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Ras family proteins play an essential role in several cellular
functions, including growth, differentiation, and survival. The
mechanism of action of Ras mutants in Costello syndrome and
cancers has been identified, but the contribution of Ras mutants
to Noonan syndrome, a genetic disorder that prevents normal
development in various parts of the body, is unknown. Son of
Sevenless (SOS) is a Ras guanine nucleotide exchange factor. In
response to Ras-activating cell signaling, SOS autoinhibition is
released and is followed by accelerative allosteric feedback
autoactivation. Here, using mutagenesis-based kinetic and pull-
down analyses, we show that Noonan syndrome Ras mutants
124N, T50I, V152G, and D153V deregulate the autoactivation of
SOS to populate their active form. This previously unknown
process has been linked so far only to the development of
Noonan syndrome. In contrast, other Noonan syndrome Ras
mutants—V14I, T58I, and G60E—populate their active form by
deregulation of the previously documented Ras GTPase activ-
ities. We propose a novel mechanism responsible for the dereg-
ulation of SOS autoactivation, where 124N, T50I, V152G, and
D153V Ras mutants evade SOS autoinhibition. Consequently,
they are capable of forming a complex with the SOS allosteric
site, thus aberrantly promoting SOS autoactivation, resulting in
the population of active Ras mutants in cells. The results of this
study elucidate the molecular mechanism of the Ras mutant—
mediated development of Noonan syndrome.

Ras, a small GTPase, plays key roles in many important cell-
signaling events, such as cell proliferation, differentiation, apo-
ptosis, and migration (1, 2). Ras isoforms include Kirsten Ras
(KRas), neuroblastoma Ras (NRas), and Harvey Ras (HRas); the
expression of each one often differs in organs and cell types (3—
5). Ras cycles between the active GTP- and inactive GDP-
bound form. Active and inactive Ras functions as an on-off
switch of its downstream effector, Raf, which further controls
the Ras mitogen-activated protein kinase (MAPK) signaling
pathway (1, 2). Ras regulators, guanine nucleotide exchange
factors (GEFs), and GTPase-activating proteins (GAPs) control
the Ras activation cycle. The slow intrinsic Ras nucleotide
exchange is enhanced by GEFs, whereas GAPs stimulate the
slow intrinsic Ras GTPase activity that hydrolyzes the bound
GTP to GDP and free phosphate (6).

Deregulation of the Ras MAPK signaling pathway causes var-
ious diseases, including RASopathy syndromes and cancers (7,
8). Noonan syndrome, like Costello syndrome, belongs to the

This article contains supporting information.
*For correspondence: Jongyun Heo, jheo@uta.edu.

SASBMB

RASopathy syndromes that directly or indirectly alter this path-
way (7, 8). However, unlike Costello syndrome, Noonan syn-
drome is characterized by congenital heart defects (8, 9). Both
syndromes characteristically result in short stature and devel-
opmental delays (10). A majority of Noonan syndrome cases
have been linked to missense mutations in protein tyrosine
phosphatase non-receptor type 11 (PTPN11) and Src homol-
ogy region 2 domain—containing phosphatase-2 (SHP-2) (8,
11-13). Moreover, certain cases of Noonan syndrome report-
edly are caused by mutations in KRas and NRas as well as by
Raf and GEFs. All these are directly or indirectly involved in
control of the Ras MAPK signaling pathway (13). Costello syn-
drome has been shown to arise solely from HRas mutations.
This is unlike the causes linked to Noonan syndrome (11, 12,
14-18).

Of the many known Ras GEFs, Son of Sevenless (SOS) is of
interest because several of its mutants are implicated in the de-
velopment of Noonan syndrome (19-22). Although SOS shares
the same catalytic domain of the cell division control protein 25
(Cdc25) as other Ras GEFs, some of its regulatory domains dif-
fer. Fig. 1 shows that the regulatory domains of SOS encompass
the C-terminal proline-rich (PR) domain as well as the Ras-
exchanger motif (REM), pleckstrin homology (PH), Dbl-
homology (DH), and histone (H) domains (23).

The REM domain serves as a homotropic allosteric site that
binds an active Ras (Fig. 1), which in turn activates the SOS cat-
alytic action (23). The SOS allosteric REM domain functions to
cooperate with the SOS Cdc25 domain catalytic action, endow-
ing SOS with a positive feedback loop activation (Fig. 2) (24,
25). A recent study further showed that the positive feedback
loop activation of SOS is accelerative; hence, it is termed SOS
autoactivation (Fig. 2) (26). This allosteric SOS autoactivation
is autoinhibited by the action of the DH and PH domains in
combination with the H domain of SOS (24-26). Together,
these SOS autoinhibition regulatory domains then function to
block active Ras from accessing the SOS REM allosteric site
(26).

Although the detailed molecular mechanism remains
unknown, we now know that the interaction of SOS with a
plasma membrane in the presence of phosphatidylinositol
4,5-bisphosphate (PIP,) results in the release of SOS autoin-
hibition; this release then allows an active Ras to bind to the
SOS allosteric site to autocatalytically activate SOS (26).

Several SOS mutants that deregulate the SOS allosteric func-
tion to populate active Ras have been reported (19, 20, 23, 27—
29). These mutants include E108K, M269R, R552G, W729L,
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Figure 1. SOS domains. Multimeric SOS domains with allosteric and sub-
strate Ras-binding sites are shown. The scheme was generated using PyMOL
with PDB entry 3KSY.
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Figure 2. Model mechanism of SOS autoactivation. The allosteric SOS acti-
vation followed by the SOS catalytic action is illustrated. The action of the ac-
celerative positive feedback loop between the SOS allostery and catalysis
results in SOS autoactivation.

E846K, and R1131K. All have been shown to relate to the devel-
opment of Noonan syndrome. Their common mechanistic fea-
ture in causing its development is likely to enhance the binding
interaction of SOS with the plasma membrane that allosteri-
cally activates SOS and thus populates active Ras in cells (19,
20, 23, 27-29).

Ras GAPs include GAP1 and neurofibromatosis type 1
(NF1), among others (2, 6). Deregulation of their catalytic
action by Ras mutations attenuates the GTPase activity of Ras,
populating active Ras in cells (30). One of the well-character-
ized Ras activation mechanisms explained by the deregulation
of GAP action is that Ras mutations at the site of the p-loop and
Switch II residues of Ras—such as Gly-12 and Ala-59—deter
the GAP-mediated Ras GTPase action. The perturbation of the
GAP action on Ras conserves the active GTP-bound form of
Ras and thus populates the active Ras in cells (14). This Ras
mutation—driven deregulation of the GAP action applies to
nearly all cases of known diseases, such as Costello syndrome
and cancers. Intriguingly, contrary to deregulation of the func-
tion of Ras GAPs, all the currently known deregulators of the
function of SOS attributed to GEFs are because of the muta-
tions in SOS per se, but not those in Ras (see above).

We have established a method that estimates the cellular
population of active Ras. Our method is based upon the com-
prehensive Ras kinetic features that encompass Ras activation
and inactivation, with and without the action of Ras regulators
GEF and GAP (14, 31). The GEF action defines the core kinetic
process of the Ras nucleotide exchange by the catalytic Cdc25
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domain, but not the GEF activity regulation. The GAP action
also is defined only according to its catalytic function. This
approach with the comprehensive Ras kinetic features clarifies
that, in addition to the Ras activity regulated by GEF and GAP,
the intrinsic Ras activity regulation without GEF and GAP also
contributes significantly to establishment of the cellular popu-
lation of active Ras (14, 31). One use of the comprehensive Ras
kinetic features is to determine the kinetic step of the activation
or inactivation of Ras mutants with and without GEF and GAP
that results in alteration of the overall population of active Ras
in cells.

Equipped with knowledge of the comprehensive Ras kinetic
features, we have compared and characterized the comprehen-
sive kinetic features of most of the 13 known HRas mutants and
of certain oncogenic Ras mutants that include embryonic Ras
(ERas) (14, 31). Accordingly, although the degree of their inten-
sity of perturbation differs, the Costello syndrome and onco-
genic Ras mutants are all constitutively activated by the pertur-
bation of both the intrinsic and GAP-mediated Ras GTPase
activities. Nevertheless, in no single case does a Ras mutant
cause deregulation of the core GEF catalytic action on Ras to
populate active Ras. Despite this knowledge, unlike with Cost-
ello syndrome HRas mutants and ERas and other oncogenic
Ras mutants (14, 31), no determination has been made of the
role of Ras mutants in the comprehensive kinetic features
of the development of Noonan syndrome. These previously
uncharacterized Ras mutants include KRas mutants of V14],
T58I, V152G, and D153V Ras as well as NRas mutants of 124N,
T50I, and G60E Ras (11, 15-18).

Within the course of this study, we have investigated the
comprehensive kinetic features of the previously uncharacter-
ized Noonan syndrome-relevant KRas and NRas mutants (15—
18). We have learned that not all these Noonan syndrome Ras
mutants alter the comprehensive kinetic features of Ras. The
V14I and T58I KRas and G60E NRas are the only ones that do
alter the comprehensive Ras kinetic features of the intrinsic
and GAP-mediated Ras GTPase activities. Although their
mutation formulas are unique, these Ras mutations occur at
the vicinal site of the p-loop Gly-12 or the Switch II Ala-59 resi-
due of Ras. The perturbations of the GAP function at the Gly-
12 or Ala-59 residue of Ras or vicinal to it are not unusual in
serving to alter the comprehensive Ras kinetic features to popu-
late the active Ras (14).

Although other Noonan syndrome Ras mutants, 124N and
T50I NRas as well as V152G and D153V KRas, do not alter the
comprehensive kinetic features of Ras, these unusual Ras
mutants have been found instead to perturb the SOS autoinhi-
bition mechanism; this perturbation causes uncontrolled SOS
autoactivation to populate active Ras. This is the first time that
the features of their unusual deregulation of SOS activation
have been reported. Our structure-based kinetic analysis also
proposes molecular mechanisms to explain their role in this
deregulation of SOS autoinhibition. Accordingly, our com-
bined findings of the deregulation of the comprehensive Ras ki-
netic features and of SOS autoactivation by these Ras mutants
explain the previously unknown cellular mechanism of this
KRas and NRas mutant-mediated development of Noonan
syndrome.
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Results

The kinetic parameters used to evaluate the comprehensive
Ras kinetic features include the intrinsic as well as the core cat-
alytic actions of GEF and GAP on Ras (14, 31). Ras mutants
with any alteration of their kinetic parameters associated with
the intrinsic and GAP-mediated catalytic functions of Ras were
termed “GTPase-affecting Ras mutants.” In contrast, Ras mutants
that possess altered kinetic parameters of the GEF-mediated nu-
cleotide exchange of Ras were labeled for convenience as “GEF-
affecting Ras mutants.”

To the best of our knowledge, all the previously character-
ized Ras mutants, such as Costello syndrome and oncogenic
Ras, are GTPase-affecting Ras mutants. This is because the con-
stitutive activation mechanisms of these Ras mutants with
respect to their comprehensive Ras kinetic features have altered
at least one of their GTPase-affecting Ras kinetic parameters
(14, 31). To determine whether the previously reported but
uncharacterized Noonan syndrome Ras mutants also are the
GTPase-affecting Ras mutants, we determined the key GTPase-
affecting Ras kinetic parameters of these uncharacterized Ras
mutants that elicit Noonan syndrome. These uncharacterized
Ras mutants are 124N (18), V141 (11), T50I (17), T58I (11),
G60E (17), V152G (15), and D153V (11, 15).

GTPase-affecting kinetic features of Ras mutants associated
with Noonan syndrome

Of these Noonan syndrome Ras mutants, V141, T58I, and
G60E Ras possess kinetic features similar, to some extent, to
those of the G12V and A59T Ras mutants (see Tables S1 and
S2). These results suggest that the constitutive activations of
the Noonan syndrome V141, T58I, and G60E Ras mutants in
cells (11, 15, 17, 18) are due to alterations of their GTPase-
affecting kinetic parameters that are associated with their
intrinsic and GAP-mediated GTPase actions. However, activa-
tion of these mutants does not occur because of the perturba-
tion of the core GEF catalytic action on Ras. Thus, these
Noonan syndrome Ras mutants, V141, T58], and G60E Ras,
belong to the GTPase-affecting Ras mutants. In light of this
relationship, their constitutive activation mechanism resembles
that of the previously studied Costello syndrome and oncogenic
Ras mutants.

GEF-affecting kinetic features of Ras mutants associated with
Noonan syndrome

None of the GTPase-affecting kinetic features of 124N, T501,
V152G, and D153V mutants deviates significantly from the fea-
tures of WT Ras (see Tables S1 and S2). Consequently, in con-
trast to the established GTPase-affecting Noonan syndrome
Ras mutants (i.e. V141, T58I, and G60E Ras; see above), those of
the unusual Noonan syndrome—I24N, T50I, V152G, and D153V
Ras—are at present termed uncharacteristic Ras mutants. Note
that our research results shown below revealed that these unchar-
acteristic Ras mutants are actually GEF-affecting Ras mutants.
This is because they all deregulate the function of SOS, which is
one of the GEFs. Nevertheless, it is puzzling how, in light of their
differences, these uncharacteristic Ras mutations are linked to
the development of Noonan syndrome.
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The currently inexplicable kinetic features of these unchar-
acteristic Ras mutants suggest the existence of a previously
unrecognized deregulation mechanism(s) specific to them for
Ras activation. One of the unexplored potential kinetic mecha-
nism(s) for this unusual activation is likely the Ras mutant-
mediated perturbation of the regulatory function of SOS. This
possibility is because Ras itself also functions as a homotropic
allosteric regulator of SOS (23). Accordingly, Ras mutants may
have the capability to perturb the SOS allosteric function that
results in an unusual activation of these mutants in cells. With
this possibility in mind, we examined the GEF-affecting kinetic
features of SOS autoactivation with the uncharacteristic Ras
mutants under various experimental conditions.

Unique kinetic mechanism of SOS activation and its potential
relevance to the activation of uncharacteristic Ras mutants

Several kinetic features of the allosteric autoactivation of
SOS differ from conventional enzyme catalysis. All the
GTPase-affecting kinetic features of Ras belong to the con-
ventional enzyme catalysis. The SOS autoactivation—spe-
cific term of the rate and its relevant kinetic parameter (kuu¢.) in
SOS autoactivation should be differentiated from the rate and
from its relevant rate constant (k) in conventional enzyme catal-
ysis. This is because the rate of SOS autoactivation reflects the
speed of SOS activation through the action of the accelerative
positive feedback loop between active and inactive SOS (26). In
contrast, a reference to a rate in enzyme action describes the
speed of enzymatic catalysis (32).

Another key SOS autoactivation-specific kinetic feature is
the requirement of a reaction initiator (or trigger) to initiate
SOS autoactivation (26). Conventional enzyme catalysis does
not require a trigger. The amount of the reaction initiator nec-
essary for SOS autoactivation is defined as the threshold con-
centration of active Ras (26). This specifies the minimum quan-
tity of active Ras necessary on the SOS allosteric sites to ensure
an active population of SOS sufficient to initiate the cycle of
SOS autoactivation (26, 33, 34). Besides, the completion of SOS
autoactivation results in the production of a steady-state frac-
tion of active SOS. This steady-state active SOS fraction is
uniquely upheld yet again by the unique kinetic features of SOS
autoactivation. This is because, unlike other conventional ki-
netic processes, SOS autoactivation continues to operate unless
otherwise terminated (26).

Last, autoinhibition of SOS (23) is a factor that affects these
three unique SOS autoactivation-specific kinetic features. This
is because the autoinhibitory domains of SOS limit active Ras
access to the empty SOS allosteric site; this limited access
impedes the allosteric autoactivation of SOS (26). Thus, when
SOS interacts with the plasma membrane in the presence of
PIP,, SOS autoinhibition is released and autoactivation is free
to proceed (26).

Deregulation of kinetics of SOS autoactivation with
uncharacteristic Ras mutants

Uncharacteristic Ras mutants in cytoplasm and on the plasma
membrane with and without PIP, may play a role in the poten-
tial kinetic perturbations or alterations of the combinational
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action of SOS autoactivation with SOS autoinhibition. However,
examination of such a role would have required an SOS con-
struct (SOS™™P%) capable of enabling the allosteric SOS auto-
inhibition in combination with the use of (i) Ras in solution and
(ii) Ras tethered to the lipid vesicle and to the PIP,-containing
lipid vesicle. Ras in solution mimics the cytosolic Ras. Ras teth-
ered to the lipid vesicle represents Ras on the plasma membrane
without PIP,. Ras tethered to the PIP,-containing lipid vesicle
mimics Ras on the plasma membrane with PIP, (see details
under “Experimental procedures”).

When necessary, as controls, instead of using the uncharac-
teristic Ras mutants, we used WT and GTPase-affecting Ras
mutants in solution and tethered to the lipid vesicle with and
without PIP,. Note that only Ras tethered to the PIP,-contain-
ing lipid vesicle generates the SOS autoinhibition—free condi-
tion. This contrasts with the capability of Ras in solution and
tethered to the lipid vesicle (that lacks PIP,) to create SOS auto-
inhibition in both conditions.

SOS®* that lacks the SOS autoinhibitory function also was
used as a control in two instances. The first was to measure
the maximal fractional activation of uncharacteristic Ras by
SOs™memb-cat The second was to determine the total binding oc-
cupancy of the SOS™*™- allosteric site with uncharacteristic
Ras mutants under the SOS autoinhibition and autoinhibition-
free conditions (see details under “Experimental procedures”).

Unprecedented SOS autoactivation with uncharacteristic
Ras mutants that define GEF-affecting Ras mutants—Fig. 3 (A
and B) shows that SOS™™“* yas capable of activating the
uncharacteristic D153V Ras mutant under the SOS autoinhibi-
tion conditions. To produce the SOS autoinhibition conditions,
D153V Ras was in solution and tethered to the lipid vesicle.
Other uncharacteristic Ras mutants—V152G, 124N, and T50I
Ras—also were activated by SOS™™** under conditions of
SOS autoinhibition (not shown). These uncharacteristic Ras-
specific kinetic features under the SOS autoinhibition condi-
tions are novel. This is because WT Ras and GTPase-affecting
Ras mutants were capable of activating SOS™™"“* only under
the SOS autoinhibition-free conditions (Fig. 3B).

Moreover, all these observed activations of SOS™e™P-4t by
uncharacteristic Ras mutants were hysteretic as a function of
time; this indicates these uncharacteristic Ras mutants were ca-
pable of initiating autoactivation of SOS™™-2* gyer time with-
out regard for its autoinhibition status. In accounting for the
notion that the initiation of autoactivation of SOS (26) requires
release of SOS autoinhibition, these results suggest that the Ras
mutants had some unique capability to evade SOS autoinhibi-
tion without action by the membrane with PIP,.

Because these uncharacteristic Ras mutants essentially
deregulate the SOS function, they are classified as GEF-affect-
ing Ras mutants. Accordingly, within this article, the uncharac-
teristic Ras mutants are essentially the same as GEF-affecting
Ras mutants.

Unusual kinetic features of SOS autoactivation with GEF-
affecting Ras mutants—Table 1 shows that the k,, values of
SOS™e™P-<at with these GEF-affecting Ras mutants in solution
were less than those corresponding values with Ras tethered to
the lipid vesicle. These values, in turn, were less than those cor-
responding values with Ras tethered to the PIP,-containing
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Figure 3. Autoactivation of SOS with WT and D153V mutant Ras. Fluores-
cence mant-based SOS autoactivation assays were performed with WT and
D153V Ras in solution (A) and tethered to the lipid vesicle (B). Given that a
reaction initiator is necessary to start SOS autoactivation, in all assays unless
otherwise unnecessary, a GTP analog GppNHp-bound active Ras in solution
or tethered to the lipid vesicle (30% of total Ras mole fraction) was added
before the assay was initiated. Initiation was by the addition of SOS™e™P"<** (1
M) to an assay cuvette that contained Ras:mdGDP (1 um) in solution or teth-
ered to the lipid vesicle in the presence of excess GppNHp (1 mm) in an assay
buffer. Once the assay was initiated, we monitored the change in the inten-
sity of mant fluorescence over time as described under “Experimental proce-
dures.” When necessary, Ras tethered to the PIP,-containing lipid vesicle,
instead of Ras tethered to the lipid vesicle, was also used for the assay (B).
The SOS autoactivation data fit was performed as described in the previous
study (26) that gave the Kauo values of SOS™™P @t with WT and D153V Ras in
solution as >1500 and 219 s, respectively. The kayuo values of SOSMemP-at
with WT Ras tethered to the lipid vesicle (PIP, lacking) and the PIP,-contain-
ing lipid vesicle were determined to be >1500 and 129 s, respectively. The
Kauto Values of SOS™e™P<2t ith D153V Ras tethered to the lipid vesicle (that
lacks PIP,) and the PIP,-containing lipid vesicle were determined to be 484
and 133 s, respectively. For all analyses, triplicate experiments were per-
formed, and the graphic figures close to the average values are shown.
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lipid vesicle. Nevertheless, the ko values of SOS™emP-cat

autoactivation with the GEF-affecting Ras mutants tethered to
the PIP,-containing lipid vesicle did not differ significantly
from the WT Ras and GTPase-affecting Ras mutants tethered
to the PIP,-containing lipid vesicle (Table 1). These results to-
gether suggest that nevertheless, under SOS autoinhibition-
free conditions, its autoactivation processes were, to some
extent, deterred compared with those processes of GEF-affect-
ing Ras mutants as well as those of WT Ras and GTPase-affect-
ing Ras mutants. These results also suggest that, under the SOS
autoinhibition-free conditions, no significant differences occur
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Table 1

Comparative SOS autoactivation-specific kinetic parameters of WT Ras and various Ras mutants

The results shown were determined as described under “Experimental procedures.” Ras-solution, Ras-lipid vesicle, and Ras-lipid vesicle-PIP, denote, respectively, Ras in
solution, tethered to the lipid vesicle, and tethered to the PIP,-containing lipid vesicle. S.D. values for all the results shown were less than 15% of the values shown.

Threshold concentration

Fraction size of active Fraction occupancy of SOS

Kauto value (s) (mol % active Ras)” Ras (%)” with Ras (%)°
Ras- Ras-Lipid  Ras-Lipid Ras- Ras-Lipid  Ras-Lipid Ras- Ras-Lipid  Ras-Lipid Ras- Ras-Lipid  Ras-Lipid
Solution  Vesicle  vesicle-PIP, Solution Vesicle vesicle-PIP, Solution Vesicle vesicle-PIP, Solution Vesicle vesicle-PIP,

HRas

WT  >1500 >1500 1297 1.5° 91 28 22 93

G12V  >1500 >1500 140 1.4 89 28 19 91

A59T  >1500 >1500 127 1.7 91 29 18 89
KRas

V141 >1500 >1500 134 1.7 91 29 21 92

T581 >1500 >1500 142 1.7 93 25 15 92

V152G 508 259 131 26 8 1.6 33 21 91 27 19 91

D153V 4847 2197 1337 25 7 15 28 17 91 29/ 17 88
NRas

124N 501 238 136 26 9 1.5 32 21 90 31 19 91

T501 498 340 133 28 16 1.4 35 23 90 29 18 920

G60E  >1500 >1500 142 1.5 92 26 16 88

“The SOS autoactivation threshold concentration of Ras depends on the mole percent (mol %) of the active Ras in all Ras in the assay solution (26), so it is expressed as it is.

bAll fraction sizes of active Ras by SOgmemb-cat

were normalized against the value of the same active Ras by SOS" that were set at 100%.

“Y64A and its derivative Ras mutant forms, such as Y64A/D153V GEF-affecting Ras, were used instead of W'T Ras and the original mutants to specifically determine the fraction
occupancies of the SOS allosteric site with Ras. The fraction occupancies of SOS™™" with Ras were expressed as normalized values against the values of fraction occupancies

of SOS with W'T Ras tethered to the lipid vesicle, which was set at 100%.
“Taken from Fig. 3.

“Taken from a previous study (26).

fTaken from Fig. 4.

in the process of SOS autoactivation by the GEF-affecting Ras
mutants or SOS autoactivation by the WT Ras and GTPase-
affecting Ras mutants.

It also is noteworthy that the k,u values of SOS™™P<2¢ wyith
these solution forms of the GEF-affecting Ras mutants in solu-
tion are almost indistinguishable from one another (Table 1).
However, this similarity was not always conserved when these
Ras mutants were tethered to the lipid vesicle. Specifically, the
Kauto value of SOS™™P-<t with T501 Ras tethered to the lipid
vesicle was definitely less than that of all other GEF-affecting
Ras mutants tethered to the lipid vesicle. This similarity and
difference do not necessarily indicate similarities or differences
in their activation mechanisms. Nevertheless, the unique &,
value of SOS™™P-<2t with T50I Ras tethered to the lipid vesicle
suggests a potential difference in the deregulation mechanism
of SOS action by T50I Ras on the plasma membrane compared
with that of other GEF-affecting Ras mutants on the plasma
membrane.

Distinct threshold concentrations of SOS autoactivation by
GEF-affecting Ras mutants—The overall SOS™™P* qutoacti-
vation initiation threshold concentrations of the GEF-affecting
Ras mutants in solution exceeded those of the GEF-affecting
Ras mutants tethered to the lipid vesicle (Table 1). In turn,
these latter concentrations exceeded those of the GEF-affecting
Ras mutants tethered to the PIP,-containing lipid vesicle. How-
ever, no significant difference occurred in the SQS™e™P-cat
autoactivation threshold concentrations of the GEF-affecting
Ras mutants tethered to the PIP,-containing lipid vesicle com-
pared with those of the WT Ras and GTPase-affecting Ras
mutants tethered to the PIP,-containing lipid vesicle (Table 1).
The results suggest that the initiation of SOS autoactivation
by these GEF-affecting Ras mutants under autoinhibition con-
ditions is less efficient than initiation of autoactivation by
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WT Ras and GTPase-affecting Ras mutants under SOS autoin-
hibition—free conditions. Also, when SOS autoinhibition is
released, regardless of the features of Ras mutations, the GEF-
affecting and GTPase-affecting Ras mutants as well as WT Ras
are all equally efficient in initiation of SOS autoactivation. Note
there was no occurrence of SOS™™ " autoactivation with
WT Ras and GTPase-affecting Ras mutants in solution and
tethered to the lipid vesicle. Thus, the SOS™™P<2¢ qutoactiva-
tion threshold values of GEF-affecting Ras mutants under SOS
autoinhibition conditions were not comparable with those of
WT Ras and GTPase-affecting Ras mutants under SOS autoin-
hibition conditions.

Table 1 shows that the threshold concentrations of the
GEF-affecting Ras mutants in solution for the initiation of
SOSs™emb-cat g toactivation were so similar that they were indis-
tinguishable from one another. However, when GEF-affecting
Ras mutants were tethered to the lipid vesicle, the SOS™e™P-<at
autoactivation threshold concentration of T50I Ras tethered to
the lipid vesicle became noticeably higher than that of all other
GEF-affecting Ras mutants tethered to the lipid vesicle. This
result suggests that the deregulation mechanism of the initia-
tion of the SOS autoactivation by T50I Ras on the plasma mem-
brane in the absence of PIP, is definitely inefficient compared
with that of other GEF-affecting Ras mutants under the same
conditions.

Deregulation of steady-state of SOS autoactivation with GEF-
affecting Ras mutants

All the above SOS autoactivation analyses are relevant to the
time-dependent dynamic feature states of the active GEF-
affecting Ras mutants. This is because the process of SOS
autoactivation essentially links with the time-dependent pro-
duction of the active Ras. However, the steady-state features of
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active Ras are often more relevant to Ras-relevant diseases
because they reflect the constitutively activated fraction of Ras
in cells. To examine the steady-state content of GEF-affecting
Ras mutants by autoactivated SOS™™>% we examined the re-
sultant fractions of active GEF-affecting Ras mutants after the
completion of SOS™™P* autoactivation with GEF-affecting
Ras mutants.

Table 1 shows that the overall fraction sizes of the active
GEF-affecting Ras mutants in solution were smaller than those
of the active GEF-affecting Ras mutants tethered to the lipid
vesicle. In turn, these tethered mutants were also smaller than
those of the active GEF-affecting Ras mutants tethered to the
PIP,-containing lipid vesicle. However, the fraction sizes of the
active GEF-affecting Ras mutants tethered to the PIP,-contain-
ing lipid vesicle were similar to the fraction sizes of WT Ras
and GTPase-affecting Ras mutants tethered to the PIP,-con-
taining lipid vesicle. When the resultant SOS™*™>*" activity af-
ter SOS™™P<2t qutoactivation was taken into account, the the-
oretical fractional values of the active GEF-affecting Ras
mutants that were derived by using the previously established
formula (14) approximated those of the titration kinetic results
(not shown).

These similarities and differences in the fraction sizes of
these Ras proteins in solution and tethered to the lipid vesicle
were maintained during the experimental time period. This is
likely because SOS autoactivation maintains the fraction of the
active SOS until termination (26). This maintenance of the
active fraction of Ras is the unique feature of SOS autoactiva-
tion. The results suggest that, although these GEF-affecting Ras
mutants are capable of populating active SOS and thus active
Ras under the autoinhibition conditions, their overall steady-
state active fractions were less than those occurring under
autoinhibition-free conditions.

Table 1 also shows the similarity of the fraction sizes of the
active GEF-affecting Ras mutants in solution. However, not all
the fraction sizes of the active GEF-affecting Ras mutants teth-
ered to the lipid vesicle were the same. These variations were
because the fraction size of the active T50I Ras tethered to the
lipid vesicle was the smallest among the nearly uniform fraction
sizes of all other active GEF-affecting Ras mutants tethered to
the lipid vesicle. This suggests that the overall active fractional
population of T50I Ras on a plasma membrane is less than that
of other GEF-affecting Ras mutants. The fractional population
of active Ras on a plasma membrane is the resultant combina-
tional action of the initiation and SOS autoactivation process.
Consequently, this lowest active T50I Ras fraction likely links
with the slowest rate of SOS autoactivation by T50I Ras. It also
likely links with the highest threshold concentration of T501
Ras for SOS autoactivation when compared with the rates and
thresholds of all other GEF-affecting Ras mutants on a plasma
membrane.

SOS allostery and its link to unusual autoactivation of SOS
with the GEF-affecting Ras mutants

SOS autoactivation is an echo of accelerative feedback
homotropic allosteric SOS activation (26). Therefore, the un-
usual features of SOS™e™P 2t autoactivation with these GEF-
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affecting Ras mutants in solution and tethered to lipid vesicles
likely indicate that these GEF-affecting Ras mutants are some-
how capable of accessing the SOS™™>" allosteric site even
under SOS autoinhibition conditions. To examine this possibil-
ity, the SOS allosteric site—specific binding features of these
GEF-affecting Ras mutants were examined by titrations of
SOos™memb-eat with Y64A and Y64A GTPase—affecting Ras
mutants (i.e. Y64A/D153V Ras). This was because Y64A and its
derivative Ras mutants bind only to the SOS allosteric site (see
“Experimental procedures”).

Fig. 4 and Table 1 show that the maximal fractions of the
SOS™e™Pat_hound Y64A Ras in solution and when tethered
to the lipid vesicle were ~30 and 20%, respectively. In contrast,
the fraction of the SOS™™*_hound Y64A Ras tethered to
the PIP,-containing lipid vesicle was ~90%. Although found in
small quantities, the fraction sizes of the SOS™™*_bound
Y64A Ras in solution and when tethered to the lipid vesicle
were nevertheless unexpected. This is because, under SOS
autoinhibition conditions, the SOS allosteric site is known to be
inaccessible for the binding of Y64A Ras.

Intriguingly, however, we failed to displace the SOS™™P-¢at_
bound Y64A Ras in solution or tethered to the lipid vesicle with
fresh Y64A Ras in solution. The same was true when it was
tethered to the lipid vesicle. The SOS™™"“**_bound Y64A Ras
in solution or when tethered to the lipid vesicle, however, were
both successfully displaced with fresh Y64A Ras tethered to the
PIP,-containing lipid vesicle. Moreover, we could displace the
SOS-bound Y64A Ras tethered to the PIP,-containing lipid ves-
icle with any form of the fresh Y64 A Ras, such as Y64A Ras in
solution, whether tethered to the lipid vesicle or tethered to the
PIP,-containing lipid vesicle. A common denominator in
allowing the displacement of the SOS™*™ “*_bound Y64A Ras
with fresh Y64 A Ras was the presence of PIP, in the lipid ves-
icle, which is known as the key factor that releases SOS
autoinhibition.

In taking into account this common denominator as well as
Y64A Ras as a version of the SOS allosteric-specific WT Ras,
we interpreted these results as follows. (i) The SOS autoinhibi-
tion feature does not completely block the access of Y64A Ras
to the SOS allosteric site. Although it occurs in a lesser quantity
than WT Ras under SOS autoinhibition-free conditions, WT
Ras is still capable of binding to the SOS allosteric site under
autoinhibition conditions. (ii) The SOS-bound WT Ras under
autoinhibition conditions is detained or stuck at the SOS allo-
steric site unless the SOS autoinhibition is otherwise released
by the action of the plasma membrane with PIP,. Discovery of
this detained WT Ras SOS autoinhibition does not eliminate
the role of the original SOS autoinhibition (that lacks Ras in the
SOS allosteric site) in regulation of the SOS activity. This is
because a remaining large fraction of WT Ras is unable to bind
to the SOS allosteric site because of the feature state of the SOS
autoinhibition. As a result, unless SOS autoinhibition is other-
wise released, the major fraction of SOS cannot be activated.
Note that nearly identical results were observed when GTPase-
affecting Y64A Ras mutants were used instead of Y64A Ras
(not shown). Thus, the notion of detained WT Ras SOS autoin-
hibition is applicable to SOS with the GTPase-affecting Ras
mutants.
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Figure 4. Fraction occupancies of SOS with WT Ras and various Ras
mutants under the SOS autoinhibition conditions. SOS™™@ \as
titrated with Y64A and Y64A Ras (i.e. Y64A/D153V Ras) as described under
“Experimental procedures.” For this titration, SOS™™" " was the titrant,
whereas Ras:-mdGDP in solution (A) as well as Ras-mdGDP tethered to the
lipid vesicle and tethered to the PIP,-containing lipid vesicle (B) were recep-
tors. The titration was performed by adding the titrant, as indicated with
arrows, to the receptor repeatedly until the increase in mant fluorescence
ended. As a control, SOS™ was also used instead of SOS™™P@ for the titra-
tion with Y64A Ras tethered to the lipid vesicle. The fluorescence-based titra-
tion results of these Ras proteins with SOS™™>" were normalized against
the fluorescence-based titration results of Y64A Ras tethered to the lipid vesi-
cle with SOS. The normalized fluorescent intensities were plotted against
the titrant concentrations of SOS and then fitted to saturation kinetics that
gave the maximal fraction occupancy (Bpmay) Of the SOS™™Pt gllosteric site
with Y64A and Y64A/D153V Ras in solution as 28 and 29%, respectively. The
Bumax Values of the SOS™e™P<at 3llosteric site with Y64A and Y64A/D153V Ras
tethered to the lipid vesicle were determined to be 22 and 17%, respectively.
The By Values of the SOS™E™P <2 a|losteric site with Y64A and Y64A/D153V
Ras tethered to the lipid vesicle were determined to be 93 and 88%, respec-
tively. All these reported values were averages of the three independent
measurements, and the S.D. values are less than 15% of the value reported.

Fig. 4 shows that, as in the case of Y64A Ras, Y64A/D153V
Ras—one of the GEF-affecting Y64 A Ras mutants—was also ca-
pable of binding to the SOS™™"“** allosteric site when it was
either in solution or tethered to the lipid vesicle. The fraction
sizes of the SOS™™>“*_hound Y64A/D153V Ras in solution
or tethered to the lipid vesicle resembled those of Y64A Ras in
solution or tethered to the lipid vesicle, respectively. However,
unlike in the case of the SOS™™"“*_bound Y64A Ras in solu-
tion or tethered to the lipid vesicle, the SOS-bound Y64A/
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D153V Ras in solution or tethered to the lipid vesicle could be
displaced with fresh Y64A/D153V Ras in solution or tethered
to the lipid vesicle without the presence of PIP,. The same
treatment was applicable with all other GEF-affecting Y64A
Ras mutants. The results indicate that, unlike in the case of WT
Ras, these GEF-affecting Ras mutants at the SOS allosteric
site were not detained but separable under the SOS autoinhibi-
tion conditions. This explains the observed SOS autoactivation
under SOS autoinhibition conditions in which the dissociation
of the SOS-bound GEF-affecting Ras under the autoinhibition
conditions allows the binding of a fresh active GEF-affecting
Ras to the SOS allosteric site, thus enabling autoactivation of
SOS.

Unlocking the detained Ras-mediated SOS autoinhibition by
the GEF-affecting Ras mutants

The notion of the occupancy of the SOS allosteric site by the
detained WT Ras as well as the GEF-affecting Ras mutants
under the SOS autoinhibition conditions is unprecedented.
Similarly unprecedented is the notion that the release of the
GEF-affecting Ras mutants from the SOS allosteric site also
occurs under the SOS autoinhibition conditions. To investigate
whether these notions are applicable to the SOS in cells, we
examined the feature statuses of the SOS allosteric site occu-
pancy by WT and GEF-affecting Ras in the unstimulated cells
that retain the SOS autoinhibition. Notably, any potential
unwanted priming of SOS activations in cells (24, 25) should also
be restricted within this examination. Accordingly, HEK293T
cells were a choice for this examination because they do not
express the RasGRPs that produce active WT Ras, which serves
as a primer to initiate SOS activation. (24).

Fig. 5 shows that, under autoinhibition conditions, various
forms of Y64 A Ras expressed in HEK293T cells were shown to
bind to the membrane-bound SOS in HEK293T cells. However,
the Y64A Ras fractions bound to SOS were at least less than
30% of the control of the lipid vesicle-tethered active Y64A Ras
bound to SOS™*™>%, These SOS-bound Y64A Ras proteins
include WT Ras, the GTPase-affecting V141 mutant, and all the
GEF-affecting Ras mutants (Fig. 5). A similar fraction of other
Noonan syndrome-relevant GTPase-affecting Y64A Ras pro-
teins (i.e. Y64A/T58I and Y64A/G60E Ras) also was shown to
bind to SOS in HEK293T cells under autoinhibition conditions
(not shown). These results support the notion that, although
fractional, WT, GTPase-affecting, and GEF-affecting Ras
proteins listed within this study are, indeed, all capable of
binding to the SOS allosteric site in cells under autoinhibi-
tion conditions.

Moreover, Fig. 5 shows that most of the Y64A Ras bound on
SOS in HEK293T cells were inactive, whereas a large fraction of
the GEF-affecting Y64A Ras mutants bound on SOS in
HEK293T cells were active. Notably, the presence of the frac-
tion of active T501/Y64A Ras on the membrane-bound SOS
was shown to be the least among all the other GEF-affecting
Ras mutants present there. This also is consistent with the in
vitro kinetic analysis results shown above. Fig. 5 also shows
that, although an active Y64A Ras was incapable of displacing
the inactive Y64A Ras on SOS, the active GEF-affecting Y64A
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Figure 5. The SOS allosteric site-binding interactions with Y64A Ras
mutants under the autoinhibition conditions in cells. Y64A and V14l/
Y64A Ras as well as [124N/Y64A, T501/Y64A, Y64A/NV 152G, and Y64A/D153V are
Ras proteins that are, respectively, versions of SOS allosteric site-specific WT
and GTPase-affecting V14l Ras as well as GEF-affecting 124N, T501, V152G, and
D153V Ras proteins. These Ras proteins were expressed in HEK293T cells as
described under “Experimental procedures.” The SOS in the membrane frac-
tion was isolated. Then the Ras fractions bound to SOS and their activity were
determined as described under “Experimental procedures.” A portion of iso-
lated SOS was pretreated with the lipid vesicle-tethered active Y64A Ras pro-
teins before analysis of the Ras fractions bound to SOS and their activity. For
a control, SQSMeMb-cat fully loaded with the lipid vesicle-tethered active Y64A
Ras was used. All these cell-based analyses were performed three times, and
the graphic figures close to the average densitometric analysis values are
shown. The figure's embedded triplicate mean values of the results of the
densitometric analysis are reported as relative densitometry values com-
pared with the control SOS™™>"¢ that was set at 100% as indicated. The S.
D. values of these measurements are less than 15% of the values noted.

Ras (e.g Y64A/D153V Ras) was capable of displacing the GEF-
affecting Y64A Ras on SOS.

Overall, the same results were observed with the SOS in cyto-
plasm, where its Y64A Ras occupancy was less than 30%
compared with the control solution Y64A Ras occupancy on
SOs™memb-cat Nevertheless, only the GEF-affecting Y64A Ras
proteins—and not Y64A and the GTPase-affecting Y64A Ras
proteins—bound to the cytosolic SOS were shown to be mainly
active (not shown). The combination of these results supports
the notion that, in the case of WT Ras, the bound Ras is
detained in its inactive form so that SOS is not activated; thus,
cell signaling is under control. However, unlike with WT Ras,
the SOS-bound GEF-affecting Noonan syndrome Ras is
exchangeable even under autoinhibition conditions, so that
SOS is autoactivated and thus cell signaling is deregulated.

Discussion

This study shows that the Ras mutants associated with
Noonan syndrome operate through two mechanistic-perturba-
tion modes in deregulating Ras activity. Those that we have
grouped as GTPase-affecting Ras mutants produce their consti-
tutively active forms through perturbation of their intrinsic
and GAP-mediated Ras GTPase activities. Another group of
Noonan syndrome-relevant Ras mutants, termed GEF-affect-
ing Ras mutants, produce their constitutively active forms
through perturbation of SOS allostery, resulting in constitu-
tively autoactivated SOS. V141, T58I, and G60E Ras mutants
belong to the GTPase-affecting Noonan syndrome category;
their GEF-affecting counterparts include 124N, T50I, V152G,
and D153V Ras mutants.
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The role of the GTPase-affecting Ras mutants in many dis-
eases such as Costello syndrome and some cancers has been
known for a while. However, the role of the GEF-affecting Ras
mutants was previously unknown. So far, it is applicable only to
the development of Noonan syndrome.

Deregulation mode of the activity of GTPase- and GEF-
affecting Noonan syndrome Ras mutants

Many factors could govern the resultant types of diseases,
such as KRas, NRas, and HRas specificities and their down-
stream cascades. However, from a kinetic perspective, the rele-
vant population intensity of the constitutively active form of
the mutant Ras in cells could also play a role in several types of
diseases. This speculation occurs because the degree of active
Ras population directly affects the signaling intensity of the Ras
MAPK pathway.

The overall steady-state fraction populations of the active
GTPase-affecting Noonan syndrome Ras mutants shown
within this study are smaller than those seen in the Costello
syndrome and oncogenic Ras mutants (14, 31). Therefore, we
speculate that the relatively lesser severity of disease symptoms
seen with Noonan syndrome—as compared with those of the
Costello syndrome and cancers—is, at least to a limited degree,
because of the relatively lesser population intensity of active
GTPase-affecting Noonan syndrome Ras mutants.

The overall steady-state fraction of the active Ras popula-
tions varies within the GEF-affecting Noonan syndrome Ras
mutants. Therefore, the severity of the symptoms of Noonan
syndrome may vary according to which of these Ras mutants is
involved. Intriguingly, the steady-state cellular populations of
active GEF-affecting Noonan syndrome Ras mutants are
smaller than those of the Costello syndrome and of the onco-
genic and Ras mutants; however, these active Ras steady-state
populations are similar to those of the GTPase-affecting
Noonan syndrome Ras mutants. Thus, we speculate that the
milder symptoms of Noonan syndrome—compared with those
of Costello syndrome and cancers—are to some degree because
of the lesser concentrations of these disease agents. Neverthe-
less, further studies are required to link the fraction of the
active form of Ras variations within and beyond any potential
characteristics of these diseases.

Potential mechanism of unusual SOS autoactivation with the
GEF-affecting Ras mutants under the SOS autoinhibition
condition

Structure-based analyses of the Ras SOS complex (PDB entry
INVV) show that GEF-affecting Ras mutants perturb Ras SOS
allosteric binding interactions (see supporting information).
Accordingly, we have proposed an overall scheme of the fea-
tures of the Ras SOS-binding interaction as a way to decipher
the molecular mechanism of the initiation of the SOS autoacti-
vation by the GEF-affecting Ras mutants under the SOS autoin-
hibition condition.

Fig. 6 defines three critical binding interfaces between Ras
and SOS: a rigid SOS residue, Ser-921, with Ras Thr-50 (inter-
face X); a flexible SOS gate cluster residue, GIn-755, with Ras
Glu-153 (interface Y); and autoinhibitory SOS residues Lys-728
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Figure 6. Critical Ras SOS allosteric binding interfaces. Ras in the allosteric
site and the catalytic site of SOS are shown with space fill structures, whereas
SOS is shown with a strand structure. The Ras SOS interfaces with X, Y, and Z
residues that also are indicated with arrows. The triangle configuration of the
X, Y, and Z interfaces also is shown with a dotted line. An additional W inter-
face is noted below the Ras SOS complex. PyMOL with PDB entry TNVV was
used to produce this scheme.

and Lys-724 with Ras Glu-63 (interface Z). When accounting
for them as a triangle of X, Y, and Z interfaces, it can be postu-
lated that all three interfaces function to bind Ras securely to
the SOS allosteric site. Of these three, interfaces X and Y are
identified by the SOS autoactivation kinetic study with GEF-
affecting Ras mutants in combination with the structure-based
analyses of the SOS-binding interaction with the GEF-affecting
Ras mutants (see Figs. S2 and S3). Interface Z was identified by
the structural analysis of the binding interfaces between Ras
and the SOS allosteric site (see Figs. S1 and S2). An additional
fourth binding interface, the Ras SOS complex with the
plasma membrane (interface W), should also be considered.
This consideration is warranted because it secures the bind-
ing of Ras in the SOS allosteric site through the triangular
binding interfaces (Fig. 6). In view of this, the cytosolic
Ras SOS-binding interactions occur only through the X, Y,
and Z interfaces, whereas the membrane-bound Ras SOS-
binding interactions happen through the X, Y, Z, and W
interfaces.

This study identifies the detained Ras SOS autoinhibition
and is an addition to the previously defined conventional SOS
autoinhibition that lacks Ras on its allosteric site. We propose
that this detention is because none of these critical binding
interfaces between WT Ras and the SOS allosteric site is per-
turbed under the autoinhibition conditions. We also propose,
in the case of GEF-affecting Ras mutants instead of WT Ras,
that because one of the critical Ras SOS-binding interfaces is
perturbed, these mutants are not detained on the SOS allosteric
site but rather interchangeable with fresh, active GEF-affecting
Ras mutants. For example, when the GEF-affecting D153V Ras
mutant binds to the SOS allosteric site, it destabilizes the Y
interface of these critical Ras SOS allosteric site—binding inter-
faces. This destabilization leads to the release of the bound Ras
from the SOS allosteric site. The result is that a fresh active
GEF-affecting D153V Ras mutant can bind to the SOS allosteric
site to initiate SOS autoactivation.

The effect of the presence of the W interface, in addition to
that of the presence of the triangle interface of X, Y, and Z, on
the SOS autoactivation with the GEF-affecting Noonan syn-
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drome Ras mutants under SOS autoinhibition conditions
would be mechanically substantial. This is because the SOS
autoactivation-specific kinetic parameters of SOS with GEF-
affecting Noonan syndrome Ras mutants tethered to the lipid
vesicle (secured with the X, Y, Z, and W interfaces) differ signif-
icantly from those of SOS with GEF-affecting Ras mutants in
solution (secured only with the X, Y, and Z interfaces). This
result also is not unexpected because the presence or absence
of the W interface could also mechanically affect the binding
interactions of the triangle formed by the X, Y, and Z interfaces.
Notwithstanding this structure, because the X interface is rigid
whereas the Y interface is flexible (see supporting information),
the effect of the presence of the W interface may be asymmetri-
cal on the X and Y interfaces (see below).

The Ras SOS allosteric site interface analyses (see supporting
information) also suggest that GEF-affecting 124N and V152G
Ras mutants can be grouped with the GEF-affecting D153V Ras
that commonly perturbs the Y interface; in contrast, the GEF-
affecting T50I Ras mutant has been shown to perturb only the
X interface. Intriguingly, the SOS autoactivation kinetic param-
eters of these GEF-affecting Ras mutants (i.e. 124N, V152G, and
D153V) that commonly perturb the Y interface are all similar.
However, the common site perturbation does not necessarily
produce similar kinetic parameters. Nevertheless, there may be
an interface site-specific effect on the perturbation of the Ras
SOS allosteric binding interactions.

This speculation is justified because when the GEF-affecting
T50I Ras mutant was tethered to the lipid vesicle (the W inter-
face was added to the X, Y, and Z interfaces to produce X, Y, Z,
and W interfaces), the SOS autoactivation kinetic parameters
of the GEF-affecting T50I Ras mutant certainly differed from
those of other GEF-affecting Ras mutants. We speculate that
this result is because, without the W interface—and regardless
of the configuration of the rigid X and flexible Y interfaces—the
perturbation of the X or Y interface releases Ras without any
further obstacle. However, when the W interface is present, it
upholds the Ras SOS allosteric complex even after the pertur-
bation of the X or Y interface. In this case, the flexibility of
interface Y may be a problem because it can be easier to perturb
than the rigid X interface. This speculation explains why the
autoactivation rate of the SOS autoactivation with the GEF-
affecting T501 Ras mutant tethered to the lipid vesicle (that per-
turbs the rigid X interface) is slower than that of the SOS
autoactivation with GEF-affecting D153V, V152G, and 124N
Ras mutants tethered to the lipid vesicle (that commonly per-
turbs the flexible Y interface). Further studies that clarify the
mechanisms of these Ras SOS—binding interfaces are necessary
to understand the kinetic features of the SOS autoactivation
with these GEF-affecting Ras mutants under conditions of SOS
autoinhibition.

As we discussed earlier, the fractions of the active GEF-
affecting Ras mutants in cells were lesser than those of Costello
syndrome and oncogenic Ras mutants. One of the mechanical
reasons for such a low fraction of the active GEF-affecting Ras
mutants in cells would link with the limited fraction sizes
of SOS with the detained WT Ras. Alternatively, it might
link with the GEF-affecting Ras mutants in the SOS allosteric
site under the SOS autoinhibition conditions. Therefore, we
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speculate that, at least to some extent, the milder symptoms of
Noonan syndrome—compared with the symptoms of Costello
syndrome and cancers—associated with these GEF-affecting
Ras mutants are rooted in the limited occupancy of the active
GEF-affecting Ras mutants in the SOS allosteric site under
autoinhibition conditions.

Concluding remarks

The identification of the kinetic modes of the GTPase-affect-
ing Noonan syndrome Ras mutants demonstrates how these
V141, T58I, and G60E Ras mutants constitutively populate their
active forms in cells to produce Noonan syndrome. These find-
ings expand on the previously well-studied Ras mutants that
cause Costello syndrome and cancers.

The unveiling of the previously unknown kinetic mode of the
GEF-affecting Ras mutants provides new insight into the mech-
anism of the production of constitutively active 124N, T50]I,
V152G, and D153V Ras mutants in cells and its link to develop-
ment of diseases such as Noonan syndrome. A structure-based
Ras SOS-binding interface analysis explains the unusual SOS
activation by these GEF-affecting Ras mutants. This analysis
further proposes a novel molecular mechanism for the deregu-
lation of SOS autoinhibition by these GEF-affecting Ras
mutants. However, additional mechanistic studies, including
computational approaches, are necessary to evaluate and elabo-
rate on the proposed mechanism.

The results of the cell-based pulldown study also support the
kinetic mode of the GEF-affecting Noonan syndrome Ras
mutants. However, the results require further rigorous verifica-
tion through more in-depth and definitive cell biological and
functional studies. These studies could include localization and
functional studies of SOS with the GEF-affecting Noonan syn-
drome Ras mutants at the subcellular level before and after cell
stimulation.

Our knowledge of the development of Noonan syndrome by
the GEF-affecting Noonan syndrome Ras mutants still does not
explain how these mutants overall alter or deregulate the Ras
downstream effectors and thus the Ras-dependent signaling
cascades (i.e. MAPK signaling events) in cells. Filling the gaps
in our knowledge will require studies of the subcellular localiza-
tions, interactions, and functions of the GEF-affecting Ras
mutants with Ras downstream effectors. These additional stud-
ies will connect the unusual function of the GEF-affecting Ras
mutants with the development of Noonan syndrome and thus
are essential to advance the development of the treatment
of diseases and disorders caused by the GEF-affecting Ras
mutants that deregulate SOS autoactivation.

Experimental procedures
Preparation of proteins

All human-origin WT HRas and mutant forms of HRas,
KRas, and NRas (residues 1-181) were expressed in, and puri-
fied from, Escherichia coli as described in a previous study (14).
These bacterially expressed Ras proteins encompass several on-
cogenic and Noonan syndrome Ras mutants. All were used for
the necessary kinetic analyses in solution form and lipid vesi-
cle—tethered form. Although the solution form of Ras (e.g.
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Noonan syndrome D153V Ras mutant) was used in its original
purified form (i.e. Ras in solution), an additional mutation was
introduced to the Ras (e.g. Noonan syndrome C118S/D153V
Ras mutant) to tether it to the lipid vesicle (i.e. Ras tethered to
the lipid vesicle) for the experiments. The lipid vesicle—tethered
Ras through the mutated Ras Ser-118 side chain was prepared,
with one exception, as described in the published method pre-
viously (23, 35). The exception to this method was that we used
an Avanti Mini-Extruder with a 0.1 wm membrane to produce
lipid vesicles, and we used a Superose 6 column (1.5 X 15 cm;
GE Healthcare) instead of a Sepharose CL-4B column to
remove unmodified Ras from Ras-tethered lipid vesicles as
indicated in our previous study (26). The lipid vesicle Ras sur-
face densities used within this analysis were in the range of
~3000—3600 molecules/im?, whereas the lipid vesicle Ras sur-
face densities in the presence of 5% PIP, were in the range of
~3200-3500 molecules/um?. The variation of the lipid vesicle
Ras surface densities is slight, so it does not significantly alter
the kinetic parameters associated with SOS autoactivation.

Human-origin SOS (SOS1) constructs possessing only the
Cdc25 domain (termed SOS®Y?); Cdc25 and REM domains
(termed SOS®); and Cdc25, REM, H, DH, and PH domains
(termed SOS™™P) were expressed in, and purified from,
insect Sf9 cells by using the pIEx vector (Novagen) (26). A full-
length p120GAP was also expressed in, and purified from, the
same insect Sf9 cells as described in a previous study (14).

Kinetic assays

The assay buffer for all kinetic analyses—including the
intrinsic and the SOS and GAP-mediated Ras activation and
inactivation assays with various forms of Ras—consisted of 5
mwm MgCl, 10 mm MgCl,, and 1 mm EDTA in 10 mm Tris-HCI
(pH 7.4).

Unless otherwise noted, all kinetic analyses were performed
with Ras using fluorescent 2'/3'-O-(N-methyl-anthraniloyl)—
tagged GDP (Ras:mdGDP); Ras-mdGDP can be in solution or
tethered to the lipid vesicle. The change in the fluorescence in-
tensity by the intrinsic or SOS-mediated displacement of the
Ras'mdGDP with the abundant nonhydrolyzable free GTP
analog GppNHp, producing active Ras with GppNHp (Ras-
GppNHp), was monitored using an LS 55 fluorescence spec-
trometer (excitation wavelength of 360 nm and emission wave-
length of 440 nm).

Measurement of the autoactivation constant (k,..) of
SOS™emb-at with various forms of Ras was performed essen-
tially as described in the previous study by using Ras-mdGDP
(26). Briefly, the assay was initiated by the introduction of SOS
to the assay solution that contained an inactive Ras-mdGDP
complex in solution, or it was tethered to the lipid vesicle and
an excess fresh solution GTP analog GppNHp. SOS facilitates
the nucleotide exchange of the inactive Ras-bound mdGDP
with a fresh GppNHp over time to produce an active Ras and
free mdGDP. The production of the active GppNHp-bound
Ras and free mdGDP is inversely coupled with the change in
the mant fluorescence intensity over time. This is because the
fluorescence tag tied with a heavier molecule (i.e. Ras:-mdGDP)
gives rise to a higher intensity of mant fluorescence than one
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tied with a lighter molecule (i.e. the released free mdGDP).
Hence, the time-dependent declination of the mant fluores-
cence intensity that reflects the production of the active
GppNHp-bound Ras over time denotes the catalytic action of
SOS. The “time-dependent declination of the mant fluores-
cence intensity” fits into the autoactivation equation (Equation
1) that defines the fraction of SOS active (v ¢) at a given time
(2) with kyuto (26).

1

'Y? =1- 7
[Sosl*[)]
1+ o5,

(Eq. 1)

e_kautot

where [SOS'_,] and [SOS?_,] in Equation 1 are, respectively,
the fraction of inactive and active SOS at time 0, and their ra-
tio ([SOS!_,]/[SOS%,]) determines the lag time of the process.
It also reflects a trigger threshold fraction ratio of the active
SOS ([SOS“,]) over the inactive SOS ([SOS._,]) for SOS
autoactivation (26). Given that active SOS can be produced by
the binding of an active Ras to the inactive SOS, either the
active SOS (as in the mol % active SOS) or the active Ras (as in
the mol % active Ras) can be the equivalent of a trigger of SOS
autoactivation.

Determination of the threshold concentrations of various
forms of active Ras for the initiation of autoactivation of
SOS™emb-cat yyas also undertaken essentially as described in the
previous study that also used Ras:mdGDP in the presence of
the GTP analog GppNHp (26). For this analysis, an inactive
SOsmembeat (996 activated SOS™™P 1 M) was added to the
assay cuvette that contained either the solution Ras mixture or
the lipid vesicle—tethered Ras mixture in the presence of excess
GppNHp (1 mm) in an assay buffer. The solution Ras mixture
was the solution Ras'mdGDP (1 um) plus various amounts of
the solution Ras'mdGppNHp (the reaction initiator, 0-20 mol
% of the total solution Ras). The lipid vesicle—tethered Ras mix-
ture was the lipid vesicle—tethered Ras'mdGDP (~3.3 X 10°
Ras:GDP molecules/um?) plus the lipid vesicle-tethered
Ras'mdGppNHp (the reaction initiator, 0—20 mol % of the total
lipid vesicle—tethered Ras). The decline of the intensity of the
mant fluorescence upon addition of the inactive SOS™™ to
the assay cuvette reflects any SOS activity. This is because only
active SOS facilitates exchange of either the solution or of
the vesicle-tethered Ras'mdGDP with the abundant free
GppNHp to produce either the solution or the vesicle-tethered
GppNHp-bound active Ras, respectively, that lowers the mant
fluorescence intensity. SOS™™>"“* activities, as in terms of the
slope of the decline of fluorescence intensity over time (0—60 s)
were monitored and then plotted against the threshold concen-
trations of Ras-mdGppNHp (the mol % of the reaction initiator
Ras'mdGppNHp in the pool of total Ras). Notice that unlike
with other titrations, the graphic of the threshold concentra-
tion titrations was unusual because SOS was very rapidly
activated at a certain concentration of the reaction initiator
Ras'mdGppNHp (the threshold of concentration of the reac-
tion initiator Ras-mdGppNHp), which is one of the unique fea-
tures of the autoactivation of SOS as seen in the previous study
(26).
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The fraction size of the active Ras produced by SO
after the completion of SOS autoactivation was determined by
the comparison of the fraction of the active Ras produced by
SOS after the completion of the SOS autoactivation, which
also used Ras'mdGDP in the presence of GppNHp under the
same experimental conditions. An identical concentration of
SOS™e™P-t and SOS was used for this comparative analysis.
This comparison was performed because SOS®" lacks the SOS
autoinhibitory domains; consequently, under any experimental
conditions, WT Ras produced by SOS®* in the assay solution
became fully activated after the completion of SOS autoactiva-
tion that was set to 100%.

To determine the fractional occupancy of Ras in the SOS al-
losteric sites under various experimental conditions, such as
autoinhibition, Y64A and its derivative Ras mutant forms, such
as GEF-affecting Y64A/D153V Ras, were used instead of WT
Ras and the original mutants. The Y64A Ras mutant was shown
to conserve all WT Ras kinetic features with the exception that
it failed to bind to the SOS catalytic site (23). Accordingly,
Y64A and its derivative Ras mutants are, respectively, versions
of homotropic allosteric WT Ras and Ras mutants that can only
bind to the SOS™™P<2 allosteric site. Thus, the use of Y64A
Ras mutants restricts specifically to the SOS allosteric site any
quantitative measurements of the binding features of WT Ras
and GTPase- and GEF-affecting Ras mutants.

Determination of the fractional occupancy of SOS with vari-
ous forms of these Y64A Ras mutants was performed by
fluorescence-based titration of Y64A Ras mutants that were
in a form of Ras'mdGDP (receptor; typically 10 um) with
SOS™emPat (ttrant; 0-100 wM). During the titration, each ti-
tration interval exceeded 1 min to allow Y64A Ras mutants in
the form of Ras'mdGDP to bind to the SOS™™> gllosteric
site. For comparison, a control titration with SOS* (instead of
Y64A Ras tethered to the lipid vesicle with SOS™™P) wag
also performed. The result of this control titration was set at
100% and subsequently used to normalize the titration results
of various forms of Y64A Ras mutants with SOS™™> " for fur-
ther analysis. This was because, as noted above, SOS®" lacks
the SOS autoinhibitory domain. As a result, regardless of any
experimental conditions, SOS® could be fully occupied with
Y64A Ras tethered to the lipid vesicle.

Expressions of Ras mutants in HEK293T cells

The endogenous WT NRas and KRas in HEK293T cells were
knocked down by using shRNA plasmids (Santa Cruz Biotech-
nology, Inc.) according to the vendor’s protocol. HEK293T cells
were then transfected with Y64A, GTPase-affecting Y64A, or
GEF-affecting Y64A Ras mutant by using the retroviral vector
pLEGFP-N1 (36) in combination with Lipofectamine 2000
(Invitrogen). Transfected cells were serum-starved for 24 h and
then cultured with serum for 1 h. Cells were iced and washed
with an extraction buffer that contained 5 mm MgCl,, 1 mMm
EDTA, 0.5 mMm DTT, and 100 mm Tris-HCI (pH 7.4). The cells
were then sonicated and centrifuged briefly (500 X g for 10 min
at 4°C) to remove intact cells and cell debris to yield whole-cell
lysate. The whole-cell lysate supernatant was further ultracen-
trifuged (100,000 X g for 1 h at4°C) to separate the membrane-
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bound proteins from the soluble cytosolic proteins. When nec-
essary, before the ultracentrifugation, cell samples were treated
with an excess of the lipid vesicle—tethered active Y64A or
GAP- or GEF-affecting Y64A Ras mutants (1 mm) for 10 min.
The pellet and the supernatant were resuspended in the extrac-
tion buffer with 1% Triton X-100. The resuspended pellet and
supernatant were then used, respectively, for the pulldown of
the cytosolic and membrane-bound SOS1 by using the anti-
SOS1 mAb-tagged agarose beads (Thermo Fisher Scientific) as
described in the manufacturer’s protocol. The SOS1 antibody,
pan-Ras antibody, and the Ras-binding domain of Raf-1 were
used, respectively, to further analyze the pulled down samples
for the quantity of the pulled down SOS, the SOS-bound total
Ras, and the SOS-bound active Ras. Except for the step of treat-
ing the cell sample treatments with active Y64A or GAP- or
GEF-affecting Y64A Ras mutants, all cell sample preparation
procedures were performed at 4 °C or in ice.
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