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ABSTRACT The dysregulation of Ras-RAF signaling is associated with many types of human cancer. However, the kinetic and
dynamic features of the mutual molecular recognition of Ras and RAF remain unknown. Here, we developed a technique for
imaging single-pair fluorescence resonance energy transfer in living cells, and coupled this technique to single-molecule kinetic
analysis to investigate how C-RAF (a subtype of RAF) molecules distinguish the active form of Ras (RasGTP) from the inactive
form (RasGDP). Functional fragments of C-RAF containing the Ras-binding domains did not detect the switch in Ras activity in
living cells as efficiently as did C-RAF. Single-molecule analysis showed that RasGDP associates with closed-conformation
C-RAF, whereas the association of C-RAF with RasGTP immediately triggers the open RAF conformation, which induces an
effective interaction between C-RAF and RasGTP. Spontaneous conformational changes from closed C-RAF to the open
form rarely occur in quiescent cells. The conformational change in C-RAF is so important to Ras-RAF molecular recognition
that C-RAF mutants lacking the conformational change cannot distinguish between RasGDP and RasGTP. The manipulation

of the conformation of an effector molecule is a newly identified function of RasGTP.

INTRODUCTION

The Ras-RAF-MAPK system is a conserved intracellular
reaction network that is involved in diverse biological func-
tions, including growth, survival, and cell differentiation
(1-3). In this network of protein reactions, the signaling
between Ras and RAF is especially important because the
dysregulation of this process is found in many types of human
cancer (3-5). Ras is a member of the small GTPases and is
inactive in the GDP-bound form (RasGDP). RasGDP is acti-
vated through GDP/GTP exchange (6), and the active GTP-
bound form (RasGTP) interacts with the Ras-binding
domains of downstream signaling proteins, called ‘“‘effec-
tors” (5,7). RAF, a cytoplasmic serine/threonine kinase, is
one of the effectors of Ras (1-3). Irrespective of its nucleotide
status, Ras is predominantly attached to the inner leaflet of the
plasma membrane (8), and the association between RasGTP
and RAF results in the translocation of cytoplasmic RAF to
the plasma membrane, where RAF is activated by unknown
kinases (3). Consequently, this translocation is the initiating
event in RAF activation and signaling to the mitogen-acti-
vated protein kinase (MAPK) pathway (1,2).

Despite the biological importance of Ras-RAF signaling,
the details of the molecular mechanism of Ras-RAF recogni-
tion remain unknown. The GDP/GTP exchange on Ras
causes changes in its conformation (6), and it has long
been thought that the accuracy of Ras-RAF signaling is
maintained by an increase in the affinity between Ras and
the Ras-binding domains of RAF with the conformational
changes in Ras (6,9-13). Thus, RAF activation was consid-

Submitted February 23, 2009, and accepted for publication May 28, 2009.
*Correspondence: sako@riken.jp
Editor: Michael Edidin.

© 2009 by the Biophysical Society
0006-3495/09/09/1277/11  $2.00

ered to beregulated solely via the intracellular redistribution of
RAF. However, recent reports have suggested a more compli-
cated molecular recognition process. The N-terminal half of
RAF contains two domains that contribute to Ras binding:
the Ras-binding domain (RBD) and the cysteine-rich domain
(CRD). Furthermore, two conformations have been detected
in living cells, at least for a subtype of RAF (C-RAF), by
means of fluorescence resonance energy transfer (FRET)
measurements (14). In the inactive form of C-RAF, CRD
is thought to form an intramolecular interaction with the
C-terminal catalytic domain to suppress its kinase activity
(15). FRET measurements suggest that C-RAF takes this
“closed’” conformation in quiescent cells, but in cells express-
ing a constitutively active mutant form of Ras (RasV12), RAF
takes the elongated “‘open” conformation (14). It is thought
that in the open conformation, CRD does not interact with
the catalytic domain, and that in this conformation C-RAF is
phosphorylated at several serine, threonine, and tyrosine resi-
dues, and is activated. Based on these recent findings, new
models of Ras-RAF recognition have been proposed that
include the functions of the two Ras-binding domains and
conformational changes in RAF (3,16,17). However, these
new models are based on biochemical ensemble measure-
ments and low-resolution imaging studies. Thus, it remains
unclear how the opening of the RAF conformation occurs
and whether it is the cause or the result of RAF activation.
Here, we studied the molecular recognition between
subtypes of Ras (H-Ras) and C-RAF in single molecules.
In previous studies, we successfully used single-molecule
kinetic analysis to reveal the details of intracellular molecular
recognition (18-20), and we recently developed a technique
to visualize intramolecular FRET signals from single
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molecules in living cells (21). In this study, we investigated
the kinetics and dynamics of the molecular recognition
between Ras and C-RAF using single-molecule kinetic anal-
yses coupled with single-molecule imaging of the C-RAF
conformation in living cells. We concentrated on the initial
association state, which is essential for accurate molecular
recognition. The kinetics of the later events in Ras-RAF recog-
nition and the activation of RAF via phosphorylation will be
reported elsewhere (K. Hibino, T. Shibata, T. Yanagida, and
Y. Sako, unpublished results).

MATERIALS AND METHODS
Plasmid construction and cell culture

pEGFP-C2, pEYFP-N1, pCMV-Ras, and pCMV-Raf-1 (c-raf) were
purchased from Clontech (TaKaRa, Ohtsu, Japan). A monomeric mutation
in green fluorescent protein (GFP; A206K) (22) was introduced into EG(Y)FP
(mEG(Y)FP), and raf from pCMV-Raf-1 was cloned into pnEGFP-C2 (GFP-
RAF). GFP-RBD (amino acids 51-131), RBDCRD (51-220)-GFP, and
RAF-GFP were kindly provided by Dr. T. Balla (National Institute of Child
Health and Human Development, National Institutes of Health; Bethesda,
MD). GFP-RAF-yellow fluorescent protein (YFP) was made by reconstruct-
ing GFP-RAF, RAF-GFP, and pmEYFP-N1. The spacers between GFP and
RAF, and between RAF and YFP were SGRTQISSSSFEF and RILQSTV
PRARDPPVAT, respectively. Point mutations were introduced by site-
directed mutagenesis, and all mutations were confirmed by DNA sequencing.
HeLa cells were used for all experiments. The methods used for cell culture,
transfection of plasmids, and stimulation with epidermal growth factor (EGF;
Sigma-Aldrich, Tokyo, Japan) were described previously (18). For stimula-
tion with EGF, the cells were incubated with 2—10 nM EGF and observed
for 2-5 min after the addition of EGF to the culture medium at 25-27°C.

Microscopy and data processing

The intracellular distributions of the GFP-tagged proteins were observed in
live HeLa cells using a scanning confocal microscope (TCS SP2; Leica,
Welzlar, Germany) with a 100x oil-immersion objective (HCX PL APO
CS %100 1.4 oil; Leica), with excitation at 488 nm and detection at 510—
600 nm. Image processing was performed with MetaMorph software
(Molecular Devices, Sunnyvale, CA). The methods used for single-molecule
imaging of GFP-tagged proteins were described previously (18). The images
were acquired using an EB-CCD camera (C7190-20; Hamamatsu, Hama-
matsu, Japan) equipped with an image intensifier (C8600-05; Hamamatsu)
attached to a total internal reflection fluorescence (TIRF) microscope based
on an IX-70 inverted microscope (Olympus, Tokyo, Japan), and recorded on
digital videotape. Image processing was performed with MetaMorph and
Image-Pro Plus (Media Cybanetics, Bethesda, MD). Single-molecule detec-
tion and tracking were performed with our custom-made software (21).
Statistical and kinetic analyses were performed with Origin (OriginLab,
Northampton, MA) and Mathematica (Wolfram, Champaign, IL).

Ensemble detection of FRET in GFP-RAF-YFP

The intramolecular FRET in GFP-RAF-YFP was visualized to detect confor-
mational changes in RAF. This type of FRET probe was originally reported
using cyan fluorescent protein (CFP) instead of GFP (14). We used GFP
because the photostability of CFP is not sufficient for single-molecule
imaging. The fluorescence emission spectra of GFP-RAF-YFP and its point
mutants (C168S and S621A) were measured in live HeLa cells with a confocal
microscope (TCS SP2). Specimens were illuminated with a 476 nm laser line,
and 12 images at different emission wavelengths were acquired sequentially
in the same field of view. The center of emission was shifted from 500 to
600 nm at regular intervals. The fluorescence emission spectra were measured
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in single cells coexpressing Ras and GFP-RAF-YFP. The emission spectra
of GFP and YFP expressed individually in cells were used as references.

Intramolecular single-pair FRET imaging

Single molecules of GFP-RAF-YFP were visualized in live cells with the use
of a TIRF microscope based on a TE-2000E inverted microscope (Nikon,
Tokyo, Japan). The specimens were illuminated with a 488 nm laser
(Sapphire 200; Coherent, Palo Alto, CA), and the fluorescence signal
from the probe was directed through a 495 nm long-pass filter to block
out laser scattering, and separated into GFP (500-525 nm) and YFP (525-
540 nm) channels by means of custom-made dual-view optics (see
Fig. S1 in the Supporting Material). To avoid the effects of photobleaching,
we observed different cells before and after the addition of EGF. Image
recording and data processing were performed as for the single-molecule
GFP imaging. The GFP and YFP signals were separated after correction
of the crosstalk between the GFP and YFP channels, using cells expressing
only GFP or YFP as reference samples (Fig. S2).

RESULTS

Intracellular distribution of RAF and its fragments
containing Ras-binding domains

We prepared constructs to express GFP-tagged C-RAF
(RAF) (GFP-RAF), RBD (GFP-RBD), or RBD-CRD
(RBDCRD-GFP), and transfected the individual constructs
into HeLa cells. The expression of all the GFP-tagged
proteins in HeLa cells, at the correct molecular weights,
was confirmed by immunoblot analysis (data not shown).
Previous studies confirmed a direct interaction between Ras
and these GFP-tagged proteins using intermolecular FRET
imaging in cells (18) and immunoprecipitation (23). We
monitored the localization of GFP fluorescence before and
after the cells were stimulated with EGF, which induced
the GDP/GTP exchange on Ras (Fig. 1 and Fig. S3). With the
induced activation of Ras, GFP-RAF translocated from the
cytoplasm to the plasma membrane, as previously reported
(12,13,18). The time course of the translocation of RAF
was negligibly affected by the GFP tag (18). Unlike RAF,
GFP-RBD was mainly distributed in the cytoplasm, and
even after Ras activation, only a small population of mole-
cules moved to the plasma membrane. These results are
similar to those of a previous study that used the same
GFP-RBD construct (23). Conversely, RBDCRD-GFP was
localized entirely at the plasma membrane, independently
of Ras activation. The accumulation of RBDCRD-GFP was
even observed in quiescent cells overexpressing a dominant
negative mutant form of Ras (RasN17), which suppresses
the basal activation of Ras, indicating that RBDCRD associ-
ates with inactive Ras molecules (Fig. S4). GFP alone was
distributed in the cytoplasm and nucleus, independently of
Ras activation. These results suggest that the dynamic inter-
actions between the Ras-binding domains and the C-terminal
catalytic domain of RAF are required for RAF to distinguish
clearly between RasGDP and RasGTP, and consequently
neither RBD nor RBDCRD, which lose these dynamic inter-
actions, can fully distinguish between RasGDP and RasGTP
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FIGURE 1

Intracellular distribution of RAF and its Ras-binding domains (RBD and CRD). GFP-RAF (A), GFP-RBD (B), RBDCRD-GFP (C), or GFP alone

(D) was transiently coexpressed with Ras in HeLa cells. The intracellular distributions of the proteins were observed by scanning confocal microscopy before
(upper panels) and after (lower panels) stimulation with EGF to induce Ras activation. GFP-RAF in quiescent cells (A, upper) and GFP-RBD (B) were predom-
inantly distributed in the cytoplasm. GFP-RAF in cells after EGF stimulation (A, lower) and RBDCRD-GFP (C) were localized on the plasma membrane. GFP
distributed in the cytoplasm and nucleus irrespective of the Ras activation (D). Scale bar: 10 um. Catalytic D.: catalytic domain.

in living cells. Confirmation of this suggestion requires
a precise kinetic analysis of the interaction between Ras and
RAF, and detection of the conformation of RAF. To achieve
this, we used single-molecule detection in living cells (24,25).

Single-molecule kinetic analysis of Ras-RAF
recognition in living cells

Single molecules of GFP-RAF, GFP-RBD, and RBDCRD-
GFP were observed in the basal membranes of living cells
by TIRF microscopy (Figs. 2 A and Fig. S5, Movie Sl1,
and Movie S2). Significant numbers of GFP fluorescent
spots were observed in quiescent cells transfected with
each GFP-tagged construct, indicating that single-molecule
microscopy detected weak interactions between the RAF
molecule and RasGDP (Fig. 2 A, left, and Movie S1) that
could not be detected with confocal microscopy (Fig. 1).
The GFP spots of these proteins in the quiescent cells asso-
ciated specifically with RasGDP because the number of spots
increased with the coexpression of Ras (Fig. S6). GFP alone
associated only slightly with the plasma membrane (Fig. 2 B).
The density of the GFP-RAF molecules increased with

Ras activation, consistent with the RasGTP-dependent trans-
location of RAF from the cytoplasm to the plasma membrane
(Fig. 2 A, right). The individual fluorescent GFP spots
observed on the basal membranes of cells represented single
molecules of GFP-tagged proteins. Single-molecule detec-
tion was confirmed by single-step photobleaching and the
distribution of the fluorescence intensity of each spot
(Fig. S5). Individual molecules of GFP-RAF (as well as
GFP-RBD and RBDCRD-GFP) rapidly cycled between the
cytoplasm and the plasma membrane, both before and after
Ras activation (Movie S1 and Movie S2) (18).

The durations of the association of individual RAF mole-
cules with the plasma membrane (on-times) were related
kinetically to the interactions between Ras and RAF. Two
patterns in the distribution of on-times were observed for
GFP-RAF, GFP-RBD, and RBDCRD-GFP before and after
Ras activation (Fig. 2, C-H), i.e., the on-times of GFP-RAF
binding to RasGDP and GFP-RBD binding to RasGDP or
RasGTP showed simple exponential distributions, whereas
the on-time distributions of GFP-RAF binding to RasGTP
and RBDCRD-GFP binding to RasGDP or RasGTP peaked,
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FIGURE 2 Single-molecule kinetics of dissociation
between Ras and RAF. HeLa cells transiently expressing
GFP-RAF (A) or GFP alone (B) were observed by TIRF
microscopy before (left) and after (right) stimulation with
EGF to induce Ras activation. Single molecules of GFP-
RAF bound to the basal cell membrane were detected as
fluorescent spots (18) (scale bar: 5 um). The inset (A, right
panel) is a magnified view of single GFP-RAF molecules
(scale bar: 1 um). Few single-molecule spots of GFP alone
were observed on the basal cell membrane, indicating that
the nonspecific binding of GFP to the plasma membrane is
negligible. (C-H) On-time distributions of GFP-RAF
(C and D), GFP-RBD (£ and F), and RBDCRD-GFP
(G and H) bound to Ras on the plasma membrane before
(C, E, and G) and after (D, F, and H) stimulation with
EGF. N indicates the number of spots examined. Solid lines
were fitted to the data using kinetic models (Supporting
Material). The best-fit values of the rate constants (s~')
obtained from these fittings are shown with the error
ranges. Dotted lines in C, E, and F are the results of fitting
with a two-component exponential function. The best-fit
values and fractions of the fittings are 4.4 + 027 s~
(97%) and 0.66 + 0.24 s' (3%) for C, 4.8 + 0.49 s~
(94%) and 0.85 + 0.23 ™' (6%) for E,and 3.2 + 0.11 s~
(98%) and 0.50 = 0.19 s™' (2%) for F.

0 -
0123456 73891 0
Time (s)
implying multiple rate-limiting steps in the dissociation The on-time distributions were analyzed with the use of

process. These data indicate that the recruitment of RAF to mathematical models (Supporting Material). Molecules that
the plasma membrane was not caused simply by an increase did not accumulate or accumulated only weakly at the plasma
in the affinity between Ras and the Ras-binding domains of =~ membrane (RAF with RasGDP, and RBD) dissociated
RAF. Instead, the qualitatively different reaction kinetics directly from the initial association state via a single stochastic
allowed RAF to distinguish between RasGDP and RasGTP. rate-limiting step with a rate constant of 3—4 s~ '. This result
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suggests that the weak accumulation of GFP-RBD on the
plasma membrane of cells with RasGTP was probably caused
by the higher association rate of RBD with RasGTP than with
RasGDP. The similar rate constants for the dissociation of
RAF from RasGDP and RBD from RasGDP (and RasGTP)
suggest that RAF associates with RasGDP through the RBD
of RAF. In contrast, for molecules that accumulated on the
plasma membrane (RAF with RasGTP, and RBDCRD), the
initial association passed through an intermediate state. Their
direct dissociation from the initial association state was negli-
gible, even though the rate of transition to the intermediate
(0.82s™ 1) was similar to or slower than the rates of the direct
dissociation of RAF from RasGDP and RBD from RasGDP or
RasGTP. Thus, the detected ‘‘initial association state’ of
RAF with RasGTP and RBDCRD with Ras differed from
that of RAF with RasGDP and RBD with Ras.

Ensemble FRET measurements of the
conformation of RAF molecules

The results of the kinetic analysis suggest the following
hypothesis: RAF takes a closed conformation in quiescent
cells and interacts with RasGDP only through the RBD,
but when RAF is in contact with RasGTP, its closed confor-
mation changes to an open conformation and it associates
tightly with RasGTP via both the RBD and CRD. Regarding
the interface between Ras and RAF, it is thought that
RBDCRD is similar to the open state of RAF, which exposes

A GFP signal reduces
488 nm excitation

A
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both RBD and CRD to Ras, and that RBD is similar to the
closed state of RAF, which exposes only RBD to Ras.

To confirm this hypothesis, we constructed a FRET-based
probe (GFP-RAF-YFP) to detect the conformational changes
in RAF (Fig. 3 A). The FRET signal from this probe was
expected to decrease with the conformational change from
closed to open. First, we evaluated whether this probe trans-
locates with Ras activation. With Ras activation, GFP-RAF-
YFP translocated from the cytoplasm to the plasma
membrane, as do intrinsic RAF and GFP-RAF (18), with
a normal time course after the stimulation of the cells
(Fig. 3 B). The on-time distributions observed for single
molecules of GFP-RAF-YFP were similar to those for
GFP-RAF both before and after Ras activation; GFP-RAF-
YFP dissociated from RasGDP in a single rate-limiting
process, but dissociated from RasGTP in multiple rate-
limiting processes (Fig. S7). Next, we confirmed the capacity
of GFP-RAF-YFP to detect conformational changes in RAF
in living cells (Fig. 4). The fluorescence emission spectrum
of GFP-RAF-YFP (wild-type) in living cells under excitation
at 476 nm was compared with those of two RAF mutants,
GFP-RAF(C168S)-YFP and GFP-RAF(S621A)-YFP, which
have been reported to be predominantly biased to the open
conformation (14). For these measurements, the cells were
not stimulated with EGF. S621A accumulated on the plasma
membrane in quiescent cells (Fig. 5 C). No significant spec-
tral differences were observed for the wild-type and C168S
when they were in the cytoplasm or at the plasma membrane

GFP signal recovers

4

€FR-O-O— - YFP
A

FIGURE 3 GFP-RAF-YFP probe. (A) Design of GFP-RAF-YFP probe to detect conformational changes in RAF. GFP signals were reduced by FRET from
GFP to YFP in the closed conformation (/eff) and were recovered in the open conformation (right). (B) HeLa cells transiently coexpressing GFP-RAF-YFP and
Ras were observed using a confocal microscope. Cells were stimulated with EGF to induce Ras activation, and successive images of the same cells were
acquired at the indicated times after stimulation. These images show a summation of GFP and YFP fluorescence. Scale bar: 10 um.
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FIGURE 4 Ensemble detection of FRET in GFP-RAF-
YFP. Fluorescence emission spectra were measured in
single HeLa cells coexpressing Ras and GFP-RAF-YFP

(A and D), Ras and GFP-RAF(C168S)-YFP (B), and Ras
and GFP-RAF(S621A)-YFP (C). Only the cells in D
were stimulated with EGF. The ensemble average for the
spectra of six to seven cells is shown with the standard
error. In D, the spectra in the cytoplasm (black) and at
the plasma membrane (red) are shown separately. In the
measurements shown in A and B, all regions of the cells
had similar spectra. The spectra in C were obtained from
the plasma membrane region. All spectra for the FRET
probes are normalized to the peak intensity. The green
and orange lines are the unmixed spectra for GFP and
YFP, respectively, from the emission spectrum of the
FRET probe observed under each condition. In D, dotted
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of quiescent cells. Compared with the spectrum for GFP-
RAF-YFP (Fig. 4 A), the spectrum for each of the two
mutants was depressed around the emission wavelength of
YFP (Fig. 4, B and C). The emission spectrum of YFP or
GFP alone was insensitive to stimulation with EGF (data
not shown). These results indicate that this probe is useful
for monitoring conformational changes in RAF molecules.

A B

C168S C168S
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and dashed lines are unmixed spectra obtained from the
cytoplasm and the plasma membrane, respectively. Depres-
sion of the spectrum around 530 nm (arrow) indicates low
FRET efficiency, suggesting the open conformation of
RAF. Each emission spectrum in A-D was separated into
GFP and YFP signals, and the averages of the relative
YFP signals normalized to the GFP signals are shown
with their standard deviations (E). The YFP signals in B
and C, and from the plasma membrane in D are signifi-
cantly smaller than that in A.

The FRET signal (emission at YFP fluorescence) of GFP-
RAF-YFP was reduced on the plasma membrane in cells
<10 min after stimulation with EGF (Fig. 4, D and E).
The spectrum of GFP-RAF-YFP that accumulated at the
plasma membrane was similar to those of GFP-RAF
(C168S)-YFP and GFP-RAF(S621A)-YFP, whereas the
spectrum of GFP-RAF-YFP in the cytoplasm was similar

FIGURE 5 Intracellular distributions of RAF mutants.
(A and B) C168S and (C) S621A mutants of RAF were
coexpressed in HeLa cells with Ras. The cells were
observed by confocal microscopy before (A and C) and
after (B) stimulation with EGF to induce Ras activation.
Scale bar: 10 pm.

S621A
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to that in quiescent cells (Fig. 4). These results are consistent
with the hypothesis that RAF adopts the closed conformation
in the cytoplasm of quiescent cells and changes to the open
conformation at the plasma membranes of stimulated cells,
where RAF interacts with RasGTP.

Single-molecule FRET imaging of RAF molecules

The conformational change in RAF upon its association with
RasGTP was confirmed by the detection of single-pair FRET
in GFP-RAF-YFP molecules in living cells (Fig. 6 and
Fig. S1, and Movie S3 and Movie S4). In quiescent cells,
the fluorescence emission was suppressed in the GFP
channel, even for the probe molecules that were retained at
the cell surface by association with RasGDP (Fig. 6 A, upper,
and Fig. S2, leff), indicating a high FRET efficiency from
GFP to YFP. In contrast, in cells stimulated with EGF to
induce Ras activation, fluorescence emission was detected
in both the GFP and YFP channels for the same individual
probe molecules, indicating that FRET efficiency was
reduced after Ras activation (Fig. 6 A, lower, and Fig. S2,
right). Thus, like the results of the ensemble FRET measure-

A
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ments (Fig. 4), single-molecule FRET imaging suggests that
RAF associates with RasGDP and RasGTP in its closed and
open conformations, respectively. Fluorescence signals from
GFP and YFP were separated by calculation at every fluores-
cent spot by removing the fluorescence leakage between the
two channels (Fig. S2 B). In the single-pair FRET experi-
ment, the GFP intensity was inversely proportional to the
FRET efficiency. Binding to RasGTP rapidly induced
conformational changes in RAF, as shown in the immediate
(<0.1 s) reduction in FRET efficiency after the association of
GFP-RAF-YFP with RasGTP on the plasma membrane
(Fig. 6, B and C). This time course is consistent with our
kinetic analysis, which indicated that the initial association
state between RasGDP and RAF differed from that between
RasGTP and RAF (Fig. 2).

Interaction between Ras and RAF mutants

Three point mutants of RAF (R89A, C168S, and S621A)
were examined for their recognition of RasGTP. The point
mutation of Arg89 is reported to disrupt the Ras-binding
activity of RBD (26). Very little R89A mutant RAF was

FIGURE 6 Single-pair FRET imaging in live cells. (A)
Single molecules of GFP-RAF-YFP were observed in
HeLa cells with a TIRF microscope before (upper) and
after (lower) stimulation with EGF. Signals in the GFP
(left, 500-525 nm) and YFP (right, 525-540 nm) channels
were separated and detected simultaneously with dual-view
optics (Fig. S1). Arrowheads indicate typical single
molecules. Signals in the GFP channel increased upon
stimulation with EGF, indicating conformational changes
in GFP-RAF-YFP induced by RasGTP. Signals in the
YFP channel at low FRET efficiency resulted from the
direct excitation of YFP by the 488 nm laser beam and
leakage of the GFP signals. Scale bar: 5 um. (B and C)

B c Changes in GFP (B) and YFP (C) fluorescence intensities
. . . are shown for GFP-RAF-YFP molecules after their associ-
1After stimulation ] Qwescent ation with Ras, with (red) or without (black) stimulation of
8001 the cells with EGF. The ensemble averages for the GFP
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observed at the plasma membrane, similar to the case of GFP
alone (unattached to the RAF molecule), both before and after
the cells were stimulated with EGF (Figs.2 Band 7, A and C).
The C168S mutation disrupts both the Ras-binding activity of
CRD and the intramolecular interaction between CRD and the
catalytic domain (11,14,15,23,27,28). Because of its disrup-
tion of the intramolecular interaction, the C168S mutant
RAF molecule adopts the open conformation (Fig. 4 B).
However, in ensemble imaging, negligible accumulation of
C168S at the membrane was observed (Fig. 5, A and B). In
single molecules, an association between C168S RAF and
RasGDP was observed (Fig. 7, B and C), with a frequency
similar to that of the association between wild-type RAF
and RasGDP (1.3 = 0.18 s~1/100 ,U,mz; Fig. 2 A, left).
Compared with C168S, R89A RAF associated with Ras
with lower frequency both before and after Ras activation.

A RasGDP
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This result suggests that the RBD defines the association
rate of RAF with Ras. The S621A mutation of RAF causes
the loss of one of the phosphorylation sites, which act as the
binding sites for the adaptor/scaffold protein 14-3-3
(3,16,17), and the S621A RAF molecule adopts the open
conformation (Fig. 4 C). S621A RAF accumulated at the
plasma membrane of quiescent cells (Fig. 5 C), like RBDCRD
(Fig. 1 C).

DISCUSSION
Model of Ras-RAF recognition

The results of this study allow us to construct a model of how
C-RAF distinguishes RasGTP from RasGDP (Fig. 8).
C-RAF adopts a closed conformation in quiescent cells

FIGURE 7 Single-molecule imaging of RAF mutants.
(A) R89A and (B) C168S mutants of RAF were tagged
with GFP and expressed in HeLa cells with Ras. The cells
were observed by TIRF microscopy before (leff) and after
(right) stimulation with EGF to induce Ras activation
(scale bar: 5 um). (C) The averages of the molecules
recruited to the basal cell membrane per second per
100 umz area of the membrane are shown with their stan-
dard error.
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FIGURE 8 Models of the mutual molecular recognition of Ras and RAF.
(A) Irrespective of the nucleotide status of Ras, RBD dissociates directly
from the initial association state. (B) Irrespective of the nucleotide status
of Ras, RBDCRD associates with Ras via both RBD and CRD in the initial
association state, which changes to an intermediate state before its dissocia-
tion from Ras. (C) RAF takes a closed conformation in quiescent cells and
interacts with RasGDP only through RBD. When RAF contacts RasGTP,
RasGTP immediately changes the RAF structure to the open conformation
(<100 ms) and RAF associates with RasGTP via both RBD and CRD.
This process is essential for RAF to distinguish between RasGDP and
RasGTP. Thereafter, like RBDCRD, RAF changes to an intermediate state
before it dissociates from Ras.

(Figs. 4 A and 6), in which the intramolecular interaction be-
tween CRD and the C-terminal domain of C-RAF suppresses
the association between CRD and Ras and the catalytic
activity of C-RAF. The closed conformation of C-RAF asso-
ciates with RasGDP via RBD alone. This association is tran-
sient and C-RAF immediately dissociates from RasGDP
(Figs. 2 and 7). In cells stimulated with EGF, in which Ras
is activated through the GDP/GTP exchange on Ras, C-
RAF in the cytoplasm still takes the closed conformation
(Fig. 4 D), at least in the early phase of Ras activation, and
interacts with RasGTP on the plasma membrane initially
via RBD (Fig. 7). Because of the limited temporal resolution
of our experiments, this earliest stage of the interaction
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between C-RAF and RasGTP was not observed. The confor-
mation of C-RAF then rapidly changes to the open form
(Figs. 4 D and 6) and C-RAF associates with RasGTP via
both RBD and CRD (Fig. 2). This is the initial association
state between C-RAF and RasGTP that we observed in this
study. Consequently, the association of C-RAF with the
plasma membrane is prolonged. This prolonged association
must be essential for effective C-RAF activation.

Both the closed-to-open conformational change in C-RAF
and its simultaneous association with Ras via its two Ras-
binding domains are essential for C-RAF to distinguish
RasGTP from RasGDP. The mutant molecules of C-RAF
that are biased to the open conformation in the cytoplasm
(RBDCRD and S621A) accumulate at the plasma membrane
independently of Ras activation (Figs. 1 C and 5 C). Despite
the open conformation of the C168S mutant in the cytoplasm
(Fig. 4 B), the inhibition of the Ras-binding activity of CRD
resulted in its loss of translocation to the plasma membrane
after Ras activation (Fig. 5, A and B). The RBD mutant
(R89A) also did not translocate to the plasma membrane
after Ras activation (Fig. 7, A and C).

Interaction between RBD and Ras

In the single-molecule experiments, we detected small but
significant numbers of GFP-RBD and GFP-RAF molecules
on the plasma membrane of quiescent cells. These observa-
tions indicate a specific association between RBD of C-RAF
and RasGDP. A small population of Ras could be in the
GTP-bound form, even in quiescent cells. However, the
on-time distributions of GFP-RAF were different in cells
with RasGTP and quiescent cells (Fig. 2, C and D). The
overexpression of Ras induced an increase in GFP-RAF
molecules on the plasma membrane of quiescent cells
(Fig. S6). This increase was not induced by an increase in
spontaneously activated Ras molecules, because the on-
time distribution was not altered by the overexpression of
Ras (Fig. S6 D). It is plausible that RBD of C-RAF associ-
ates with RasGDP with a certain affinity.

Although many previous biochemical studies used the
RBD fragment of C-RAF as a probe to detect RasGTP, we
observed only a weak association between GFP-RBD and
RasGTP in living cells. This discrepancy can be explained
when we consider the effective concentrations of RasGTP
and RBD in each experiment. In the biochemical studies, mi-
crobeads with a high density of protein on their surfaces were
used for pull-down assays. Under such conditions, the GFP-
RBD used in this study was able to pull down the active form
of Ras (23). Similarly, in an intramolecular FRET probe to
detect GEF activity for Ras, the distance between Ras and
RBD is short (29-31). In recent imaging studies, the translo-
cation of the GFP-tagged single RBD domain to the plasma
membrane was observed only in cells overexpressing Ras
(23,32,33). Therefore, a GFP-tagged trimeric RBD probe
was used to detect Ras activation in normal cells (33). More-
over, in our experience with conventional microscopy, the
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coexpression of Ras is required to detect the translocation of
GFP-RAF to the plasma membrane after Ras activation.
However, in single-molecule imaging, the coexpression of
Ras is not essential (Fig. 2 A). With other Ras effectors
(phosphoinositide 3-kinase and phospholipase Ce), the GTP
dependence of the association of RBD with Ras was observed
in pull-down assays (34-36). With the Ras association (RA)
domain of Ral guanine nucleotide exchange factor, GFP-tagged
single RA detected the activation of endogenous Rapl (a
subtype of Ras) in COS-1 cells (37). However, in general, it
is thought that GFP-RBD of Ras effectors is not sensitive
enough to report the activation of Ras by simple recruitment
in normal cells without the overexpression of Ras (38).

In a previous study (18), we measured the on-time
distribution of GFP-RAF at a later stage (>30 min) after
stimulation with EGF. In the later stage, GFP-RAF formed
micrometer-scale patches that accumulated in the membrane.
The on-time distribution of GFP-RAF in the bulk membrane,
which was outside the patches, was similar to that of GFP-
RAF in quiescent cells in this study. This result suggests
that RasGTP rarely exists in the bulk membrane, where
GFP-RAF interacts with RasGDP. However, the on-time
was prolonged in the patches. Based on the results of this
study, it is highly likely that both RasGDP and RasGTP
are present in the patches, and that the on-time distribution
is a mixture of RasGDP and RasGTP.

Spontaneous conformational changes in C-RAF
in the cytoplasm

Our results suggest that the structure of C-RAF in quiescent
cells is biased toward the closed conformation, and that the
spontaneous fluctuation of the structure toward the open
conformation is small. If this were not the case, C-RAF in
the open conformation would bind firmly to both RasGDP
and RasGTP, and C-RAF could not accurately recognize
the activation of Ras, as with the RBDCRD fragment and
the S621A mutant (Figs. 1 C, 2, and 5 C, and Fig. S4 B).
As mentioned above, the phosphorylated serine 621 residue
of C-RAF acts as the binding site for the adaptor/scaffold
protein 14-3-3. It is thought that 14-3-3 crosslinks the phos-
phorylated S259 and S621 residues of C-RAF (16,17,39).
S621 is constitutively phosphorylated, even in quiescent
cells (40,41), and the mutation S621A induces a shift in
the equilibrium of the C-RAF conformation to the open
form (Fig. 4 C). Thus, 14-3-3 seems to function as a stabilizer
of the closed conformation of C-RAF in quiescent cells, to
avoid missignaling from RasGDP to C-RAF. However, its
association with 14-3-3 may not completely suppress the
conformational fluctuations of C-RAF. Another mutation,
C168S, also induces a shift in the equilibrium of the
C-RAF conformation to open (Fig. 4 B). The C168S muta-
tion causes the loss of the intramolecular interaction between
CRD and the C-terminal catalytic domain. Therefore, the
cooperative effect of its association with 14-3-3 and its intra-
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molecular interaction maintains C-RAF in the closed confor-
mation in quiescent cells.

Activity of RasGTP in opening the conformation
of C-RAF

Single-molecule analysis of the interactions between Ras and
C-RAF revealed that RasGTP is not merely a high-affinity
site for the recruitment of C-RAF to the plasma membrane;
it also induces a change in the C-RAF conformation.
RasGTP, but not RasGDP, actively opens the conformation
of C-RAF from the closed state. This RasGTP activity has
not been previously demonstrated, and seems to be triggered
by an interaction between RBD of C-RAF and RasGTP. The
R89A mutant of C-RAF, in which the ability of RBD to asso-
ciate with Ras is lost, did not accumulate at the plasma
membrane (Fig. 7, A and C), and another loss-of-function
mutant of RBD, R89L, is reported to adopt the closed
conformation, even in cells expressing RasV12 (14). After
its association with RBD, RasGTP probably induces a disso-
ciation of the intramolecular interaction between CRD and
the C-terminus of C-RAF and/or the intermolecular interac-
tion between C-RAF and 14-3-3, and RasGTP associates
with the CRD of C-RAF in addition to RBD. Considering
the structural similarity among the members of the RAF
family, it is possible that the molecular recognition between
RasGTP and other subtypes of RAF (A-RAF and B-RAF) is
governed by a mechanism similar to that proposed between
RasGTP and C-RAF in this study.

Activation of C-RAF through phosphorylation
on the plasma membrane

After C-RAF is recruited by RasGTP to the plasma
membrane, it is activated by its phosphorylation by unknown
kinases on the plasma membrane (3). The fact that C-RAF
associates with RasGDP and RasGTP in different conforma-
tions should be important to the high fidelity of the regulation
of the kinase activity of C-RAF in association with RasGTP.
Because intermolecular interactions are inherently stochastic,
a subset of C-RAF molecules associated with RasGDP would
encounter the kinase responsible for C-RAF activation, even
though their affinity for RasGDP is low. Therefore, missignal-
ing is inevitable, with a certain probability, if molecular
switching depends on simple changes in affinity. The confor-
mational change in C-RAF upon binding to RasGTP probably
functions as a checkpoint for accurate signal transduction. Itis
possible that the open conformation of C-RAF is required for
the presentation of C-RAF to the kinase. Clarification of the
activation process of C-RAF after its association with
RasGTP is the next challenge.

SUPPORTING MATERIAL

Materials, a reference, figures, and movies are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(09)01059-5.
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