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ABSTRACT: Costello syndrome is linked to activating mutations of a
residue in the p-loop or the NKCD/SAK motifs of Harvey Ras (HRas).
More than 10 HRas mutants that induce Costello syndrome have been
identified; G12S HRas is the most prevalent of these. However, certain
HRas p-loop mutations also are linked to cancer formation that are
exemplified with G12V HRas. Despite these relations, specific links
between types of HRas mutations and diseases evade definition
because some Costello syndrome HRas p-loop mutations, such as
GI12S HRas, also often cause cancer. This study established novel
kinetic parameter-based equations that estimate the value of the cellular
fractions of the GTP-bound active form of HRas mutant proteins. Such
calculations differentiate between two basic kinetic mechanisms that
populate the GTP-bound form of Ras in cells. (i) The increase in the
level of GTP-bound Ras is caused by the HRas mutation-mediated
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perturbation of the intrinsic kinetic characteristics of Ras. This generates a broad spectrum of the population of the GTP-bound
form of HRas that typically causes Costello syndrome. The upper end of this spectrum of HRas mutants, as exemplified by G12S
HRas, can also cause cancer. (ii) The increase in the level of GTP-bound Ras occurs because the HRas mutations perturb the
action of pl120GAP on Ras. This causes production of a significantly high population of the only GTP-bound form of HRas
linked merely to cancer formation. HRas mutant G12V belongs to this category.

as family proteins such as Harvey Ras (HRas), Neuro-

blastoma Ras (NRas), and Kirsten Ras (KRas) each
generate distinct signals despite their interactions with a
common set of regulators." These Ras proteins function by
cycling between inactive GDP-bound and active GTP-bound
states, and various regulators control this GDP—GTP cycling.”
These regulators include guanine nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs).> Ras GEFs
belong to the positive Ras regulators. Several isoforms of Ras
GEFs, including Son of Sevenless (SOS), Ras guanine
nucleotide release factor (RasGRF), and Ras guanyl nucleo-
tide-releasing protein (RasGRP), have been identified.*°
These GEFs contain a common catalytic core domain Cdc2$
and facilitate the intrinsically slow rate of guanine nucleotide
exchange (GNE) of Ras-bound GDP/GTP with cellular free
GDP/GTP.” Because the cellular concentration of GTP is ~10-
fold higher than the concentration of GDP,® GEF-mediated Ras
GNE populates Ras in their biologically active GTP-bound
states. In turn, activated Ras proteins interact with a variety of
downstream effector proteins that modulate numerous cellular
signaling processes such as cellular proliferation and gene
expression.” Ras GAPs are the negative Ras regulators. They
consist of pI20GAP, neurofibrominl (NF1), and the GAP1
family."® All of these Ras GAPs share a RasGAP catalytic core
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domain."" GAPs increase the intrinsically slow rate of GTP
hydrolysis for most Ras family proteins to permit conversion of
the bound GTP into GDP, thereby terminating Ras down-
stream signaling.'>

Several Ras motifs (Figure 1), the phosphate-binding loop
(P-loop, Gly''—Ser'”), switch I (GIn*-Tyr*), switch II
(Asp”’—Tyr®), the nucleotide base-binding NKCD (Asn''*—
Asp'?), and SAK (Ser'*—Lys'*’) motifs (HRas numbering),
are known to be involved in these binding interactions with
GDP and GTP. Many of these Ras motif residues are also
directly or indirectly involved in the catalytic functions of GEFs
and GAPs (Figure 1)1

Costello syndrome is a genetic disorder that affects but is not
limited to the skin and joints; it also often causes heart
abnormalities.”> Other characteristics are postnatal growth
delays, mental retardation, and facial dysmorphism."> Muta-
tions in the HRAS gene at codons Gly'* and Gly"® in the p-loop
as well as at Lys''” and Ala'* in the NKCD and SAK motifs
cause the syndrome.'* The Costello syndrome-relevant HRas
mutants for the p-loop Gly12 residue include GI12A, GI12S,
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Figure 1. Sequence of wt HRas. The p-loop, switch I, switch II, NKCD, and SAK motifs of wt HRas are underlined. The HRas residues that are

known to mutate to produce Costello syndrome-relevant HRas mutants are shown in boldface. These include Gly'* and Gly' in the p-loop, Lys

117 in

the NKCD motif, and Ala'* in the SAK motif. The boxes depict the contributions of these motifs to the binding and/or catalytic function of Ras

with a nucleotide and/or regulators.

G12C, G12D, and GI2E (Table 1). Notably, the well-known
oncogenic HRas p-loop mutant G12V"® also causes Costello
syndrome (Table 1). Other HRas p-loop mutants that induce
Costello syndrome include G13S, G13C, and G13D (Table 1).
Symptoms of Costello syndrome also are linked to an unusual
HRas NKCD motif K117R mutant and to HRas SAK motif
mutants A146T and A146V (Table 1). Of all these HRas
mutants, G12S is the most prevalent mutation found in
Costello syndrome patients, occurring 5 times more often than
other mutations combined (Table 1). When it occurs in NRas
and KRas, the G12S mutation often causes certain cancers.'¢™'®
Because of its weak oncogenicity,">"
speculation that G12S HRas is present to serve as a partially
active form of HRas to upregulate HRas-dependent cellular
signaling."®> The second most prevalent HRas mutant found in
Costello syndrome patients is G12A (Table 1); however, this
mutant, unlike G12S, is not commonly found in cancers.
Nonetheless, unlike other common HRas p-loop mutants, such
as GI2V, the biochemical properties of the listed Costello
syndrome-relevant HRas mutants (Table 1) have not been fully
investigated either with or without their regulators. Accord-
ingly, no definite link has been established between these HRas
mutations and the cellular populations of the GTP-bound form
of these HRas mutants. This study used the kinetic parameters
of Ras and its regulators to formulate novel equations that allow
one to estimate the theoretical populations of the GTP-bound
Ras in cells. Equipped with these novel equations, this study
estimated the values of the theoretical populations of the GTP-
bound form of these HRas mutants. The theoretical values were
further evaluated with the directly measured cellular
populations of the GTP-bound form of selected HRas mutants.
These biochemical approaches reveal the kinetic mechanisms
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by which these HRas mutations contribute to Costello
syndrome.

B MATERIALS AND METHODS

Protein Preparations. All protein constructs, including
wild-type (wt) HRas, p120GAP, and Cdc2S, were derived from
humans. A full-length wt HRas (residues 1—189) and HRas
mutant proteins, including G12V, G124, G12S, G12C, G12D,
GI2E, G13V, G13S, G13C, G13D, K117R, A146T, and A146V,
were expressed in and purified from Escherichia coli, as
described in a previous study.*’

A full-length p120GAP (residues 1—1047) was overexpressed
in insect Sf9 cells by using the pIEx vector (Novagen) and then
purified using a sequence of columns, including the Sephadex
G-150 gel filtration and FPLC Mono-Q_columns, as described
in a previous stucly.21 However, because of the high level of
cellular expression of pl20GAP, the fast-flow S-Sepharose
column step was omitted. The Ras SOSI catalytic core domain
Cdc2S (residues 564—1049) was expressed in and purified
from E. coli, as described in a previous study.**

Kinetic Assay Conditions. All kinetic analyses were
performed using >95% pure proteins, as judged by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis. The buffer
used for all assays consisted of S0 mM NaCl, 10 mM MgCl,,
100 M diethylenetriaminepentaacetic acid, and 100 mM Tris-
HCI (pH 7.4).

Estimation of Kinetic Parameters of Ras GNE in the
Presence and Absence of Cdc25. Kinetic parameters of the
intrinsic Ras GTP and GDP binding interactions were
determined with minor modifications, according to the
previously established method.”® The values of k_;, the intrinsic
rate constant for dissociation of GTP from Ras protein, were
determined by using the nonhydrolyzable radioactive GTP

dx.doi.org/10.1021/bi400679q | Biochemistry 2013, 52, 8465—8479
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analogue [*S]GTPyS (~400 cpm/pmol) paired with GDP.
Ras (1 uM) loaded with [**S]GTPyS was placed in an assay
buffer containing GDP (1 uM). Aliquots of the assay mixture
were withdrawn at specific intervals over a period of 20000 s
and spotted onto nitrocellulose filters. The nitrocellulose filters
were washed three times with assay buffer, and the filter-bound
radioactivity was measured using a scintillation counter
(Beckman LS 6000). These data were fit to single-exponential
decays that give values of k_;. The values of k_,, the intrinsic
rate constant for dissociation of GDP from Ras proteins, also
were measured like k_; were measured, as described above,
except that the radioactive [8-*H]GDP (~200 cpm/pmol)
paired with GTP was used instead of the [**S]GTPyS paired
with GDP.

Kinetic parameters of the Cdc25-mediated Ras-bound GTP
and GDP exchange with GDP and GTP were measured as
described in a previous study.”” The values of k,5, the exchange
rate constant of the Ras-bound GTP with GDP in the presence
of Cdc2S, were determined using the 2'(3’)-O-(N-methylan-
thraniloyl) S’-guanylyl-imidodiphosphate (mantGppNHp, a
nonhydrolyzable GTP analogue) paired with GDP. In brief,
the reaction was initiated by the addition of the various
concentrations of the mantGppNHp-loaded Ras (0—500 xM)
to an assay buffer containing GDP (5 mM) and Cdc25 (500
nM). Dissociation of mantGppNHp from Ras was monitored
over a period of 20000 s by using a fluorescence spectrometer
(LS S5, PerkinElmer). These data were fit to a single-
exponential decay to determine the apparent rates of
dissociation of mantGppNHp from Ras in the presence of
Cdc25. Once determined, these rates were then replotted
against the concentrations of the mantGppNHp-loaded Ras
used. These rates were then fit to a hyperbola to determine the
maximal velocity (V) and the Michaelis—Menten constant
(Ky) of the Cdc2S-mediated dissociation of mantGppNHp
from Ras. According to the Theorell-Chance type of
mechanism,** the dissociation of GTP from Ras couples with
the association of GEF, which is then immediately displaced
with GDP (if only GDP is present). Hence, the rate of
dissociation of mantGppNHp from Ras represents the
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exchange rate of mantGppNHp with GDP. Therefore, from
the perspective of the Theorell-Chance type of mechanism,
the values of V., of the dissociation of the Ras-bound
mantGppNHp from Ras per the total Cdc2S enzyme (E,) are
equivalent to k,;. With one exception, the methods and
analyses used for the determination of the value of k,; also were
applied to determine the values of k,, the exchange rate
constant of the Ras-bound GDP with GTP in the presence of
Cdc2S. The exception was the use of the 2'(3')-O-(N-
methylanthraniloyl) guanosine diphosphate (mantGDP) paired
with GTP instead of the mantGppNHp paired with GDP.

Estimation of Kinetic Parameters of Ras GTP
Hydrolysis in the Presence and Absence of p120GAP.
The intrinsic kinetic parameters of Ras GTPase activity were
measured, with minor modifications, as described in the
previous study.”® The values of k¢ the rate constant for the
intrinsic Ras GTPase activities, were determined by using
[y-*P]GTP (~500 cpm/pmol). As-purified Ras (1 uM) was
added to the assay buffer containing [y-**P]GTP (S50 uM).
Aliquots were taken from the assay solution at specific intervals
over a period of 20000 s and spotted onto nitrocellulose filters.
The radioactivity of filtrants that contain only free y-**P was
determined by using a scintillation counter (Beckman LS
6000). The values of k,; were then determined by the fit of
these data to a function of exponential decay.

It is of interest that, unlike the GEF-mediated enzymatic
process, the GAP-mediated enzymatic process does not follow
the Theorell—Chance type of mechanism.** This is because the
formative process of the Ras-GTP-GAP ternary complex
intermediate is not so transient.'' Nonetheless, within this
study, the parameters associated with the p120GAP-mediated
Ras GTP hydrolysis were calculated on the basis of the values
of Ky and V,,, of p120GAP for Ras. In brief, the values of kg,
the rate constant for the hydrolysis of GTP of the Ras-GTP-
p120GAP ternary complex to produce Ras-GDP, were
estimated by dividing V. by the total Ras concentration
(E,); this yields V,,.,/E,, which is equivalent to k., which is the
same as k,g. The values of Ky, and k,, of p120GAP for Ras were
measured by using radioactive [y-*P]GTP (~500 cpm/pmol)
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as described in a previous study.’® As-purified Ras (1 4M) was
added to the assay buffer containing [y-**P]GTP (50 uM) and
various concentrations of p120GAP (0—3S uM). Aliquots of
the assay mixture were drawn at specific intervals over a period
of 20000 s and spotted onto nitrocellulose filters. The
radioactivity of only the free *’P-containing liquid filtrants
was determined with a scintillation counter (Beckman LS
6000). The apparent rates of Ras GTPase activity in the
presence of p120GAP were then determined by the fit of these
data to a function of a single-exponential decay. The plots of
apparent rates against the concentration of p120GAP that were
thus determined were fit to a hyperbola to obtain the values of
Vinax and Ky of p120GAP for Ras GTP hydrolysis.

Comprehensive Kinetic Scheme of Ras Activity
Regulation in Cells. Scheme 1 shows a comprehensive web
of kinetic paths that describe the regulation of the binding of
Ras with its ligands, GTP and GDP. Scheme 1 comprehensively
encompasses all of the known cellular kinetic paths that
modulate the Ras binding states with GTP and GDP in the
presence and absence of Ras regulators, including GEF and
GAP. The kinetic parameters denoted in Scheme 1 stand for
the kinetic rate constants associated with the processes of the
reactions that occur through the kinetic paths. The kinetic
parameters shown in Scheme 1 also represent the steps of the
reaction processes that occur through the given kinetic paths.
According to Scheme 1, three essential kinetic processes in
effect determine the featured state of the Ras binding with GTP
and GDP. These three are the intrinsic Ras GNE and GTP
hydrolysis, the GEF-mediated Ras GNE, and the GAP-
mediated Ras GTP hydrolysis in conjunction with the terms
of concentration of GTP and GDP ([GTP] and [GDP],
respectively). The kinetic steps of k,;, k_;, k,, and k_, are
involved in the intrinsic Ras GNE. The kinetic steps of k,3, k_j,
k.4 k_4 ks, and k_g in combination with the concentration of
GEF ([GEF]) are implicated in the GEF-mediated Ras GNE.
The kinetic step of k.4 is engaged in the intrinsic Ras GTP
hydrolysis. The kinetic steps of k,, k_, and k,g in combination
with the concentration of GAP ([GAP]) are linked to the
process of GAP-mediated Ras GTP hydrolysis.

Calculation of the Theoretical Cellular Population of
the GTP-Bound Ras. The result of the regulation of Ras
binding interactions with GTP and GDP through these paths
(Scheme 1) determines the overall comprehensive cellular
fraction of the GTP-bound Ras over the GTP- and GDP-bound
Ras [the comprehensive fg,.qrp = [Ras-GTP]/([Ras-GTP] +
[Ras:GDP]) of Ras]. The value of the comprehensive fp..qrp
of Ras is of particular interest because it refers to the overall
cellular population of the biologically active form of Ras.

Equation 1 defines the value of the comprehensive fp..cp of
Ras that allows the calculation of the theoretical comprehensive
cellular population of the GTP-bound form of Ras of interest
by using the intrinsic kinetic parameters of Ras as well as the
kinetic parameters of GEF and GAP with Ras shown in Scheme

1 (see the Supporting Information for the derivation).
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Equation 2 expresses the intrinsic cellular fraction of GTP-

bound Ras over the GTP- and GDP-bound Ras (the intrinsic

frasgrp) of Ras in terms of the kinetic parameters of intrinsic

Ras GNE and GTP hydrolysis shown in Scheme 1 (see the
Supporting Information for the derivation).

intrinsic f, = (k_Z[GTP])/[k_Z[GTP] + k_,[GDP]

@)
Equation 3 denotes the cellular fraction of GTP-bound Ras
over the GTP- and GDP-bound Ras (the GEF-mediated

frasgre) Of Ras in the presence of GEF in cells shown in
Scheme 1 (see the Supporting Information for the derivation).

sGTP
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+ k¢([GTP] + [GDP))] (3)

Equation 4 expresses the cellular fraction of GTP-bound Ras
over the GTP- and GDP-bound Ras (the GAP-mediated
frasgre) Oof Ras in the presence of GAP in cells shown in
Scheme 1 (see the Supporting Information for the derivation).
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+7%+8
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Quantification of Ras-Bound GTP in Cells. Unstimulated
NIH 3T3 cells were stably transfected with various HRAS
constructs (residues 1—189) using mammalian expression
vector pCAGGS with FuGene-6 reagent (Roche). Cells were
cultured for 4 days in a complete RPMI 1640 medium and
washed with phosphate-free Eagle’s minimal essential medium.
Resuspended cells were then incubated for 5 h with a serum-
and phosphate-free RPMI 1640 medium containing ~50 uCi of
3P/mL. Cells were washed twice with ice-cold PBS (Sigma)
and then scraped into an ice-cold homogenization buffer
containing 500 mM NaCl, 10 mM MgCl,, 5 mM DTT, 1 mM
EDTA, 0.1% Triton X-100, 0.005% SDS, protease inhibitors
(0.5 mM phenylmethanesulfonyl fluoride, 1 pg/mL pepstatin
A, 1 pug/mL aproptinin, and 1 yg/mL leupeptin), and 10 mM
Tris-HCI (pH 7.4). Cells in the ice-cold homogenization buffer
were sonified for 4 X 5 s (40 W) on ice followed by
centrifugation (100000g) at 4 °C for 20 min. The supernatant
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of the cell lysate extract was nutated with Amine Immobiliza-
tion Resin (Thermo Scientific) coupled with a pan Ras F132
antibody (Santa Cruz Biotechnology) at 4 °C for S h. Resin was
collected by centrifugation (10000g) for 30 min; the proteins
bound to the resin were washed with a buffer containing 500
mM NaCl, 10 mM MgCl,, 5 mM DTT, 1 mM EDTA, 0.1%
Triton X-100, and 10 mM Tris-HCl (pH 7.4). Nucleotides
were eluted from the resin-bound proteins by being treated
with a buffer containing 500 mM NaCl, 10 mM MgCl,, 5 mM
DTT, 2.5% SDS, and 10 mM Tris-HCI (pH 6.8) at 4 °C for 1
h. The nucleotides were then analyzed by thin-layer
chromatography and autoradiographed using densitometry
(Bio-Rad GS-670) as described in a previous study”’ to
determine the actual cellular fraction of the GTP-bound HRas
proteins in the presence of both GEFs and GAPs (cellular

fRas-GTP)'

B RESULTS

The course of this study involved preparation of wt HRas and
multitudes of p-loop and NKCD/SAK HRas mutants listed in
Table 1. Cdc25 and p120GAP were prepared as GEF and GAP,
respectively. The key kinetic parameters (depicted in Scheme
1) of these Ras proteins with and without Cdc25 and/or
p120GAP were then determined (Figures 2 and 3). The kinetic
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Figure 2. Estimation of the kinetic constants of the intrinsic
dissociation of GTP from wt and G12S HRas. Measurements of the
rate constants for the Ras GTP dissociation using [**S]GTPyS are
described in Materials and Methods. Radioactivity values determined
for Ras-bound [**S]GTPyS at various time points were fractionated
against the initial radioactivity value of Ras-bound [*S]GTPyS (time
zero); the fractionated radioactivity values were plotted vs time. Mean
values with the SD of each data point of the plots as derived from
three separate independent experiments are shown. Table 2
summarizes the k_, values that were determined by the fit of these
plotted values of wt and G12S HRas to a single-exponential decay with
regression values (*) of >0.9595.

values are summarized in Tables 2 and 3. Using eqs 1—4 in
conjunction with these values of the kinetic parameters, the
intrinsic, GEF- and GAP-mediated, and comprehensive values
of frasgrp Of these Ras proteins were assessed (Table 4) and
analyzed in detail.

Calculation of the Intrinsic fg,.crp Value of Ras. The
value of the intrinsic fr,.grp Of Ras denotes the cellular
population of the active GTP-bound form of Ras in the absence
of any Ras regulators. A number of the intrinsic f,.grp values
of Ras proteins (Table 4) were reached by determination of
several kinetic parameters for subsequent calculation in eq 2.
These kinetic parameters include (i) the value of the intrinsic
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Figure 3. Determination of the kinetic constants for the intrinsic and
p120GAP-mediated activities of wt and G12S HRas. Kinetic constants
of the phosphatase activity of Ras with and without p120GAP were
assessed by using [y-*P]GTP as described in Materials and Methods.
(A) All apparent intrinsic values determined for radioactivity were
fractionated against the radioactivity value of [y-*P]GTP that was
initially added to the assay mixture and then plotted vs time. All plot
values represent mean values with the SD from three separate
independent experiments. The estimated values of k4 as determined
by the fit of these plot data to a single-exponential function with an r*
of >0.9650 are summarized in Table 3. (B) Ras GTPase activity assays
in the presence of various concentrations of p120GAP were monitored
over a period of time as described in Materials and Methods. The
radioactivity values were plotted vs time and fit to a single-exponential
function with an r* of >0.9965 to determine apparent rates of Ras
GTPase activities in the presence of various concentrations of
p120GAP. The apparent rates with the SD of Ras GTPase activities
were then plotted vs the concentration of pl20GAP. All apparent
values shown are mean values with the SD from three separate
independent experiments. The plots were determined to fit to a
hyperbola with an r* of >0.9695 to give the V,,, and Ky values of
various Ras proteins coupled with pI20GAP for GTP hydrolysis. The
V,ax Values were converted into k., (V,,../E,) values as described in
Materials and Methods. The estimated k., and Ky values are
summarized in Table 3.

GNE of Ras proteins (k_; and k_,) (Table 2) and (ii) the value
of the intrinsic GTP hydrolysis of Ras proteins (k,s) (Table 3).
This calculation used the previously reported average values of
[GTP] (~300 M) and [GDP] (~40 uM) in human cells.®
Analysis of the Intrinsic fg,.grp Value of wt HRas. The
intrinsic fg,,grp value of wt HRas was calculated to be 0.33
(Table 4). The values of k_,, k_,, and k,4 of wt HRas (Tables 2
and 3) that determine the intrinsic fp,,.qrp value of wt HRas did

dx.doi.org/10.1021/bi400679q | Biochemistry 2013, 52, 8465—8479
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Table 2. Kinetic Parameters for the Intrinsic and GEF-Mediated Dissociation of GDP and GTP from wt HRas and Its Mutants®

intrinsic rate constants for Ras nucleotide
dissociation (X107* s71) kinetic parameters associated with Cdc25 (x10° s™* M)

GTP dissociation (k_;)  GDP dissociation (k_,) = GEF-mediated GTP dissociation (k,;)  GEF-mediated GDP dissociation (k)

wt HRas 0.9 12 7.2 7.8

p-loop mutants
GI2A 0.9 0.5 7.5 7.3
G12C 0.6 22 74 82
G12D 9.5 (89%) 1.6 (1.4%) 7.6 7.0
GI12E 4.9 L5 8.0 7.5
G128 0.2 4.8 7.0 8.0
G12v 0.9 (0.78") 0.2 (0.38°) 7.8 7.1
G13C 0.8 2.5 7.7 8.2
GI13D 6.3 1.6 74 7.0
G138 0.7 (0.83°) 3.6 (3.83%) 82 8.8
G13V 12 (59 34 (105°) 7.4 7.9

NKCD/SAK mutants
K117R 11.1 13.0 (32) 8.6 9.0
Al46T 8.1 9.7 8.1 8.2
A146V 9.3 13.5 8.4 8.8

“The kinetic values with the SD of the intrinsic dissociation of GTP from wt HRas and G12S were taken from Figure 2. The kinetic values with the
SD of the intrinsic dissociation of GTP from all other listed HRas mutants were obtained as described in the legend of Figure 2. In addition, the
kinetic values with the SD of the intrinsic dissociation of GDP from these Ras proteins also were obtained as described in the legend of Figure 2,
except that [*H]GDP, instead of [y-**P]GTP, was used. The k., (Vina/E,) values of the Cdc25-mediated dissociation of the nucleotide from these
Ras proteins were obtained by using a saturation kinetic analysis essentially as described in Materials and Methods. A fixed concentration of Ras (1
uM) loaded with either mantGDP or mantGppNHp and variable concentrations of Cdc25 (0—900 xM) was used in this analysis. The values of Ky
also were obtained from this saturation kinetic analysis. However, because all determined K, values of these HRas mutants were indistinguishable
from those of wt HRas (K ~ 340 M), a listing of the detailed K, values of these HRas mutants has been omitted. The SDs of the estimated values
were within 10% of the values shown. “From ref 28. “From ref 23. “From ref 54. “From ref 21. From ref S1.

Table 3. Kinetic Constants for the Intrinsic and p120GAP-Mediated GTPase Activity of wt HRas and Its Mutants®

kinetic parameters associated with p120GAP

intrinsic Ras GTP hydrolysis rate (k,s) (X107* s7") ey (kig) (s71) Ky (uM) keo/ Ky (x10° s M~1)

wt HRas 2.1 18.0 89 2.02
p-loop mutants

GI2A 0.5 0.5 46.8 0.01

GI12C 1.8 32 12.3 0.26

GI2D 14 (17%) 0.5 438 0.10

GI2E 1.6 0.9 4.7 0.20

G128 12 2.1 15.8 0.13

G12V 0.05 (<0.03;® 0.33°) 0.01 <100 ~0

GI13C 1.1 1.9 26.6 0.03

G13D 19 1.3 5.2 0.25

G13$ 32 (5.339) L5 (0.5%) 19.6 (21.6%) 0.01 (0.023%)

GI13V 2.0 (2.179) 0.1 87.0 <0.01
NKCD/SAK mutants

K117R 1.9 16.2 11.9 1.36

Al46T 1.9 12.5 10.7 1.05

Al46V 1.8 (same as wt®) 10.7 13.8 0.78

“The kinetic data of the intrinsic and pI20GAP-mediated GTPase activities of wt HRas and G12S were taken from Figure 2. Data for other HRas
mutants were also collected as described in the le§ends of Figures 2 and 3. The standard errors of the values were determined to be less than 10% of
the values shown. ®From ref 55. “From ref 28. “From ref 21. *From ref 56.

not deviate significantly from those of the previously reported decrease in intrinsic fp,.grp values, an increase in intrinsic
values 2126282 frasgre values (Table 4) occurs because of the k4 values in eq
Analysis of the Intrinsic fg,.crp Values of HRas 2 that are much smaller than those of wt HRas (Table 3).
Mutants. All of the intrinsic fp,.grp values of the listed Compared with the values of wt HRas, HRas p-loop mutants
HRas mutants exceeded the intrinsic fg, grp value of wt HRas GI12C, G13S, and G13C have a smaller k_; and a larger k_,
(Table 4). (Table 2). Nevertheless, these HRas mutants have slightly
HRas p-loop mutants G12A and G12V both have k_, values decreased k4 values compared with the k,4 value of wt HRas
smaller than that of wt HRas but have similar k_; values (Table (Table 3). These combinations of k values in eq 2 favor a value
2). Although smaller k_, values in eq 2 would suggest a of the intrinsic fg,,grp higher than that found for wt HRas.
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Table 4. Theoretically Estimated Comprehensive fg,.qrp Values of wt HRas and Its Mutants”

Srasare (fraction)

GEF-mediated”

intrinsic I I
wt HRas 0.33 0.39 0.89
p-loop mutants
GI12A 0.43 0.55 0.89
G12C 0.51 0.55 0.90
G12D 0.37 0.42 0.89
GI12E 0.39 0.44 0.88
GI2S 0.78 0.79 0.90
G12v 0.55 0.74 0.90
G138 0.50 0.52 0.89
G13C 0.65 0.68 0.88
G13D 0.36 0.40 0.89
G13V 0.59 0.61 0.89
NKCD/SAK mutants
KI117R 0.79 0.79 0.89
Al46T 0.76 0.76 0.89
Al46V 0.81 0.82 0.90

comprehensive?

111 GAP-mediated” I I 111
0.90 0.01 0.01 0.44 0.89
0.89 0.19 0.28 0.88 0.89
0.90 0.07 0.08 0.80 0.90
0.90 0.10 0.12 0.84 0.90
0.89 0.06 0.07 0.80 0.89
0.91 0.23 0.24 0.85 0.91
0.90 0.46 0.67 0.89 0.90
0.89 0.23 0.25 0.85 0.89
0.90 0.21 0.24 0.86 0.90
0.90 0.0S 0.06 0.78 0.90
0.90 0.54 0.57 0.89 0.90
0.90 0.08 0.08 0.57 0.89
0.90 0.07 0.07 0.58 0.89
0.90 0.13 0.07 0.58 0.89

“The various fp,.qgrp values of wt HRas and its mutants were estimated by using various kinetic parameters (Tables 2 and 3) and eqs 1—4 as
described i in the Supporting Information. b1, minimally active 5 nM Cdc25; 11, highly active S nM Cdc25; 111, highly active 0.6 uM Cdc25. “In 10 nM
p120GAP. I, minimally active S nM Cdc2$ with 10 nM p120GAP; II, highly active S nM Cdc2S5 with 10 nM p120GAP; III, highly active 0.6 uM

Cdc25 with 10 nM p120GAP.

Another HRas p-loop mutant, G12S, is intriguing, because it
has the same trait, a smaller k_; and a larger k_, value versus
those of wt HRas, but to a larger extent than HRas mutants
GI12C, GI13S, and G13C (Table 2). G12S HRas also has a
slightly increased k,¢ value compared with the k4 value of wt
HRas (Table 3). The combination of these unique k values in
eq 2 is reflected in the intrinsic fp,grp value, because G128 has
the largest intrinsic fr,.cp value, 0.78, among these mutants
(Table 4).

HRas p-loop mutants G12D, G13D, and GI2E exhibit k_,
values much larger than that of wt HRas but display only
marginally increased k_, and marginally decreased k¢ values
compared with those that wt HRas exhibits for the same
elements (Tables 2 and 3). However, the intrinsic fp,.grp
values of these HRas mutants increased slightly in comparison
with the values of wt HRas. This is the opposite of the decrease
that had been expected (Table 4). This demonstrates again that
the k_, value contributes little to the denominator in eq 2
compared with the contribution of k_, and k..

The k_; and k_, values of G13V HRas are much higher than
the k_; and k_, values of wt HRas (Table 2), but the k., value
of G13V HRas is similar to that of wt HRas (Table 3). The
higher k_; and k_, but invariable k ¢ values indicate the faster
Ras GNE. Besides, when the k,4 value is unchanged, the higher
k_; and k_, values in eq 2 produce a larger intrinsic fp.crp
value of Ras. Hence, the larger intrinsic f,.grp value of G13V
HRas compared to that of wt HRas (Table 4) reflects the fact
that the GNE of G13V HRas is faster than that of wt HRas.
This is highlighted again in the case of NKCD/SAK HRas
mutants K117R, A146T, and A146V in which the significant
change lies in their increased k_; and k_, values, but not in their
k. value, in comparison with those of wt HRas (Tables 2 and
3). This causes the intrinsic fr,;.grp values of the NKCD/SAK
HRas mutants to be nearly twice that of wt HRas (Table 4).

Calculation of the GEF-Mediated f,..crp Value of Ras.
The cellular effects of the action of the positive Ras regulator
GEFs on Ras proteins were assessed by calculation of the

theoretical value of the GEF-mediated fy,.qrp of Ras (eq 3).
The value of the GEF-mediated fp,.grp of Ras represents the
cellular populations of the active GTP-bound form of Ras in the
presence of GEFs. The factors that determine the GEF-
mediated fp..qrp of Ras are not only GEF-mediated Ras GNE
but also intrinsic Ras GNE and GTP hydrolysis. Accordingly,
eq 3 consists of the GEF-relevant kinetic terms in addition to
the intrinsic kinetic terms that determine the intrinsic fr,.grp
value. In eq 3, the GEF-relevant kinetic terms are defined as k3
and k,, in combination with [GEF] (ie., k,;[GEF] and
k,J[GEF)).

[GEF] in eq 3 stands for the total cellular concentration of
GEFs, such as SOS, RasGRF, and RasGRP. The concentration
of the dominantly expressed GEF is vastly different from cell to
cell. For example, it has been shown that SOS was dominant in
HEK-293T cells at a concentration of S nM.* In Jurkat T cells,
however, the SOS concentration was reported to be 0.6 uM.>"
For the purposes of this study, these two reported dominant
cellular levels of SOS were essentially used as [GEF] in eq 3.
Although these two reported cases of variations in the levels of
SOS expression do not necessarily represent its range of
concentration in various cells, they certainly cover a cellularly
relevant range of its concentrations from the scope of
nanomolar to micromolar.

In this study, the values of the kinetic terms associated with
GEF (i.e, k,; and k,4) in eq 3 were determined by using the
Cdc2S from SOS. This Cdc25 retains the basal activity of SOS,
and thus, these estimated unmodified k,; and k,, values of
Cdc2S represent the kinetic parameters of the minimally active
SOS. SOS activity in cytoplasm is reported to be increased up
to 500-fold by the formation of a complex of SOS with Ras on a
plasma membrane.>* Hence, these values of k,; and k.,
multiplied by 500 correspond to the kinetic parameters of the
highly active SOS.

Taking into account variations in the levels of cellular
expression and activities of SOS permits consideration of three
different sets of values of the GEF-relevant kinetic terms. These
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are represented by (I) the minimally active S nM SOS
(designating the action of S nM SOS with the original k,; and
k4 values), (II) the highly active S nM SOS (representing the
action of S nM SOS with k.5 and k,, values multiplied by 500),
and (III) the highly active 0.6 uM SOS (denoting the action of
0.6 uM SOS with k,5 and k,, values multiplied by 500). Note
that the case of the minimally active 0.6 M SOS is not listed.
This is because the values of case II (5 nM SOS with k,; and
k.4 values multiplied by 500) are equal to the values of the case
that includes 0.6 yuM SOS with the original k,; and k,, values.
Accordingly, we assessed three different values of the GEF-
mediated fp,.qrp of Ras: (i) the GEF-mediated fg,.qrp of Ras
with the minimally active S nM SOS [termed the GEF-
mediated fp,.grp (I) of Ras], (ii) the GEF-mediated fp,.grp of
Ras with the highly active S nM SOS [termed the GEF-
mediated fr,.grp (II) of Ras], and (iii) the GEF-mediated
frasgrp Of Ras with the highly active 0.6 uM SOS [termed the
GEF-mediated fp,.grp (III) of Ras].

Analysis of the GEF-Mediated fg,.qrp Values of wt
HRas. All of the values of the GEF-mediated fr,.grp (1),
Frasgre (I1), and fraegrp (III) of wt HRas, 0.39, 0.89, and 0.90,
respectively, were larger than the value of 0.33 of the intrinsic
frasgrp Oof wt HRas (Table 4). This is not too surprising,
because the comparison of egs 2 and 3 predicts that, in general,
the presence of the GEF-relevant terms, k,;[GEF] and
k.,[GEF], in eq 3 produces a GEF-mediated fr,.grp (I) of
Ras that is at least similar to or larger than the intrinsic fr,.grp
value of Ras. Also, eq 3 predicts that a larger value of the GEF-
relevant terms produces a larger value of the GEF-mediated
Sfrasgrp of wt HRas. Hence, it stands to reason that the GEF-
mediated fy,.qrp (III) of wt HRas has a larger value than the
GEF-mediated f .. grp (II) of wt HRas. The same is true for the
larger value of the GEF-mediated fr,.qrp (II) of wt HRas in
comparison with the value of the GEF-mediated fr,.grp (I) of
wt HRas.

Analysis of the GEF-Mediated fg,,.crp Values of HRas
Mutants. Similar to the values associated with wt HRas, the
values of the GEF-mediated fy,.crp (I) of the listed HRas p-
loop mutants were larger than the values of the intrinsic fg,.grp
of the listed HRas p-loop mutants (Table 4). This is, as with wt
Ras, because of the presence of the GEF-relevant terms of these
p-loop HRas mutants in eq 3. Intriguingly, among these listed
HRas p-loop mutants, G12A and GI12V show the largest
increases in the GEF-mediated fp,.grp (I) values in comparison
with intrinsic fp,.grp values (Table 4). Nevertheless, such
increases exceed expectations. One key contributor to such an
increase, in addition to the values of the GEF-relevant terms
associated with G12A and G12V HRas, is the particularly small
value of k_, of G12A and G12V HRas (Table 2). The presence
of a smaller k_, value in eq 3 allows the GEF-relevant terms to
weigh more significantly in the determination of the value of
the GEF-mediated fg,.qrp (I) of Ras. The opposite is true of
NKCD/SAK HRas mutants KI117R, A146T, and Al46V.
Because these HRas mutants have a much larger k_, value
(Table 2), the GEF-relevant terms in eq 3 have relatively little
effect on the determination of the value of the GEF-mediated
frasgre (I) of Ras (Table 4).

Unlike the case of the GEF-mediated fr,.qrp (I) of Ras, the
values of the GEF-mediated fp,.grp (II) and fragre (II) of all
of the listed HRas mutants almost uniformly parallel the values
of the GEF-mediated fp,..crp (II) and fg,..crp (II1) of wt HRas.
These similarities occur because the values of the GEF-relevant
terms of these HRas mutants associated with the highly active §
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nM and 0.6 uM SOS were significantly higher than the values
of the combined intrinsic kinetic parameters of these HRas
mutants in eq 3. As a result, the values of the GEF-mediated
frasgre (II) and froogre (II1) of these HRas mutants reached
their maxima.

Calculation of the GAP-Mediated fy,.crp Value of Ras.
The cellular consequences of the actions of the negative Ras
regulator GAP on Ras were assessed by calculating the
theoretical values of the GAP-mediated fr,.grp of Ras (eq 4).
The value of the GAP-mediated fy,,qrp of Ras represents the
cellular populations of the active GTP-bound Ras in the
presence of GAPs.

Equation 4 contains not only the intrinsic kinetic terms that
determine the intrinsic f,,grp value but also the GAP-relevant
kinetic terms; these include k-, k_, and k,g in conjunction with
[GAP] [ie, k,7k,s/(k_; + k,5)[GAP]]. Intriguingly, the GAP-
relevant kinetic terms, (k,,k,s)/(k_, + k,s), in the denominator
of eq 4 are equivalent to the catalytic efficiency, k./Kyy, of
GAP on Ras. Hence, with [GAP], the factors that determine
the value of the GAP-mediated fy,,grp of Ras that is of interest
are those that govern the catalytic efficiency of GAP on Ras.

[GAP] in eq 4 signifies the total concentration of the various
types of GAPs in cells. Among these GAPs, p120GAP and NF1
are often dominantly and simultaneously expressed in cells.*®
The kinetic values of k., and K; of GAP for Ras (Table 3)
were determined by using p120GAP with Ras. Therefore, the
GAP-relevant kinetic values listed in Table 3 can be used to
assess only the catalytic action of pI120GAP, but not NF1, on
Ras. The concentration of p120GAP across various mammalian
cells, including NIH 3T3 cells, was estimated to be ~10 nM,*
yet unlike with GEFs (ie, 0.6 uM SOS), the cellular
concentration of pl120GAP in the micromolar range has not
been reported. Taking these factors into account, we used only
one value of the GAP-relevant kinetic terms, the estimated
values of k., and Ky in combination with 10 nM p120GAP, in
this study for calculation of the values of the GAP-mediated
frasgrp Of Ras.

Analysis of the GAP-Mediated fg,.crp Value of wt
HRas. The estimated GAP-mediated fp,..qrp value of wt HRas
approached 0.01, a value much less than the intrinsic fr,.grp
value of 0.33 of wt HRas (Table 4). This large difference is due
to the magnitude of the value of the GAP-relevant terms,
(kyk,s)/(k_; + k,s)[GAP], which is equivalent to (k./
Ky)[GAP], added to the denominator in eq 4.

Analysis of the GAP-Mediated fg,,.crp Values of HRas
Mutants. All of the GAP-mediated fg,.grp values of these
HRas mutants exceeded the GAP-mediated fy,,.qrp value of wt
HRas. HRas mutants G12A, G12C, G12D, G12E, G12S, G13C,
G13D, and G13S have GAP-mediated fp, qrp values that lie
between the two extremes of wt HRas and the G12V mutant
and also between the two extremes of wt HRas and the G13V
mutant (see below) (Table 4). Compared with the values of wt
HRas, the values of the GAP-relevant kinetic terms of these
mutants are smaller, and thus closer in value to the intrinsic
kinetic terms. The decreased catalytic efficiency of p120GAP on
these p-loop HRas mutants allows the intrinsic kinetic terms in
eq 4 to contribute more to the GAP-mediated fp,.crp value
compared with what occurs with wt HRas. This contribution by
the intrinsic kinetic terms is responsible for the partially active
states of these p-loop HRas mutants.

Other p-loop HRas mutants such as G12V and G13V have
the largest GAP-mediated fp,,.qrp values. They also have GAP-
mediated fp, grp values that changed the least from their
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intrinsic fp,q.qrp value. This is because of the miniscule catalytic
efficiency of p120GAP on these HRas mutants (Table 3).

Unlike what happens with the p-loop HRas mutants, the
catalytic efficiency of pl120GAP on the NKCD/SAK HRas
mutants K117R, Al46T, and Al46V does not significantly
differ from that of wt HRas (Table 3). However the GAP-
mediated fp,.qrp values of these NKCD/SAK HRas mutants
are significantly higher than that of wt HRas (Table 4). The
increase in the GAP-mediated fp,.qrp value is caused by the
sufficiently large intrinsic kinetic values of these NKCD/SAK
HRas mutants that counteract the values of the GAP-relevant
kinetic terms in eq 4 that are associated with these NKCD/SAK
HRas mutants.

Calculation of the Comprehensive fp,.crp Value of
Ras. The effects of the simultaneous actions of both GEF and
GAP on Ras were analyzed by calculation of the theoretical
value of the comprehensive fg,.grp of Ras (eq 1). The
comprehensive fr . cp of Ras represents the populations of the
active GTP-bound Ras in the presence of both GEF and GAP
in cells.

In this study, three different values of the GEF-relevant
kinetic terms were used to calculate the GEF-mediated fy,,grp
values of Ras (see above). For calculation of the GAP-mediated
Sfrasgrp Vvalues of Ras, only one value of the GAP-relevant
kinetic terms was used (see above). Three distinct combina-
tional value sets of the GEF/GAP-relevant kinetic terms are
possible. These are represented by (I) the minimally active S
nM SOS and 10 nM p120GAP, (II) the highly active S nM
SOS and 10 nM p120GAP, and (I1I) the highly active 0.6 uM
SOS and 10 nM p120GAP. Accordingly, three different sets of
the comprehensive fp,.qrp values of Ras were calculated: the
comprehensive fr,.grp of Ras with the minimally active S nM
SOS and 10 nM p120GAP [termed the comprehensive fr,.qrp
(I) of Ras], the comprehensive fr,.qrp of Ras with the highly
active S nM SOS and 10 nM pl20GAP [termed the
comprehensive fr,.qgrp (II) of Ras], and the comprehensive
Sras-grp Of Ras with the highly active 0.6 uM SOS and 10 nM
pl120GAP [termed the comprehensive fy,.qrp (III) of Ras].
These values of the comprehensive fp..gre (D), frasgre (IL),
and fp..grp (III) of the Ras of interest, including wt, G12V, and
G12S HRas, were further used to analyze the corresponding
actual values of the fraction of the GTP-bound form (the
cellular fr,.qrp) of Ras measured in NIH 3T3 cells.

Analysis of the Comprehensive fg,.grp Values of wt
HRas. The values of the comprehensive fr..grp (1), frascre
(1), and fru.gre (III) of wt HRas are 0.01, 0.44, and 0.89,
respectively (Table 4). The results suggest that the
comprehensive fp. grp value of wt HRas depends largely on
the combinational actions of SOS with p120GAP.

The cellular fg,.grp value of the transfected wt HRas in
unstimulated NIH 3T3 cells was estimated to be 0.12 (Figure
4). Notably, a previously measured cellular fg,,.crp value of the
transfected wt HRas in unstimulated NIH 3T3 cells was
reported to be 0.025.>* One possible reason for such different
values would be the different quantification methods used for
the GTP- and GDP-bound Ras isolated from cells. The
difference in cell culture conditions may also affect the ratio of
GTP-bound Ras to GDP-bound Ras. Regardless of the
differences in the values, the estimated cellular fy,,qrp values
of the transfected and endogenous wt HRas in unstimulated
NIH 3T3 cells fall between the values of the comprehensive
frasgre (I) and frogre (II) of wt HRas (Table 4). This is not
unexpected because the cellular expression and activity of GEFs
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Figure 4. Determination of the fractions of HRas-bound GTP in cells.
GTP fractions bound to various forms of Ras expressed in
unstimulated NIH 3T3 cells were determined as described in
Materials and Methods. Western blot analysis showed that all
transfected Ras proteins were evenly expressed. The fraction values
of Ras-bound GTP [[Ras-GTP]/([Ras-GTP] + [Ras-GDP])] using
densitometry estimation of GTP and GDP concentrations were
calculated: background (transfection of the mammalian expression
vector without the ras gene), not determined; wt HRas, 0.12; G12V
HRas, 0.81; G12S HRas, 0.62. The presented values are the averages of
the values of the independent triplicate measurements using separate
cell culture samples, and the SDs are less than 10% of the GTP
fraction values that were indicated.

and GAPs in unstimulated NIH 3T3 cells would not duplicate
the value sets in eq 1 for the calculations of any of these
comprehensive frogre (), fras.are (1), and frag.grp (I11) values
of wt HRas. By setting the values of the GEF- and GAP-
relevant kinetic terms for the calculation of the comprehensive
frascre (1)) frascre (1), and fraggrp (IIT) values of wt HRas as
default values, we can predict via a comparison of these
comprehensive fg, grp values of wt HRas with the cellular
Srasgrp values of wt HRas in unstimulated NIH 3T3 cells the
status of SOS in unstimulated NIH 3T3 cells. For example, the
estimated value of the cellular fp,.grp of the transfected wt
HRas in unstimulated NIH 3T3 cells (Figure 4) can be
obtained by a value combination of ~80% of the minimally
active 5 nM SOS with ~20% of the highly active 5 nM SOS
with 10 nM p120GAP in eq 1. Nevertheless, direct measure-
ments of the cellular expression levels and activities of GEFs
and GAPs are necessary. Such measurements increase the
likelihood of obtaining meaningful estimated percentages for
the cellular expression levels and activities of SOS and
p120GAP associated with the comprehensive fp, qrp value of
wt HRas.

Note that the previous study also showed that the fraction of
the cellular fr, grp value of the transfected wt HRas in
unstimulated NIH 3T3 cells does not significantly differ from
the cellular fp, grp value of the endogenous wt HRas in
unstimulated NIH 3T3 cells>* This lack of a significant
difference was found despite the expression level of the
transfected wt HRas being much higher than that of the
endogenous wt HRas in unstimulated NIH 3T3 cells. Hence,
the analysis of the features of the cellular fy,qrp value of the
transfected wt HRas in unstimulated NIH 3T3 cells that was
performed by using the comprehensive fp,.qrp (1), frasgre (I1),
and fpa..grp (II1) values of wt HRas (see above) may reflect the
cellular traits of the endogenous wt HRas. This endogenous wt
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HRas is associated with the cellular expression and activities of
SOS and p120GAP in unstimulated NIH 3T3 cells.

Analysis of the Comprehensive fg,.crp Values of HRas
Mutants. To one degree or another, all of the values of the
comprehensive fr,.qrp (I) of these HRas mutants exceeded the
values of the comprehensive fp..orp (I) of wt HRas.

According to the main kinetic factor that changes the value of
the comprehensive fr.grp (I) of Ras, the values of the
comprehensive fr,.grp (I) of the p-loop and NKCD/SAK
HRas mutants can be divided into two types for purposes of
comparison with the values of the comprehensive fr,.qrp (I) of
wt HRas. First, the values of the GAP-relevant kinetic terms of
HRas mutants in eq 1 are almost zero; as a consequence, the
value of the comprehensive fy,.grp (I) of HRas mutants is
significantly large. Mechanically, such small values of the GAP-
relevant kinetic terms of HRas mutants are rooted in the almost
total impairment of the catalytic action of p120GAP on HRas
mutants. The p-loop HRas mutants G12V and G13V possess
this kinetic characteristic. Second, the higher values of the
intrinsic kinetic terms of HRas mutants and/or the lower values
of the GAP-relevant kinetic terms for HRas mutants, when
compared with the values associated with wt HRas in eq 1, yield
larger values of the comprehensive f,.qrp (I) of HRas mutants
compared to the value of the comprehensive fg,.qrp (I) of wt
HRas. In all of these cases, these altered values are caused by
the perturbed intrinsic kinetic processes of HRas mutants and/
or GAP catalytic efficiencies on HRas mutants. With the
exception of G12V and G13V HRas, all of the examined HRas
mutants have this kinetic trait.

Similar to the case of the comprehensive fy,..qrp (I) of these
HRas mutants, all of the values of the comprehensive fr,.grp
(II) of HRas mutants were higher under the same conditions
versus the values of the comprehensive fp,.qrp of wt HRas
(Table 4). On the basis of the main kinetic factor that
contributes to altering the value of the comprehensive fp..crp
(1) of Ras, the values of the comprehensive fr,.qrp (II) of the
p-loop and NKCD/SAK HRas mutants fall into two categories
upon comparison with the value of the comprehensive fr,.grp
(II) of wt HRas. First, the higher values of the intrinsic kinetic
terms of these HRas mutants, in conjunction with the
comparatively lower values of the catalytic efficiencies of
p120GAP on these HRas mutants versus those of wt HRas,
mainly contribute to give higher values for the comprehensive
frasgre (II) of HRas mutants than for the comprehensive
frasgre (II) of wt HRas. The perturbed intrinsic processes of
HRas mutants and GAP catalytic efficiencies on HRas mutants
are responsible for such value changes in the intrinsic kinetic
terms and/or the GAP-relevant kinetic terms of HRas mutants.
All p-loop HRas mutants, but not these NKCD/SAK HRas
mutants, have this kinetic trait. Second, only a significantly high
value of the intrinsic kinetic terms of HRas mutants, compared
with those of wt HRas, contributes to the generation of higher
values of the comprehensive fp,.grp (II) of HRas mutants
versus the comparative values of wt HRas. The significantly
higher values of the intrinsic kinetic terms of HRas mutants,
compared with those of wt HRas, are caused by the perturbed
intrinsic processes of HRas mutants. In this case, no causation
can be attributed to the change in the values of the catalytic
efficiencies of pl120GAP of HRas mutants. The NKCD/SAK
HRas mutants, including K117R, A146T, and A146V, have this
kinetic feature.

All values of the comprehensive fr.qrp (III) of these HRas
mutants are almost uniformly similar to the value of the

comprehensive fr,.grp (III) of wt HRas, which is extremely
high (i.e, >0.87) (Table 4). This similarity exists because the
value of the GEF-relevant kinetic terms (the value associated
with the highly active 0.6 uM SOS) overwhelms all other
kinetic parameters associated with the value of the GAP-
relevant kinetic terms (the value associated with 10 nM
p120GAP) and the intrinsic kinetic parameter values of Ras in
eq 1. In addition, as discussed elsewhere, this highly active 0.6
“M SOS and 10 nM p120GAP condition can also generate an
extremely high value for the comprehensive fr,, grp of wt HRas.
The highly active 0.6 uM SOS and 10 nM p120GAP generates
significantly higher values for the comprehensive fg,.qrp (III)
of Ras than it does for any examined HRas proteins. Because of
these high values, it is certain that a cellular condition with the
highly active 0.6 uM SOS and 10 nM p120GAP is sufficient to
produce uncontrolled Ras-dependent cellular signaling events
without regard to the values of any other examined HRas
mutants or wt HRas.

G12S HRas is one of the most predominant forms found in
Costello syndrome (Table 1).** Hence, the value of the cellular
frasgrp of G12S HRas in unstimulated NIH 3T3 cells was
determined as a way to use various combinations of activities
and expression levels of SOS with p120GAP to evaluate the
various comprehensive fp,.grp values of G12S HRas. Because
of the important role of G12V HRas in cancer formation, the
cellular fp,.grp value of G12V HRas in unstimulated NIH 3T3
cells also was determined to be a way to use various
combinations of activities and expression levels of SOS with
p120GAP to evaluate these various comprehensive fr..qrp (),
frasgre (II), and frogre (III) values of G12V HRas. The
cellular fp,.grp value of G12V HRas in unstimulated NIH 3T3
cells also serves as a positive control for the analysis of the
cellular fp,.grp value of G12S HRas in unstimulated NIH 3T3
cells. The value of the cellular fp,.grp of wt HRas in
unstimulated NIH 3T3 cells serves as a negative control for
this analysis. The cellular fp, rp values of G12V and G12S
HRas in unstimulated NIH 3T3 cells were determined to be
0.80 and 0.63, respectively, which are ~8.0- and 6.3-fold higher,
respectively, than the cellular fp, grp value of wt HRas in
unstimulated NIH 3T3 cells (Figure 4).

B DISCUSSION

This study establishes novel kinetic parameter-based calcu-
lations of the values of the intrinsic, GEF- and GAP-mediated,
and comprehensive fy,.grp of Ras proteins that represent the
cellular content of the GTP-bound form of Ras in the presence
and absence of GEF and/or GAP. The kinetic characterizations
linked with the calculations of the population of the GTP-
bound form of Ras first provide an overall picture of the
inherited causality between Ras mutations and changes in the
cellular population of the GTP-bound Ras. These linkages
explain the biochemical roles of these HRas mutants in various
diseases. These roles include diseases such as Costello
syndrome and certain cancers.

Depending on the cellular activity and expression of GEFs in
combination with GAPs, three sets of values of the
comprehensive f,.qrp of Ras, the comprehensive fr..qrp (1),
frasgre (II), and frogre (II1) of these forms of HRas, were
calculated. Comparison of these calculated values with the
values of the cellular fy,.grp of selected HRas proteins in the
unstimulated NIH 3T3 cells suggests that the comprehensive
frasgre (1) values of HRas mainly represent the actual cellular
Srasgrp values of HRas in the unstimulated NIH 3T3 cells. This
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recognition takes into account the component of the
comprehensive fr,.grp (II) of HRas. Intriguingly, although
there are no clear-cut dividing lines, the spectrum of the
calculated values of the comprehensive fy,.qorp (I) of HRas
mutants can be classified into three groups. The first group
encompasses the values of 0.57—0.67 and is associated with
GI12V and GI13V HRas mutants. The GI12V and G13V
mutations of HRas are the only ones linked specifically and
exclusively to cancer formation. The second group spans 0.24—
0.28 and is linked to G12A, G12S, G13S, and G13C mutations
of HRas. These HRas mutations are mainly linked to the
development of Costello syndrome, but they are also often
linked to cancers. Finally, the third group has a range of 0.06—
0.12 and is associated with all other listed HRas mutants. This
group includes G12C, G12D, GI2E, G13D, K117R, Al46T,
and A146V mutations of HRas that are linked only to the
development of Costello syndrome. These groups and their
links to cancer and/or Costello syndrome suggest that the high
end of the spectrum of values of the comprehensive fr...grp (I)
of HRas mutants is certainly linked to cancer formation, but the
low end of this spectrum is associated only with the
development of Costello syndrome. Values in the midrange
of this spectrum are linked with the development of both of
Costello syndrome and cancer. Accordingly, it is possible to
postulate that the values of the comprehensive fr.qrp (I) of
HRas mutants can be used to gauge whether Ras mutants cause
development of diseases such as cancers and/or Costello
syndrome. For example, if a comprehensive fr,,grp (I) value of
a certain HRas mutant is 0.25, this HRas mutation is likely to
cause the development of Costello syndrome and/or cancers.
However, if the same value of a certain HRas mutant is 0.10,
this HRas mutation is likely to lead only to the development of
Costello syndrome. The cellular fy,.qrp values of HRas
proteins from unstimulated NIH 3T3 cells were used as
references for the analyses of the comprehensive fp..crp (I)
values of HRas proteins. Therefore, the analytical results
discussed above cannot be applied immediately to diseases
associated with Ras mutations in other cells. Use of our results
to gauge other diseases must await further evaluation of the
comprehensive fp,.crp (I) of HRas by using the cellular fy, o
values of HRas from various other cells.

As discussed in the Results, the reason for such a large
spectrum of values for the comprehensive fr..qrp (I) of HRas
mutants G12V and G13V is the fact that the catalytic action of
p120GAP on these HRas mutants is impaired. However, the
middle and the lower end of this spectrum, which includes all of
the HRas mutants of this study except G12V and G13V, reflects
the perturbation of the intrinsic kinetic parameters of HRas
mutants in combination with the partial perturbation of these
mutants by the catalytic action of p120GAP. Accounting for the
linkages between certain groups of the comprehensive f,.qrp
(I) values of these HRas mutants and certain types of diseases
(see above), the features of the mechanical perturbation of
these HRas mutants can be further linked to the type of disease
with which they are associated. The severe impairment of the
catalytic action of pl20GAP on HRas mutants results in the
high-end values of the comprehensive fp..qrp (I) of Ras. These
values at the upper end of the spectrum cause the development
of cancers. The perturbation of the intrinsic kinetic parameters
of HRas mutants in combination with the partial perturbation
of HRas mutants by the catalytic action of p120GAP leads to
values in the middle or low ranges of the spectrum. Values in
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these ranges are sufficient for development of cancers and/or
Costello syndrome.

Earlier, the main factor in increases in the cellular population
of the GTP-bound Ras was thought to be the impaired catalytic
action of GAP on HRas, with HRas mutations as the culprits in
the impairment. This outlook remains consistent with the
values at the upper end of the spectrum of values of the
comprehensive fr,,qrp (I) of the tumorigenic G12V and G13V
HRas mutants. However, this study is the first to show that
perturbation that these HRas mutations cause in the intrinsic
kinetic properties of Ras also plays a key role in increases in the
cellular population of GTP-bound HRas. This notion is
supported by the middle and low-end spectrum of values of
the comprehensive fp..grp (I) of HRas proteins. Values in
these ranges of the spectrum include those of all of the listed
HRas mutants, except G12V and G13V. One of the best
examples of this is the value of the comprehensive fy,.qrp (1)
of the G12S HRas mutant. This is intriguing because GI12S
HRas is the most prevalent form of HRas mutant found in
patients with Costello syndrome.

The value of the comprehensive fr..grp (III) of Ras
represents a case in which the population of the GTP-bound
form of Ras exists under conditions of extreme SOS expression
and activity in cells. Regardless of the features of the HRas
mutants, the values of the comprehensive f,.qrp (III) of these
HRas mutants are significantly high. Intriguingly, the develop-
ment of at least one case of Noonan syndrome has been linked
to high cellular fy,.grp values of wt KRas and wt NRas."* The
high values encountered in this case are suspected to be the
result of upregulation of SOS that was caused by mutations of
the sosl gene."” This SOS upregulation-dependent develop-
ment of Noonan syndrome can be explained by an incident in
the calculation of the value of the comprehensive fy,,grp value
(1II) of wt HRas that dovetails with high SOS activity and
expression.

Because other GAPs, such as NF1, have not been included in
these analyses, an assessment of the effect of pI20GAP on the
cellular population of the GTP-bound Ras through the action
of these HRas mutations should not be overinterpreted.
Moreover, no exploration of the possibility of a change in the
p120GAP expression-dependent cellular population of the
GTP-bound form of Ras that is associated with these HRas
mutations has been undertaken. This limitation reflects the lack
of evidence of higher or lower levels of cellular expression of
p120GAP other than as 10 nM p120GAP. Future studies are
expected to examine the possibility that the various cellular
expressions of p120GAP as well as NF1 modulate the cellular
population of these HRas mutations in the GTP-bound form of
Ras.
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B ABBREVIATIONS

[GAP], GAP protein concentration; [GEF], GEF protein
concentration; Cdc25, Ras SOS1 catalytic core domain; GAPs,
GTPase-activating proteins; GEFs, guanine nucleotide ex-
change factors; GNE, guanine nucleotide exchange; HRas,
Harvey Ras; KRas, Kirsten Ras; mantGDP, 2'(3')-O-(N-
methylanthraniloyl) guanosine diphosphate; mantGppNHp,
2/(3’)-0-(N-methylanthraniloyl) $’-guanylyl-imidodiphos-
phate; NF1, neurofibrominl; NRas, Neuroblastoma Ras;
RasGRF, Ras guanine nucleotide release factor; RasGRP, Ras
guanyl nucleotide-releasing protein; SOS, Son of Sevenless;
comprehensive fr.grp (I) of Ras, comprehensive fp..crp of
Ras with the minimally active 5 nM SOS and S nM p120GAP;
comprehensive fg,.grp (II) of Ras, comprehensive fr,.qrp of
Ras with the highly active 5 nM SOS and 5 nM pl120GAP;
comprehensive fr.qrp (III) of Ras, comprehensive fp,.crp of
Ras with the highly active 0.6 uM SOS and 5 nM p120GAP;
comprehensive fr,.grp, overall comprehensive cellular fraction
of GTP-bound Ras over GTP- and GDP-bound Ras in the
presence of GEF and GAP; GAP-mediated fg, grp, cellular
fraction of GTP-bound Ras over GTP- and GDP-bound Ras in
the presence of GAP; GEF-mediated fy,.qrp (I) of Ras, GEF-
mediated fp,.grp Of Ras with the minimally active S nM SOS;
GEF-mediated fp..grp (II) of Ras, GEF-mediated fp,.grp of
Ras with the highly active 5§ nM SOS; GEF-mediated fg,,grp
(11I) of Ras, GEF-mediated fy,..qrp of Ras with the highly active
0.6 uM SOS; GEF-mediated fp...qrp, cellular fraction of GTP-
bound Ras over GTP- and GDP-bound Ras in the presence of
GEF; intrinsic fg...qrp, intrinsic cellular fraction of GTP-bound
Ras over GTP- and GDP-bound Ras; wt, wild type.
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