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Background: RAF is activated in the ternary complex with RAS and undetermined kinase.
Results: The elementary reaction network and kinetic parameters of molecular interactions and phosphorylation of RAF were
determined.
Conclusion: Two RAS-binding domains of RAF coordinately work to phosphorylate RAF efficiently.
Significance: Activation of RAS effector was first analyzed quantitatively using single-molecule imaging in live cells.

RAS is an important cell signaling molecule, regulating the
activities of various effector proteins, including the kinase
c-RAF (RAF). Despite the critical function of RAS signaling, the
activation kinetics have not been analyzed experimentally in liv-
ing cells for any of the RAS effectors. Here, we analyzed the
kinetics of RAF activation on the plasma membrane in living
HeLa cells after stimulation with EGF to activate RAS. RAF is
recruited by the active form of RAS (RAS-GTP) from the cyto-
plasm to the plasma membrane through two RAS-binding sites
(the RAS-binding domain and the cysteine-rich domain (CRD))
and is activated by its phosphorylation by still undetermined
kinases on the plasma membrane. Using single-molecule imag-
ing, we measured the dissociation time courses of GFP-tagged
molecules of wild type RAF and fragments or mutants of RAF
containing one or two of the three functional domains (theRAS-
binding domain, the CRD, and the catalytic domain) to deter-
mine their interaction with membrane components. Each mol-
ecule showed a unique dissociation time course, indicating that
both its interaction with RAS-GTP and its phosphorylation by
the kinases are rate-limiting steps in RAF activation. Based on
our experimental results, we propose a kinetic model for the
activation of RAF. The model suggests the importance of the
interaction between RAS-GTP andCRD for the effective activa-
tion of RAF, which is triggered by rapid RAS-GTP-induced con-
formational changes in RAF and the subsequent presentation of
RAF to the kinase. Themodel also suggests necessary properties
of the kinases that activate RAF.

The RAS family of small GTPases is involved in various cel-
lular processes, including proliferation, differentiation, migra-
tion, apoptosis, and carcinogenesis (1–3), by regulating various

species of signaling proteins, generally called the “effectors” of
RAS (4, 5). RAS mainly localizes on the cytoplasmic surface of
the plasma membrane (6). In the inactive state, RAS binds
GDP (RAS-GDP), and after the cells are stimulated, the
bound GDP on RAS is exchanged for GTP to convert RAS
into its active form (RAS-GTP) (7). The effectors are thought
to recognize the conformational changes in RAS induced by
this GDP/GTP exchange and to interact with RAS-GTP with
higher affinity than with RAS-GDP (8). RAS does not chem-
ically modify the effectors but regulates the activity of the
effectors by recruiting them to the activators localized near
RAS-GTP. Therefore, to understand how RAS regulates cel-
lular processes through its effectors, it is essential to analyze
precisely the recognition processes among RAS, its effector,
and activator of the effector. However, the kinetics of the
molecular interactions in the ternary complex containing
RAS-GTP, its effector, and an activator have not yet been
precisely determined in any situation, as far as we know.
c-RAF (RAF), a serine/threonine kinase in the cytoplasm (1),

is one of the most intensively studied effector molecules of
H-RAS (RAS), a ubiquitous subtype of RAS (9). The stimula-
tion of cells by growth factors, such as EGF, induces the
production of RAS-GTP at the plasma membrane. RAF is
then translocated from the cytoplasm to the plasma mem-
brane (10–12), where it is phosphorylated by still undeter-
mined kinases, which activate it (3, 13). Many phosphoryla-
tion sites on RAF have been reported, which are involved
either in its activation or in its inactivation (13–15). Several
serine/threonine and tyrosine phosphorylation events that
occur within several minutes of the initiation of RAS activa-
tion are thought to be essential for RAF activation when the
cells are stimulated by growth factors (see Fig. 1A). However,
the species of kinases responsible for this phosphorylation of
RAF in cells is still contentious (3).
The presence of two RAS-binding domains and the con-

formational changes in RAF predict a complicated activation
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process for RAF (3, 13). The RAS-binding domain (RBD)2
and cysteine-rich domain (CRD) of RAF are known to associate
withRAS (3, 14), although the precise kinetic characters of their
associations with RAS remain to be clarified, especially in living
cells. RAF adopts at least two conformations, closed and open
(14, 16, 17). In the closed conformation, an intramolecular
interaction between the CRD at the N terminus of RAF and the
catalytic domain (CAD) at the C terminus of RAF conceals the
CRD from RAS, whereas the RBD is exposed to RAS. Mutants
of RAF (such as the point mutation at arginine 89) that cannot
be phosphorylated and thus cannot be activated and wild type
RAF in the resting state before its activation mainly adopt the
closed conformation, whereas wild type RAF after phosphory-
lation to the active form adopts the open conformation (17).
How the RAF conformation changes from the closed to the
open conformation and whether the opening of the conforma-
tion of RAF is the cause or the effect of RAF activation are still
unclear.
Recently, we studied the mechanism whereby RAF recog-

nizes the activation of RAS in living cells using single-molecule
imaging and single-pair fluorescence resonance energy transfer
(FRET) imaging of RAFmolecules tagged withGFPs (18). Local
interactions between RBD and/or CRD and RAS were insuffi-
cient for RAF to distinguish RAS-GTP from RAS-GDP, but a
closed-to-open conformational change in RAF, which is
actively induced by RAS-GTP, was essential for its selective
distinction of RAS-GTP from RAS-GDP. When RAF opens,
both RBD and CRD of RAF are exposed and associate with
RAS-GTP, whereas in the closed form of RAF, only RBD inter-
acts with RAS-GDP. The dissociation between RAF and RAS-
GDP is a one-step stochastic process, whereas there are multi-
ple rate-limiting steps in the dissociation of RAF and RAS-GTP
(18).
In this study, we analyzed the dissociation kinetics of RAF

from the ternary complex of RAS-GTP, RAF, and its kinase that
forms on the plasmamembrane, using single-molecule imaging
in living cells.Wewere interested in the activation of RAF in the
early stage (�5 min) of cell stimulation with growth factors
because downstream signaling, including ERK activation,
begins on this time scale. The activation of RAF is involved in
the dissociation of RAF from the plasma membrane (18). We
investigated the rate-limiting steps in the activation of RAF, the
roles of the two domains in RAF that bind RAS, and the kinetic
parameters of the enzymatic reaction between RAF and its
kinase. The application of single-moleculemeasurements aided
by mathematical modeling (19) was expected to be a powerful
tool with which to achieve our aim.

EXPERIMENTAL PROCEDURES

Preparation of Plasmids and Cells—cDNAs of RAF, RBD,
RBD-CRD, and RAFS621A were constructed as described previ-
ously (12, 18). cDNAs of CRD and RAFR89A,S621A were con-
structed by the direct pointmutation of R89A in RBD-CRD and
of R89A in RAFS621A, respectively. The cDNA of CAD (amino

acids 330–627 of RAF) was cloned as a PCR product from
RAFWT. Each cDNA was cloned into the pEGFP vector
(Takara,Ohtsu, Japan)with amonomericmutation (A206K), to
prevent the dimer formation between GFPs, and transfected
into HeLa cells using Lipofectamine LTX and Plus reagent
(Invitrogen). After transfection, the cells were cultured for 12 h
in DMEM (Nissui, Tokyo, Japan) supplemented with 10% FBS
and then serum-starved for 16 h in minimal essential medium
(MEM) without phenol red (Nissui), supplemented with 1%
BSA (BSA; MEM-BSA). Immediately before the experiments,
the culture medium was changed to MEM-BSA containing 5
mM PIPES (pH 7.4).
SDS-PAGE and Western Blotting—Cells that were 80% con-

fluent on a 60-mm diameter dish were transfected with the
cDNAs, cultured overnight, washed twice with Hanks’ bal-
anced salt solution, and then harvested. The cells were solubi-
lized with SDS sample buffer, separated on 10% polyacrylamide
gel, and transferred onto a PVDF membrane (Millipore, Bil-
lerica,MA). Themembrane was incubated with a primary anti-
body directed against GFP (Takara) or c-RAF (BD Biosciences)
and with a secondary antibody conjugated with alkaline phos-
phatase (Vector Laboratories, Burlingame, CA) and stained
using 5-bromo-4-chloro-3-indolyl phosphate/p-nitroblue tet-
razolium chloride color development substrate (Promega,
Madison, WI). To detect the phosphorylation of RAF, the cells
transfected with the cDNAs and serum-starved, as described
above, were treated with or without 100 ng ml�1 EGF (Upstate
Millipore) for 5 min. One of the following primary antibodies
was used to detect phosphorylated RAF: anti-Ser(P)259 RAF
(Cell Signaling Technology, Danvers,MA), anti-Ser(P)338 RAF
(Upstate Millipore), anti-Ser(P)621 RAF (Santa Cruz Biotech-
nology, Santa Cruz, CA), or a anti-Tyr(P)340/341 (Santa Cruz
Biotechnology).
Single-molecule Imaging—Single molecules of GFP-tagged

proteins were observed in living cells using a total internal
reflection fluorescence (TIRF)microscope based on an inverted
microscope (IX81, Olympus, Tokyo, Japan) equipped with a
60� NA 1.45 objective (PlanApo, Olympus). The specimens
were illuminated with the 488 nm line of an Ar� laser (543-
A-A03, Omnichrome, Chino, CA), and the fluorescence
images were acquired at an emission wavelength of 500–550
nm using an EM-CCD camera (ImagEM, Hamamatsu Pho-
tonics, Hamamatsu, Japan) at a frame rate of 0.033 s. The
cells were stimulated with 100 ng ml�1 EGF (final concen-
tration) on the microscope at 25 °C. Single molecules on the
basal membranes of the cells were observed in the period 2–5
min after stimulation with EGF and recorded directly in a
digital format.
Data Analysis—Details of the single-molecule imaging and

image processing are described elsewhere (20). Single-molecule
detection and tracking were performed with in-house software
(12). Statistical and kinetic analyses were performed with Ori-
gin (OriginLab, Northampton, MA) and Mathematica (Wol-
fram Research, Champaign, IL). Numerical calculation of the
kinetic models and curve fitting were performed with MAT-
LAB (MathWorks, Natick, MA).

2 The abbreviations used are: RBD, RAS-binding domain; CRD, cysteine-rich
domain; CAD, catalytic domain; TIRF, total internal reflection fluorescence;
PS, phosphatidylserine.
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RESULTS

Expression and Phosphorylations of RAF Molecules Tagged
with GFP—cDNAs of the whole molecule of RAF and frag-
ments or mutants of RAF containing one or two of the three
functional domains (RBD, CRD, and CAD) required for its
associationwith the plasmamembrane components were fused
withGFP cDNA and transfected intoHeLa cells (Fig. 1A). GFP-
RAF, GFP-RBD, and RBD-CRD-GFP are the same molecules
that we have used in our previous study (18). In CRD-GFP,
arginine 89 in the RBD-CRD-GFP was substituted with alanine
(R89A) because CRD is a short fragment that encompasses res-
idues 139–184 of RAF (21), and the fusion of CRD alone with
GFP is thought to have no RAS binding activity. Because the
R89A mutation in RBD inhibits the association between RAS

and RBD (18, 22), RBD-CRDR89A-GFP is expected to behave
like CRD-GFP. A double mutant of RAF, R89A,S621A, was
used as CRD-CAD. The single R89A mutation of RAF associ-
ated with the plasma membrane as weakly as the nonspecific
association of GFP alone because before its activation, RAF
adopts the closed form, in which CRD is concealed from RAS
(18). Therefore, RAFR89A cannot be used as CRD-CAD. The
S621A mutation was introduced in addition to R89A to open
the conformation of RAF (17, 18). Intramolecular FRET mea-
surements showed that the single S621Amutant takes an open
conformation, independent of RAS activation (18). The expres-
sion of GFP-tagged molecules with the expected molecular
weights was confirmed by Western blotting (Fig. 1B). In cells
stimulated with EGF to activate RAS, the spatial distribution of
theGFP-taggedmoleculeswas observed using confocal fluores-
cence microscopy (Fig. 1C). GFP-RAF and RBD-CRD-GFP
showed strong accumulation at the cell surface, whereas GFP-
RBD, CRD-GFP, and GFP-CRD-CAD remained in the cyto-
plasm, with only slight accumulation at the cell surface. CAD-
GFP was present in the cytoplasm. These results are consistent
with those of our previous study (18).
The phosphorylation levels at Ser-259 and Ser-338 in the

whole RAF molecule increased when the cells were stimulated
with EGF (Fig. 2). Although the phosphorylation at Ser-259 has
been reported to be independent of growth factor stimulation
(23), it increased slightly with EGF stimulation in an average of
three independent experiments. The changes in the phosphor-
ylation level at Ser-259 after the stimulation showed a large
deviation between the experiments, suggesting that the phos-
phorylation at Ser-259 is highly sensitive to the intrinsic states
of cells. Phosphorylation at Ser-338 increased markedly. The
phosphorylation at Ser-43 and Ser-621was observed to be inde-
pendent of EGF stimulation. The phosphorylation at Tyr-340/
341 was not clear. The phosphorylation of other sites could not
be examined because we lacked the appropriate antibodies. It
was difficult to detect the phosphorylation of CAD and CRD-
CAD, probably because of their low affinity for the association
sites on the plasma membrane at which phosphorylation takes
place (Fig. 1C). RBD, CRD, and RBD-CRD contain no known
phosphorylation sites.
Single-molecule Measurements of RAF Dissociation from the

PlasmaMembrane of Living Cells—Cells expressing each GFP-
tagged molecule derived from RAF were observed with a TIRF
microscope during the 2–5-min period after the cells were
treated with EGF (Fig. 3). The significant associations of the
GFP-taggedmolecules listed in Fig. 1Awith the basal cell mem-
brane were observed, with the exception of CAD-GFP (Fig. 3A,
right, and B). Although the accumulation of GFP-RBD, CRD-
GFP, and GFP-CRD-CAD on the plasma membrane was not
evident with confocal microscopy (Fig. 1C), the association of
these molecules with the plasma membrane was clearly
detected using TIRF microscopy. Although TIRF microscopy
has a limited excitation depth (�200 nm from the coverslip), it
is possible that bright fluorescence objects deep inside cells are
misidentified as the dim fluorescent spots on the plasma mem-
brane. However, vesicles and the Golgi apparatus with intense
GFP signals were not observed in our specimen using epifluo-
rescence microscopy. Free GFPmolecules in the cytoplasm are

FIGURE 1. Expression of GFP-tagged RAF molecules. A, structures of the
GFP-tagged molecules used in this study. Previously reported phosphoryla-
tion sites in the early stage of EGF stimulation are indicated in the structure of
RAF (top), with the names of the putative kinases in parentheses (13–15). The
phosphorylation site with an underline is reported to be crucial for RAF acti-
vation (3, 26 –28). The role of the phosphorylation shown in black (without an
underline) is unknown (Thr-268/269), is marginal (Tyr-340/341), or is not
involved in RAF activation (Ser-497/499). Other than these phosphorylations,
basal-level phosphorylation has been reported at Ser-43 (PKA), Ser-259 (AKT),
and Ser-621 (29, 43, 44). Phosphorylation at Ser-29, Ser-289, Ser-296, Ser-301,
Ser-471, and Ser-642 has been reported at the later stage (�30 min) of cell
stimulation (27, 44, 45). The RBD, CRD, and RBD-CRD fragments used in this
study include no known phosphorylation sites. B, Western blot analysis of the
expression of the RAF molecules listed in A. Whole-cell lysates of HeLa cells
expressing each molecule were analyzed by SDS-PAGE, blotted onto a PVDF
membrane, and detected with anti-GFP antibody or anti-RAF antibody.
* shows the bands of endogenous RAF. C, distributions of GFP-tagged mole-
cules in HeLa cells 3–5 min after stimulation with 100 ng ml�1 EGF. Images
were taken using a confocal microscope.
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not detected as spots at the video rate (30 frames s�1) used in
our experiments because of the rapid Brownian diffusion (20).
In addition, the spots on the membrane have the spatial fluo-
rescence intensity profiles of the point-spread function of the
optics, which is one of the criteria to confirm single-molecule
detection (20). From these reasons, we concluded that the fluo-
rescent spots of GFP-RBD, CRD-GFP, and GFP-CRD-CAD
molecules were attached on the plasma membrane. Because
CAD-GFP associated with the membrane at a much lower fre-
quency than the other molecules, even after EGF stimulation,
and the frequency was as low as that for GFP alone, CAD-GFP
was not analyzed further. For the GFP-tagged molecules other
than CAD, the duration of their association with the plasma

membrane (the “on-time”) was measured for individual mole-
cules in single-molecule movies (Fig. 3C). The distribution of
the on-times (Fig. 4) contains information about the reaction
kinetics between eachmolecule and the association sites on the
plasmamembrane, i.e. information about their interactionwith
RAS, their interaction with kinase, and their phosphorylation.
Dissociation Kinetics of RBD and CRD from RAS-GTP—The

on-time distributions for the GFP-RBD and CRD-GFP frag-
ments in cells stimulated with EGF can be described by a single
exponential function, suggesting that these fragments dissoci-
ate from RAS-GTP in a single step stochastic process (Fig. 4, A
and B). The state in which a molecule anchors to the plasma
membrane only by the interaction between its RBD and RAS-
GTP is designated “R” in this study (independent of the molec-
ular species). The reaction scheme for the dissociation of RBD
is

R O¡
k1

�

SCHEME A

where k1 is the dissociation rate constant between RBD and
RAS-GTPand� is the dissociation state in the cytoplasm (with-
out phosphorylation).
Similarly, the dissociation of CRD is described by the scheme

C O¡
k2

�

SCHEME B

whereC represents the state inwhich amolecule anchors to the
plasma membrane by the interaction between RAS and its
CRD, and k2 is the dissociation rate constant between CRD and
RAS-GTP. From the on-time distributions, k1 and k2 were cal-
culated to be 3.7 and 2.3 s�1, respectively (see supplemental
text).
On-time Distribution of RBD-CRD—The on-time distribu-

tion of RBD-CRD-GFP showed a peak as we have reported pre-
viously (18), indicating the presence of multiple rate-limiting
steps in the dissociation process (Fig. 4C). The most probable
candidates for the multiple rate-limiting steps in the dissocia-
tion of RBD-CRD are the sequential dissociations of RBD and
CRD from RAS for the following two reasons. First, the RBD-
CRD fragment contains both intact RBD and CRD, but no
known phosphorylation sites (Fig. 1A), suggesting that the frag-
ment does not interact with the kinases involved in RAF acti-
vation. Second, because the closed conformation of RAF is
maintained by the intramolecular interaction between CRD
and CAD, the open/closed conformational change does not
take place in RBD-CRD, which lacks CAD.Next, we considered
the kinetic intermediate for RBD-CRD. In the previous work
(18), we reported that RAF initially contacts RAS-GTP using
RBD, and immediately thereafter, the RAF conformation is
opened by RAS-GTP and CRD simultaneously associates with
RAS-GTP. This transition in the RAF conformation and the
interaction between RAS-GTP and RAF were completed more

FIGURE 2. Phosphorylation of RAF molecules upon cell stimulation with
EGF. A, Western blot analysis of the phosphorylation of whole molecules of
GFP-RAF and GFP-CRD-CAD before (�) and 5 min after (�) stimulation of the
cells with 100 ng ml�1 EGF is shown. Signals at the molecular weight of GFP-
RAF detected with anti-Tyr(P)-340/341 (Anti-pY340/341) are nonspecific
because similar staining was observed in cell lysates not expressing GFP-RAF
(Ctrl). Representative data of three independent experiments are shown. Anti-
pS43, anti-Ser(P)43; Anti-pS259, anti-Ser(P)259; Anti-pS338, anti-Ser(P)338;
Anti-pS621, anti-Ser(P)621. B, the staining intensity after the subtraction of the
nonspecific staining (Ctrl) was normalized to the protein expression and the
staining of GFP-RAF before the stimulation. The average values of three inde-
pendent experiments are shown with standard errors.
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rapidly than the temporal resolution of our experiment (�0.1
s). In the presence of a functional CRD, both RBD and CRD
associate with RAS in the initial binding state, and the lifetime
of the R state is negligible because of the rapid association of
CRD with RAS in the single-molecule kinetic pathway. There-
fore, we assumed that the major kinetically observable dissoci-
ation intermediate for RBD-CRD is the “C” state. This assump-
tion is supported by a more general sequential dissociation

model (supplemental Fig. 1). The scheme for the dissociation of
RBD-CRD is

RC
O¡
k1

¢O
k1r C O¡

k2

�

SCHEME C

FIGURE 3. Single-molecule imaging on the plasma membrane of living cells. A, TIRF images of GFP-RAF on the basal membrane of HeLa cell before (left) and
3 min after (right) the stimulation with 100 ng ml�1 EGF. B, single-molecule images of other GFP-tagged molecules and GFP alone in cells after stimulation with
EGF. C, a typical change in the fluorescence intensity at individual association sites for single molecules of GFP-RAF is shown with time after the appearance
(association with RAS) on the plasma membrane. The stepwise disappearance of the fluorescence signal reflects the dissociation of GFP-RAF from the binding
sites on the plasma membrane. The period between the appearance and disappearance (arrow) was measured as the on-time. A.U., arbitrary units.

FIGURE 4. Analyses of the on-time distributions. The on-time distributions measured in the period 3–5 min after stimulation of the cells are shown for
GFP-tagged molecules derived from RAF. N indicates the number of molecules measured. Lines are the results of fitting to the data with the kinetic models for
the phosphorylation and dissociation of each species of molecules. The effect of photobleaching was included in the fitting functions, but the values of the
kinetic rate constants given under “Results” have been corrected for photobleaching (see under “Results” and see supplemental material for details).
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Here, RC represents the state in which the molecule associates
with RAS using both RBD and CRD simultaneously, and k1r is
the first-order association rate constant of RBD from the C
state. The value of k1r was determined to be 0.9 s�1 from the
on-time distribution of RBD-CRD-GFP, when the values for k1
and k2 determined in the previous section were used (see sup-
plemental material for details).
Global Analysis of the Dissociation Kinetics between RAS and

the RAF Fragments—The dissociation kinetics of the RBD,
CRD, and RBD-CRD fragments were analyzed by globally fit-
ting the reaction equations derived from Schemes A–C to the
on-time distributions (Fig. 4,A–C) (see the supplementalmate-
rial for the details). The results of this fitting are shown in Fig. 4,
and the best-fit values for the reaction rate constants were k1 �
3.6 s�1, k1r � 1.0 s�1, and k2 � 2.1 s�1. The results of global
fitting agree with those for the local fitting of each fragment
described in the previous sections.
On-time Analysis of RAF and CRD-CAD—In addition to

their interactionwith RAS,GFP-RAF andGFP-CRD-CADpos-
sibly interact with the kinases involved in RAF activation, as do
their substrates (Fig. 1A). The on-time distribution of RAF (Fig.
4D) showed a peak similar to that for RBD-CRD. Although the
on-time distribution of CRD-CAD showed no obvious inter-
mediate peak, it was not fitted to a single exponential function
(Fig. 4E). As in the case of RBD-CRD, it is highly probable that
the sequential dissociation of RBD and CRD underlies the dis-
sociation kinetics for the whole RAF molecule, but not for
CRD-CAD.
The formation of a complex with the kinases, followed by

their phosphorylation, would provide additional rate-limiting
steps in the dissociation kinetics of RAF andCRD-CAD. In fact,
the on-time distribution of RAF looks longer than that of RBD-
CRD, suggesting the presence of additional rate-limiting steps
(Fig. 4). A reaction scheme for the dissociation of RAF was
constructed as an extension of Scheme C by adding the phos-
phorylation process (Fig. 5, SchemeD). The reaction scheme for

CRD-CAD (Fig. 5, Scheme E) is part of Scheme D for RAF. In
Schemes D and E, phosphorylation is assumed to be a Michae-
lis-Menten-type reaction. RCX is the state of the ternary com-
plex formed between RAF, RAS, and the kinase, in which RAF
binds to RAS via both RBD and CRD, and CX is the state of the
ternary complex in which RAF (or CRD-CAD) binds to RAS
only via CRD. RCp, Cp, and �p are the phosphorylated forms of
RC, C, and�, respectively.X is the state of the complex between
RAF and the kinase on the plasma membrane when it has dis-
sociated from RAS.
Although it is possible that RAF molecules interact with the

kinases repeatedly during a singlemembrane association event,
this possibility is not considered in Scheme D (Fig 5). Further-
more, although multiple species of kinases phosphorylate RAF
on the plasma membrane, it was assumed that the reaction
kinetics are the same for all of them. For simplification, some
additional assumptions have been made for the reaction rate
constants in Schemes D and E (Fig 5). 1) The interactions of
RAF with RAS-GTP (k1, k1r, and k2) are not affected by either
the interactions of RAFwith the kinases or its phosphorylation;
and 2) the dissociation rate constant from the kinases (k3) and
the catalytic rate constant of the kinases (k4) are not affected by
the interaction of RAF with RAS-GTP.
Based on the reactions in schemes D and E (Fig 5), the values

for the reaction rate constants kRC, kC, k3, k4, and kXC were
estimated by globally fitting to the on-time distributions for
RAF and CRD-CAD (see supplemental material) using the val-
ues for k1, k2, and k1r determined in the sections above. The
best-fit values for the rate constants were kRC � 46.8, kC � 0.6
s�1, k3 � 10�4 s�1, k4 � 0.5 s�1, and kXC � 5.3 s�1. The fitting
curves for the on-time distributions are shown in Fig. 4, D
and E.

DISCUSSION

Determining the rate-limiting steps in the dissociation of
RAF from the ternary complex, which RAF forms with RAS-
GTP and the plasma membrane kinases, provides information
that clarifies themechanism of RAF activation. The presence of
multiple rate-limiting steps in the dissociation of RBD-CRD,
which has no phosphorylation sites and undergoes no open/
closed conformational changes, suggests that the sequential
dissociations of RBD and CRD are the rate-limiting steps in the
dissociation of RBD-CRD and RAF from RAS-GTP (Scheme C
and Fig. 5, Scheme D). The on-time distributions of RAF and
RBD-CRD are quantitatively different, suggesting that the dis-
sociation of RAF involves additional rate-limiting steps. More-
over, the on-time distributions of CRD and CRD-CAD also dif-
fer, supporting the possibility that the kinases on the plasma
membrane affect the dissociation kinetics of RAF molecules
containing CAD. Therefore, we constructed reaction schemes
(Fig. 5, Schemes D and E) that included the phosphorylation
process to explain the dissociation kinetics of RAF and CRD-
CAD from the plasma membrane.
However, it must be noted that the interaction of RAF with

these kinases might be oversimplified in ourmodel, i.e. Scheme
D (Fig 5) considers a single species of phosphorylation,
although the levels of phosphorylation increased at multiple
serine residues on RAF when the cells were stimulated with

FIGURE 5. Reaction schemes for RAF and CRD-CAD. Scheme D was con-
structed to describe the dissociation and phosphorylation of RAF by extend-
ing Scheme C (see “Results”) to include the phosphorylation reaction. RCX and
CX represent the association states among RAS-GTP, RAF, and its kinase, in
which RAF associates with RAS-GTP using both RBD and CRD, or only CRD,
respectively. RCp, Cp, and �p are the phosphorylation states of the RC, C, and �
states, respectively. X is the state of the complex between RAF and its kinase
on the plasma membrane when dissociated from RAS. Scheme E for the dis-
sociation of CRD-CAD was derived from Scheme D by omitting the reactions
related to RBD. See ”Results“ for details.
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EGF (Fig. 2). Therefore, the values of the kinetic parameters for
phosphorylation estimated in this study should be considered
to represent the average behavior of multiple species of kinases
for RAF. The scheme does not include the phosphorylation of
the substrates of RAF (MEK) that might take place on the
plasma membrane following the phosphorylation of RAF.
Despite these simplifications, the on-times are explained well
by SchemeD,with a feasible order of kinetic parameters,mean-
ing that the major rate-limiting steps related to the enzymatic
reactions can be the phosphorylation of RAF.
CRD is known to interact with phosphatidylserine (PS),

which is one of the components of the plasma membrane in
addition to RAS (21). However, the on-time distribution of the
CRD-GFP fragmentwas a single exponential function,meaning
that the CRD fragment dissociates from the plasma membrane
in a single stochastic process (Fig. 4, A and B). Therefore, most
of the interactions observed here derived from either RAS or
PS. Alternatively, RAS and PS have similar dissociation rate
constants for CRD. For simplification, we have assumed that
CRD interacts with only RAS. However, the C state could be
inferred to be the state inwhichCRD interacts with PS. Regard-
less of whether CRD interacts with either RAS or PS, or with
both, the kinetics are essentially unchanged.
The pathway involving the dissociation and phosphorylation

processes of RAF on the plasma membrane was simulated
according to Scheme D (Fig 5), using the parameters derived
from the single-molecule kinetic analysis (Fig. 6 and supple-
mental Fig. 2). There are two remarkable features of the reac-
tion kinetics. First, the dissociation rate constant between RAF
and the kinase (k3) is so small as to be negligible; and second, the
association rate constant between the RC state of RAF and the
kinases (kRC) is large, i.e. the best-fit values for k3 and kRC
were� 10�4 and 47 s�1, respectively. These features imply that
the probability of RAF phosphorylation is very high in the sim-
ulation, i.e. once they have associated with RAS-GTP, 95% of
RAF molecules will be released into the cytoplasm in the phos-
phorylated� state (Fig. 6B,�p). Helberg et al. (24) reported that
only 3% of the total number of RAFmolecules were activated in
cells after the receptor tyrosine kinases were stimulated. Alto-
gether, the simulation suggests that the overall efficiency of
RAF activation in cells is regulated by the association rate
between cytoplasmic RAF andRAS-GTP and/or by the dephos-
phorylation of RAF, but not by the efficiency of phosphoryla-
tion on the plasma membrane.
We can discuss the roles of CRD in the activation of RAF

based on the results of our single-molecule analyses. Two fac-
tors make the process of RAF activation complex: the presence
of two different RAS-binding domains, RBD and CRD, and the
open/closed conformational changes in RAF (13). These two
factors are interconnected because CRD is concealed in the
closed conformation. In our previous study (18), we demon-
strated that the open/closed conformational changes in RAF
allow RAF to distinguish between RAS-GTP and RAS-GDP
with high fidelity. RAF searches for RAS on the plasma mem-
brane using RBD, which is even exposed in the closed confor-
mation, and only when RAS is in the active form (RAS-GTP),
RAS induces a change in the RAF conformation from the closed
to the open state. Then RAF stably associates with RAS-GTP

via both RBD and CRD simultaneously. Because RAS-GDP
does not induce a conformational change in RAF, RAF dissoci-
ates from RAS-GDP and returns to the cytoplasm in the closed
form. The association between CRD and RAS-GTP seems to
drive the conformational change in RAF on RAS-GTP. This is
one role of CRD in RAF activation.
RAS-GTP functions as the scaffold for RAF on the plasma

membrane. The dual interaction of two RAS-binding domains
with RAS-GTP has two possible effects that improve the prob-
ability of RAF phosphorylation: the fixation of RAF in a confor-
mation suitable for its interaction with the membrane kinases
and the extension of the on-times of RAF, which increases the
probability that it will encounter the kinases. We will first dis-
cuss the former possibility. The kinetics suggest very different
association rate constants for the kinases with the RC (kRC � 47
s�1) and C states (kC � 0.6 s�1) of RAF. This difference can be
explained by the distinct conformations of RAF in the RC andC
states, and the simultaneous association of RBD and CRD with
RAS-GTP is important in fixing the RAF conformation so that

FIGURE 6. Simulations of RAF phosphorylation and dissociation. A, the
reaction scheme and rate constants (s�1) used for the simulation. The values
for the parameters were determined by globally fitting the kinetic models to
the on-time distributions. The simulation does not include photobleaching.
RCp, Cp, and �p are the phosphorylation states of the RC, C, and � states,
respectively. X is the state of the complex between RAF and its kinase on the
plasma membrane when dissociated from RAS. B, probabilities of each asso-
ciation state of RAF with the membrane as a function of time after association
with RAS-GTP. The inset is a magnification of the initial 1-s period of the reac-
tions. C, assuming a steady state of RAF phosphorylation, the flow of RAF
molecules through the reaction network was calculated according to the
results of the kinetic analysis (see supplemental material). RAF in the inactive
closed form recognizes RAS-GTP via RBD (step 1), and then RAS-GTP opens the
RAF conformation in parallel with the association between CRD and RAS-GTP
(step 2) (18). Most (�95%) of the open-form RAF molecules on RAS-GTP inter-
act with the kinases on the plasma membrane (step 3). The phosphorylation
of RAF mainly occurs in the ternary complex formed by RAS-GTP, RAF, and its
kinase (steps 4 and 5), but about 20% of RAF phosphorylation occurs after the
dissociation of RAF from RAS (step 6).
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the conformation is suitable for the presentation of its CAD to
the membrane kinases. This could be another role of CRD in
RAF activation. Next, we discuss the second possibility, the
extension of the on-times. The presence of two RAS-binding
domains actually extends the on-time of RAF on the mem-
brane. The half-life of RBDon themembrane (0.2 s) is increased
to 0.7 s for RBD-CRD (supplemental Fig. 3A). The association
between CRD and RAS also prevents the RAF conformation
returning to the closed form. However, because the association
rate constant (kRC) is large. The formation of the complex
between RAF and the kinases predominantly occurs directly
from the initial binding state of RAF to the plasma membrane
(RC state). In fact, the probability of RAF phosphorylation does
not decrease significantly even when reaction pathways from
the C state to RC and CX (complex between C state and the
kinase) states were excluded (i.e. k1r � kC � 0, supplemental
Fig. 4). The small association rate constant between CRD and
the kinases can be one reasonwhy the phosphorylation ofCRD-
CAD does not increase after EGF stimulation (Fig. 2).
Another question is whether the X state contributes to RAF

activation. In the X state, RAF associates with the kinases, but
independently of RAS. If RAF can dissociate from RAS before
the completion of its phosphorylation, i.e. the X state is signif-
icant, it is possible that RAS-GTP that is released from RAF
activates the next RAF molecule to increase the total extent of
RAF activation in the cell. In the reaction kinetics determined
in this study, there was a significant probability (�10% at peak)
that RAF adopts the X state (Fig. 6B and supplemental Fig. 3B),
and in the steady state of RAF activation, 20% of RAFmolecules
will pass through the X state (Fig. 6C). However, the result of
the fitting was relatively insensitive to the value of kXC, which
affects the estimated amount of RAF in theX state (supplemen-
tal Fig. 2). Therefore, further study is required to clarify the
effects of the X state in improving RAF activation.
All these predictions are derived from the kinetic analysis of

the period 3–5 min after stimulation of the cells with EGF. The
reaction properties could be different in the later stages of RAS
activation because phosphorylated RAF would have accumu-
lated in the cytoplasm and the signals upstream from RAS and
the kinases would have ceased.
The values of the kinetic rate constants provide insight into

the still undetermined kinases that activate RAF on the plasma
membrane in response to stimulation with growth factors. We
observed increases in the phosphorylation of Ser-259 and Ser-
338/339 in cells stimulated with EGF (Fig. 2). Phosphorylated
Ser-259 is reported to be an association site for 14-3-3 with
RAF, and its putative kinase is AKT (25). The phosphorylation
of Ser-338/339, possibly via RAF autophosphorylation, corre-
lates well with RAF activation (3, 26). The phosphorylation of
Ser-471 (27) and Thr-491/Ser-494 (28) by unknown kinases, of
Ser-497/499 possibly by PKC (15), and of Thr-268 by RAF (29)
are also reported to increase after growth factor stimulation.
However, we could find no good antibodies to detect these
phosphorylations. Although tyrosine phosphorylation by SRC
is suggested to occur onTyr-340/341 of RAF (30), no phosphor-
ylation of Tyr-340/341 was evident under our experimental
conditions (Fig. 2).

Our kinetic analysis suggested that the association rate con-
stant between RAF in the RC state and the kinases is large
(kRC � 47 s�1). With a lateral diffusion coefficient of 0.04 �m2

s�1, which was measured for GFP-RAF on the plasma mem-
brane (12), RAFmoleculesmove around an area of only 60� 60
nm2 during the period expressed by its association time con-
stant of�20ms with the kinases. This area would only increase
to 200� 200nm2 if the value of kRCwas smaller than the best-fit
value by a factor of 10 (supplemental Fig. 2). Therefore, the
kinases that phosphorylate RAF must localize near RAS-GTP
when RAF associates with RAS. It is highly likely that RAS and
the kinases form complexes and/or are confined to the same
microdomains. It is possible that RAF phosphorylation occurs
in the membrane rafts in which RAS (H-RAS) is concentrated
(31, 32) with other cell signaling molecules (33), possibly
including the kinases of RAF. AKT is a candidate determinant
of RAF kinetics. In this case, our model implies that RAS/RAF
signaling and the AKT pathway are tightly coupled spatially.
Another possible mechanism for the rapid formation of the

complex between the RC state of RAF and its kinases is that the
autophosphorylation of dimers of c-RAF and/or the transphos-
phorylation of heterodimers of B- and c-RAF (34) determines
the dissociation kinetics. In this case, the time constant of �20
ms will include the time required for the homo- and het-
erodimers to rearrange their intermolecular conformations for
their phosphorylation. Although less than 10% of GFP-RAF
molecules formed dimers on single-molecule imaging (12, 18),
the low frequency of observed dimers is attributable to the low
level of GFP-RAF expression when compared with that of
endogenous c- and B-RAF molecules that form dimers with
GFP-RAF.
The rate constant k4 is equivalent to the kcat of the kinases in

Michaelis-Menten kinetics. The expected value of k4 (0.5 s�1) is
in the range of the kcat values for the AKT family (0.4–2.0 s�1

(35)). As far aswe know, the kcat for the RAF family has not been
determined experimentally. In simulations of the MAPK cas-
cade, kcat values of 0.025–0.5 s�1were used to reproduce exper-
imentally the reaction dynamics of MEK phosphorylation by
RAF (36–38). Based on these estimates, RAF cannot be
excluded as a candidate RAF activator. However, it has been
reported that RAF autophosphorylation is much slower than
MEK phosphorylation by RAF (39), so RAF autophosphoryla-
tion seems to be less probable in view of the kcat value. kcat could
depend on the subtype of RAF because B-RAF has greater
kinase activity than c-RAF. The kinases of RAF require further
study.
Because of the importance of the RAS-MAPK pathway in a

wide range of cellular responses, there have been many
attempts to analyze the pathway dynamics using mathematical
modeling and computational simulations (36–38, 40–42).
However, because a detailed knowledge of the activation of RAF
is lacking, the signal transduction from RAS to RAF was mod-
eled in an ad hocmanner in these simulations. In this study, we
measured the time course of RAF activation in singlemolecules
and proposed a kinetic model of RAF activation based on our
experimental results. This model predicts some properties of
the kinases responsible for RAF activation. This information
will be useful for a systems-level analysis of the RAS-MAPK
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pathway. The on-time distribution of RAF to the plasmamem-
brane reflects different recognition between each RAF-derived
molecule and the membrane association sites. Therefore, by
measuring this on-time distribution, it is possible to detect the
functional properties of RAFwithoutmeasuring the phosphor-
ylation of RAF or the kinase activity of RAF biochemically. Sin-
gle-molecule measurements can be used to rapidly and quanti-
tatively evaluate RAS/RAF signaling.
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