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Receptor tyrosine kinases participate in several signaling path-
ways through small G proteins such as Ras (rat sarcoma). An im-
portant component in the activation of these G proteins is Son of
sevenless (SOS), which catalyzes the nucleotide exchange on Ras.
For optimal activity, a second Ras molecule acts as an allosteric
activator by binding to a second Ras-binding site within SOS. This
allosteric Ras-binding site is blocked by autoinhibitory domains of
SOS. We have reported recently that Ras activation also requires
the actin-binding proteins ezrin, radixin, and moesin. Here we re-
port the mechanism by which ezrin modulates SOS activity and
thereby Ras activation. Active ezrin enhances Ras/MAPK signaling
and interacts with both SOS and Ras in vivo and in vitro. More-
over, in vitro kinetic assays with recombinant proteins show that
ezrin also is important for the activity of SOS itself. Ezrin interacts
with GDP-Ras and with the Dbl homology (DH)/pleckstrin homol-
ogy (PH) domains of SOS, bringing GDP-Ras to the proximity of the
allosteric site of SOS. These actions of ezrin are antagonized by the
neurofibromatosis type 2 tumor-suppressor protein merlin. We
propose an additional essential step in SOS/Ras control that is
relevant for human cancer as well as all physiological processes
involving Ras.

ERM proteins | autoinhibition | GEF regulation

he small GTPase Ras (rat sarcoma) regulates essential cel-

lular processes such as proliferation, motility, and differen-
tiation. Activation of Ras by receptor tyrosine kinases (RTKSs) is
mediated by the guanine nucleotide-exchange factor (GEF) Son
of sevenless (SOS). SOS is recruited by activated RTKs and
subsequently engages Ras. In recent years, however, it has been
recognized that this simple activation process is subject to a complex
regulation. A number of regulatory motifs on SOS have been iden-
tified: the C-terminal catalytic Ras-binding domain for nucleotide
exchange (1), the N-terminal half that carries histone-like sequences
rich in positively charged amino acids, a Dbl homology (DH) domain,
and a pleckstrin homology (PH) domain (1, 2). The DH/PH domains
decrease the catalytic activity of SOS by folding back on the catalytic
domain, thereby restricting accessibility to a second Ras-binding site
that is distinct from the catalytic site (2). This allosteric Ras-binding
site is important for the activation of SOS. Thus, Ras itself is an es-
sential determinant of SOS regulation (2). Finally, lipid interaction
contributes to the activation of SOS: The positively charged histone-
like sequences interact with the negatively charged plasma mem-
brane (3, 4). Moreover, binding of both phosphoinositides to the PH
domain (5) and phosphatidic acid (PA) to the histone-like domain
enhances SOS activity by relieving autoinhibition and exposing the
allosteric Ras-binding site (6-8).

Our interest in small GTPases was triggered originally by the
observation that members of a family of actin-binding proteins—
ezrin, radixin, and moesin (ERM)—appear to enhance Ras activity
(9). We showed that in response to growth factors ERM proteins
form a multiprotein complex at the plasma membrane that
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comprises Ras, SOS, filamentous actin, and coreceptors such as
pl-integrin. Coreceptors focus these complexes to relevant sites of
RTK activity at the plasma membrane/F-actin interface. We de-
fined binding sites on ezrin for both Ras and SOS, mutations of
which destroy the interactions and inhibit the activation of Ras.
Our data revealed that ERM proteins are essential intermediates
in the control of Ras activity that fine-tune growth factor signals. In
the present study we dissect the level of ERM action in a purified
system: In addition to the direct assembly of Ras and SOS, ezrin
(the ERM protein prototype) participates in the control of SOS
activity by facilitating the encounter of Ras and SOS. We conclude
that ezrin mediates the spatiotemporal control of Ras activity by
acting as a regulatory scaffold for Ras and SOS.

Results

We demonstrated that SOS precipitated from cells exerts sig-
nificant nucleotide exchange activity only when bound to ezrin
(9). This finding suggests that ezrin not only acts as a scaffold
assembling Ras and SOS but also participates in SOS activity
control (9).

In this paper we explore the regulatory condition under which
ezrin participates in Ras activation. We then characterize the
ERM-dependent complex in vitro by examining SOS activity using
purified recombinant proteins. This method excludes the possi-
bility that additional components present in the cell-derived ezrin
complexes participated in SOS activation. Specifically, we focused
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on whether ezrin is subject to regulation itself and whether ezrin
exerts control over its partners, possibly contributing to the release
of SOS from autoinhibition and enabling the presentation of Ras
to the allosteric regulatory site of SOS.

Active Ezrin Interacts with both SOS and Ras. In vivo, ezrin can be
activated by threonine phosphorylation (10). Threonine phos-
phorylation of the ERM proteins (ezrinT567, radixinT564, and
moesinT558) releases intramolecular and/or intermolecular
head-to-tail associations. An open active conformation allows
the ERM proteins to link the plasma membrane with the actin
cytoskeleton (10). We observed that with the addition of PDGF
this threonine-phosphorylated site is enhanced (Fig. 14; see
Table S1 for overview about used mutants) and that this am-
plification correlates with enhanced Ras and MAPK/Erk acti-
vation (Fig. 14).

We tested whether this active ezrin can interact with Ras and
SOS from cellular lysates in vitro and whether this active ezrin is
sufficient for or contributes to Ras activation. GST- growth
factor receptor-bound protein 2 (Grb2) pull-down experiments
from cell lysates showed that pseudoactive ezrin, unlike wild-type
ezrin (ezrinWT), formed a complex with SOS and Ras inde-
pendent of PDGF stimulation (Fig. 1B and Fig. S14, quantita-
tion of exogenous ezrin expression). These data indicate that an
active ezrin can interact with both SOS and Ras.

According to our previous data, this interaction with ezrinT567D
should increase the GTP loading of Ras. Although the pseudoactive
ezrin can complex with SOS and Ras before growth factor stimu-
lation, ezrinT567D expression in NIH 3T3 fibroblasts showed en-
hanced and prolonged activation of Ras (determined as GTP-Ras)
and MAPK/Erk activation only upon PDGF stimulation (Fig. 1C
Right, compared with ezrinWT, Left). A quantification of GTP-Ras
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Fig. 1. Impact of active ezrinT567D on Ras activity and proliferation. (A) Ras
activation correlates with ERM protein phosphorylation. Low-density RT4
cells were serum starved and PDGF stimulated (3 min). Ras activity was de-
termined by GTP-Ras pull-down with GST-Raf1-Ras binding domain and
coprecipitated proteins immunoblotted with a Ras antibody. Lysates
immunoblotted as indicated. (B) EzrinT567D is in a complex with SOS and
Ras even in the absence of PDGF stimulation. EzrinWT or ezrinT567D
expressing stable clones of NIH 3T3 cells were serum starved and PDGF
stimulated (1 min), and GST-Grb2 pull-downs of SOS were performed. Immu-
noblots as indicated, (C) EzrinT567D elevates the GTP-Ras level in NIH 3T3 cells.
Cells of B were serum starved overnight and PDGF stimulated for the indicated
time periods. Ras activity was determined as described in A (see quantification
in Fig. S1B Upper). Lysates immunoblotted as indicated (n = 3). (D) The pro-
liferation rate of NIH 3T3 ezrinWT cells is lower than that of ezrinT567D cells
(Presto Blue assay; results are shown as mean =+ SD; n > 3). Allimmunoblots are
assembled from the same gels and taken at the same exposure time.
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and phospho-Erk over total Ras illustrates an enhanced and pro-
longed signaling activation (graph in Fig. S1B). Apparently ezrin
action on Ras is specific, because the pseudoactive ezrin had no
significant effect on other small GTPases (e.g., Rac and Rho) (Fig.
S1C). As a consequence of an increase in Ras activity, the pro-
liferation rate of ezrinT567D-expressing cells was increased as
compared with cells expressing ezrinWT (Fig. 1D).

Active Ezrin Forms a Complex with SOS and Ras in Vitro. To ensure
that it is the active ezrinT567D that binds its partner proteins
and that no other components were required, we analyzed the
association of recombinant ezrinT567D with SOS and Ras in
vitro. Recombinant SOS containing the histone, DH, PH, and
catalytic Rem-Cdc25 domains (SOS HDPcat) (see Table S1 for
construct overview; see Fig. 34 for SOS domain organization)
bound to ezrinT567D, but not to ezrinWT (shown by His pull-
down in Fig. 24), suggesting that activation of ezrin is a pre-
requisite for ezrin—-SOS interaction. EzrinT567D bound directly
most strongly to the PH domain of SOS, indicating that the PH
domain is at least one docking site for ezrin (GST pull-downs in
Fig. S24). In the ezrin-Ras interaction, ezrinT567D, like ezrinWT
(9), interacted directly with GDP-Ras in vitro (Fig. 2B), as dem-
onstrated by the concentration-dependent increase of fluorescence
when ezrinT567D was added to fluorescent 2'-/3~-O-(N'-Methyl-
anthraniloyl)GDP (mantGDP)-Ras (Fig. 2B and Material and
Methods). Size-exclusion chromatography further supported the
finding that Ras interacts directly with ezrinT567D (Fig. S2B; ezrin—
Ras interaction in fraction D1).

The critical test is whether ezrinTS67D can form a complex
with both Ras and SOS in vitro. To avoid nucleotide exchange
that would disturb the fluorescence measurements, we used the
fluorescent mantGDP loaded onto the Ras mutant Y64A that
preferentially interacts with the allosteric Ras-binding site of
SOS (11, 12). We could show clearly that SOS interacts with
RasY64A and that ezrinT567D interacts with RasY64A, in-
ducing an increase in fluorescence when added to fluorescent
mantGDP-labeled Ras (Fig. 2C). Mixing all three proteins to-
gether further enhanced the fluorescence (Fig. 2C), suggesting
that ezrinT567D, Ras, and SOS form a complex in vitro.

Finally we showed that, unlike wild-type Ras (RasWT), Ras
containing the D38A mutation in the switch 1 region (13) could
not interact with ezrin (Fig. 2D), indicating that GDP-Ras
interacts with ezrin through the Ras switch I region. We con-
clude that active ezrin can recruit both SOS and Ras and thus
serves as a scaffold, which is required for Ras activation in vivo.

Active Ezrin Stimulates SOS Activity in Vitro. The DH/PH domains
impede SOS activation by shielding the allosteric Ras-binding
site (2). Our identification of the PH domain as a direct in-
teraction site for ezrin suggests that ezrin might facilitate SOS
activation either by removing this DH/PH shield and/or bringing
GDP-Ras to the allosteric site on SOS, that is essential for SOS
activity (2). Therefore we investigated the action of ezrin on SOS
activity in vitro by monitoring nucleotide exchange activity via
the release of fluorescently labeled GDP (i.e., mantGDP) from
preloaded Ras (made visible as a time-dependent reduction of
fluorescence intensity; Fig. 3B and Fig. S3). Recombinant SOS
(autoinhibited SOS HDPcat) exhibited low activity in vitro
compared with an N-terminally truncated form of SOS (SOScat)
that is not autoinhibited because it lacks the DH/PH and histone-
like domains but still carries the allosteric site (a comparison of the
nucleotide-exchange activity of different SOS constructs in the in
vitro GEF assay is shown in Fig. S3) (2). Interestingly, the addition
of ezrinT567D caused a 41% increase in SOS HDPcat activity
(Fig. 3B), indicating that ezrin alone is a modulator of SOS ac-
tivity. Because Ras activation in a cellular system requires ezrin’s
direct interaction with Ras (9), the Ras-binding site mutation in
ezrin (R40L) (9) was introduced in the T567D background and
tested for relevance in the purified system. Compared with the
stimulating effect of ezrinT567D, the phospho-mimicking double
mutant ezrinR40L/T567D, which lacked the ability to bind to Ras
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Fig. 2. Active ezrinT567D associates with Ras and SOS in vitro. (A) His pull-
down studies using His-ezrinWT or His-ezrinT567D and SOS HDPcat
recombinant protein. Immunoblots as indicated. (B) EzrinT567D binds Ras in
solution as shown by an increase in fluorescence of mantGDP-Ras (1 pM)
incubated with ezrinT567D (0.25-10 pM). Results are represented as mean +
SD (n = 3). (C) EzrinT567D, SOS HDPcat, and mantGDP-Ras (mGDP-Ras) form
a complex in vitro as demonstrated by a higher maximal fluorescence than
seen with ezrinT567D/mantGDP-RasY64A and SOS HDPcat/mantGDP-RasY64A
(results are shown as mean + SD; n = 3). (D) Recombinant ezrinT567D asso-
ciates with GST-RasWT but not with GST-RasD38A switch mutant protein in
a GST pull-down assay; the red asterisk marks an unspecific band. The input of
GST fusion proteins was stained with Ponceau S (n = 3).

by its N terminus, could not increase SOS HDPcat activity (Fig.
3C); this result clearly indicates that the Ras-binding to ezrin is
essential for ezrin’s effect on SOS activation. Taken together, these
data show that in a purified system the nucleotide exchange activity
of SOS is increased significantly when bound to active ezrin.

The lack of stimulating SOS activity could result from the failure
of the ezrinR40L/T567D mutant to act as a scaffold bringing SOS
and Ras into the complex and releasing autoinhibition. We also
considered the possibility that ezrin might bring GDP-Ras closer
to the allosteric site of SOS. This allosteric site drives nucleotide
exchange and is subject to positive feedback control by nucleotide-
bound Ras (2). The rate of nucleotide exchange by SOS is de-
pendent on the concentration and on the nucleotide species bound
to allosteric Ras (2): GTP-Ras is more potent than GDP-Ras.
Generally, high concentrations of both GDP-Ras and GTP-Ras
also will enhance the occupancy of the allosteric site and thereby
increase the catalytic activity of SOS. To see whether ezrin indeed
promotes the association of Ras with the allosteric site of SOS, we
first exploited the unique property of the RasY64A mutant as
a potent allosteric stimulator in a purified system with the self-
masking and low-activity SOS HDPcat. The addition of the
RasY64A stimulator at a high concentration increased nucleotide
exchange significantly (46%) compared with a low concentration
(19%) (Fig. 3D). Interestingly, the addition of the low concen-
tration of RasY64A stimulator in combination with ezrinT567D
increased SOS activity by 52%, mimicking the effect of the high
concentration of stimulator alone (Fig. 3D). However, disruption
of ezrinT567D’s GDP-Ras binding (R40L/T567D) abolished its
SOS-enhancing ability (Fig. 3D). These results suggest that part of
ezrin’s action might be to bring Ras to the proximity of the allo-
steric site on SOS.

Interaction of the Ezrin-Ras Complex with the Allosteric Site of SOS

Enhances SOS Activity. The notion that phosphorylated, Ras-
bound ezrin stimulates SOS activity was analyzed further in a
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second experimental approach. SOScat composed of the Ras
exchange motif (Rem) and the Cdc25 domains interacted with
the ezrinT567D mutant when isolated together with ezrin from
cell lysates (coimmunoprecipitation in Fig. 44). The interaction
with ezrinWT was weaker than that with ezrinT567D (Fig. 44),
perhaps because of insufficient activation of the bulk of transfected
ezrin. Disruption of the allosteric site by mutation (SOScat W729E;
Table S1) (2) completely inhibited the interaction with ezrin (Fig.
4A4). These data indicate that the phospho-mimicking ezrin can in-
teract with SOScat. EzrinT567D and SOScat might interact directly
when stabilized by other cellular components, or ezrinT567D may
bind SOScat indirectly through Ras at the allosteric Ras-binding site.

We also tested whether ezrin could enhance the activity of
SOScat and performed fluorescent GEF activity measurements
analogous to the experiments with SOS HDPcat shown in Fig. 3.
Interestingly, biexponential fitting of the kinetics data revealed two

A listone DH PH Rem Cdc25 PxxP B sos HoPeat + ezinTs67D
1198 404 550 750 1050 12001333
sos T ee— 1
SOS HDPcat BN — g mantGDP-Ras
SOS DHPH s | % 17 SOS HDPcat
SOScat —— £
SOS PH+PH-Rem linker 3 316
SOS Rem [ § +ezrinT567D
3
SOS Cde25 — S5 —
270 60 120 180 240 300 360

Time [s]

C SOS HDPcat + ezrinR40L/T567D

(3

on,

Qe i ¥5) mantGDP-Ras

list,

X p L
mantGDP-Ras £ PH SOS HDPcat .
SOS HDPcat . SOS HDPcat + *

SOS HDPcat + x ezrinT567D
ezrinT567D o 1 2 3 4 i ,
SOS HDPcat + Nucleotide dissociation rate [10™s™']
ezrinR40L/T567D
0 1 2 3 4 5

Nucleotide dissociation rate [10'4 5'1]
D SOS HDPcat + GDP-RasY64A +/- ezrinT567D or ezrinR40L/T567D
mantGDP-Ras

SOS HDPcat
SOS HDPcat "
+ GDP-RasY64A(1x) H

SOS HDPcat
+ GDP-RasY64A(10x)

SOS HDPcat+ezrinT567D
SOS HDPcat+ezrinT567D
+ GDP-RasY64A(1x)

SOS HDPcat + ezrinR40L/T567D
+ GDP-RasY64A(1x) | - - i )
0 3 6 9 12

Nucleotide dissociation rate [10'4 5’1]

333

Tkk

Fig. 3. Active ezrinT567D stimulates SOS HDPcat GEF activity in a purified
system. (A) Schematic representation of the domain organization of differ-
ent SOS constructs. The core catalytic unit consists of the Cdc25 domain and
the Ras exchange motif (Rem). The very C-terminal proline-rich region (PxxP)
is required for binding the SH3 domain of the protein Grb2. (B) EzrinT567D
increases the SOS HDPcat exchange reaction (41%). Fluorescent mantGDP-
Ras was incubated with unlabeled GDP in the absence (mantGDP-Ras, black)
or presence of 1 uM SOS HDPcat (brown) or 1 uM SOS HDPcat plus 250 nM
ezrinT567D (blue), and release of labeled nucleotide was measured. (Upper)
Raw data are shown. (Lower) Raw data were subjected to linear fitting.
Apparent nucleotide dissociation rates are illustrated (***P < 0.001 using the
Mann-Whitney u test). Quantitative results represent mean + SD (n = 3). (C)
EzrinR40L/T567D (green bar), unlike ezrinT567D (blue bar), cannot stimulate
the SOS HDPcat exchange reaction (250 nM of ezrin). Nucleotide exchange
as described in B. Calculated apparent nucleotide dissociation rates are shown
(linear fitting). The masked allosteric site of autoinhibited SOS HDPcat is illus-
trated by a brown star. (D) A combination of 250 nM ezrinT567D and 1xGDP-
RasY64A (1x indicates a level equal to substrate mantGDP-Ras) stimulates SOS
HDPcat exchange reaction more efficiently (dark blue, 52%) than 1xGDP-
RasY64A alone (light green, 19%) and comparably to 10xGDP-RasY64A (dark
green, 46%). A combination of 250 nM ezrinR40L/T567D and 1xXGDP-RasY64A
(red) cannot stimulate the SOS HDPcat exchange reaction at all. Nucleotide
exchange is as described in B. Calculated apparent nucleotide dissociation rates
are shown (linear fitting, ***P < 0.001 using the Mann-Whitney u test).
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components describing the exchange of mantGDP-Ras by SOScat:
a faster and a slower rate acting at timescales of seconds and
minutes, respectively (Fig. S3). We propose that the two kinetics
components might reflect different conformational states of SOScat
acting at different exchange rates. Addition of the allosteric stim-
ulator RasY64A further enhanced both rate constants in a concen-
tration-dependent manner (Fig. S44 and Table S2); increasing
concentrations of GDP- and GTP-RasY64A support the faster
exchange, with GTP-RasY64A being more potent, demonstrating
the moderate binding affinity of GDP-RasY64A (Fig. S4C). In
addition, GTP-RasY64A shifted the relative contributions of
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teins coimmunoprecipitated with Myc-ezrin were immunoblotted. Mouse 1gG
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EzrinT567D (250 nM) stimulates the first (blue, 52%; C Left) and second (green,
36%; C Right) kinetic. In vitro GEF activity as described in Fig. 3B. (B) Raw data
are shown. A yellow star indicates the unmasked allosteric site of SOScat. (C) A
biexponential function was fitted to the data: apparent nucleotide dissocia-
tion rates are shown; **P < 0.01 using the Mann-Whitney u test. Quantitative
results represent mean + SD, n = 3. (D) Measurement of in vitro GEF activity
and calculations as described in Figs. 38 and 4C (biexponential fitting); *P <
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steric site of SOScat W729E. Measurement of in vitro GEF activity and calcu-
lations was as described in Fig. 3B (single exponential fitting). (F) Released
Noonan SOS M269R is still dependent on ERM proteins. Low-density NIH 3T3
cells treated with ERM-targeting siRNA SMARTpools followed by cotrans-
fection of Myc-SOS WT or the Myc-SOS Noonan mutation M269R with either
HA-RasWT or HA-RasD38E/A59G. Ras activity (based on transfected Myc-Ras)
was as described in Fig. 1A (n > 3).
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the two rates (Table S2). In the presence of GDP, 30% of the
nucleotide exchange is related to fast-acting SOScat, whereas in
the presence of increasing concentrations of GTP-RasY64A the
contribution of fast-acting SOScat increased progressively up to
80% (Table S2). Mutation of the allosteric site (SOScat W729E)
completely eliminated the fast-kinetics component (Fig. S4 B and
D), demonstrating the importance of allosteric regulation of SOS.

These data set the stage for testing the effect of ezrin on the
allosteric site of SOScat. A mixture of ezrinT567D, SOScat, and
fluorescent mantGDP-Ras (substrate as well as stimulator) (raw
data are shown Fig. 4B) significantly stimulated both the fast-
kinetics component (52% increase of the nucleotide dissociation
rate) (Fig. 4C, Left) and the slow-kinetics component (36% in-
crease) (Fig. 4C, Right) compared with mantGDP-Ras and
SOScat in the absence of ezrin. Disruption of ezrinT567D’s
GDP-Ras binding (R40L/T567D) abolished this stimulation of
SOScat activity of both kinetics components (Fig. 4D), indicating
that ezrin—Ras interaction is required to elevate SOScat activity.
Disruption of the allosteric site in SOScat (SOScat W729E) also
abolished the stimulation by ezrin—Ras (Fig. 4F). We also studied
ezrin action at different SOScat concentrations (Fig. S54). Re-
markably, ezrin does not potentiate nucleotide exchange at low and
high concentrations of SOScat (Fig. S5 B, C, and E) as compared
with moderate SOScat concentrations (0.5 pM) (Fig. S5D). We
investigated this behavior in more detail by analyzing the relative
contribution of the fast and slow components of the exchange re-
action (Fig. S5F). At low SOScat concentrations, the slow rate
dominates the reaction; at high SOScat concentrations, the fast rate
takes over. We reason that ezrin acts predominantly on the mech-
anism that is responsible for the fast rate of nucleotide exchange,
thus explaining why ezrin is less effective at low SOScat concen-
trations with little contribution of the fast rate. At very high con-
centrations of SOScat, the exchange reaction saturates, and ezrin
again is less effective. In conclusion, ezrin-dependent stimulation of
SOS requires an intact allosteric site and suggests that ezrin could
bring GDP-Ras to the allosteric site on SOS more efficiently than
free GDP-Ras.

We also show that ezrin is a regulatory scaffold for SOS ac-
tivity control in vivo. We exploited another SOS mutant, the
Noonan mutant M269R. Noonan syndrome is caused by a mu-
tation that eliminates SOS autoinhibition (14, 15). Therefore this
mutant behaves similarly to SOScat, permitting Ras access to the
allosteric site. Cells expressing the Noonan mutation displayed
elevated levels of activated Ras and MAPK/ERK (Fig. 4F, lanes
1 and 2). Down-regulation of ERM proteins inhibited Ras acti-
vation, demonstrating the dependence of SOS M269R on ERM
proteins (Fig. 4F, lanes 2 and 4). However, a mutated Ras with
high affinity to the allosteric site (D38E/AS5S9G) (16) stimulated
SOS activity even in the absence of the ERM proteins (Fig. 4F,
Right), indicating that the need for the ERM proteins can be
overcome by stronger Ras binding to the allosteric site. In con-
clusion, ezrin brings GDP-Ras to the proximity of the allosteric
site on SOS both in vitro and in vivo.

The Lipid Environment Contributes to Full SOS and Ras Activation.
Ras activation in vivo occurs at the cytoplasmic side of the
plasma membrane. In vitro a highly structured artificial surface
mimicking a membrane enhances SOS activity (5, 6). Moreover,
binding of phosphoinositides to the PH domain and the binding
of PA to the histone-like domain also modulate SOS auto-
inhibition (5-8). Therefore we considered whether other cellular
components might be missing in vitro that contribute to full SOS
activation in vivo. The addition of PA to SOS HDPcat in the
assay with recombinant proteins indeed led to an increased ac-
tivity (17%) (Fig. 54). A combination of ezrinT567D and PA
further enhanced SOS activity (63%) (Fig. 54). Although the
recombinant proteins do not fully recapitulate the in vivo con-
ditions, they do demonstrate that ezrin has a decisive role in the
regulation of SOS activity and that ezrin and PA cooperate.

If membrane targeting and lipid association in vivo are critical
components for this unique signaling complex, we speculated that
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artificially tethering ezrin to the plasma membrane would lead to
activation of Ras. Interestingly, tethering of ezrin to the membrane
by the Src membrane-association domain was sufficient to induce
Ras activation spontaneously (Fig. 5B Left; without FCS stimula-
tion) and cell proliferation (Fig. S6; without FCS stimulation). The
membrane-anchored ezrin was more heavily phosphorylated than
overexpressed WT ezrin (Fig. 5C) and induced MAPK/ERK ac-
tivity (Fig. 5C) and cellular transformation (determined as soft-
agar colony formation) (Fig. 5D). Despite increased phosphory-
lation, the membrane-anchored ezrin mutated in the Ras-binding
site (R40L) (9) could not induce cellular transformation and car-
ried a reduced MAPK/Erk activity (Fig. 5 C and D). Taken to-
gether, these results suggest that the in vivo targeting of ezrin to
the plasma membrane and its direct interaction with Ras and SOS
are essential for full activation of SOS.

Physiological Regulation of Ezrin Activity. Merlin, the neurofibro-
matosis type 2 tumor-suppressor protein, can counteract ezrin by
competing for the same binding sites on coreceptors (17). Merlin
activation at high cell density antagonizes the formation of the
SOS-ezrin complex (18). Neither activated merlin from high cell
density cells (18) nor an active merlin mutant (S518A) interacted
with SOS (Fig. S74). However, we did observe a complex between
merlin and Ras (Fig. S7 B and C). Purified Ras loaded with GDP
pulled down merlin from cellular lysates (Fig. S7B). Also incubation
with fluorescent mantGDP-Ras indicated that merlin interacted
directly with GDP-Ras (Fig. S7C), likely through the N-terminal 4.1
protein/ezrin/radixin/moesin (FERM) domain also found in ezrin.
Because merlin cannot interact with SOS, we reasoned that, unlike
ezrin, merlin is unable to bring GDP-Ras to the allosteric site. In-
deed, a mixture of recombinant merlin and SOS HDPcat (Fig. S7D)
showed no increase in SOS activity. Moreover purified merlin
added to SOScat significantly inhibited nucleotide exchange activity

A SOS HDPcat + PA + ezrinT567D B NIH 3T3 cells

o gedc2s] & &

e

o & &S
VS & S
mantGDP-Ras - - + + |FCS
SOS HDPcat x 80 kD _-E aEzrin
H d
%

SOS HDPcat+ezrinT567D
SOS HDPcat+PA
SOS HDPcat+PA+ezrinT567D
o 1 2 3 4
Nucleotide dissociation rate [10'43'1]

FEE
FEE

oae -

- Actin

-

21 kD .I ﬂl - qGTP-Ras
——om

21 kD -

D NiH3T3 cells

C NIH3T3cells o

N et
EzrinWT
70kD - |- — a®-Ezrin %
—_—— EzrinR40L: k4
70 KD - | o o Ezrin
Src-EzrinWT
kD L 8 fold (P)Erk1 EorinRAOL E
(@-Erk1,2 Src-EzrinR40
55kD- === 0 100 200 300
E aActin Colony number

Fig. 5. The lipid environment contributes to SOS and Ras activation. (A) PA-
containing liposomes were incubated with SOS HDPcat WT in the absence
(orange, 17%) or presence of 250 nM ezrinT567D (dark blue, 63%), and
nucleotide exchange was measured as described in Fig. 3B. Apparent nu-
cleotide dissociation rates are shown (linear fitting, ***P < 0.001 using the
Mann-Whitney u test). Quantitative results represent mean + SD (n = 3). (B)
EzrinWT or Src-ezrin—expressing stable clones of NIH 3T3 cells were either
serum starved overnight or maintained in normal medium (+FCS). Ras ac-
tivity was determined as described in Fig. 1A. Lysate controls were immu-
noblotted as indicated (n > 3). (C) Cells of B were seeded overnight, kept in
suspension for 40 min, and stimulated with PDGF during the last 3 min.
Immunoblots as indicated. Quantification of P-Erk1 increase was carried out
using Imagel. Signals were normalized to actin levels. (D) Only the NIH 3T3
cells expressing Src-ezrin, and not cells expressing either ezrinWT or the Ras-
binding mutant Src-ezrinR40L, formed colonies in a soft-agar assay. (Results
are shown as mean + SD, n > 3, ***P < 0.001 using Student t test.)
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in vitro (Fig. S7E), indicating that merlin may bind and sequester
fluorescent mantGDP-Ras from both allosteric and the catalytic
sites. Furthermore, overexpression and activation of merlin in
transformed RT4 cells at high cell density (17) counteracted
ezrinWT- and PDGF-dependent Ras/Erk activation (Fig. S7F)
and transformation (Fig. S7G; three independent clones). En-
hancing the level of ezrin (T567D mimicking the activated state
of ezrin at high cell density) abolished these effects of merlin
(Fig. S7 F and G). These data demonstrate the counteraction of
ERM proteins and merlin, showing that the ERM protein-de-
pendent regulatory step of Ras activation can be modulated by
the physiological regulator merlin.

Discussion

Ras is an essential signaling protein that cycles between inactive
GDP-bound and active GTP-bound states. Triggering nucleotide
exchange and thereby activating Ras through RTKSs is a crucial step
in mediating multiple cellular functions. Downstream of RTKs, the
GEF SOS is a necessary intermediate in Ras control. This step of
SOS-mediated Ras stimulation includes several regulatory actions
to coordinate and safeguard biological output. SOS, a large mole-
cule with several domains, contains two binding sites for Ras, the
catalytic site and an allosteric site. GDP-Ras or GTP-Ras binding to
the allosteric site drives the catalytic function of SOS. The DH/PH
domains block the access to the allosteric site (2) and therefore
must dissociate from the allosteric site, a process promoted by the
interaction with lipids of the plasma membrane (2, 5, 7).

Our results add to the complexity of the SOS-Ras regulation.
Phosphorylated ezrin (the ERM protein prototype) directly binds
Ras and SOS. In addition, we show that active ezrin elevates the
nucleotide exchange activity of SOS (model in Fig. 6), probably by
facilitating the encounter of Ras with the allosteric regulatory site
of SOS. Our conclusions are based on several experiments, which
included the disruption of ezrinT567D binding GDP-Ras, thereby
inhibiting ezrin’s ability to enhance SOS. Because the affinity of
GDP-Ras for the allosteric site is weaker than that of GTP-Ras
(12), ezrin appears to stimulate predominantly the initial allo-
steric regulation through its preferential interaction with GDP-
Ras. To exert these functions, ezrin must be activated at least by
phosphorylation of threonine 567, a conclusion supported by the
experiments with the phospho-mimicking ezrin mutant (T567D).

We have demonstrated recently and in this study that the FERM
domain of ezrin interacts with Ras (9). The recent structure de-
termination of the FERM domain of Krev interaction trapped 1
(KRIT1) with Ras-related protein 1 (Rapl) revealed the mode of
FERM:GTPase binding (Fig. S8B). Superposition of the structures
of ezrin FERM and GDP-Ras onto KRIT1 and Rap1 of the complex
structure, respectively, illustrates the probable interaction of ezrin
with Ras (Fig. S8). The lack of ezrinT567D/R40L binding to GDP-
Ras and of GDP-RasD38A binding to ezrinT567D is consistent with
ezrin R40 and Ras D38 being part of the resulting interface. In ad-
dition, a Ras switch region is involved in binding, in agreement with
the observed nucleotide-specific binding of ezrin to GDP-Ras. In-
terestingly, according to the superposition, GDP-Ras binds to ezrin
with a surface area resembling those that are used by Ras to bind to
the allosteric site of SOS (12), suggesting that ezrin might not simply
transfer GDP-Ras directly to the SOS allosteric target site. Therefore
a possible mechanism of SOS activation could be that SOS binding to
ezrin might evoke subtle conformational changes in ezrin leading to
the release of GDP-Ras and rebinding of Ras to the allosteric reg-
ulatory site of SOS. Alternatively, the interaction of GDP-Ras with
phosphorylated ezrin might be necessary for full opening of the C-
terminal and middle domain of ezrin (Fig. S84) (19), thereby en-
abling the productive interaction of ezrin with SOS and contributing
to the release of SOS autoinhibition (Fig. 6). Obtaining high-quality
structures and interactions of SOS—ezrin and Ras—ezrin would be the
ultimate goal in achieving a complete mechanistic understanding of
how ezrin contributes to the control of SOS activity.

The assembly of the ezrin-SOS-Ras complex using recombi-
nant and purified components indeed proves the regulatory
interactions. Although the stimulation is modest in vitro, it still is
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Fig. 6. Model of ezrin-mediated activation of
SOS. In cells SOS is kept in an autoinhibited state
in which the Rem and Cdc25 domain, required for
nucleotide exchange on Ras, as well as the allo-
steric Ras-binding site (gray star) are not acces-
sible. The very C-terminal proline-rich region -
(PxxP) is responsible for targeting SOS to sites of
activation, e.g., via the adapter protein Grb2. The
DH/PH module keeps SOS in the autoinhibited
state. By phosphorylation of a conserved threo-
nine residue within the C terminus of ezrin, the
C-terminal region dissociates from the N-terminal
FERM domain of ezrin (Fig. S7A) and binds to
F-actin. The FERM domain of phosphorylated
ezrin interacts with GDP-Ras. Activated ezrin can

N

@ Activation of ezrin

e.g. by phosporylation SOs

Binding of GDP-Ras

Actin filaments

Activation
—

N
Actin filaments

bind to SOS and possibly contribute to the release of SOS autoinhibition. Ezrin bound to GDP-Ras docks to the PH domain of SOS, facilitating the
encounter of GDP-Ras to the now accessible allosteric Ras-binding site of SOS (yellow star).

significant. In our assay ezrin by itself is not an SOS allosteric
stimulator but rather assists its direct partner Ras to localize
efficiently to this allosteric Ras-binding site in SOS. Nevertheless,
ERM-dependent Ras activation in vivo is obviously more efficient
than the stimulation by active ezrin in our purified system (9). The
assembly at the inner leaflet of the lipid membrane is one obvious
component. A modest increase in SOS activity was observed in
vitro by the addition of lipids. A combination of PA and ezrinT567D
produced an additive stimulatory effect on SOS activation, sug-
gesting that indeed the in vivo targeting of active ezrin to the plasma
membrane and its direct interaction with SOS are both essential
features for the full activation of SOS.

Scaffold proteins play a critical role in regulating diverse sig-
naling events by organizing biochemical reactions at the right time
and place. Because Ras activity must be tightly controlled in all
cells, misregulation of such scaffolds (e.g., ERM proteins) also
could contribute to human pathology. Here two disease-relevant
results are worth stressing: The neurofibromatosis type 2 tumor-
suppressor protein merlin interferes with SOS activation both in
vivo and in the complex with recombinant proteins in vitro. Ezrin
fused to a membrane anchor and thus constitutively bound to the
inner phase of the plasma membrane exerts tumorigenic properties.
ERM proteins often are overexpressed in cancer. Our findings
suggest that elevated expression of ezrin (20, 21), radixin (22), and
moesin (23) may contribute to cancer progression and metastasis by
increasing Ras activity. We propose an additional level of SOS/Ras
control involving a family of actin-binding proteins as a molecular
step that is relevant in Ras-dependent physiological processes.
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Materials and Methods

Detailed information about cell lines, plasmids, antibodies, siRNA sequences,
purification of recombinant proteins, preparation of ezrin- and merlin-
expressing cell lines, and pull-down methods can be found in S/ Materials
and Methods.

Proliferation Assay. Proliferation assays were performed using the PrestoBlue
Cell viability reagent (Invitrogen) following the manufacturer’s instructions.
Details are given in S/ Materials and Methods.

Soft Agar Assay. Stably transduced NIH 3T3 cells or doxycycline-inducible
RT4tetNf2 cells were used based on the principles described (21). Details are
given in S/ Materials and Methods.

Fluorescent GEF Activity Measurements in Vitro. Nucleotide loading and
nucleotide exchange measurements for Ras were performed as described
previously (12).

Protein Interaction Studies. Protein interaction was analyzed in vitro based on
the 2’-/3~-O-(N'-Methylanthraniloyl) (mant) fluorophore. Upon binding to
a protein, the fluorescence quantum yield of the mant fluorophore increa-
ses, thus leading to an increase in fluorescence (24). Details are given in S/
Materials and Methods.
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