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Raf-1 serine-threonine protein kinase has the hallmarks of a critical switch that connects growth factor 
receptor activation at the cell membrane with transcriptional events in the nucleus. We show by use of Raf-1 
dominant-negative mutants that Raf-1 is required for serum-, TPA-, and Ras-induced expression from the 
oncogene-responsive element in the polyomavirus enhancer. The minimal region of Raf-1 that displays this 
dominant-negative phenotype (Raf-C4] contains a cysteine finger motif. Raf-C4 appears to function by titrating 
out a Raf-1-activating factor that is induced by Ras following serum or TPA treatment of NIH-3T3 cells. In 
addition, we show that Raf-1 and Ras cooperate in trans-activation through the oncogene-responsive element 
and that the cysteine-rich region is necessary for this effect. 
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The Raf-1 proto-oncogenc product is thought to play a 
central role in signal transduction. Stimulation of 
growth factor receptors or mitogen treatment of cells 
results in an increase in Raf-1 kinase activity and Raf-1 
phosphorylation leading to an altered mobility on SDS-
polyacrylamide gels (Morrison et al. 1988; Rapp 1991). 
Following mitogenic stimulation, this activated form of 
Raf-1 translocates to the perinuclear area and the nu
cleus (Rapp et al. 1988a; Olah et al. 1991). v-ra/-Trans-
formed cells contain a fraction of kinase-active gag-raf 

fusion protein as well as activated endogenous Raf-1 in 
the nucleus, even under serum-starved conditions (U. 
Rapp and W. Anderson, unpubl.). Expression of v-Raf or 
activated, mutant versions of Raf-1 trans-activate tran
scription from the oncogene-responsive element in the 
polyomavirus enhancer (Rapp et al. 1988b; Wasylyk et 
al. 1989a), from the c-fos promoter (Kaibuchi et al. 1989; 
Jamal and Ziff 1990), and from the Egr-1 promoter 
(Qureshi et al. 1991). In addition, these activating muta
tions convert c-raf-l to a transforming oncogene (Rapp et 
al. 1988b; Stanton et al. 1989; Heidecker et al. 1990). 
These observations suggest that Raf-1 transmits a sig
nal from the plasma membrane to the nucleus where it 
functions to change the expression of genes involved in 
growth control. 

Transcription from the oncogene-responsive element 
in the polyomavirus enhancer can be activated by serum, 
TPA, and diverse classes of oncogenes (Wasylyk et al. 
1988). The oncogene-responsive element contains an 
AP-1-binding site and an overlapping Ets-binding site. 
Point mutations in either motif dramatically reduce 

transcriptional activation by serum and TPA stimula
tion, by the cytoplasmic oncogenes v-Src, polyoma mid
dle T antigen, v-Ras, v-Raf, and v-Mos, and by the nu
clear proto-oncogenc products c-Fos, c-}un, JunB, Ets-1, 
and Ets-2, which bind to and stimulate transcription 
from their respective binding sites in this element (Wa
sylyk et al. 1989a,b, 1990). It is likely that the cytoplas
mic oncogene products function by increasing the tran
scription-inducing activity of the nuclear proto-onco-
gene products that bind to this element. 

Raf-1 and Ras have been implicated in the signal trans
duction downstream of growth factor receptors and 
membrane-bound tyrosine kinase oncoproteins. Presum
ably, there is convergence in the signaling pathways 
through which membrane-bound activators exert their 
effect, because Ras inhibition blocks induction of DNA 
synthesis, cell proliferation, and transformation by se
rum, TPA, and a diverse repertoire of activated tyrosine 
kinases (Noda et al. 1983; Mulcahy et al. 1985; Smith et 
al. 1986; Cai et al. 1990). The positioning of Raf-1 as an 
essential cytoplasmic signal transducer downstream of 
Ras and membrane-associated tyrosine kinases has been 
established using Ras revertant cell lines (Noda et al. 
1983; Rapp et al. 1988b), inhibitory Ras antibodies 
(Huleihel et al. 1986; Smith et al. 1986), and antisense 
and dominant-negative Raf-1 mutants (Kolch et al. 
1991). 

Raf family members contain three highly conserved 
regions: CRl , CR2, and CR3 (Fig. lA). CRl contains a 
cysteine finger motif, CR2 contains many serine and 
threonine residues, and CR3 is the kinase domain. CRl 
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Figure 1. Identification of activating and dominant-negative mutants of Raf-1. [A] A schematic representation of Raf expression 

constructs tested for trans-activation. The positions of the conserved regions, CRl , CR2, and CR3, are indicated. Raf-301 contains a 

single-amino-acid substitution (K -^ W) at position 375 in the ATP-binding site of Raf-1 (Heidecker et al. 1990). Raf-BXB is an in-frame 

deletion of amino acids 26-302 in the regulatory region of Raf-1. [B] Schematic representations of the reporter constructs. These 

reporter constructs were transfected into NIH-3T3 or HepG2 cells with 5 fjtg of an RSV-LTR expression vector encoding wild-type or 

mutant Raf-1 proteins. Cells were harvested 48 hr post-transfection and assayed for CAT activity. Columns at right indicate the 

average relative CAT activity from at least four separate experiments. The CAT activity of the 3X-TRE CAT reporter plasmid 

transfected alone was arbitrarily set at 1. 
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and CR2 appear to be involved in regulation of Raf-1 
activity, as deletions or insertions within these regions 
activate Raf-1-transforming (Rapp et al. 1988b; Stanton 
et al. 1989; Heidecker et al. 1990) and trans-activation 
activities (Wasylyk et al. 1989a). It has been proposed 
that phosphorylation in CR2 and binding of a mitogen-
stimulated factor to CRl may trigger the activation of 
Raf-1 (Rapp et al. 1988a; Heidecker et al. 1990; Rapp 
1991). 

We have explored the Raf-1 dependence on serum- and 
TPA-induced transcriptional activation of genes driven 
by AP-1- and Ets-binding motifs using various Raf-1 mu
tants in cotransfection assays. Our results reveal that 
Raf-1 activity is regulated by a factor that activates Raf-1 
through interactions with the cysteine finger motif. Our 
experiments suggest that the activity of this factor is 
induced by Ras, following serum and TPA stimulation of 
NIH-3T3 cells. These findings establish the mechanism 
by which Ras activates transcription of target genes, 
identify Raf-1 as a Ras effector kinase, and suggest an 
important pathway in tumorigenesis. 

Results 

A dominant-negative Raf-1 mutant blocks basal levels 
of expression from Ap-1/Ets-driven promoters 

To assess the role of Raf-1 in activation of transcription 
through AP-1- and Ets-1-binding sites, we utilized three 
different reporter constructs (Fig. IB). pB4X contains four 
copies of the oncogcnc-rcsponsivc clement from the 
polyomavirus enhancer inserted upstream from the 
p-globin promoter fused to the chloramphenicol acetyl-
transferase (CAT) gene. pAB4X is similar to pB4X, except 
for two point mutations in the AP-1- and Ets-1-binding 
sites (Wasylyk et al. 1989a). 3X-TRE CAT contains three 
tandem AP-1 sites from the coUagenasc promoter in
serted upstream of the TK promoter fused to CAT (Angel 
et al. 1987). A-l-B wt contains two binding sites for EF-
lA cloned upstream from the El A promoter fused to 
CAT (Bruder and Hearing 1989). The EF-IA motifs are 
binding sites for Ets-1- and Ets-related proteins (CM. 
Bolwig, J.T. Bruder, T. Papas, D. Hodge, A. Seth, and P. 
Hearing, unpubl.). Initially, we analyzed the effects of 
two Raf-1 mutants on trans-activation of these reporters 
(Fig. lA). Raf-BXB carries a large deletion in the amino-
terminal regulatory domain of Raf-1. This deletion ren
ders Raf-1 constitutively activated with regard to trans
formation of NIH-3T3 cells. Raf-301 carries a single-
amino-acid substitution (lysine to tryptophan) in the 
Raf-1 ATP-binding site. Raf-301 is nontransforming and 
functions as a dominant-negative mutant with regard to 
cell proliferation and transformation (Kolch et al. 1991). 
Raf-1 or, more effectively, the transforming mutant Raf-
BXB trans-activated promoters containing AP-1-binding 
sites (pB4X and 3X-TRE CAT) but not promoters con
taining Ets-1-binding motifs [A + 'B wt) in NIH-3T3 cells 
(Fig. 1). As expected, Raf-301 did not trans-activate any 
of the reporters. In HepC2 cells where the basal levels of 
reporter gene expression were much higher, Raf-1 and 
Raf-BXB only marginally trans-activated all three pro

moters. Interestingly, cotransfection of a vector that ex
presses the kinase negative mutant, Raf-301, dramati
cally blocked the activity of all three promoters. A more 
limited degree of inhibition (40%) was observed by use of 
antisense Raf-1 vectors (data not shown). Reporters with 
point mutations or deletions in the AP-1- or Ets-binding 
sites were not Raf responsive, indicating specificity for 
Raf-1 activation. These results suggest that endogenous 
Raf-1 is constitutively active in HepG2 cells and the Raf-
301 mutant functions by blocking endogenous Raf-1 ac
tivity. The differences observed on Raf-1 activity be
tween N1H-3T3 and HepG2 cells are consistent with the 
constitutive expression of a Raf-1 activator in HepG2 cells. 

The amino-terminal regulatory region of Raf-1 is 
necessary and sufficient for the dominant-negative 
phenotype 

To determine which region of Raf-301 is important for 
blocking the activity of endogenous Raf-1, we tested a 
series of Raf-1 mutants for their ability to block basal 
levels of expression from the polyoma reporter construct 
following cotransfection into HepG2 cells (Fig. 2). Raf 
expression constructs carrying progressive deletions 
through the kinase domain and CR2, Raf-Cl through 
Raf-C4, efficiently blocked endogenous Raf-1 activity. 
Raf-C4 encodes the amino-terminal 257 amino acids of 
Raf-1, which contains CRl. Raf-C4 blocked basal levels 
of CAT expression more efficiently than did any of the 
other mutants. Inhibition by Raf-C4 was specific for ex
pression from promoters driven by Ap-1/Ets-binding 
sites, because Raf-C4 did not block expression from pro
moters driven by the SV40 enhancer or the Rous sarcoma 
virus long terminal repeat (RSV-LTR; data not shown). 
Cotransfection of vectors expressing Raf-BXB-301 or Raf-
Nl, both of which lack the amino-terminal cysteine-rich 
domain and are expressed efficiently, had no effect on 
transcription in HepG2 cells. To ensure that the Raf-C4 
protein blocks AP-1/Ets-dependent transcription and to 
determine whether the cysteine-rich region within CRl 
is necessary for this activity, we tested the ability of 
Raf-C4pml7 to block AP-1/Ets-driven expression in 
HepG2 cells. Raf-C4pml7 contains a single-amino-acid 
substitution (cysteine to serine at position 168) within 
the Raf-C4 cysteine-rich region. This substitution 
strongly decreases the dominant-negative effect of Raf-
C4 (Fig. 2C). We conclude that the amino-terminal do
main confers the dominant-negative phenotype upon the 
cRaf-301 protein. The lack of activity of Raf-C4pml7 
suggests that either the mutation affects protein stability 
or that the conserved cysteine finger motif in Raf-1 is 
necessary for interactions with upstream regulatory fac
tors. We have recently described a car boxy-terminal de
letion mutant similar to Raf-C4, termed pHRC, which 
interferes with viability and/or proliferation of NIH-3T3 
cells (Kolch et al. 1991). Like Raf-C4, pHCR contains the 
cysteine finger motif but not CR2 and CR3. Thus, it 
appears that the Raf-1 cysteine finger motif may be im
portant in regulating both mitogen-induced transcrip
tional activation and cell growth. 
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Figure 2. The amino-terminal region of 
Raf-1 is necessary and sufficient for the 
dominant-negative phenotype. [A] Sche
matic representation of Raf-1 and Raf-1 
mutant expression constructs. Raf-1, Raf-
301, and Raf-BXB are the same as in Fig. 1. 
Raf-Cl through Raf-C4 are progressive car-
boxy-terminal deletions of Raf-1. Raf-Nl 
is an amino-terminal deletion of Raf-1. 
Raf-BXB-301 is the ATP-binding site mu
tant (K-* W at position 375) in the Raf-
BXB background. Raf-BXB-Cl is a carboxy-
terminal deletion of Raf-BXB. Raf-C4pml7 
is the same as Raf-C4 except it contains a 
single-amino-acid substitution (Cys-168 
to Scr). (For details on the construction of 
these mutants, sec Materials and meth
ods.) [B] Five micrograms of the indicated 
RSV-LTR expression vector, encoding the 
wild-type or mutant Raf proteins illus
trated in A, was cotransfccted with 1 |jig of 
pB4X into HepG2 cells. (C) HepG2 cells 
were cotransfccted with 0.5 |xg of RSV-
Raf-C4 or RSV-Raf-C4pml7 and 1 jjig of 
pB4X. The level of CAT expression was 
determined 48 hr after transfection. The 
standard deviation of the mean values is 
indicated by error bars. 
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The Raf-C4 dominant-negative mutant blocks serum-

and TPA-induced expression from the 

oncogene-responsive element and functions at the 

level of Raf-1 activation 

The dominant-negative mutants were used to determine 
whether Raf-1 is necessary for TPA- and serum growth 
factor-induced expression from the oncogene-responsive 
element. pB4X CAT expression was induced 12-fold by 
serum or TPA stimulation of NIH-3T3 cells. Cotransfec-
tion of vectors that express Raf-301 or the Raf-C4 mu
tant with the pB4X reporter significantly reduced the 
inducibility of this construct by serum and TPA, 
strongly suggesting that Raf-1 is required for serum- and 
TPA-induced transcriptional activation (Fig. 3). 

What is the mechanism by which Raf-C4 blocks tran
scriptional activation from the oncogene-responsive ele

ment? Raf-C4 may block a transition step between inac
tive and active Raf-1. Alternatively, Raf-C4 may block 
the interaction between Raf-1 and its substrate. Another 
possibility is that Raf-C4 does not block Raf-1 but an
other factor involved in transcriptional activation. To 
test whether Raf-C4 is blocking Raf-1 activity, we 
cotransfccted NIH-3T3 cells with pB4X, RSV-Raf-1, and 
a vector control or RSV-Raf-C4 (Fig. 4). As observed pre
viously, Raf-1 trans-activated CAT expression two- to 
fivefold. A two- to fourfold block in Raf-1 activity was 
consistently observed when a twofold excess of the RSV-
Raf-C4 mutant was cotransfected with RSV-Raf-1 into 
NIH-3T3 cells, indicating that the Raf-C4 mutant does 
block Raf-1 function. 

The amino-terminal half of Raf-1 is thought to have a 
negative regulatory function as its deletion activates ki
nase and transforming activities of Raf-1. Interaction of 
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Figure 3. Raf-1 is necessary for serum- and TPA-induced ex
pression from the oncogene-responsive element in the poly-
omavirus enhancer. NIH-3T3 cells were cotransfected with 1 (xg 
of pB4X and 5 M-g of vector control (pkRSPA), RSV-Raf-301, or 
RSV-Raf-C4. Following transfection, the cells were maintained 
in media containing 0.3% fetal calf serum. Forty-two hours after 
transfection, the cells were induced with 10% FCS or TPA (100 
ng/ml) for 6 hr. At 48 hr post-transfcction, cells were harvested 
and extracts were analyzed for CAT expression. The amount of 
CAT activity detected in the induced vector control (12-fold 
over uninduced) was set at 100%. The standard deviation of the 
mean values is indicated by error bars. 

this domain with upstream Raf-1 regulators is a likely 
mechanism for the activation of Raf-1 kinase. Consis
tent with this model for Raf-1 activation is the finding 
that the dominant-negative mutants Raf-301 (data not 
shown) and Raf-C4 (Fig. 4) did not block the transcrip
tional activity of Raf-BXB, which lacks this negative reg
ulatory domain. In addition, Raf-pml7, which carries a 
single-amino-acid substitution in the Raf-1 cysteine fin
ger motif (Cys-168 to Ser), reproducibly trans-activated 
two- to threefold better than Raf-1, and cotransfection of 
RSV-Raf-pml7 with RSV-Raf-C4 did not result in a de
crease in trans-activation by Raf-pml7. The inability of 
cotransfected Raf-C4 to block trans-activation by Raf-
p m l 7 strongly suggests that the cysteine finger motif in 
Raf-C4 is important for blocking Raf-1 function. This 
result, along with our finding that Raf-C4 did not block 
Raf-BXB activity, indicates that Raf-C4 probably blocks a 
Raf activation event and does not compete for substrate 
utilization. 

Raf-1 is necessary for trans-activation by Ras 

Ras appears to lie in a signal transduction pathway 
downstream of growth factor receptors and upstream of 
Raf (Mulcahy et al. 1985; Huleihel et al. 1986; Smith et 
al. 1986). We have observed previously that the Raf-1 
dominant-negative mutant p301-l and Raf-1 antisense 
constructs blocked transformation by v-Ras (Kolch et al. 
1991). v-Ras also activates transcription from the onco
gene-responsive element in the polyomavirus enhancer 

(Wasylyk et al. 1988, 1989b). To determine whether 
Raf-1 mediates trans-activation by Ras, we looked at the 
ability of Raf-C4 to block Ras-induced activation 
through the oncogene-responsive element (Fig. 5A). 
v-Fla-Ras efficiently trans-activated pB4X CAT expres
sion, and Raf-C4 completely blocked Ras-induced ex
pression. These results demonstrate that Raf-1 is neces
sary for trans-activation by Ras. Mos trans-activation 
was not blocked by Raf-C4, indicating that Mos func
tions downstream of Raf or in a different pathway. Dose 
response determination showed a linear dose depen
dence for inhibition of v-Ha-Ras-induced reporter expres
sion by Raf-C4 (Fig. 5B). This result is consistent with 
titration by Raf-C4 of a rate-limiting activator of Raf-1. 

Because v-Ha-Ras activates transcription from the on
cogene-responsive element in the polyomavirus en
hancer by activating Raf-1, we expect v-Ha-Ras and Raf-1 
to cooperate in trans-activation when cotransfected into 
NIH-3T3 cells with the polyomavirus reporter. Cotrans
fection of NIH-3T3 cells with pB4X and v-Ha-Ras or 
RSV-Raf-1 led to a modest increase in expression from 
pB4X (Fig. 6). However, cotransfection of cells with 
pB4X, v-Ha-Ras, and RSV-Raf-1 resulted in a dramatic 
increase in CAT expression. The levels of CAT expres
sion observed in the v-Ha-Ras/RSV-Raf-1 cotransfection 
are similar to the levels obtained with the fully activated 
Raf-1 mutant, Raf-BXB. We have also observed coopera
tion between Raf-1 and Ras in Ras-transformed NIH-3T3 
cells (data not shown). v-Ha-Ras did not synergize with 
activated Raf, Raf-BXB, or v-Mos (Fig. 6A), and no coop
eration was observed when Raf-1 was cotransfected with 
PM-1 or RSV-Raf-BXB (data not shown). Therefore, it 
seems likely that as with serum and TPA, Ras regulates 
the activity of Raf-1. The finding that Raf-BXB does not 
synergize with Ras is consistent with this notion, be
cause the regulatory region of Raf-1 has been deleted in 
Raf-BXB. Ras/Raf synergy at the transcriptional level ap
pears to result ultimately in cell transformation, as we 
have observed cooperative interactions between Raf-1 
and Ras at the level of transformation as well (A. Cuad-
rado, T. Fleming, J. Bruder, S. Aaronson, and U. Rapp, 
unpubl.). 

The cysteine-rich region of Raf-1 is necessary for 

Raf/Ras cooperation 

Using a dominant-negative Ras mutant we have demon
strated recently that Ras is necessary for both serum- and 
TPA-induced activation of pB4X CAT expression (J. 
Troppmair, J.T. Bruder, H. App, H. Cai, J. Szeberenyi, 
G.M. Cooper, and U.R. Rapp, in prep.). Because Ras func
tions by activating Raf-1 (Fig. 5) and the cysteine-rich 
region of Raf-1 appears to be necessary for activation of 
Raf-1 (Figs. 2-4), we were interested in determining 
whether the cysteine finger motif of Raf-1 was necessary 
for activation by Ras. To address this issue we cotrans
fected NIH-3T3 cells with the pB4X reporter v-Ha-Ras 
and the cysteine finger motif mutant RSV-Raf-pml7 
(Fig. 6B). As shown previously, Raf-pml7 trans-activated 
better than Raf-1 but not as efficiently as Raf-BXB or the 
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Figure 4. The Raf-C4 dominant-negative 
mutant functions at the level of Raf activa
tion. {A) Schematic representation of Raf-1 
and Raf-1 mutant proteins. Raf-1 and Raf-BXB 
are the same as in Fig. 1. Raf-pml7 carries a 
single-amino-acid substitution (C-* S) in the 
last cysteine of the cysteine finger motif of 
Raf-1 and is expressed from the RSV-LTR. [B] 
NIH-3T3 cells were cotransfected with 1 ixg 
of pB4X and 5 )xg of the indicated expression 
vectors. The vector control is the parent vec
tor pkRSPA (Dorn et ai. 1990). The level of 
CAT expression was determined from cell ex
tracts harvested 48 hr post-transfection. The 
standard deviation of the mean values is in
dicated by error bars. 
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combination of v-Ha-Ras and Raf-1. Cotransfcction of 
RSV-Raf-pml7 and v-Ha-Ras did not result in an in
crease in CAT expression relative to RSV-Raf-pml7 
alone. This result indicates that the cysteine finger motif 
is necessary for cooperation with Ras. A mutant, v-Ha-
Ras-VI5, carrying a single inactivating amino acid sub
stitution in v-Ha-Ras, did not trans-activate and did not 
cooperate with Raf-1. These results indicate that v-Ha-
Ras activates transcription by modulating the activity of 
Raf-1 through interactions with the cysteine-rich region 
of Raf-1. This interpretation is supported by the finding 
that Raf-C4pml7 is a poor inhibitor of Ras-induced 
trans-activation of pB4X CAT expression (data not 
shown). Ras may bind directly to this region of Raf-1, 
resulting in an activation of Raf-1 kinase activity, al
though at present there is no evidence for a direct inter
action between Ras and Raf-1. Alternatively, Ras may 
induce a factor that binds to and activates Raf-1 through 
interactions with the cysteine finger motif. 

Discussion 

In this paper we have demonstrated that Raf-1 can trans-
activate promoters containing AP-1- and Ets-binding 

sites. Using Raf-1 dominant-negative mutants, we have 
shown that Raf-1 is necessary for basal levels of expres
sion from Ap-1/Ets-driven promoters in HepG2 cells and 
for serum-, TPA-, and Ras-induced expression in NIH-
3T3 cells. We have observed constitutive expression of a 
Raf-1 activator in HepG2 cells, which activates Raf-1 
through interactions with the amino-tcrminal, cysteine-
rich, regulatory domain. This activator appears to be in
duced by Ras following serum and TPA stimulation of 
resting NIH-3T3 cells. 

In many receptor systems, stimulation of the receptor 
results in hyperphosphorylation of Raf-1, which corre
lates with an increase in Raf kinase activity. Therefore, 
phosphorylation-mediated activation of Raf-1 has re
ceived much attention. In fact, extracellular signal-reg
ulated kinases (ERKs) have recently been shown to phos-
phorylate Raf-1 in vitro (Lee et al. 1991), and Raf-1 au-
tophosphorylation has been observed on serine residues 
within the regulatory domain (D. Morrison, G. Hei-
decker, and U. Rapp, unpubl.). Our results do not exclude 
a catalytic mode of Raf-1 activation involving post-
translational modification of the cysteine-rich region. 
However, because the activating factor can be titrated 
efficiently, the activity must be saturable. In addition, 
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Figure 5. Raf-1 is necessary for trans-activation by v-Ha-Ras. [A] NIH-3T3 cells v̂ êre cotransfected v^ith 1 fj,g of pB4X and 5 [xg each 
of the indicated expression vectors. v-Ha-Ras expresses activated Ras from the SV40 early promoter (Clanton et al. 1987), and pM-1 
expresses v-Mos from the Moloney murine sarcoma virus (MSV)-LTR. [B) NIH-3T3 cells were cotransfected with 5 jxg of v-Ha-Ras and 
increasing concentrations of Raf-C4. The level of CAT expression was determined from cell extracts harvested 48 hr post-transfection. 
The standard deviation of the mean values is indicated by error bars. 
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Figure 6. The cysteine finger motif of Raf-1 is necessary for cooperative interactions with v-Ha-Ras. NIH-3T3 cells were cotransfected 
with 1 |xg of pB4X and 5 |xg each of the indicated expression vectors. v-Ha-Ras-V15 expresses a nontransforming mutant v-Ras 
(Gly-* Val at position 15) from the SV40 early promoter (Clanton et al. 1987). The level of CAT expression was determined from cell 
extracts harvested 48 hr post-transfection. The standard deviation of the mean values is indicated by error bars. 
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the finding that Raf-pml7 is not subject to inhibition by 
Raf-C4 and does not cooperate with Ras argues against a 
simple phosphorylation-mediated activation of Raf-1 in 
this system. Perhaps there are multiple independent 
mechanisms for Raf-1 activation. Alternatively, both 
ligand binding and phosphorylation events may be nec
essary for full activation of Raf-1 kinase. 

The simplest model for Raf-1 activation that is consis
tent with the results presented here is illustrated in Fig
ure 7. In quiescent cells, Raf-1 is held in an inactive 
conformation through intramolecular interactions or in-
termolecular interactions with a repressor. Upon stimu
lation of cells with growth factors or TPA, a Ras-induced 
factor binds to the cysteine finger of Raf-1, relieves the 
negative inhibition, and activates the Raf-1 kinase. Ac
tivation of Raf-1 results in transcriptional activation of 
specific target genes and, ultimately, to the stimulation 
of cell growth. According to this model, Raf-C4 blocks 
Raf activation by titrating out this putative Ras-induced 
factor and the finger mutant Raf-pml7 is partially active 
as it assumes the inactive conformation less efficiently. 

Comparison of the cysteine-rich region of Raf-1 (CRl) 
with similar motifs in other proteins may lend insight 
into the mechanism of Raf-1 activation. The cysteine-
rich region of Raf-1 is similar to the phorbol ester-bind
ing domain in protein kinase C (PKC) family members, 
/2-chimaerin, and the unc-13 gene product (Coussens et 
al. 1986; Ahmed et al. 1990; Hall et al. 1990; Levin et al. 
1990; Maruyama and Brenner 1991). The regions flank
ing the putative zinc fingers in each of these proteins 
share similar amino acids, which are not present in the 
zinc fingers of many transcription factors (Fig. 8). PKC is 
activated following phosphatidylserine-dependent dia-
cylglycerol (DAG) binding to this cysteine finger motif. 
Studies using inducible Ras proteins and cells that ex
press Ras at high levels demonstrate that Ras may play a 
role in DAG (Fleischman et al. 1986; Preiss et al. 1986; 
Lacal et al. 1987) and arachidonic acid production (Bar-
Sagi and Feramisco 1986). Taken together with the dem
onstration of G-protein coupling to phospholipase C (for 
review, see Bourne and DeFranco 1989), it is tempting to 
speculate that the Ras-induced factor that interacts with 

inactlYg cRaf - l Kinase 

serum growth factors or TPA 

Ras 

• 
Active cRaf-1 kinase 

Figure 7. Schematic model for Raf-1 acti
vation. Negative regulation of Raf-1 in qui
escent cells is achieved through repressive 
intramolecular interactions. Inhibition is 
relieved by a Raf-1-activating factor in
duced by Ras, following serum and TPA 
stimulation. This activating factor inter
acts with the cysteine finger region of Raf-
1. Following activation, Raf-1 phosphory-
lates substrate factors involved in the tran
scriptional activation of target genes that 
control cell growth. 
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Figure 8. Comparison of the cysteine-rich domains of Raf family members (Bonner et al. 1985; Beck et al. 1987; Nishida et al. 1988; 
Sithanandam et al. 1990), yeast PKC-1 (Levin et al. 1990), human PKC-p (Coussens et al. 1986), n-chimaerin (Hall et al. 1990), the 
unc-13 gene product (Maruyama and Brenner 1991), adenovirus type 5 EIA (Martin et al. 1990), human estrogen receptor (hER; Green 
et al. 1986), human glucocorticoid receptor (hGR; Hololenberg et al. 1985), and yeast Gal4 (Laughon and Gesteland 1984). Identical 
amino acids are boxed and shaded. The asterisks indicate conserved cysteine residues; the double asterisk indicates the cysteine 
residue that was changed to serine in Raf-pml7. 

the cysteine finger motif of Raf-1 and activates the Raf-1 product in a linear pathway (Hunter 1991). Because the 
kinase is a mitogen-induced lipid. However, it is also dominant-negative mutant Raf-C4 completely blocks 
possible that CRl mediates protein-protein interactions. trans-activation by Ras, and activated Raf-1 mutants 
Precedents for such a function include the CD4/LCK in- Raf-pml7 and Raf-BXB did not cooperate with Ras, the 
teraction (Turner et al. 1990) and Tat dimer formation cooperativity in signaling must result from Ras activa-
(Frankel et al. 1988). We therefore have to consider that tion of Raf-1 in a single pathway. The alternative, Ras/ 
the Raf-1 activator may be a protein or perhaps Raf-1 Raf synergy resulting from stimulation of complemen-
activation involves dimerization in a fashion analogous tary pathways appears unlikely as partially activated 
to that of receptor tyrosine kinase oligomerization (Ull- (Raf-pml7) and fully activated (Raf-BXB) Raf-1, which 
rich and Schlessinger 1990). Current work in our labora- stimulate the Raf pathway efficiently, did not cooperate 
tory is aimed at the identification of the activating fac- with Ras. 
tor. Clues to the mechanism by which Raf-1 may activate 

We have shown that Raf-1 and v-Ha-Ras cooperate to transcription of AP-1/Ets-driven genes are beginning to 
activate transcription from the oncogene-responsive el- emerge. Recently, it has been shown that Ras cooperates 
ement in the polyomavirus enhancer. Cooperation with c-Jun in trans-activation through an Ap-1 site (Bi-
among oncogenes can result from constitutive activation netruy et al. 1991). This cooperativity appears to result 
of distinct signaling pathways or from one oncogene from Ras stimulating the activity of a kinase that phos-
product increasing the activity of a second oncogene phorylates c-Jun in the trans-activation domain and in-
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creases the transcriptional activity of c-Jun. Because Ras-
induced trans-activation of pB4X CAT expression was 
mediated by Raf-1, it appears likely that the Ras-induced 
kinase that triggers c-Jun phosphorylation is Raf-1. This 
is consistent with our recent finding that cotransfecting 
c-Jun and Raf-BXB expression vectors results in an in
crease in c-Jun phosphorylation (data not shown). There
fore, c-Jun is probably a substrate for Raf-1 or for a kinase 
that is activated by Raf-1. Alternatively, Raf-1 may acti
vate c-Jun and other transcription factors by regulating 
the activity of their negative regulators (Baichwal and 
Tjian 1990; Ghosh and Baltimore 1990; Auwerx and 
Sassone-Corsi 1991; Baichwal et al. 1991; Roux et al. 
1990). 

Transcriptional activation and transformation by Raf 
appear to be linked, as we have been unable to uncouple 
these activities by mutation. Moreover, cell lines that 
conditionally express the inhibitor of transcriptional 
trans-activation, Raf-C4, display an inducible decrease 
in growth rate and transformed morphology (K. Muszyn-
ski, J. Bruder, and U. Rapp, unpubl.). Proof that transcrip
tional activation by Raf-1 is a determinant of cell growth 
control will require the identification and characteriza
tion of the cellular genes that are activated by Raf-1 in 
response to mitogenic stimuli. 

Materials and methods 

Plasmids and molecular cloning 

pKS-crafEX consists of the EcoRl-Xhal fragment of c-raf-1 
cDNA clone 628 (Bonner et al. 1986) cloned into Blue-
script(KS- ). Raf-1-coding sequences from pKS-crafEX were re
leased from the vector following cleavage with Xbal and Clal 
and ligatcd into the Xbal and Clal sites of pkRSPA (Dorn et al. 
1990), resulting in the expression construct RSV-Raf-1, which 
was used in experiments presented here. The RSV-Raf expres
sion constructs express Raf-1 and Raf-1 mutants from the RSV-
LTR. 

RSV-Raf-1 carboxy-terminal deletion mutants (Raf-Cl, Raf-
C2, Raf-C3, Raf-C4) were generated by cutting RSV-Raf-1 with 
Bglll, Sphl, Stul, or Sail, respectively, followed by a repair reac
tion using Klenow DNA polymerase. Xbal (nonsense codon) 
linkers were ligated to the repaired ends, and the Raf-1-coding 
sequences were released upon cleavage with Xbal and Clal. The 
Xbal and Clal fragments were then cloned back into the 
pkRSPA vector. RSV-Raf-C4pml7 was generated in an identi
cal manner using Raf-pml7 as the parent vector. RSV-Raf-Nl 
was generated by digesting RSV-Raf-1 with Sail followed by a 
repair reaction using T4 DNA polymerase. Ncol 12-mer linkers 
were ligated to the repaired ends such that the Kozak consensus 
ATG within the linker was in-frame with the remaining Raf-1-
coding sequences starting at amino acid position 180. The 
Ncol-Xbal fragment was subsequently cloned into pkRSPA. 
RSV-Raf-BXB-C2 was generated by digesting RSV-Raf-BXB 
with Sphl, repairing the ends with T4 DNA polymerase, fol
lowed by Xbal (nonsense codon) linker ligation. The reaction 
was then digested with Xbal and religated. Raf-pml7 was gen
erated by site-directed mutagenesis on a single-stranded copy of 
pKScrafEX using a mismatched 20-mer primer. To obtain BXB 
and BXB-301, the PvuU-Bgll fragment, encompassing codons 
26-302, was deleted from pKScrafEX or pKScraf-301EX, respec
tively. The Bgll end was filled in with T4 DNA polymerase prior 

to ligation. Raf-1-coding sequences from pml7, BXB, and BXB-
301 were released from the vector following cleavage with Xbal 
and Clal and ligated into the Xbal and Clal sites of pkRSPA, 
generating RSV-Raf-pml7, RSV-Raf-BXB, and RSV-Raf-BXB-
301. 

Cells and transfections 

Monolayer cultures of NIH-3T3 cells were grown in Dulbecco's 
modified Eagle medium containing 10% fetal calf serum. Mono
layer cultures of HepG2 cells were grown in minimum essential 
medium containing 10% fetal bovine serum. 

DNA transfections were performed by the calcium phosphate 
precipitation method described by Wigler et al. (1977). Cells 
(1 X 10̂ ) were seeded 1 day prior to transfection. The cells were 
transfected with 1 |xg of reporter construct, 5 fjig of expression 
vector, and salmon sperm DNA such that the final concentra
tion of DNA was 20 |xg/transfection. After an overnight incu
bation, the cells were washed, and fresh media, containing 0.3% 
fetal calf serum for NIH-3T3 cells or 0.05% fetal calf serum for 
HepG2 cells, was added. Total cell extracts were prepared 48 hr 
later, and CAT enzyme levels were assayed by the diffusion-
based CAT assay described by the manufacturer (New England 
Nuclear). Transfections were performed numerous times with 
two different plasmid DNA preparations. 
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