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Caenorhabditis elegans sur-8 encodes a positive regula-
tor of Ras signaling. We investigated the mechanism by
which the human Sur-8 homolog can positively regulate
Ras–MAP kinase signaling in mammalian cells. Sur-8
expression enhances Ras- or EGF-induced Raf and ERK
activation but has no effect on ERK activation induced
by active Raf or MEK. Furthermore, Sur-8 expression
does not increase AKT or JNK activation. Sur-8 interacts
with Ras and Raf and is able to form a ternary complex
with the two proteins. Thus, Sur-8 may function as a
scaffold that enhances Ras–MAP kinase signal transduc-
tion by facilitating the interaction between Ras and Raf.
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Ras relays signals from receptor tyrosine kinases (RTKs)
to activation of the mitogen-activated protein kinase
(MAPK) pathway (van der Geer et al. 1994; Robinson and
Cobb 1997). Ras directly interacts with and activates
Raf, which phosphorylates and activates MEK. MEK is a
dual-specific kinase that selectively phosphorylates and
activates the extracellular signal-regulated kinase, ERK,
a MAPK family member. Ras also interacts with numer-
ous other downstream molecules, although the func-
tional significance of many of the Ras-interacting pro-
teins is not clear (Katz and McCormick 1997; Vojtek and
Der 1998). However, it has been shown that PI3K and
RalGDS are physiological targets of Ras (Rodriguez-Vi-
ciana et al. 1994; Urano et al. 1996).

Genetic studies in Caenorhabditis elegans and Dro-
sophila demonstrate that the Ras–MAPK pathway is es-
sential for signal transduction of RTK (Chang et al. 1994;
Sternberg and Han 1998). Recent genetic studies have
identified additional molecules that may regulate Ras–
MAPK signaling. Sieburth et al. (1998) isolated sur-8 by
screening for mutations that can suppress the Mul-
tivulva phenotype of an activated let-60 Ras mutation.
Selfors et al. (1998) identified soc-2, which is identical to

sur-8, by isolating suppressors of clr-1, which encodes a
receptor tyrosine phosphatase. soc-2 mutations also sup-
press the activity of an hyperactive mutation in egl-15
FGF receptor gene, suggesting that soc-2 functions in
RTK signaling. Although single mutation of sur-8 in an
otherwise wild-type background causes no obvious phe-
notype, mutation of sur-8 dramatically enhances the
weak loss-of-function mutation in mpk-1 (Sieburth et al.
1998), indicating that sur-8 is required for optimal Ras–
MAPK signaling. These properties of sur-8 are similar to
other worm genes such as ksr (Kornfeld et al. 1995;
Sundaram and Han 1995) and sur-6 PP2A-B (Sieburth et
al. 1999). Because double mutations in sur-8 and ksr es-
sentially eliminate vulval induction in C. elegans, the
functions of these two genes together are essential for
Ras signaling.

The deduced amino acid sequence of sur-8 contains
multiple leucine-rich repeats (LRR), which are present in
numerous proteins and may mediate protein–protein in-
teraction (Kobe and Deisenhofer 1993). LRR is found in
the yeast adenylyl cyclase (Kataoka et al. 1985), which is
a direct downstream target of Ras, and the LRR se-
quences in the yeast adenylyl cyclase mediate its inter-
action with Ras (Field et al. 1990; Suzuki et al. 1990).
Genetic data suggest that sur-8 functions in RTK signal-
ing, most likely downstream of Ras and upstream of Raf.
Both C. elegans and mammalian Sur-8 proteins were
shown to directly bind to Ras (Sieburth et al. 1998); how-
ever, the biochemical mechanism of Sur-8 in Ras signal-
ing has not been determined.

The human Sur-8 cDNA can functionally complement
the sur-8 mutation in C. elegans (Sieburth et al. 1998),
suggesting that the Sur-8 function is conserved. We
tested the biochemical functions of human Sur-8 on Ras-
MAPK signaling. Data in this report suggest that Sur-8
may modulate the potency and specificity of Ras signal-
ing.

Results

Sur-8 enhances the activation of ERK by EGF or Ras

We tested the effect of expressing human Sur-8 on the
activity of ERK in mammalian cells. Myc-tagged ERK1
was cotransfected into 293 cells with Ras and Sur-8 fol-
lowed by immunoprecipitation and an in vitro kinase
assay. Sur-8 alone had no significant effect on ERK ac-
tivity (Fig. 1A). However, in the presence of Ras, Sur-8
significantly enhanced the ability of Ras to activate ERK.
The enhancement of ERK activity by Sur-8 was most
significant at low concentrations of Ras signal (Fig. 1A).
Sur-8 had similar effects on ERK activation in response
to H-Ras, K-Ras, and N-Ras (Fig. 1B). Sur-8 enhanced
ERK activation in a dose-dependent manner (Fig. 1B).

The effect of Sur-8 on EGF-stimulated ERK activation
was also examined. At low EGF concentrations, cotrans-
fection of Sur-8 significantly increased EGF-induced
ERK activity (Fig. 1C). However, at a high concentration
of EGF (100 ng/ml), maximum ERK activation was ob-
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served and Sur-8 expression had no significant effect
(data not shown). Together, these results indicate that
Sur-8 has a positive function in RTK and Ras-induced
ERK activation.

A genetic screen isolated two loss-of-function mutants
of C. elegans sur-8 as Ras suppressors (Sieburth et al.
1998). The corresponding mutations, C260Y and E457K,
were created in human Sur-8, and their abilities to en-
hance ERK activity were examined. Both C260Y and
E457K mutants significantly reduced Sur-8’s ability to
enhance Ras-stimulated ERK activation (Fig. 1D). Thus,
the ability of Sur-8 to enhance the ERK activation may
be relevant to its in vivo function as a positive modulator
of the Ras–MAPK signaling pathway.

Sur-8 acts to up-regulate Raf activity

To determine at which step Sur-8 affects ERK activation
in mammalian cells, we examined the effect of Sur-8 on
ERK activation induced by active Raf or active MEK.
Sur-8 had no significant effect on ERK activation stimu-
lated by a constitutively active MEK (Fig. 2A; Mansour

et al. 1994) , suggesting that Sur-8 functions upstream of
MEK. Sur-8 showed no significant effect on either V-Raf
(Howe et al. 1992; Kyriakis et al. 1992) or active B-Raf-
induced (A. Vojtek, unpubl.) ERK activation (Fig. 2B),
supporting the notion that Sur-8 acts upstream of Raf. To
test this hypothesis further, we examined whether Sur-8
enhances Raf activation. Sur-8 enhanced RasV12-stimu-
lated, as well as EGF-induced, Raf activity (Fig. 2C).
Therefore, these data are consistent with a model that
Sur-8 functions upstream of Raf.

Sur-8 does not enhance activation of AKT
or other MAPK by RasV12

Mammalian cells contain several MAPK pathways. To
test the effect of Sur-8 on other MAPK, we determined
JNK activity when Sur-8 was coexpressed. JNK is
strongly activated by environmental stress such as an-
isomycin but is weakly activated by Ras (Fig. 2D; Deri-
jard et al. 1994; Kyriakis et al. 1994). JNK activation in-
duced by RasV12 was not enhanced by Sur-8 cotransfec-
tion (Fig. 2D). Similarly, the activation of JNK by
anisomycin was not augmented by Sur-8 cotransfection.
Moreover, Sur-8 had no effect on p38 MAPK activation
(data not shown).

In addition to the Raf–ERK pathway, Ras activates
multiple downstream targets (Vojtek and Der 1998). For
example, Ras activates PI3K, thereby leading to activa-
tion of the protein kinase AKT (Marte and Downward
1997). Coexpression of Sur-8 had no significant effect on
Ras-induced AKT activity (Fig. 2E). These results further
demonstrate that Sur-8 specifically enhances the Ras–
ERK pathway.

Sur-8 interacts with Ras and Raf

Previous data have indicated that Sur-8 has strong inter-
action with K-Ras and N-Ras and weak interaction with
H-Ras (Sieburth et al. 1998). We further tested the inter-
action between Sur-8 and Ras or other GTPases (Table 1).
Sur-8 interacts with all three Ras isoforms by the yeast
two-hybrid assays (Table 1) and coimmunoprecipitations
(data not shown). In addition, Sur-8 interacts with the
activated RasV12 mutants but not the dominant-nega-
tive RasN17 mutants. Ras interacts with downstream
targets via its effector domain. We tested the interaction
between Sur-8 and several Ras effector domain mutants.
Mutations of Y32F, P34G, T35S, V45E, and A59E in
RasV12 eliminated its interaction with Sur-8 (Table 1, an
example is shown in Fig. 3A) without affecting Raf bind-
ing. Mutation of E37G in Ras abolished binding to both
Sur-8 and Raf. Many Ras targets, including Raf and Ral-
GDS, are also able to interact with Rap (Macara et al.
1996; Vojtek and Der 1998), a closely related member of
the Ras family GTPases. Sur-8 showed no interaction
with Rap,TC21, which interacted with Raf in the same
assay, or Rac1. Our results demonstrate that Sur-8 spe-
cifically interacts with Ras but not with other related
small GTPases and mutations of the Ras effector domain
abolish its interaction with Sur-8. Furthermore, only the

Figure 1. Sur-8 enhances ERK activation. (A) Myc-tagged
ERK1 (200 ng) was cotransfected with increasing amounts of
RasV12 in the presence or absence of Sur-8 (500 ng) as indicated.
The amounts of RasV12 (all Ras plasmids used are K-Ras except
as described) used for transfection are 0 (lanes 1,2), 5 ng (lanes
3,4), 10 ng (lanes 5,6), 20 ng (lanes 7,8), and 50 ng (lanes 9,10).
Myc–ERK was immunoprecipitated and kinase activity was de-
termined using GST–Elk-1 as a substrate (top). Myc–ERK in the
immunoprecipitate was determined by anti-ERK Western blot
(middle). Expression of HA–Sur-8 in cell lysates was detected by
anti-HA Western blot (bottom). (B) Dose-dependent effect of
Sur-8 on ERK activity. Cells were cotransfected with 1 ng of
H-RasV12, K-RasV12, or N-RasV12, and 200 ng of Myc–ERK.
The amount of HA–Sur-8 (ng DNA) cotransfected is indicated.
(C) Sur-8 enhances EGF-stimulated ERK activity. The 293 cells
were cotransfected with 200 ng of Myc–ERK and 500 ng of HA–
Sur-8. After cells were starved in serum-free medium overnight,
the cells were stimulated for 5 min by indicated concentrations
of EGF. Myc–ERK was immunoprecipitated and activity was
determined. (D) Mutations at Cys-260 and Glu457 of Sur-8 com-
promised its functions in ERK activation. Sur-8 or mutants (50
and 500 ng) were cotransfected with Myc–ERK and RasV12.
Immunoprecipitated ERK activity and expression levels are
shown at top and middle, respectively. HA–Sur-8 expression
was detected as above (bottom).
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active mutant RasV12 but not the dominant-negative
mutant RasN17 shows a positive interaction with Sur-8.

The in vivo interaction between Sur-8 and Ras was
tested by coimmunoprecipitation experiments. When
cotransfected into 293 cells, HA–Sur-8 and Ras were re-
ciprocally coimmunoprecipitated (Fig. 3B).

Our biochemical data indicate that Sur-8 might func-
tion between Ras and Raf, although no positive interac-
tion between Raf and Sur-8 was observed by the yeast
two-hybrid assay (data not shown). We tested the possi-
bility that Sur-8 may interact with Raf and other mol-
ecules acting downstream of Ras, and found that HA–
Sur-8 was coimmunoprecipitated with Raf (Fig. 3C). Re-
ciprocal immunoprecipitation confirmed the interaction
between Sur-8 and Raf. Moreover, endogenous Raf and
Sur-8 proteins interact in vivo. Anti-Sur-8 antibody co-
immunoprecipitated endogenous Raf (Fig. 3E). As a con-
trol, anti-Ras antibody also coimmunoprecipitated Raf,
whereas the control antibody did not. Raf consists of an
amino-terminal domain, which is responsible for inter-
action with Ras (Vojtek et al. 1993), and a carboxy-ter-
minal kinase domain. The carboxy-terminal domain (D)
but not the amino-terminal domain (DC) of Raf retained

a positive interaction with Sur-8 (Fig. 3D).
These results show that different Raf do-
mains are responsible for interacting with
Ras and Sur-8. However, our data cannot ex-
clude the possibility that other proteins me-
diate the interaction between Sur-8 and Raf.

Sur-8 can form a complex with Ras and Raf

The above results demonstrate that Ras, Raf,
and Sur-8 can interact with each other. A
possible mechanism by which Sur-8 stimu-
lates Raf activation is by promoting Ras–Raf
complex formation. To test this hypothesis,
Ras-Raf interaction was examined in the
presence or absence of Sur-8 coexpression.
Sur-8 significantly increased the amount of
RasV12 copurified with GST–Raf (Fig. 4A).
However, neither Sur-8C260Y nor E457K
mutant can enhance the interaction between
Ras and GST–Raf (Fig. 4B). These results sug-
gest that the ability of Sur-8 to enhance Ras–
Raf interaction correlates with its activity to
enhance Ras signaling.

To further confirm the formation of Ras–
Raf–Sur-8 complex, we performed in vitro
binding experiments using purified GST–Ras
and cell lysates containing Raf and Sur-8. Ad-
dition of Raf enhanced the association be-
tween GST–Ras and Sur-8 (Fig. 4C). The car-
boxy-terminal domain of Sur-8 is required for
interaction with Ras but not required for Sur-
8–Raf interaction (Sieburth et al. 1998) (data
not shown). A Sur-8DC mutant showed no
interaction with Ras (Fig. 4D, lane 1). Addi-
tion of Raf enhanced the interaction between
Sur-8DC and Ras, suggesting that Raf is ca-
pable of bridging this interaction (Fig. 4D).

Table 1. Interaction between Sur-8 and Ras mutants
in the yeast two-hybrid system

Target bait Sur-8 Raf PI3K RalGDS

K-RasV12 ++++ ++++ ++++ ++++
K-RasN17 − − − −
K-RasV12Y32F − ++++ − −
K-RasV12P34G − ++++ − −
K-RasV12T35S − ++++ − −
K-RasV12E37G − − ++++
K-RasV12V45E − ++++ ++++
K-RasV12A59E − ++++ −
H-RasV12 +++ ++++ ++++ ++++
H-RasN17 − − − −
N-RasV12 ++ ++++ ++++ ++++
N-RasN17 − − − −
RapV12 − +++ +++
RacV12 − −
TC21 − +++
Sur-8 − −
Lamin − −

(Blankspace) Experiments not performed.

Figure 2. Sur-8 specifically enhances the ERK pathway and functions upstream
of Raf. (A) Sur-8 has no effect on MEK-induced ERK activation. The 293 cells
were cotransfected with 500 ng of HA–Sur-8, 200 ng of Myc–ERK and varied
amounts of a constitutively active MEK mutant as indicated. ERK activity was
determined as in Fig. 1A. (B) Sur-8 has no effect on Raf-induced ERK activation.
Myc–ERK (200 ng) was cotransfected with V-Raf (10 ng, left) or varied amounts
of active B-Raf mutant (right). Cotransfection of Sur-8 did not further increase
ERK activity. (C) Sur-8 enhances Raf activity in response to RasV12 or EGF
stimulation. 293 cells were cotransfected with 400 ng of Flag–Raf, 20 ng of
HA–RasV12, and varied amounts of HA–Sur-8 as indicated. Cells were stimu-
lated with EGF for 3 min where indicated. Flag–Raf was immunoprecipitated
with anti-Flag and activity was determined by the coupled kinase assay. Expres-
sion of Sur-8 and Ras in lysates and the levels of Raf in the immunoprecipitates
were confirmed by Western blot. (D) Sur-8 has no effect on JNK activation.
HA–JNK (300 ng) was transfected into cells. Cotransfection with RasV12 or
treatment with anisomycin was used to stimulate JNK activity. HA–JNK was
immunoprecipitated and assayed for kinase activity using GST–Jun as a sub-
strate. (E) RasV12-induced AKT activation is not enhanced by Sur-8. Wild-type
GST–AKT (100 ng) was cotransfected into cells with HA–RasV12 and varied
amounts of Sur-8 as indicated. GST–AKT were purified and kinase activity was
determined using histone 2B as a substrate. (Lane 7) Negative control of the
kinase dead mutant (KD) of GST–AKT.

Sur-8 facilitates Ras signaling

GENES & DEVELOPMENT 897



We further characterized the formation of a Ras, Raf,
and Sur-8 complex in vivo by sequential coimmunopre-
cipitation experiments. GST–Sur-8, HA–RasV12, and
Myc–Raf were cotransfected into 293 cells. GST–Sur-8
and its associated proteins were purified, eluted with
glutathione, and subjected to a second immunoprecipi-
tation with anti-HA antibodies. The anti-HA immuno-
precipitates were then subjected to Western blot with
anti-Raf to detect Myc–Raf. Myc–Raf was present after
sequential immunoprecipitation (Fig. 4E, lane 3). Experi-
ments were also performed first by purification of GST–
Sur-8, followed by immunoprecipitation with anti-Myc
to precipitate Myc–Raf, then blotted with anti-Ras to
detect HA–Ras. Ras is present in the sample after se-
quential purification with GST–Sur-8 and Myc-Raf (Fig.
4E, lane 6). GST–Sur-8 may form a dimer and could com-
plicate the interpretation of the above results. Similar

Figure 3. Sur-8 interacts with Ras and Raf. (A) Interactions
between Sur-8 and Ras mutants in the yeast two-hybrid assays.
Growth on SC-HLW medium indicates a positive interaction.
RasY32F and RasE37G are in the RasV12 mutant background.
(B) Coimmunoprecipitation between Sur-8 and RasV12. A total
of 500 ng of HA–Sur-8 was cotransfected into 293 cells with 200
ng of RasV12 as indicated. Thirty-six hours after transfection,
cells lysates were immunoprecipitated with anti-Ras antibody
(left) or anti-HA (right) as indicated. The immunoprecipitates
were blotted with anti-HA (left) or anti-Ras (right). (Lane L) Cell
lysate controls. (IP, IB) Immunoprecipitation and immunoblot,
respectively. (IgG) The immunoglobulin band. (C) Interaction
between Sur-8 and Raf were determined by coimmunoprecipi-
tation of transfected HA–Sur-8 and Myc–Raf. (Lane L) The cell
lysate control. (D) The carboxy-terminal domain of Raf interacts
with Sur-8. Flag-tagged Raf full length, DN (residues 325–648),
DC (residues 1–256) were cotransfected with HA–Sur-8. HA–
Sur-8 was immunoprecipitated by anti-HA followed by Western
blot with anti-Flag antibody. Negative controls without anti-
HA antibody were included. Bands corresponding to full length,
DC, and DN of Raf are indicated. (E) Coimmunoprecipitation
between endogenous Sur-8 and Raf. The 293 cell lysates were
immunoprecipitated with control serum (lane 1), anti-Ras (lane
2), or anti-Sur-8. The immunoprecipitates were blotted with
anti-Raf. (Lane 4) Control of cell lysates.

Figure 4. Sur-8 forms a complex with Ras and Raf. (A) Sur-8
enhances the interaction between Ras and Raf. HA–RasV12 was
cotransfected with GST–Raf in the presence or absence of HA–
Sur-8. GST–Raf was purified by glutathione–agarose resin. The
copurified Ras and HA–Sur-8 were detected by anti-HA for HA–
Ras (second panel from top) and HA–Sur-8 (top) Western blots.
The GST–Raf in the precipitation was detected by an anti-Raf
Western blot (middle). Expressions of HA–Sur-8 and HA–
RasV12 in cell lysates were shown in bottom two panels. (B)
Sur-8C260Y and E457K mutants fail to enhance the interaction
between Ras and Raf. Experiments are similar to A. (HA–Sur-8*)
Sur-8C260Y in lanes 1–4 and Sur-8E457K in lanes 5–8, respec-
tively. (C) Raf enhances Sur–8-Ras interaction in vitro. Cell ly-
sates expressing HA–Sur-8 or Myc–Raf were mixed with puri-
fied GST–RasV12 protein (5 µg). GST–RasV12 and associated
proteins were purified by glutathione–agarose and Western blot-
ted with anti-HA to detect HA–Sur-8 (top) and anti-GST to de-
tect GST–RasV12 (bottom). (Lane 6) A control of cell lysate
containing HA–Sur-8. (D) Raf bridges the interaction between
Ras and Sur-8DC. GST–Ras (5 µg) was incubated with cell ly-
sates containing HA–Sur-8DC (containing residues 1–366) in the
absence (lane 1) or presence (lane 2) of Raf containing cell ly-
sates. HA–Sur-8DC (middle) and Raf (top) copurified by GST–
Ras were detected by Western blot. GST–Ras coprecipitated
HA–Sur-8DC only in the presence of Raf. (E) Sur-8, Ras, and Raf
form a ternary complex. The 293 cells were transfected with
various plasmids as indicated. Cell lysates were subjected to
purification by glutathione–agarose beads. The purified proteins
were eluted by glutathione and subjected to immunoprecipita-
tion with anti-HA for HA–Ras followed by Western blot with
anti-Raf (left). Similarly, proteins eluted from glutathione–aga-
rose beads were immunoprecipitated with anti-Myc for Myc–
Raf followed by Western blot with anti-Ras (middle). (Right)
Experimental results using His–Sur-8 (lane 8) along with GST–
Sur-8 (lane 9). His–Sur-8 complex was first purified by nickel
agarose and eluted with imidazole. The eluted samples were
immunoprecipitated with anti-Myc and followed by Western
blot with anti-Raf.
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experiments using His–Sur-8 demonstrated that Raf pro-
tein was present after the sequential precipitations with
nickel agarose (for His–Sur-8) and anti-HA (for HA–Ras)
(Fig. 4E), consistent with experiments using GST–Sur-8.
These data provide strong evidence that Ras, Raf, and
Sur-8 together can form a ternary complex in vivo.

Discussion

Here we demonstrate that human Sur-8 can form a com-
plex with Ras and Raf, and specifically enhances ERK
activation. Our observations support the model that
Sur-8 acts between Ras and Raf. Sur-8 alone does not
significantly stimulate the ERK activity in the absence
of EGF or RasV12. The effect of Sur-8 is most significant
at low concentrations of EGF or Ras. Therefore, Sur-8
enhances the signal strength of RTK and Ras by facili-
tating the Ras–Raf complex formation. Genetic proper-
ties of sur-8 in C. elegans are consistent with this notion.
sur-8 mutations alone do not cause obvious mutant phe-
notypes, but they are effective suppressors of activated
Ras mutations and drastically enhance weak mutations
in MAPK or Raf, indicating that Sur-8 is required for
optimal Ras–MAP kinase signaling (Sieburth et al. 1998).
Our data demonstrate that Sur-8 may modulate the sig-
nal strength of Ras and RTK. Sur-8 may also modulate
the specificity of physiological responses. For example,
Sur-8 selectively increases the signal from RTK or Ras to
Raf but not to other downstream effectors such as PI3K.

The Ras–MAPK pathway represents one of the best-
characterized signal transduction pathways. However,
the molecular mechanism of Raf activation is not com-
pletely understood (Morrison and Cutler 1997). Ras–Raf
interaction is important for Raf activation, but such in-
teraction alone is not sufficient to activate Raf in vitro.
Raf activation requires additional events, such as stimu-
latory/inhibitory phosphorylation and association of
other molecules (Morrison and Cutler 1997). Phosphory-
lation plays a key role in Raf activation. However, the
kinase responsible for Raf activation in response to Ras
or growth factors is largely unknown. Both PKC and
Pak3 have been implicated to phosphorylate and activate
Raf (Kolch et al. 1993; King et al. 1998). It is possible that
Sur-8 may recruit a Raf-activating kinase to the complex,
thereby facilitating Raf-activation. Recent genetic and
biochemical data indicate that phosphorylation could
also lead to Raf inactivation (Morrison and Cutler 1997;
Sieburth et al. 1999; Zimmermann and Moelling 1999).
Thus, it is equally possible that Sur-8 may recruit a pro-
tein phosphatase, such as PP2A (Sieburth et al. 1999), to
the complex and facilitate the specific dephosphoryla-
tion of the inhibitory sites in Raf. Future biochemical
studies of Sur-8 functions will provide new insights of
the Ras signal transduction.

Materials and methods
Cell cultures and transfections
Human 293 cells were cultured in DMEM supplemented with 10% (vol/
vol) FBS. Transfections of 293 cells were done by LipofectAmine (GIBCO
BRL) methods in six-well plates.

Plasmid constructions
H-Ras, K-Ras, and N-Ras cDNA were subcloned into the vector
pcDNA3HA or pCDNA3. GST-tagged constructs, GST–Ras, GST–Raf,
and GST–Sur-8 were obtained by subcloning into bacterial-expressing
vector pGEX-KG (Guan and Dixon 1991) or mammalian-expressing vec-
tor pEBG-3X. JNK/pcDNA3HA, Supmek/pcDNA3, Raf/pRK5 Myc,
pcDNA3 Flag, and Myc-tagged ERK1, Gal4–Elk-1, Gal4–LUC, and CMV–
lacZ were laboratory stocks. Constitutively active HA–AKT was ob-
tained from Dr. Anne Vojtek (University of Michigan, Ann Arbor). Con-
stitutively active HA–B-Raf/pcDNA3HA was created by site-directed
mutagenesis in which Ser-364, Thr-428, and Ser-439 were replaced by
alanine residues (A. Vojtek, unpubl.). Human Sur-8 cDNA was reported
previously (Sieburth et al. 1998). Point mutations and deletions of Ras,
Sur-8, and Raf were created by site-directed mutagenesis or PCR, and
were confirmed by DNA sequencing. The plasmids used for yeast two-
hybrid interaction were in pVP16 or plexA-Ade vector as targets or baits
(Vojtek and Hollenberg 1995), respectively.

Kinase assays
Myc–ERK1 was transfected into 293 cells. Twenty-four hours after trans-
fections, cells were starved in serum-free medium for 12 hr. Cells were
lysed in lysis buffer (10 mM Tris -HCl at pH 7.5, 2 mM EDTA, 150 mM

NaCl, 1% NP-40, 50 mM NaF, 1 mM sodium vanadate, 1 mM PMSF, 2
µg/ml aprotinin, 2 µg/ml leupeptin). A total of 1 µg of 9E10 antibody
(anti-Myc) was added in each immunoprecipitation reaction. Kinase ac-
tivities of ERK were measured using GST–Elk-1 as a substrate following
the previously described method (Zheng and Guan 1994).

Raf-1 kinase activity was assessed by the coupled MEK/ERK activation
assays according to previously described methods (Wu et al. 1996).
Briefly, Flag-Raf was immunoprecipitated and used to activate 0.1 µg of
GST–MEK1. The activated GST–MEK1 was removed from the protein
G-bound Raf and used to activate 0.1 µg of GST–ERK1. Phosphorylation
of GST–Elk-1 by activated GST–ERK1 was determined.

HA–JNK kinase protein was immunoprecipitated by a-HA antibody.
The procedure used to assay JNK activity was basically the same as ERK
activity assay, except that GST–Jun was used as a substrate.

HA–AKT was transfected into 293 cells together with RasV12 and
Sur-8 plasmids. About 24 hr after transfection, cells were starved in se-
rum-free DMEM overnight. Cells were then lysed in lysis buffer (20 mM

Tris at pH 7.5, 150 mM NaCl, 10% glycerol, 1% Nonidet P-40, 10 mM

NaF, 1 mM sodium Vanadate, 1 mM Na4O7P2, 1 mM PMSF, 2 µg/ml
aprotinin, 2 µg/ml leupeptin). Immunoprecipitation was performed by
addition of monoclonal anti-HA antibody (1–2 µg). Immune complexes
were collected with protein A agarose and washed three times with lysis
buffer and once with kinase buffer without ATP (20 mM HEPES at pH 7.4,
10 mM MgCl2, 1 mM DTT). Kinase reaction was performed in 20 µl of
kinase reaction 50 µM ATP (with 1.5 µm Ci[32P]ATP) and 2 µg of histone
2B as a substrate. Reaction was incubated at 30°C for 20 min and fol-
lowed by analysis on SDS-PAGE and autoradiography.

Coimmunoprecipitation and Western blot
Transfected 293 cells were lysed in IP buffer containing protease inhibi-
tors (10 mM Tris-HCl at pH 7.5, 5 mM EGTA, 150 mM NaCl, 1% NP-40,
20 mM NaF, 1 mM Sodium Vanadate, 1 mM PMSF, 10 µg/ml aprotinin, 10
µg/ml leupeptin). Cell extracts were incubated with antibody for 2 hr at
4°C. Protein A or G beads were added in IP reactions and incubated for an
additional hour. Immunoprecipitates were collected by centrifugation,
washed four times with IP buffer, and analyzed by Western blot. For GST
fusion proteins, cell extracts were incubated with glutathione–agarose
beads directly for 1–2 hr at 4°C. The beads were then washed four times
with lysis buffer, and eluted with 5 mM glutathione. The eluate was
analyzed by immunoblot using indicated antibodies. For coimmunopre-
cipitation of endogenous proteins, exponentially growing 293 cells were
used. The anti-Sur-8 antiserum was a generous gift of Dr. Mike Stern
(Yale University, New Haven, CT) (Selfors et al. 1998).

For analysis of complex formation, HA–RasV12, Myc–Raf, and GST–
Sur-8 were cotransfected into 293 cells. pEBG vector was cotransfected
with HA–RasV12 and Myc–Raf as a control. Cell extracts were incubated
with glutathione–agarose beads. GST fusion and associated proteins were
eluted by 5 mM glutathione and subjected to immunoprecipitation with
either anti-HA or anti-Myc antibodies. For experiments using His–Sur-8,
nickel agarose was used in the first precipitation. The bound proteins
were eluted with 50 mM imidazole, followed by immunoprecipitation
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with anti-HA antibody (for HA–Ras). Finally, the immunoprecipitated
samples were analyzed by Western blot against either anti-Ras or anti-
Raf antibody.

In vitro binding
In vitro binding was performed in binding buffer [50 mM Tris-HCl at pH
7.5, 150 mM NaCl, 1.0 mM DTT, 1% Triton X-100, 5 mM MgCl2, 25 µM

ZnCl2, and 0.2% (wt/vol) BSA]. Purified GST-fusion proteins or cell ly-
sates containing GST-fusion proteins were incubated with cell lysates
expressing proteins of interest. The mixture was incubated for ∼6 hr and
then incubated with glutathione–agarose for 1–2 hr. The beads were
washed four times with binding buffer, once with binding buffer without
BSA, and then eluted with 5 mM glutathione and analyzed by SDS-PAGE
and Western blot.
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