice-cold PBS, cells were lysed in isotonic Gardner,A.M., Vaillancourt,R.R. and Johnson,G.L. (1993) Activation of

buffer (20 mM Tris—HCI pH 7.4, 0.3 M sucrose, 1 mM PMSFH.d/ml
leupeptin, 100pM orthovandate, 20 mM3-glycerophosphate, 2 mM
sodium pyrophosphate) by mild sonication. Nuclei were removed by
centrifugation at 300@ for 10 min. The supernatant was centrifuged
further at 100 00Q for 60 min. The supernatant corresponding to the
soluble cytosolic fraction (‘S’) was adjusted to 1% Triton X-100 and

used for immunoprecipitation. The pellet (‘P’) was washed three times Goodnight,J.,

by resuspension in isotonic buffer, and subsequently extracted in an
equal volume of this buffer containing 1% Triton X-100 for 1 h on ice

mitogen-activated protein kinase extracellular signal-regulated kinase
kinase by G-protein and tyrosine kinase oncoproteln&iol. Chem,
268 17896-17901.

Ghosh,S., Strum,J.C., Sciorra,V.A., Daniel,L. and Bell,R.M. (1996) Raf-

1 kinase possesses distinct binding domains for phosphatidylserine
and phosphatidic acid. Biol. Chem.271, 8472-8480.

Kazanietz,M.G., Blumberg,P.M., Mushinski,J.F. and

Mischak,H. (1992) The cDNA sequence, expression pattern and
protein characteristics of mouse PKC zd&ene 122, 305-311.

to recover detergent-soluble Raf-1. Insoluble matter (') was removed Goodnight,J., Mischak,H. and Mushinski,J.F. (1994) Protein kinase C in

by centrifugation for 10 min at 10 00§ The insoluble fraction did not

differentiation and transformatiodv. Cancer Res63, 159—209.

contain kinase activity towards MEK, when assayed as described by Grell,M. and Scheurich,P. (1996) Tumor necrosis factor. In LeRoith,D.

Stokoeet al. (1994). The Triton X-100-soluble fraction was immunopre-
cipitated with Raf-1 antiserum. The quality of each fractionation experi-
ment was assured by examining the distribution of Ras, RK&nd

PKC ¢ between the S100 and P100 fractions by immunoblotting. Ras
was only found in the P100 fraction. PK&€C was detected solely in the
S100 fraction in serum-starved cells, but completely redistributed to the
P100 fraction after TPA stimulation. PK€was found in both the S100
and P100 fractions in serum-starved cells, but accumulated markedly in
the P100 fraction after TPA treatment (not shown).
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