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ABSTRACT: Embryonic Ras (ERas)a new subset of Ras proteinsare
characterized by a unique p-loop residue, unique Switch II residues, and an unusual
extended N-terminus. When expressed, both murine and human ERas are highly
populated in their GTP-bound forms. The expression of murine ERas is linked to the
development of murine embryonic cells, and the expression of human ERas is
correlated to certain human cancers. Mutation-based kinetic analyses, in combination
with assessments of the kinetic parameter-based calculation of the fraction of the
GTP-bound active form of ERas proteins, explain the kinetic mechanism that
produces the unprecedented hyperactive ERas. The ERas-speciﬁc p-loop residue
contributes ERas proteins to intrinsically populate their GTP-bound form in cells.
Furthermore, the ERas-speciﬁc Switch II residues block the catalytic action of
p120GAP on ERas proteins. This blockage sustains the previously mentioned GTP-bound ERas proteins. In essence, the
combined work of the ERas-speciﬁc p-loop and Switch II residues populates the exceedingly high GTP-bound form of ERas in
cells. This study also rules out any kinetic function of the unique ERas-speciﬁc N-terminus in the production of the hyperactive
GTP-bound ERas in cells. The biological role of this N-terminus remains uninvestigated. Intriguingly, the ERas-speciﬁc p-loop
residue matches the mutated Ser residue of the Costello Syndrome G12S HRas mutant that also intrinsically populates its GTPbound form in cells. However, because the eﬀector protein of ERas diﬀers from that of G12S HRas, this kinetic similarity does
not confer on ERas biological and/or pathophysiological similarity to G12S HRas.

T

bound form. This constitutive hyperactivity of hERas and
mERas is thought to be linked to their function in the
development of murine embryos and human cancers. This
speculation arises because both hERas and mERas continuously
and intensely activate their downstream signaling events
speciﬁcally through activation of one of the unique PI3Ks,
PI3Kδ.6
The mechanistic factors that contribute to governing the
cellular activities of Ras are essentially composed of the intrinsic
kinetic facets of Ras with nucleotide in conjunction with the
catalytic actions of the regulatory proteins on Ras.12 The
nucleotide-binding features of Ras in the absence of any
regulatory proteins determine the intrinsic kinetic characteristics of Ras with nucleotide.13 Ras regulatory proteins include
guanine nucleotide exchange factors (GEFs) and GTPaseactivating proteins (GAPs).3 GEFs upregulate the function of
Ras by accelerating the intrinsically slow rate of the guanine
nucleotide exchange (GNE) of Ras that is necessary to generate
the active GTP-bound state of Ras.14 Several GEF proteins that
target the Ras family of GTPases are known. These include the
Son of Sevenless (SOS),15 the Ras guanine-nucleotide-release

he Ras family of small GTPases consists of several GTPbinding proteins that include Harvey Ras (HRas), Kirsten
Ras (KRas), and Neuroblastoma Ras (NRas).1 HRasa
hallmark of the Ras family of small GTPases―is closely
related, structurally and functionally, to its isoforms of KRas
and NRas.2 These Ras proteins function as a molecular switch
by cycling between inactive GDP-bound and active GTP-bound
forms.3 The active GTP-bound HRas, KRas, and NRas
stimulate their downstream eﬀectors such as Raf, RalGDS,
and/or phosphatidylinositol-3-kinases (PI3Ks) that include
PI3Kα, PI3Kβ, and PI3Kγ, and the resultant stimulation events
control such cellular processes as proliferation, diﬀerentiation,
and apoptosis.4,5
A recent study has added a new subset of the Ras protein,
Embryonic Ras (ERas), to the Ras family of small GTPases.
The murine ERas (mERas) is expressed at the embryonic cell
stage of murine; it plays a critical role in the development of a
murine embryo.6 Unlike mERas, the expression of human ERas
(hERas) is epigenetically silent.7 The mechanism of this silence
of hERas expression has not yet been clariﬁed. Nevertheless,
whenever hERas is expressed in human cells, it causes
development of certain forms of cancers, such as pancreatic,
breast, gastric, and colorectal carcinomas.7−11 Although these
ERas proteins diﬀer in their cellular functions, both present in
cells as a constitutively and highly populated hyperactive GTP© 2016 American Chemical Society
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Figure 1. Sequence comparison of ERas with HRas. A sequence alignment of ERas, including hERas and mERas with wt HRas, was performed by
using ClustalX (version 1.83). The p-loop, Switch I, and Switch II motifs of these Ras proteins are underlined. The ERas-speciﬁc extended Nterminus (38 amino acids), p-loop residue, and Switch II residues also are shown in boldface.

factor (RasGRF),16 and the Ras guanyl nucleotide-releasing
protein (RasGRP).17 The general architecture of these related
GEFs is conserved sequentially and structurally within the
catalytic core domain Cdc25.16−18 In contrast to GEFs, GAPs
downregulate the GTPase activity of Ras by stimulating the
intrinsically slow rate of GTP hydrolysis to populate Ras in its
inactive GDP-bound form in vivo. Several diﬀerent Ras GAPs,
including p120GAP, neuroﬁbromin1 (NF1), and the GAP1
family,19 have also been reported; however, they are all
structurally similar in having a RasGAP catalytic core domain.20
The mechanistic features and functions of the intrinsic
kinetic facets of Ras with nucleotide, as well as the catalytic
actions of the regulatory proteins on Ras for control of Ras
activity, are tightly tied with certain motifs of Ras.12 Several key
motifs in HRas were mechanistically characterized for their
involvement in HRas activity controls coupled with the
determination of the intrinsic kinetic features of HRas and
the control of the catalytic function of regulatory proteins.12 It
also is notable that these characterized HRas motifs are
essentially conserved in other Ras proteins such as KRas and
NRas. Therefore, the mechanistic features of the HRas motifdependent HRas activity controls also are commonly applicable
to those of the KRas and NRas activity controls. Nonetheless,
when the HRas motif is altered, such as by a motif mutation
(e.g., G12V HRas), this alteration perturbs the intrinsic kinetic
features of HRas and/or the interaction between HRas and
regulatory proteins.12 Such a perturbation deregulates HRas
activity controls and this deregulation often results in
production of the highly populated GTP-bound active form
of HRas.21 Because ERas is shown to be highly deregulated in
cells to produce constitutively hyperactive GTP-bound ERas,6 a
comparison of the ERas motifs with the mechanically
characterized HRas motifs that tightly control HRas activity12
could be useful to understand the nature of hyperactivity of
ERas in cells. HRas possesses many motifs, including the p-loop
(Gly10-Ser17), Switch I (Gln25-Tyr40), Switch II (Asp57-Tyr64),
and NKXD (Asn116-Asp119), and SAK (Ser145-Lys147) (Figure

1).22 The p-loop and NKXD motifs of the HRas primarily
interact with its GTP and GDP ligands, and Switches I and II of
HRas interact with its regulatory and eﬀector proteins (Figure
1).22 With some variations, most of these HRas motifs are
conserved in hERas and mERas. The variations in the p-loop
and Switch II of ERas are potentially interesting. This is
because the combinational feature of the p-loop with the Switch
II of HRas dictates the binding features of HRas with GTP and
GDP. The unique hERas-speciﬁc variations include the p-loop
residue Ser50 (equivalent to HRas Gly12) and the Switch II
residues Ala100 and Ile101 (equivalent, respectively, to HRas
Glu62 and Glu63). These unique p-loop and Switch II residues
of hERas also are conserved in mERas, with the exception that
mERas possesses Asp100 instead of the hERas Ala100 (hERas and
mERas numbering are the same) (Figure 1). Uniquely, unlike
the hERas Switch II residue, mERas has an additional hERasspeciﬁc Switch II residue Ser97 (equivalent to HRas Ala59)
(Figure 1). In addition, hERas, unlike HRas, has a unique
extended N-terminus (38 amino acids) (Figure 1). Despite a
variation in its sequence position, mERas also contains this
unusual extended N-terminus (38 amino acids) (Figure 1).
One hypothesis is that the p-loop Ser50 and Switch II
residues Ala97/Ser97 and Ile101 of ERas interfere with the
binding interaction of ERas with GAP.6 This hypothetical
interference then results in the inhibition of the GAP-mediated
hydrolysis of the bound GTP, which thereby maintains the
GTP-bound state of ERas proteins. This hypothesis makes an
attractive model to explain the prevalence of the high amounts
of GTP-bound form of ERas in cells. However, despite its
allure, several concerns about it must be addressed.
First, in the previous study,6 the substituted Val residue in
the oncogenic G12V mutant of HRas was the comparative
model counterpart of the Ser50 of ERas proteins. However, our
recent study determined that the kinetic properties of the
Costello Syndrome HRas G12S mutant, with and without the
regulatory proteins, diﬀer from those of the oncogenic HRas
G12V mutant with and without the regulatory proteins.12 This
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cells by using the pEBG-SrfI vector.25 All of these proteins were
tagged with Glutathione S-transferase (GST). The GST-fusion
proteins were then puriﬁed by chromatography on a
glutathione agarose aﬃnity column (Thermo Scientiﬁc)
(Figure 2). A size exclusion column was used to remove the

study suggests a need to reevaluate the G12V HRas-based
proposed role of the Ser50 of ERas proteins in their GTP-bound
state.
Second, as noted earlier, Ser97, one of the mERas Switch II
residues, is not conserved in hERas despite its uniqueness.
Nevertheless, its counterpart, hERas residue Ala97, is comparable to the unmutated HRas residue Ala59 (Figure 1).
However, as with Ala97, hERas still contains a high cellular
population of the GTP-bound form.6 Therefore, this analysis
argues against the likelihood of the hypothesized role of the
mERas residue Ser97 in the perturbation of the ERas GAP
interaction.
Third, the Ile101 of the ERas-speciﬁc Switch II residue is
sequentially equivalent to Glu63 HRas, which is near the hot
spot for the HRas Switch II mutations―Gln61―to use to
interfere with the catalytic action of GAPs.20,23 Although rare,
HRas containing a duplicate of the span of the HRas Switch II
region (Glu63-Asp69) has been reported and shown to interfere
with the binding of HRas to GAP on HRas and cause a mild
Costello syndrome.24 However, there is no report of an Ile
mutation at the Glu63 position of HRas. This means no
biochemical kinetic research has been done on the potential
role of the ERas residue Ile101 in the perturbation of the Ras
GAP-binding interactions.
Last, previous analyses have not considered another unique
Switch II residue, known as Ala100 in hERas and as Asp100 in
mERas (Figure 1). The location of these Ala100/Asp100 residues
in the Switch II region of ERas prompts speculation similar to
that about the possible role of ERas Ile101.
Based on the motif residue analyses, various ERas and HRasbased ERas mimics that possess the unique ERas-speciﬁc
residues were generated. A series of comparative kinetic
experimental approaches were conducted for these Ras proteins
with and without regulatory proteins. The reverse constructs of
HRas-based ERas mimics, the ERas-based HRas mimics, also
were generated. This allowed comparison of their kinetic
features to HRas and ERas to verify any conclusions derived
from the comparative studies of ERas, HRas, and HRas-based
ERas mimics. Finally, kinetic analyses were then undertaken
that dovetailed with the theoretical Ras-bound GTP fraction
calculations12 for these various Ras proteins with and without
eﬀectors. These calculations were further veriﬁed by determination of the cellular fractions of the GTP-bound forms of
selected Ras proteins. These approaches revealed a kinetic
mechanism that underlies the formation of the unique
constitutively hyperactive ERas in cells and is associated with
the ERas-speciﬁc residues.

Figure 2. Determination of the purity of ERas proteins. The SDSPAGE (12%) of the GST-tagged wt hERas and wt mERas as well as
their N-terminus truncated versions is shown. These GST-tagged
proteins were puriﬁed as indicated in the Materials and Methods
section. All of these Ras protein bands in the SDS-PAGE are shown to
be purer than 95% as judged by densitometric analyses.

GST moiety of the fusion proteins after their treatment with
PreScission Portease (GE# Healthcare). The hERas-based
HRas-mimicking mutants, such as hERas-based HRas Switch II
mimics and minimal mimic, also were prepared as with the wt
hERas. A full-length wt HRas was expressed in, and puriﬁed
from, E. coli as essentially described in the previous study.12
The following were also prepared the same way as in the
previous study: the full-length HRas containing-hERas span-A
(containing hERas sequence 40−60 that includes the p-loop of
hERas); -B (containing hERas sequence 61−105 that
encompasses Switch I and II of hERas); -C (containing
hERas sequence 106−233 that includes NKCD/SAK motif of
hERas); and -A/B (containing hERas sequence 40−105 that
includes the p-loop as well as Switches I and II of hERas); and
HRas-based hERas and mERas-mimicked mutants encompassing HRas-based hERas and mERas Switch II mimics and
minimal mimic.12 Note that the sequence of the span-A of
hERas is identical to the corresponding sequence of HRas,
except Gly12 (HRas numbering, sequentially match Ser50 of
hERas) (Figure 1). Therefore, the HRas-based hERas span-A
mimic is essentially equivalent to the p-loop mutant G12S
HRas.12 Cdc25 (564−1049), the catalytic core domain of
SOS1, was expressed in and puriﬁed from E. coli, as described in
the previous study.14 A full-length p120GAP (1−1047) was
expressed in, and puriﬁed from, insect Sf9 cells. This was also
described in the previous study.12
Kinetic Analyses. Scheme 1, which deﬁnes the kinetic
parameters associated with the regulatory paths of Ras activity
in the presence and absence of GEF and/or GAP, is a

■

MATERIALS AND METHODS
Experimental Conditions and Protein Preparations.
All proteins used to determine the values of the kinetic
parameters exceeded 95% purity, as assessed by the SDS-PAGE
analyses. All kinetic values were measured with an assay buﬀer
made up of 50 mM NaCl, 10 mM MgCl2, 100 μM
diethylenetriaminepentaacetic acid, and 100 mM TrisHCl
(pH 7.4).
Except for the mouse-derived mERas construct, all other
protein constructs were derived from humans. However,
although the origin of the protein constructs was the same
(e.g., humans), their expressions were diverse from bacteria to
animal and insect cells. A full-length wild type (wt) hERas (1−
233), and N-terminus truncated hERas (39−233; ΔN-hERas),
as well as wt mERas protein (1−227) were expressed in 293T
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Scheme 1

Scheme 2

modiﬁcation of Scheme 1 of the previous study.12 The
modiﬁcation includes addition of the k−8 path. This change
occurred because the analyses of the kinetic properties of the
k−8 step associated with the k+8 step were necessary to fully
decipher the role of the action of GAP on the ERas-bound GTP
hydrolysis.
The binding features of Ras with its guanine nucleotide
ligands GTP and GDP can be described with the values of the
dissociation constant (KD) of Ras for GTP and GDP. The KD
of Ras for GTP then can be further speciﬁed with its
component rate constants of k+1 and k−1 (Scheme 1). The
KD of Ras for GDP can also be deﬁned with its component rate
constants of k+2 and k−2 (Scheme 1). Accordingly, the process
of the intrinsic GNE of Ras occurs through kinetic steps k+1,
k−1, k+2, and k−2.
The catalytic action of GEF includes the steps of the binding
interactions of GEF with Ras to facilitate Ras GNE. However,
unlike other typical enzymes, the catalytic action of GEF lacks a
chemical modiﬁcation step for its substrate, such as the catalytic
kinetic step (the k+8 step in Scheme 1) of the GAP action for
Ras. Therefore, the features of the catalytic action of GEFs on
Ras GNE can be described only with the KD values of GEF for
Ras. The KD of GEF for the GTP-bound Ras can be further
divided into its component rate constants of k+3 and k−3

(Scheme 1). The KD of GEF for the GDP-bound Ras is also
expressed with its component rate constants of k+4 and k−4
(Scheme 1). Note that the k+5 and k−5 steps encompass the
formation of the extremely unstable nucleotide-deﬁcient Ras.
This instability makes it unrealistic to think these steps
represented by k+5 and k−5 are involved in GEF-mediated
GNE of Ras. Therefore, the GEF-mediated Ras GNE proceeds
through kinetic steps k+3, k−3, k+4, and k−4.
Ras is known to have an ineﬃcient intrinsic GTPase activity.
The intrinsic Ras GTP hydrolysis proceeds through step k+6
(Scheme 1).
As is typical of these enzymes, the catalytic action of GAP on
the GTP-bound Ras proceeds through the binding of GAP with
the GTP-bound Ras and the hydrolysis of the bound GTP.
This binding and hydrolysis produce the GAP complexed with
the GDP-bound Ras and Pi. After this sequence the GDPbound Ras and Pi are released from GAP. Thus, the catalytic
action of GAP on the GTP-bound Ras that produces the GDPbound Ras and Pi can be described with the Michelis-Menten
constant (KM) of p120GAP for the GTP-bound Ras to produce
the GDP-bound Ras and Pi. The component rate constants of
the KM are k+7, k−7, and k+8 (Scheme 1); thus, these steps, k+7,
k−7, and k+8, are involved in the GAP-mediated Ras GTP
hydrolysis. Although k+8 represents the overall catalytic
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for the GDP-bound Ras with AlF4− are meaningful. This is
because they would more or less reﬂect the relative fold
diﬀerences of the kinetic values of the enzyme for the GDPbound Ras with Pi.
Calculation of Theoretical Fractions of the GTPBound Form of Ras. To calculate the theoretical values of
the comprehensive fraction of the GTP-bound Ras ( f Ras•GTP of
Ras), we adopted the previously established formula12 that uses
the parameters shown in Scheme 1. This formula takes into
account the three sets of distinctive kinetic terms: the intrinsic,
GEF-, and GAP-relevant. Although these intrinsic kinetic terms
depend solely on intrinsic kinetic parameters, the GEF-relevant
kinetic terms depend not only on the GEF-relevant kinetic
parameters, but also on the GEF activities and concentrations.12
This study essentially uses the sets of three diﬀerent
combinational values of the GEF-relevant kinetic terms
considered in the previous study.12 These values are (I) the
minimally active 5 nM SOS (representing the action of 5 nM
SOS with the k+3 and k+4 values); (II) the highly active 5 nM
SOS (representing the action of 5 nM SOS with k+3 and k+4
values ×500); and (III) the highly active 0.6 μM SOS
(representing the action of 0.6 μM SOS with k+3 and k+4
values ×500). Unlike with GEFs, variations in the activity of
p120GAP have not been reported; therefore, they are not
considered in this study. For convenience, as in the previous
study,12 p120GAP with a concentration of ∼10 nM was chosen
as the default GAP concentration. Accordingly, three diﬀerent
values for the comprehensive f Ras•GTP of Ras were calculated as
(I) the minimally active 5 nM SOS/10 nM p120GAP-; (II) the
highly active 5 nM SOS/10 nM p120GAP-; and (III) the highly
active 0.6 μM SOS/10 nM p120GAP-mediated f Ras•GTP of Ras.
It is noteworthy that GTP-bound Ras is a substrate for both
GEF and GAP. Thus, GEF and GAP compete for the GTPbound Ras. This competition could change the apparent KD
(appKD) value of GEF for the GTP-bound Ras as well as the
app
KD and apparent KM (appKM) values of GAP for the GTPbound Ras. However, this competition does not change either
the true value of KD of GEF for the GTP-bound Ras or the true
values of KD and KM of GAP for the GTP-bound Ras. All KD
and KM values determined within this study denote true values
(see below). Also, the component rate constants of these KD
and KM values reported in this study also are true values (see
below). Therefore, the combinational eﬀects of the action of
both GEF and GAP on the GTP- and GDP-bound Ras in terms
of the values of the comprehensive f Ras•GTP of Ras (see above)
are certainly valid because they were determined by using the
true kinetic values calculated within this study.
Determination of the Intrinsic Kinetic Parameters for
Ras GNE. To measure the binding aﬃnities of receptor Ras
proteins for their nucleotide ligands (GTP and GDP), Ras
proteins (1 μM) loaded with the radioactive nonhydrolyzable
GTP analog [35S]GTPγS (∼400 cpm/pmol) and [8-3H]GDP
(∼200 cpm/pmol), respectively, were titrated with unlabeled
GTP and GDP (0−100 μM). The titrated Ras samples were
subsequently withdrawn 30 min after each injection of the
ligands GTP and GDP into the receptor [35S]GTPγS- and
[8-3H]GDP-bound Ras. These samples were then spotted onto
nitrocellulose membranes. The 30 min time interval of titration
assures equilibrium at each titration between the Ras samples
and the titrant nucleotides. Next, the Ras-spotted nitrocellulose
membranes were washed three times with an assay buﬀer; their
radioactivity was determined by using a Beckman-Coulter
scintillation counter. The radioactive values of the titrated Ras

turnover rate of the GAP-mediated catalysis of the GTP-bound
Ras to produce the GDP-bound Ras and Pi, and k+7 and k−7 are
the components of KD of GAP for the GTP-bound Ras. This
represents the binding feature of p120GAP with the GTPbound Ras (Scheme 1). The catalytic eﬃciency of p120GAP for
the GTP-bound Ras that produces the GDP-bound Ras and Pi
can then be deﬁned with the fraction of the k+8 value over the
KM value that is equivalent to the combination of the k+7, k−7,
and k+8 values. Note that although the k−8 step is not part of the
description of the KM of GAP for the GTP-bound Ras, the k−8
step involves the reverse of the GAP-mediated hydrolysis of the
Ras-bound GTP (Scheme 1). In accounting for the feature
transition state of the catalytic action of GAP on the GTPbound Ras, the k+8 step can then be further speciﬁed with its
subcomponents k+8a and k+8b, whereas the k−8 step can be
speciﬁed with its subcomponents k−8a and Ras•GDPk−8b (Scheme
2).
The transition between the GAP complexed with the GTPbound Ras and the GAP complexed with the GDP-bound Ras
and Pi can be described with a transition equilibrium constant
(K‡). Its component steps can be termed k+8a and k−8a (Scheme
2).
Finally, release of the hydrolyzed products GDP-bound Ras
and Pi from GAP can be described with the inhibition constant
(KI) of GAP for the GDP-bound Ras in the presence of an
excess of Pi. This KI can also be expressed with its component
rate constants of k+8b and Ras•GDPk−8b (Scheme 2). It also is
possible to deﬁne a KI of GAP for Pi in the presence of an
excess of the GDP-bound Ras. However, this KI represents the
binding interaction of Pi with the GDP-bound Ras to produce
the GDP-bound Ras complexed with Pi in the presence of
GAP. An investigation of these binding interactions between Pi
and the GDP-bound Ras in the presence of GAP exceeds the
scope of this research. Therefore, after this section we will no
longer consider the KI of GAP for Pi in the presence of an
excess of GDP-bound Ras that can be expressed with k+8b and
Pi
k−8b. Consequently, within this study, the combination of the
k+8a step with the k+8b step represents the overall catalytic
turnover k+8 step. Similarly, the combination of the k−8a step in
essence with the Ras•GDPk−8b, but not the Pik−8b step, denotes the
k−8 step.
Although neither the K‡ and KI values nor their component
rate constants can be measured in the setup of the experiments
in this study, the KI value of GAP for the GDP-bound Ras in
the presence of an excess of Pi is of particular interest. This is
because, along with the KD value, the KI value aids
comprehension of the role of the inclusive GAP binding
interactions with its substratethe GTP-bound Ras, and its
product, the GDP-bound Ras with Piin the catalytic action of
GAP on the GTP-bound Ras to produce the GDP-bound Ras
and Pi.
The KI of GAP for the GDP-bound Ras with an excess of Pi
can be imitated. This can be done with an analog inhibition
constant (*KI) of GAP for the GDP-bound Ras with an excess
of AlF4− that is the Pi analog. Then, the *KI of GAP for the
GDP-bound Ras with an excess of AlF4− can be expressed with
its component steps *k+8b and *Ras•GDPk−8b; these two steps
correspond, respectively, to steps k+8b and Ras•GDPk−8b (Scheme
2). Note that the kinetic values of GAP for the GDP-bound Ras
with the mimicry molecule AlF4− are not identical to the kinetic
values of the enzyme for the GDP-bound Ras with the bona
ﬁde molecule Pi. However, despite their slight diﬀerences, the
relative fold diﬀerences within the kinetic values of the enzyme
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each titration. Fluorescence intensities (excited at 360 nm and
monitored at 450 nm) at each titration were monitored by
using a Spectrometer (LS 55, PerkinElmer) and plotted against
the concentration of the titrant Receptor Cdc25. The plots
were ﬁt to a hyperbola to determine the appKD of Cdc25 for the
mantGppNHp- and mantGDP-bound Ras proteins. In
accounting for the Theroell-Chance mechanism hypothesis,26
the titration inherits the three-way binding competition
between Cdc25, the Ras-bound mantGppNHp, and mantGDP
for the Ras nucleotide-binding site. Therefore, as in
determining the appKD value of Ras for GTP and GDP, eq 2
compensated for this competitive factor in obtaining the KD
value of Cdc25 for the mantGppNHp- and mantGDP-loaded
Ras proteins. In the titration of the mantGppNHp- and
mantGDP-bound Ras with Cdc25, the KD and appKD in eq 2
represent the true and apparent dissociation constants of
Cdc25 for the mantGppNHp- and mantGDP-bound Ras. Also,
in the titration of the mantGppNHp- and mantGDP-bound Ras
with Cdc25, the *KD is the dissociation constant of Ras for
mantGppNHp and mantGDP, whereas [C] is the concentration of the mantGppNHp and mantGDP that were initially
bound Ras proteins. Finally, because mantGppNHp and
mantGDP, respectively, are analogs of GTP and GDP, the
KD of Cdc25 for the mantGppNHp- and mantGDP-bound Ras
are then noted as the KD of Cdc25 for the GTP- and GDPbound Ras proteins.
The respective kinetic values of the k+3 and k+4 values of
Cdc25 for GTP and GDP-bound Ras, also were determined.
This determination used various mantGppNHp- and
mantGDP-loaded Ras proteins (1 μM) in the presence of
Cdc25 (50 nM). These procedures were essentially the same as
noted in the previous study.12 Note that, as with the method to
determine the k−1 and k−2 values, no speciﬁc factor inherits the
method to determine the k+3 and k+4 values. Therefore, the
determined k+3 and k+4 values Cdc25 for mantGppNHp- and
mantGDP-bound Ras are considered to be their true values
without any kinetic compensation. Because mantGppNHp and
mantGDP are analogs of GTP and GDP, the k+3 and k+4 values
determined for Cdc25 for mantGppNHp- and mantGDPbound Ras are denoted, respectively, as the k+3 and k+4 values of
Cdc25 for GTP and GDP-bound Ras.
The k−3 and k−4 values of Cdc25 for GTP- and GDP-bound
Ras were calculated by using eq 4 with the KD, k+3, and k+4
values.

samples were plotted against their corresponding titrant
concentrations. The plots were then ﬁt to a hyperbola to
determine the appKD of Ras proteins for GTP and GDP. This
approach to determining the appKD value of Ras proteins for
GTP and GDP inherits the binding competition of the titrant
GTP and GDP with the Ras-bound [35S]GTPγS and
[8-3H]GDP for the Ras nucleotide-binding site. To produce
the true KD of Ras for GTP and GDP, eq 1 was used to
compensate for the competitive factor in the appKD values.
KD = appK D − [C ]

(1)

Parameter [C] in eq 1 represents the concentration of the
binding competitor. For the Ras titration with GTP and GDP,
KD and appKD in eq 1, respectively, denote the true and
apparent dissociation constants of Ras for GTP and GDP. Also,
parameter [C] in the Ras titration with GTP and GDP is,
respectively, the concentration of the competitive nucleotide
analogs [35S]GTPγS and [8-3H]GDP that were initially bound
to Ras proteins. It is noteworthy that eq 1 is a simpliﬁcation of
eq 2, which depicts the relation between the appKD and KD of
the receptor for the ligands in combination with the true analog
dissociation constant (*KD) of the receptor for the competitor.
⎛
[C ] ⎞
K D = KD·⎜1 +
⎟
*KD ⎠
⎝

app

35

(2)

3

[ S]GTPγS and [8- H]GDP are analog molecules of GTP
and GDP. Therefore, the values of *KD of Ras for [35S]GTPγS
and [8-3H]GDP are assumed to be the same, respectively, as
those of the KD of Ras with GTP and GDP. When the KD value
equals the *KD value, eq 2 becomes eq 1.
The values of k−1 and k−2 of the Ras proteins for GTP and
GDP were determined, respectively, by monitoring the
dissociation of [35S]GTPγS and [8-3H]GDP from various Ras
proteins (1 μM) loaded with [35S]GTPγS (∼1200 cpm/pmol)
and [8-3H]GDP (∼600 cpm/pmol) in the presence of 1 μM
GTP and GDP. This procedure is essentially the same as
described in the previous study.12 Note that, unlike the
determination of the KD values of Ras for GTP and GDP, this
method does not inherit any factor that alters the k−1 and k−2
values. Therefore, without any compensation, the values
determined for k−1 and k−2 are considered to be the respective
true values of the GTP and GDP dissociation from Ras.
The k+1 and k+2 values were calculated by using eq 3 in
conjunction with the KD values and the k−1 and k−2 values.
k+1 = k −1/KD

and

k+2 = k −2/KD

k −3 = k+3 × KD

(3)

and

k −4 = k+4 × KD

(4)

Note that the KD of Cdc25 for the GTP-bound Ras was used
to calculate k−3. However, the KD of Cdc25 for the GDP-bound
Ras was used to calculate k−4.
Determination of the Kinetic Parameters for the
Intrinsic and GAP-Mediated Ras GTP Hydrolysis. The
kinetic parameters of k+6 and k+8 were determined by using
various Ras proteins (1 μM) loaded with [γ-32P]GTP (∼500
cpm/pmol) with and without p120GAP (5 nM); all procedures
were essentially as described in the previous study.12 Various
Ras proteins loaded with [γ-32P]GTP in the presence of
p120GAP were used to obtain the values of KM of p120GAP for
Ras concomitantly with the determination of k+8. However, a
separate set of experiments, followed by the previously
established method,27 were used to determine the KD values
of p120GAP for Ras proteins. Brieﬂy, Ras proteins (1 μM)
loaded with mantGppNHp in an assay buﬀer were titrated with
various concentrations of p120GAP (0−200 μM). The titration

Note that the KD of Ras for GTP was used to calculate k+1.
However, the KD of Ras for GDP was used to calculate k+2.
Determination of the Kinetic Parameters for the
Cdc25-Mediated Ras GNE. Fluorescence-based titration of
Ras proteins (1 μM) loaded with 2′(3′)-O-(N-methylanthraniloyl) 5′-guanylyl-imidodiphosphate (mantGppNHp; a nonhydrolyzable mantGTP analog ﬂuorescence) and the 2′(3′)-O(N-methylanthraniloyl) guanosine diphosphate (mantGDP
analog ﬂuorescence) with Cdc25 (0−2 mM) were performed
to measure the binding aﬃnities of Cdc25 for the GTP- and
GDP-bound Ras proteins. Note that, for convenience, the
ﬂuorescence ligand mantGppNHp- and mantGDP-loaded Ras
proteins were titrated with Receptor Cdc25. The titration time
interval of the Ligand mantGppNHp- and mantGDP-loaded
Ras proteins with Receptor Cdc25 was 5 min; this is suﬃcient
to allow equilibrium between the Ras samples and Cdc25 at
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Table 1. Intrinsic Kinetic Parameters of Various Ras Proteins with Respect to the Ligand Nucleotidesa
Ras GTP-binding interaction
wt HRas
HRas-based hERas span-A mimic
HRas-based hERas span-B mimic
HRas-based hERas span-C mimic
wt hERas
N-terminus truncated hERas
hERas-based HRas p-loop mimic

ΔN-hERas
ΔN−S50G hERas

Ras GDP-binding interaction

KD (pM)

k+1 (106 M−1 s−1)

k−1 (10−4 s−1)

KD (pM)

k+2 (106 M−1 s−1)

k−2 (10−4 s−1)

21
3.2
16
19
1.3
1.6
17

4.3
6.2
4.2
4.5
7.7
6.3
4.1

0.9
0.2
0.7
0.9
0.1
0.1
0.6

32
137
42
31
203
166
27

3.8
3.5
3.5
3.9
3.1
3.8
3.2

1.2
4.8
0.8
1.2
6.3
6.3
0.9

a

The intrinsic kinetic values shown above were determined as described in Materials and Methods. The SD values of these kinetic parameters are
less than 15% of the values shown. Among these values, the k−1 and k−2 values of wt HRas and of the HRas-based hERas span-A mimic (equivalent
to G12S HRas) were copied from the previous study.12 As discussed, the kinetic values of various Ras proteins are not listed but shown instead in
Table S1 of the Supporting Information.

mimic.28 Quantiﬁcation of the formation of the catalytic
transition-state mimic permits determination of the inhibition
constant (i.e., *KI) of p120GAP for the GDP-bound Ras with
an excess of AlF4− and of *KI of p120GAP for AlF4− with an
excess of the GDP-bound Ras.
Brieﬂy, to determine the *KI values of p120GAP for
Ras•GDP in the presence of excess AlF4−, Ras (1 μM) loaded
with mantGDP was titrated with p120GAP (1−200 μM) in the
presence of excess AlF4− (20 mM NaF plus 50 μM AlCl3). The
blue shift of ﬂuorescence (excited at 360 nm and monitored at
432 nm) because of the formation of the catalytic transitionstate mimic of the p120GAP-mediated Ras GTP hydrolysis was
monitored with a Spectrometer (LS 55, PerkinElmer). The
titration time interval was 5 min because it was suﬃcient for the
Ras samples and Cdc25 to reach equilibrium between each
titration. Fitting the plots of the ﬂuorescence intensity over the
p120GAP concentration to a hyperbola gave *KI values of
p120GAP for Ras•GDP in the presence of excess AlF4−. The
titration of mantGDP-loaded Ras (1 μM) with AlF4−, instead of
p120GAP, produced plots of the ﬂuorescence intensity over the
AlF4− concentration. In this titration, an excess (200 μM) of
p120GAP, instead of AlF4−, was present. The plots were then
ﬁtted to a hyperbola to determine the *KI values of AlF4− for
Ras•GDP in the presence of an excess of p120GAP.
The *k+8b value (Scheme 2) was measured by monitoring the
dissociation of the mantGDP-bound Ras from the catalytic
transition-state mimic “Ras•GDP-AlF4−•p120GAP” that couples with declination of the blue-shift ﬂuorescence intensity.
Brieﬂy, a sample (40 μL) containing mantGDP-bound Ras with
an excess of p120GAP (200 μM) and AlF4− (20 mM NaF plus
50 μM AlCl3) was transferred to a solution (4 mL) containing
the GDP-bound Ras diluted with an excess of p120GAP (200
μM) and AlF4− (20 mM NaF plus 50 μM AlCl3). The
subsequent change in ﬂuorescence intensity (excited at 360 nm
and monitored at 432 nm) was then monitored with a
Spectrometer (LS 55, PerkinElmer) for 30 min.
Using the *KI values and the *k+8b value in combination with
eq 8, Ras•GDPk−8b and Pik−8b values (Scheme 2) were calculated.

time interval was the same as for the titration of the
mantGppNHp- and mantGDP-loaded Ras proteins with
Cdc25 (see above). Their change in ﬂuorescence intensity
(excited at 360 nm and monitored at 450 nm) was monitored
with a Spectrometer (LS 55, PerkinElmer). The plots of the
changes in the p120GAP concentration-dependent ﬂuorescence
intensity were then ﬁt to a hyperbola to determine the KD
values of p120GAP for Ras. There is no competitive factor in
the binding interaction between p120GAP and Ras. Therefore,
the KD values of p120GAP determined for Ras are considered
to be true values.
Equation 5, in combination with the estimated values of k+8
and the values of KM and the KD values of p120GAP for Ras,
was used to calculate the values of k+7
k+7 =

k+8
KM − KD

(5)

Using eq 6 with the k+7 value (eq 5) and the KD value of
p120GAP for Ras, the values of k−7 were calculated.
k −7 = k+7·KD

(6)

Equation 7 with the estimated values of KM and k+8 was then
used to calculate the values of the catalytic eﬃciency of the
action of p120GAP on Ras.
catalytic efficiency = k+8/KM

(7)

Determination of the Kinetic Parameters for the
Product Inhibition of the Catalytic Action of GAP on Ras
GTP Hydrolysis. The reverse process in the formation of the
catalysis transition state “Ras•GDP-Pi•p120GAP” is a secondorder process (Scheme 2) in which the two factors that are
GDP-bound Ras and Pi are variable for p120GAP. Therefore,
there are two distinct parameters that describe how potential
product inhibition of the catalytic action of GAP on Ras GTP
hydrolysis could exist. One of these is the KI of p120GAP for
the GDP-bound Ras with an excess of Pi. The other is the KI of
p120GAP for Pi with an excess of the GDP-bound Ras that
could be used to produce a catalysis transition state. However,
under the experimental approach this study uses, the transiently
formed Ras•GDP-Pi•p120GAP complex was impossible to
detect. Therefore, measurement of these KI values was not
feasible. However, a catalysis transition state that mimics
Ras•GDP-Pi•p120GAP can be produced by using tetraﬂuoroaluminate (AlF4−) instead of Pi to create “Ras•GDPAlF4−•p120GAP.″28 The previous study also established the
ﬂuorescence-based detection of a catalytic transition-state

Ras • GDP

k −8b

or

Pi

k −8b = k+8b·*KI

(8)

The k+8b value and a *KI value of p120GAP for the GDPbound Ras with an excess of AlF4− were used to calculate the
Ras•GDP
k−8b value. The Pik−8b value was calculated by using the
k+8b value and a *KI value of p120GAP for AlF4− with an excess
of the GDP-bound Ras.
Quantiﬁcation of the Fractions of the GTP-Bound Ras
in Cells. The previous study described the essential aspects of
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Table 2. Kinetic Parameters of Cdc25 for the GTP- and GDP-Bound Forms of Various Ras Proteinsa
Cdc25
GTP-bound Ras
KD (nM)
wt HRas
HRas-based hERas span-A mimic
HRas-based hERas span-B mimic
HRas-based hERas span-C mimic
wt hERas
N-terminus truncated hERas
ΔN-hERas

3

k+3 (10 M

12.6
12.5
13.1
12.6
12.9
12.8

−1

−1

s )

7.2
7.0
7.6
7.1
6.9
6.8

GDP-bound Ras
k−3 (10 s )

KD (nM)

k+4 (103 M−1 s−1)

k−4 (105 s−1)

9.1
8.8
10.0
8.9
8.9
8.7

9.8
9.5
9.6
10.1
9.6
9.8

7.8
8.0
7.6
7.4
7.6
7.6

7.6
7.6
7.3
7.5
7.3
7.4

5

−1

a
Kinetic values were obtained as described in Materials and Methods. The SD values of these kinetic parameters are less than 15% of the values
presented. Of these values, the k+3 and k+4 values of Cdc25 for wt HRas and of the HRas-based hERas span-A mimic (equivalent to G12S HRas)
were copied from the previous report.12 As with Table 1, the undiscussed kinetic values of Cdc25 for various Ras proteins are omitted but presented
in Supporting Information Table S2.

Table 3. Kinetic Parameters of p120GAP for the GTP-Bound Ras Proteins and the GDP-Bound Ras Proteins in the Presence of
an Excess AlF4−a
p120GAP
Intrinsic Ras
GTP hydrolysis

*k+8b
(10−4
s−1)

*Ras‑GDPk−8b
(s−1 M−1)

62
87
206
150
136
227

62.7
84.0
1.8
2.7
3.8
1.4

101.1
97.1
0.9
1.8
2.8
0.6

0.82
0.001
0.001

67
223
219

54.0
1.3
1.3

80.6
0.6
0.6

0.32

72

69.8

96.9

catalytic
eﬃciency* (k+8/ *KI
KM)
(μM)

KM
(μM)

KD
(μM)

k+7
(10 s−1 M−1)

k−7
(s−1)

k+8
(s−1)

2.1
1.2
2.1
2.0
1.8
2.0

8.9
15.8
82.9
70.1
49.6
81.0

4.1
12.6
81.1
67.8
46.4
79.7

3.8
0.7
0.05
0.09
0.14
0.04

15.4
9.0
3.8
6.1
6.5
3.2

18.0
2.10
0.35
0.21
0.44
0.04

2.02
0.13
0.004
0.002
0.009
0.001

2.2
0.8
0.8

7.5
83.1
82.4

5.2
82.3
81.6

2.7
0.05
0.05

14.1
4.1
4.1

6.15
0.04
0.04

2.0

14.8

10.7

1.16

12.4

4.77

k+6 (10
wt HRas
HRas-based hERas span-A mimic
HRas-based hERas span-B mimic
HRas-based hERas
E62A HRas
Switch II mimics
E63I HRas
E62A/E63I
HRas
HRas-based hERas span-C mimic
wt hERas
N-terminus
ΔN-hERas
truncated hERas
hERas-based HRas
ΔN-A100E/
Switch II mimic
I101E hERas

GDP-bound Ras with an excess
AlF4−

GTP-bound Ras

−4

−1

s )

6

a

All kinetic values were measured as described in Materials and Methods. The SD values of data presented are less than 15% of the kinetic values
depicted. The *KI values of p120GAP for the GDP-bound wt HRas and the HRas-based hERas span-A mimic (equivalent to G12S HRas) with an
excess AlF4− were taken from Figure 4. The calculation of the *Ras‑GDPk−8b values by using *KI and *k+8b values is described in Materials and
Methods. The kinetic values of p120GAP for various undiscussed Ras proteins are excluded but presented in Supporting Information Table S3. The
values of KM and k+8 (and thus the catalytic eﬃciency) of wt HRas and of the HRas-based hERas span-A mimic (equivalent to G12S HRas) were
copied from the previous study.12

The k+1 and k+2 values of wt hERas do not deviate
signiﬁcantly from those of wt HRas (Table 1). However, the
k−1 and k−2 values of wt hERas are, respectively, signiﬁcantly
smaller and larger than the corresponding values of wt HRas
(Table 1). The results indicate that the intrinsic rates of GTP
and GDP association with wt hERas have no role in
determination of the intrinsically unique GTP and GDP
binding aﬃnities of wt hERas. Instead, the unique intrinsically
high GTP- and low GDP-binding aﬃnities of wt hERas are,
respectively, because of the relatively slow intrinsic dissociation
rate of GTP and the relatively fast dissociation rate of GDP
from wt hERas compared with those of the corresponding rates
associated with wt HRas.
hERas-Speciﬁc p-Loop Residue-Dependent Intrinsically Favorable GTP-Binding Features of wt hERas. The
intrinsic kinetic parameters that encompass the KD as well as
the k+1, k−1, k+2, and k−2 values of the HRas-based hERas spanA mimic for GTP and GDP are close to those values of wt
hERas for GTP and GDP; however, they deviate signiﬁcantly

the method used to measure the cellular fractions of the GTPbound Ras.12 Brieﬂy, various ras constructs were transfected
into NIH 3T3 cells, cultured for 4 days, then treated with 32P
for 5 h. Ras proteins in NIH 3T3 cells were immunoprecipiated
with Ras antibody and denatured to extract the Ras-bound
nucleotides (GTP and GDP). The nucleotide extracts were
further applied to thin-layer chromatography and autoradiographed using a densitometry (Bio-Rad GS-670) to estimate
the fraction values of the GTP-bound Ras.

■

RESULTS
Intrinsically High GTP and Low GDP Aﬃnity of wt
hERas. The KD value of wt hERas for GTP is ∼16.3 times less
than that of wt HRas for GTP (Table 1). However, the KD
value of wt hERas for GDP is ∼6.3 times more than that of wt
HRas for GDP (Table 1). These binding parameters indicate
that the intrinsic binding aﬃnities of wt hERas for GTP and
GDP are much stronger and weaker, respectively, than that of
wt HRas for GTP and GDP.
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based hERas span-A mimic and the k+6 value of wt hERas tends
to reinforce the possibility that the hERas-speciﬁc N-terminus is
unnecessary to yield the slow intrinsic GTPase activity of wt
hERas. This is again supported by the k+6 value of ΔN-hERas,
which is similar to the k+6 value of wt hERas.
Unusually Slow GTPase Activity of GAP with wt
hERas. The KM value of p120GAP for the GTP-bound wt
hERas is ∼9.3 times more than that of p120GAP for its known
substratethe GTP-bound wt HRas (Table 3). The results
suggest that, compared with the catalytic action of p120GAP
with GTP-bound wt HRas, the catalytic action of p120GAP
with GTP-bound wt hERas is signiﬁcantly perturbed. Thus, the
analyses indicate that, unlike the GTP-bound wt HRas, the
GTP-bound wt hERas is an unsuitable substrate for the
catalytic action of p120GAP. This result suggests that the
negative regulatory feature of p120GAP with respect to wt
HRas is inapplicable to wt hERas. The KD value of p120GAP
for the GTP-bound wt hERas is ∼20.0 times more than that of
p120GAP for GTP-bound wt HRas (Table 3). The results
indicate that the binding aﬃnity of p120GAP for GTP-bound
wt hERas is signiﬁcantly weaker than that of p120GAP for
GTP-bound wt HRas. Taking into account that the binding
interaction of an enzyme with its substrate is essential for the
catalytic action of an enzyme to proceed, interference with the
binding of p120GAP with the GTP-bound wt hERas could be a
key factor that perturbs the catalytic action of p120GAP on the
GTP-bound wt hERas recognized by the KM value analyses.
The numerical sum of the k−7 and k+8 values of p120GAP for
the GTP-bound wt hERas was ∼8.1 times less than that of
p120GAP for the GTP-bound wt HRas (Table 3). However,
the k+7 value of p120GAP for the GTP-bound wt hERas was
∼76.0 times less than that of p120GAP for the GTP-bound wt
HRas (Table 3). This result indicates that the fold diﬀerence of
the numerical sum of the k−7 and k+8 values is much less than
the fold diﬀerence of the k+7 values. Notably, the numerical sum
of the k−7 and k+8 values of p120GAP for the GTP-bound wt
hERasthe rate of the p120GAP dissociation from the GTPbound wt hERas and the rate of the p120GAP-mediated
hydrolysis of the wt hERas-bound GTPreﬂects the rate of
depletion of the GTP-bound wt hERas complexed with
p120GAP. The k+7 value of p120GAP for the GTP-bound wt
hERasthe rate of the p120GAP association with the GTPbound wt hERasdescribes the rate of formation of the GTPbound wt hERas complexed with p120GAP. Therefore, the
signiﬁcantly smaller fold diﬀerence of the numerical sum of the
k−7 and k+8 values compared with the k+7 values indicates that
the step formation of the GTP-bound wt hERas complexed
with p120GAP encounters more interfered with than the step
depletion of the GTP-bound wt hERas complexed with
p120GAP. These analyses explain the KM-based recognition
of the signiﬁcantly perturbed catalytic action of p120GAP with
the GTP-bound wt hERas. This explanation is because of the
signiﬁcant impediment of the rate of the p120GAP association
with the GTP-bound wt hERas in combination with the slight
impediment of the rate of the p120GAP dissociation from the
GTP-bound wt hERas and the rate of the p120GAP-mediated
hydrolysis of the bound GTP. Moreover, although the k+7 value
of p120GAP for the GTP-bound wt hERas was ∼76.0 times
smaller than that of p120GAP for the GTP-bound wt HRas, the
k−7 value of p120GAP for the GTP-bound wt hERas was ∼3.8
times less than that of p120GAP for the GTP-bound wt HRas
(Table 3). This diﬀerence suggests that, compared with the
binding aﬃnity of p120GAP for the GTP-bound wt HRas, the

from those values of wt HRas for GTP and GDP (Table 1). As
noted in the Materials and Methods section, the HRas-based
hERas span-A mimic is equivalent to G12S HRas. This is
because Ser50 is the only residue diﬀerence between the span-A
sequence of wt hERas and wt HRas (hERas numbering,
sequentially equivalent to Gly12 of wt HRas). Therefore, the
results suggest that the hERas-speciﬁc p-loop residue Ser50 of
wt hERas is responsible for the unique intrinsically favorable
GTP-binding feature of wt hERas. This notion is further
conﬁrmed by the close proximity of the intrinsic kinetic
parameters of ΔN−S50G hERas for GTP and GDP to wt HRas
but not to wt hERas (Table 1). Besides, the HRas-based hERas
span-A mimic lacks the hERas-speciﬁc extended N-terminus.
Therefore, the result also suggests that the hERas-speciﬁc
extended N-terminus is dispensable in production of the unique
intrinsic binding aﬃnities of wt hERas for GTP and GDP. The
similarity of the intrinsic kinetic values of ΔN-hERas for GTP
and GDP with these values of wt hERas for GTP and GDP
(Table 1) supports this.
Conservation of the Catalytic Function of GEF on wt
hERas. The KD as well as the k+3 and k−3 values of
Cdc25―the catalytic core domain of GEF―for the
GTP- and GDP-bound wt hERas are similar to the
corresponding values of Cdc25 for the GTP- and GDPbound wt HRas (Table 2). This similarity suggests that the
binding aﬃnities as well as the catalytic function of Cdc25 on
the GTP- and GDP-bound wt HRas are certainly conserved
with the GTP- and GDP-bound wt HRas.
Lack of Eﬀect of the hERas-Speciﬁc Residues on the
Catalytic Action of GEF. The Cdc25-relevant kinetic
parameters, including the KD as well as the k+3, k−3, k+4, and
k−4 values, of Cdc25 for all of the GTP- and GDP-bound HRasbased hERas mimics and also for ΔN-hERas, are similar to
those of the values for the GTP- and GDP-bound wt HRas
(Table 2). These results indicate that the presence of any of the
hERas-speciﬁc residues has no eﬀect on any of the binding
aﬃnities of Cdc25 for the GTP- and GDP-bound wt hERas or
on those of Cdc25 for the GTP- and GDP-bound wt HRas.
The catalytic steps of the action of Cdc25 on the GTP- and
GDP-bound wt hERas also are unaﬀected. These analyses
explain the kinetic reasons behind the preservation of the GEF
action on the GTP- and GDP-bound wt hERas.
Unusually Slow Intrinsic GTPase Activity of wt hERas.
The k+6 value of wt hERas was ∼2.6 times smaller than the
same value for wt HRas (Table 3). This result suggests that the
rate of intrinsic GTP hydrolysis by wt hERas is to some extent
slower than what is done by wt HRas.
hERas-Speciﬁc p-Loop Residue-Dependent Slow Intrinsic GTPase Activity of wt hERas. Although not a perfect
match, the k+6 value of the HRas-based hERas span-A mimic
(but not of the HRas-based hERas span-B and -C mimics) was
closest to the k+6 value of wt hERas (Table 3). However, the k+6
values of the HRas-based hERas span-B and -C mimics were
very much like those of wt HRas. This result supports the
possibility that the relatively slow intrinsic GTPase activity of
wt hERas, compared with that of wt HRas, is owed exclusively
to the presence of the hERas-speciﬁc p-loop residue Ser50, but
not to the presence of other hERas-speciﬁc residues such as the
Switches I and II residues. This notion also is supported by the
similarity of the k+6 value of ΔN−S50G hERas to that of wt
HRas but not to wt hERas (Table 3). Taking into account that
the HRas-based hERas span-A mimic lacks the hERas-speciﬁc
N-terminus, the similarity between the k+6 value of the HRas551
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Figure 3. Recognition of the catalytic transition state mimics of p120GAP for the GTP-bound Ras with the GDP-bound Ras in the presence of
AlF4−. An excess AlF4− (20 mM NaF plus 50 μM AlCl3) was added to the assay buﬀer containing mantGDP-loaded various Ras proteins (1 μM),
including (A) wt HRas, (B) the HRas-based hERas span-A mimic (equivalent to G12S HRas), and (C) wt hERas, followed by addition of p120GAP
(200 μM). The sample mixtures were excited at 360 nm and ﬂuorescence emission spectra in the range of 400−500 mm were taken. The
ﬂuorescence intensities are expressed with arbitrary units.

eﬃciency of p120GAP with the GTP-bound wt HRas (Table
3). Such a signiﬁcantly small catalytic eﬃciency of p120GAP
with the GTP-bound wt hERas mostly reﬂects the signiﬁcantly
lesser value of the rate of the p120GAP-mediated hydrolysis of
the bound GTP. It does not reﬂect the lesser values of the slow
rate of the p120GAP association with and dissociation from the
GTP-bound wt hERas. Intriguingly, the GAP-relevant term in
the equation that calculates the GAP-mediated f Ras•GTP of
Ras12 is equivalent to the catalytic eﬃciency of GAP on the
GTP-bound Ras (eq 7). Therefore, it is predictable that the
catalytic action of p120GAP on the GTP-bound wt hERas,
which is represented by the catalytic eﬃciency of p120GAP
with the GTP-bound wt hERas, could minimally aﬀect
determination of the value of the GAP-mediated and the
comprehensive f Ras•GTP of wt hERas (see Supporting
Information). Nevertheless, although their emphases are
diﬀerent, both the slow rate of the p120GAP-mediated
hydrolysis of the wt hERas-bound GTP (in the catalytic
eﬃciency-based analyses) and the slow rate of the p120GAP
association with the GTP-bound wt hERas (in the KM-based
analyses) lead to signiﬁcant contributions to perturbation of the
catalytic function of p120GAP on the GTP-bound wt hERas.
Unusually Slow Phosphatase Activity of GAP with wt
hERas. The ﬂuorescence blue shift of p120GAP with Ras in the
presence of excess Pi mimic―AlF4−―is a signature of the
formation of the catalytic transition-state mimic “Ras•GDP-

slow rate of the p120GAP association with the GTP-bound wt
hERas is the main factor in producing the relatively weak
binding aﬃnity of p120GAP for the GTP-bound wt hERas. The
slow rate of the p120GAP dissociation from the GTP-bound wt
hERas is a minor factor in this outcome. Intriguingly, the
impeded rate of the p120GAP association with the GTP-bound
wt hERas is the common denominator in the perturbation of
the catalytic action of p120GAP with the GTP-bound wt hERas
and also in the weak binding aﬃnity of p120GAP for the GTPbound wt hERas.
The step of the p120GAP-mediated hydrolysis of the wt
hERas-bound GTP (i.e., k+8) is the key catalytic turnover step.
In light of this, the contribution from impeding the rate of the
p120GAP-mediated hydrolysis of the bound GTP on the
perturbation of the catalytic action of p120GAP on the GTPbound wt hERas is expected to exceed what was weighed with
the KM-based analyses. The catalytic eﬃciency of p120GAP
with the GTP-bound wt hERas was assessed by comparing it
with that of p120GAP with the GTP-bound wt HRas. This was
done so as to properly evaluate the eﬀect of impeding the rate
of the p120GAP-mediated hydrolysis of the bound GTP on the
catalytic action of p120GAP on the GTP-bound wt hERas.
Note that catalytic eﬃciency emphasizes the eﬀect of the
catalytic turnover step of the enzyme among other enzymatic
reaction steps.29 The catalytic eﬃciency of p120GAP with the
GTP-bound wt hERas was ∼1960.0 times less than the catalytic
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AlF4−•p120GAP.″28 Figure 3 shows that, unlike with wt HRas,
the blue shift of the ﬂuorescence of p120GAP with wt hERas in
the presence of the excess AlF4− is insigniﬁcant. These results
suggest that conditions likely do not favor formation of the
catalytic transition state of p120GAP with wt hERas in the
presence of excess AlF4−. This notion is substantiated by the
*KI value of p120GAP for the GDP-bound wt hERas in the
presence of AlF4−. This *KI value is at least 3.2-fold larger than
that of p120GAP for the GDP-bound wt HRas in the presence
of AlF4− (Figure 4). Because AlF4−, but not Pi, stabilizes the

product, the GDP-bound wt hERas in the presence of Pi.
However, it must be noted that the fold interference of the
p120GAP binding interaction with the substrate GTP-bound
wt hERas (represented with KD) is signiﬁcantly larger than that
of the p120GAP binding interaction with the product GDPbound wt hERas in the presence of AlF4− (represented with
*KI). Also, the *KI value is expected to be less than the KI value
(see above). Therefore, the overall perturbation eﬀect by the
interference of the p120GAP binding interaction with the GTPbound wt hERas could dominate the perturbation eﬀect of
interference with the p120GAP binding interaction with the
GDP-bound wt hERas in the presence of Pi. Accordingly, the
insight based on the KD-based analysisthe eﬀect of the
interference of the p120GAP binding interaction with the GTPbound wt hERas on the catalytic function of p120GAP on the
GTP-bound wt hERas (see above)is certainly valid.
The *k+8b value of p120GAP for the GDP-bound wt hERas
complexed with AlF4− is ∼39.2-times less than the value of
p120GAP for the GDP-bound wt HRas complexed with AlF4−
(Table 3). Nevertheless, the *Ras•GDPk−8b value of p120GAP for
the GDP-bound wt hERas in the presence of AlF4− is ∼168.5
times less than that of p120GAP for the GDP-bound wt HRas
in the presence of AlF4− (Table 3). As noted elsewhere, the
relative kinetic values of GAP for the GDP-bound Ras with
AlF4− echo the relative kinetic values of GAP for the GDPbound Ras with Pi. Therefore, the *k+8b and *Ras•GDPk−8b values
suggest that the rates of the p120GAP association with, and
dissociation from, the GDP-bound wt hERas in the presence of
Pi, respectively, are signiﬁcantly slower than the rates of the
p120GAP association to, and dissociation from, the GDPbound wt HRas in the presence of Pi. On the whole, these
results suggest that the binding interactions of p120GAP with
the GDP-bound wt hERas in the presence of Pi appear
restricted when compared with the binding interactions of
p120GAP with the GDP-bound wt HRas in the presence of Pi.
This echoes what happened with the interference with the
binding interaction of p120GAP with the GTP-bound wt
hERas compared with that of p120GAP with the GTP-bound
wt HRas. Nevertheless, as analyzed above, the p120GAP
binding interaction with the GTP-bound wt hERas (the
combination of the k+7 and k−7 values that represent the KD
values) encounters more interference than the p120GAP
binding interactions with the GDP-bound wt hERas in the
presence of Pi (the combination of the k+8b with Ras•GDPk−8b
values that represent the KI values). Therefore, the p120GAP
binding interaction with the GTP-bound wt hERas is impeded
enough overall that it leads to deterrence of the catalytic action
of p120GAP on wt hERas.
Notably, the k+8 step includes both the p120GAP-mediated
hydrolysis step (k+8a) of the Ras-bound GTP to produce the
GDP-bound wt hERas complexed with Pi and p120GAP and
the dissociation step of the GDP-bound Ras and Pi from
p120GAP (k+8b). As analyzed above, the k+8b step of p120GAP
for the GDP-bound wt hERas complexed with Pi and p120GAP
is identiﬁed as impeded; this suggests that the perturbation of
the k+8 step of p120GAP for the GTP-bound wt hERas is at
least linked with the perturbation of the dissociation of the
GDP-bound Ras and Pi from p120GAP. This study, however,
has not determined the values of K‡ and its subkinetic
components that include the k+8a of p120GAP for the GTPbound wt hERas and the GTP-bound wt HRas. Therefore, it is
unclear whether the perturbation of the k+8 step of p120GAP
for the GTP-bound wt hERas is also directly coupled with the

Figure 4. Determination of the inhibition constants of the catalytic
action of p120GAP for the GTP-bound Ras with the GDP-bound Ras
in the presence of AlF4−. The ﬂuorescence-based titration of the
mantGDP-bound Ras with p120GAP in the presence of an excess of
AlF4− is essentially described in Materials and Methods. The intensity
of the ﬂuorescence shown within this ﬁgure was normalized against the
maximal ﬂuorescence value of the titration. The hyperbola ﬁt gave *KI
values 62, 87, and 228 μM, respectively, of p120GAP for the GDPbound wt HRas, the HRas-based hERas span-A mimic (equivalent to
G12S HRas), and G12S/E62A/E63I HRas in the presence of an
excess AlF4−. The *KI value of p120GAP for the GDP-bound wt
hERas also was determined to be 223 μM. The values of the regression
(r2) and of the standard deviation (SD) of these ﬁts were, respectively,
less than 0.9690 and 15% of the original values.

binding of the GTP-bound Ras with p120GAP to produce
“Ras•GDP-AlF4−•p120GAP,″28 the * KI value is expected to
be less than the *KI value. However, as noted elsewhere, the
relative kinetic values of p120GAP for the GDP-bound Ras
with the mimicry AlF4− echo the relative kinetic values of
p120GAP for the GDP-bound Ras with the genuine Pi
substance. Therefore, these results suggest that the binding
aﬃnities of p120GAP for the GDP-bound form of wt hERas in
the presence of Pi that subsequently produce the catalytic
transition state of wt hERas•GDP-Pi•p120GAP are weaker
than those of p120GAP for the GDP-bound wt HRas in the
presence of Pi that produce the catalytic transition state of wt
HRas•GDP-Pi•p120GAP. This possibility is intriguing because
an enzyme’s weaker binding aﬃnity for its reaction product
could counteract so as to enhance the forward process that is
the binding of the enzyme with its substrate. Accordingly,
although the weak binding aﬃnity between p120GAP and
GTP-bound wt hERas certainly interferes with the catalytic
action of p120GAP on the GTP-bound wt hERas, the *KI
results in combination with the KD results suggest that
contrarily it also enhances the potential enzymatic reaction
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perturbation of the k+8a stepthe hydrolysis of the GTP-bound
wt hERas in addition to the k+8b step of p120GAP for the GDPbound wt hERas complexed with Pi. Further studies are
necessary to clarify the catalytic feature of the p120GAPmediated hydrolysis of the GTP-bound wt hERas.
hERas-Speciﬁc Switch II Residue-Mediated Perturbation of the GTPase and Phosphatase Activities of GAP
with wt hERas. Of these kinetic parameters relevant to the
p120GAP GTPase activitysuch as KM and KD, as well as the
k+7, k−7, and k+8, catalytic eﬃciency valuesof p120GAP for
the GTP-bound HRas-based hERas span-A, -B, and -C mimics,
only the kinetic parameters of p120GAP for the GTP-bound
HRas-based hERas span-B mimic are similar to those
corresponding kinetic values of p120GAP for the GTP-bound
wt hERas (Table 3). Besides, the almost exact p120GAPrelevant kinetic parameters of p120GAP for the GTP-bound wt
hERas are observed only in the p120GAP-relevant kinetic
parameters of p120GAP for the GTP-bound E62A/E63I HRas.
However, the p120GAP-relevant kinetic parameters of
p120GAP for the GTP-bound E62A and E63I HRas are not
close to those for the wt hERas (Table 3). These results suggest
that the presence of neither of the hERas Switch II residues,
Ala100 or Ile101, is enough alone to perturb the catalytic action of
p120GAP on the GTP-bound wt hERas; however, a
combination of Ala100 with hERas Ile101 is suﬃcient for just
such an impairment. The results also suggest that one of the
key factors in perturbing the catalytic action of p120GAP on
the GTP-bound wt hERas could be an interference with the
binding of p120GAP with the GTP-bound wt hERas that is
mediated by the hERas-speciﬁc Ala100 and Ile101 Switch II
residues. These notions are essentially conﬁrmed by the
p120GAP-relevant kinetic parameters of p120GAP for the
GTP-bound ΔN-A100E/I101E hERas (Table 3). This
perturbation of the catalytic function of p120GAP on the
GTP-bound wt hERas by the group of hERas-speciﬁc Switch II
residues is peculiar to cases of the intrinsic binding aﬃnities of
wt hERas for GTP and GDP as well as the intrinsic GTPase
activity of wt hERas. In the latter case, the perturbation is
primarily by the hERas-speciﬁc p-loop residue (but not by the
hERas-speciﬁc Switch II residues).
The ﬂuorescence blue shift of p120GAP that occurs with the
HRas-based hERas span-A mimic in the presence of excess
AlF4− because of the formation of the catalysis transition state is
similar to the occurrence of p120GAP with wt HRas in the
presence of excess AlF4− (Figure 3). The same is true with the
HRas-based hERas span-C mimic (not shown). However, this
ﬂuorescence blue shift of p120GAP is limited with the HRasbased hERas span-B mimic. It also is limited with E62A, E63I,
and E62A/E63I HRas in the presence of the excess AlF4− (not
shown). Likewise, the kinetic parameters relevant to the
p120GAP phosphatase activity, such as the *KI as well as the
*k+8b and *Ras•GDPk−8b values, of p120GAP for the GDP-bound
HRas-based hERas span-B mimic and for E62A/E63I HRas in
the presence of AlF4− are closest to these values of p120GAP
for the GDP-bound wt hERas in the presence of AlF4− (Figure
3). The next closest are the p120GAP-relevant kinetic
parameters of p120GAP for the GDP-bound E62A and E63I
HRas in the presence of AlF4−; the largest value diﬀerence
occurs with the p120GAP-relevant kinetic parameters of
p120GAP for the GDP-bound the HRas-based hERas span-A
and -C mimics in the presence of AlF4− (Figure 4 and Table 3).
These results indicate that the presence of the two hERasspeciﬁc Switch II residues, especially Ala100 and Ile101, causes

unique interference with the binding aﬃnity of p120GAP for
the GDP-bound wt hERas in the presence of Pi. This notion is
supported by the similarity between the p120GAP-relevant
kinetic parameters of p120GAP for the GDP-bound ΔNA100E/I101E hERas in the presence of AlF4− and those of
p120GAP for the GDP-bound wt HRas, but not those of the
GDP-bound wt hERas in the presence of AlF4−. Moreover, the
results also indicate that the hERas-speciﬁc p-loop residue Ser50
has only a limited role, if any, in interfering with the binding
aﬃnities of p120GAP for the GTP-bound wt hERas or with
similar aﬃnities for the GDP-bound wt hERas in the presence
of Pi.
Overall, these results―the kinetic parameters relevant to
the p120GAP GTPase and phosphatase activities―suggest
that the presence of the hERas-speciﬁc Switch II residues Ala100
and Ile101 are the essential causes of any perturbation of the key
kinetic steps in the action of p120GAP on the GTP- and GDPbound wt hERas in the presence of Pi.
Last, as analyzed above, none of the kinetic values
determined for p120GAP for the GTP-bound HRas-based
hERas span-B mimic or for E62A/E63I HRas deviated
signiﬁcantly from those of the kinetic values of p120GAP for
the GTP-bound wt hERas (Table 3). In accounting for the lack
of the hERas-speciﬁc extended N-terminus in the construct of
the HRas-based hERas span-B mimic as well as for E62A/E63I
HRas, these kinetic study results also suggest that the hERasspeciﬁc extended N-terminus has no role in the hERas-speciﬁc
perturbed bindings of p120GAP with the GTP-bound wt
hERas or with the GDP-bound wt hERas in the presence of Pi.
This notion is also supported by the similarity of the kinetic
parameter values of p120GAP for the GTP-bound ΔN-hERas
(Table 3) and the values of p120GAP for the GTP-bound wt
hERas.
Signiﬁcantly High Comprehensive f Ras•GTP Value of wt
hERas. Based on the cellular expressions and activities of GEF
and GAP (see the Materials and Methods section), three
diﬀerent values of the comprehensive f Ras•GTP (I), (II), and
(III) of Ras were depicted.
The comprehensive f Ras•GTP (I) of wt hERas was determined
to be 0.89, which is ∼89-fold more than the value of the
comprehensive f Ras•GTP (I) of wt HRas (Table 4). This is
almost 89-fold larger than the comprehensive f Ras•GTP (I) of wt
HRas (Table 4). The GEF-relevant term (I) has no role in the
determination of the value of the comprehensive f Ras•GTP (I) of
wt hERas. This is because the fraction maximal of the GTPbound wt hERas (i.e., the value of the intrinsic f Ras•GTP of wt
hERas) was reached with the intrinsic kinetic parameters of wt
hERas. Thus, there is no room to increase the value of the
intrinsic f Ras•GTP of wt hERas by the GEF-relevant term (I)
(see Supporting Information). As a result, the intrinsic f Ras•GTP
of wt hERas is almost equal to the GEF-mediated f Ras•GTP (I)
of wt hERas (see Supporting Information). Because of the
signiﬁcantly small value of the GAP-relevant term on wt hERas,
GAP also has no role in production of the large value of the
comprehensive f Ras•GTP (I) of wt hERas. Taken together, the
signiﬁcantly large comprehensive f Ras•GTP (I) of wt hERas
reﬂects the intrinsic kinetic feature of wt hERas, but neither
GAP nor the action of GEF associated with the GEF-relevant
term (I). In contrast to the situation with wt hERas, the
intrinsic kinetic parameters of wt HRas do not produce a
fraction maximum of the GTP-bound wt HRas (i.e., the value
of the intrinsic f Ras•GTP of wt HRas) (see Supporting
Information). Thus, the intrinsic f Ras•GTP of wt HRas can to
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of wt hERas is distinctive because the comprehensive f Ras•GTP
(I) value of wt HRas has room to increase through changes in
the values of the GEF-relevant term (I) of wt HRas with those
of (II) and (III) of wt HRas. Note that the values of the GEFrelevant terms (II) and (III) of wt HRas are stepwise larger
than the GEF-relevant term (I), but the GAP-relevant term on
wt HRas is ﬁxed.12 Therefore, unlike the situation with the
GEF-relevant term (I) of wt HRas, the value of the combined
intrinsic and GEF-relevant term (II) on wt HRas cannot be
completely withdrawn by the GAP-relevant term on wt HRas.
This limitation results in producing the comprehensive f Ras•GTP
(II) value of wt HRas that to some extent exceeds the
comprehensive f Ras•GTP (I) value of wt HRas. Moreover, the
value of the combination of the intrinsic and GEF-relevant term
(III) on wt HRas is large enough that the GAP-relevant term
on wt HRas does not withdraw any value. This produces a nearmaximal value of the comprehensive f Ras•GTP (III) value of wt
HRas that also exceeds the comprehensive f Ras•GTP (II) value of
wt HRas.
Nevertheless, it has been suggested that the cellular
comprehensive f Ras•GTP of wt HRas is likely to be mixture of
the comprehensive f Ras•GTP (I) of wt HRas and the
comprehensive f Ras•GTP (II) of wt HRas.12 Intriguingly,
however, the calculated value of the comprehensive (I) f
Ras•GTP of wt hERas closely approaches the actual cellular
fraction of the previously reported value of the fraction of the
GTP-bound wt hERas. This value is 0.95, in NIH 3T3 cells.6
Although only qualitative but not quantitative, the measurement of the actual cellular fraction of the GTP-bound wt hERas
that is 0.94 (Figure 5) is also consistent with the calculated

Table 4. Theoretical Calculation of Fractions of the GTPBound Form of Various Ras Proteinsa
comprehensive f Ras•GTP
values
wt HRas
HRas-based hERas span-A mimic
HRas-based hERas span-B mimic
HRas-based hERas
E62A HRas
Switch II mimics
E63I HRas
E62A/E63I HRas
HRas-based mERas
E62D HRas
Switch II mimic
HRas-based hERas span-A/B mimic
HRas-based hERas
G12S/E62A/E63I
minimal mimic
HRas
HRas-based mERas
G12S/E62D/E63I
minimal mimic
HRas
HRas-based hERas span-C mimic
wt hERas
N-terminus truncated
ΔN-hERas
hERas
hERas-based HRas
ΔN−S50G/A100E/
minimal mimic
I101E hERas
wt mERas

(I)

(II)

(III)

0.01
0.24
0.43
0.41
0.39
0.43
0.30

0.44
0.85
0.90
0.90
0.89
0.90
0.88

0.89
0.91
0.90
0.91
0.90
0.90
0.90

0.87
0.86

0.90
0.90

0.90
0.90

0.84

0.90

0.91

0.01
0.87
0.87

0.45
0.89
0.90

0.89
0.90
0.90

0.01

0.44

0.90

0.85

0.90

0.90

a

The method of calculating the comprehensive f Ras•GTP values of Ras
proteins with the kinetic parameters shown in Tables 1, 2, and 3 as
well as in Supporting Information is essentially identical to that of the
previous study.12 The conditional parameter setups also are identical
to those of the previous study,12 and the SD values of these fraction
calculations are less than 15% of the values presented. The
comprehensive f Ras•GTP (I), (II), and (III) values of Ras indicate,
respectively, the fractions of the GTP-bound Ras in the presence of the
minimally active 5 nM Cdc25/10 nM p120GAP, the highly active 5
nM Cdc25/10 nM p120GAP, and the highly active 0.6 μM Cdc25/10
nM p120GAP). Undiscussed comprehensive f Ras•GTP (I), (II), and
(III) values of various Ras proteins were omitted but are shown in
Supporting Information Table S4. Supporting Information Table S1
also includes the intrinsic, GEF-mediated, and GAP-mediated f Ras•GTP
values of various Ras proteins. All fraction values calculated for wt
HRas and the HRas-based hERas span-A mimic (equivalent to G12S
HRas) are identical to their previously reported values.12

some extent be increased further by the GEF-relevant term (I)
to produce the GEF-mediated f Ras•GTP (I) of wt HRas (see
Supporting Information). However, the value of the combination of the intrinsic and GEF-relevant term (I) on wt HRas12 is
annulled overall by the signiﬁcantly large GAP-relevant term on
wt HRas, thereby producing the small comprehensive f Ras•GTP
(I) of wt HRas.
The comprehensive f Ras•GTP (II) and (III) values of wt
hERas do not diﬀer signiﬁcantly from the values of the
comprehensive f Ras•GTP (I) of wt hERas. This lack of diﬀerence
is because the near-maximal large value of the comprehensive f
Ras•GTP (I) of wt hERas left almost no room for its value
increment by changes in the GEF-relevant term (I) to (II) and
(II). Also, because of the signiﬁcantly small GAP-relevant term
on wt hERas, GAP again has no role here. Because the
comprehensive f Ras•GTP (I) value of wt hERas is rooted in the
intrinsic f Ras•GTP value of wt hERas (see Supporting
Information), the results suggest that the comprehensive f
Ras•GTP (II) and (III) values of wt hERas are also because of the
intrinsic kinetic feature of wt hERas; however, they are
unrelated to the action of GEF associated with the GEFrelevant term (II) and (III) and of GAP. Nevertheless, the case

Figure 5. Determination of the cellular fractions of the GTP-bound
Ras. The values of the selected cellular fractions of the GTP-bound
Ras overexpressed in unstimulated NIH 3T3 cells were determined by
using densitometry and are described in Materials and Methods: wt
HRas, 0.12; G12V HRas, 0.74; the HRas-based hERas span-A mimic
(equivalent to G12S HRas), 0.62; wt hERas, 0.94; and G12S/E62A/
E63I HRas, 0.92. The densitometric analysis gave standard errors that
are less than 10% of the GTP fraction values. However, because of the
presence of several unidentiﬁed bands, the estimated cellular fraction
values of the GTP-bound Ras overexpressed in unstimulated NIH 3T3
cells are qualitative but not quantitative.

value of the comprehensive (I) f Ras•GTP of wt hERas. Although
further veriﬁcation is necessary, the analysis suggests that, even
with minimal levels of SOS activity and expression in
combination with 10 nM p120GAP, the GTP-bound form of
wt hERas can be highly populated in cells.
hERas-Speciﬁc p-Loop Residue- and Switch II Residue
Group-Dependent Comprehensive f Ras•GTP Value of wt
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hERas. The values of the comprehensive (I) f Ras•GTP of the
HRas-based hERas span-A, -B, or -C mimic and those of the
comprehensive (I) f Ras•GTP of wt hERas are not close (Table
4). The comprehensive (I) f Ras•GTP value of the HRas-based
hERas Switch II mimics also falls far short of the
comprehensive (I) f Ras•GTP of wt hERas (Table 4). These
results suggest that none of the hERas-speciﬁc residues, such as
the p-loop, Switch II residues, and the group of hERas-speciﬁc
Switch II residues, is suﬃcient alone to produce the
comprehensive (I) f Ras•GTP value of wt hERas. However, the
value of the comprehensive (I) f Ras•GTP of the HRas-based
hERas span-A/B mimic is identical to that of wt hERas (Table
4). These results suggest that the hERas-speciﬁc residues in
spans A and B together are necessary to produce the value of
the comprehensive (I) f Ras•GTP of wt hERas. The essential
hERas-speciﬁc residues that produce the value of the
comprehensive (I) f Ras•GTP of wt hERas are identiﬁed as
Ser50, A100, and Ile101 of hERas. This is because the value of the
comprehensive (I) f Ras•GTP of G12S/E62A/E63I HRas is
identical to that of wt hERas (Table 4). The rationale for the
necessity of the hERas-speciﬁc p-loop residue in determining
the value of the comprehensive (I) f Ras•GTP of wt hERas is the
insuﬃciency of the GEF action associated with the GEFrelevant term (I) to produce the near maximal value of the
intrinsic f Ras•GTP of wt hERas; however, the presence of the
hERas-speciﬁc p-loop residue is suﬃcient. The necessity for the
group of hERas-speciﬁc Switch II residues to determine the
value of the comprehensive (I) f Ras•GTP of wt hERas reﬂects the
need for a negligible GAP-relevant term that minimizes the
diminution of the hERas-speciﬁc p-loop residue-mediated value
of the intrinsic f Ras•GTP of wt hERas through the catalytic action
of p120GAP on wt hERas. These notions are supported by the
value of the comprehensive (I) f Ras•GTP of ΔN−S50G/A100E/
I101E hERas that is similar to that of wt HRas but not to wt
hERas.
Although the value of the comprehensive (I) f Ras•GTP of the
HRas-based hERas span-A/B mimic is identical to that of wt
hERas, the HRas-based hERas span-A/B mimic lacks the ERasspeciﬁc extended N-terminus. The same is true for the value of
the comprehensive (I) f Ras•GTP of G12S/E62A/E63I HRas.
Therefore, the ERas-speciﬁc extended N-terminus has no role
in determination of the value of the comprehensive f Ras•GTP (I)
of wt hERas. This likelihood is supported by the similar values
between the comprehensive f Ras•GTP (I) of ΔN-hERas and the
comprehensive f Ras•GTP (I) of wt hERas.
All of the values of the comprehensive (II) and (III) f Ras•GTP
of the HRas-based hERas span-A, -B, and -C mimics as well as
those of the HRas-based hERas span-A/B mimic, G12S/E62A/
E63I HRas, and wt HRas have reached their fraction maximum;
thus, these values are similar to the values of the comprehensive
(II) and (III) f Ras•GTP of wt hERas (Table 4). This similarity in
their values is because the GEF-relevant terms (II) and (III) in
combination with the intrinsic kinetic terms of these HRas
proteins are suﬃciently large enough to overcome the eﬀect of
the GAP-relevant term on the fraction. This notion is not
unusual because an activation of and/or overexpression of GEF
populates the fraction of the GTP-bound form of wt HRas.12

cells, its expression is found in several human cancers such as
pancreatic, breast, gastric, and colorectal carcinomas.7−10
In comparison to other Ras family GTPases (e.g., HRas), the
GDP/GTP cycle of hERas is deregulated to populate GTPbound hyperactive hERas in cells. Although the cellular and
molecular mechanisms are unclear, it was suggested that this
hyperactivity of hERas is likely linked to the formation and/or
progression of some cancers.7−10 It has been suggested that the
tumorigenic features of hERas are, at minimum, linked to the
activation of the PI3K pathway6,10 that plays a key role in
proliferation, survival, and apoptosis of cells.4,5 The results of
these studies have excluded the possibility of the potential
hERas-mediated activation of the Raf-MAPK pathway. Recent
functional studies have also supported these notions that hERas
functions through the activation of PI3K, but not the Raf.11,30
Nevertheless, with the exception of one that speciﬁes the type
of PI3K (i.e., PI3Kδ) activated by hERas (and mERas, see
below),6 these studies have failed to detail the speciﬁc types of
PI3K(s) activated by hERas,10,11,30 thus leaving an ambiguity
and discrepancy that needs clariﬁcation. Moreover, a recent
study suggests the possibility of activation of PI3Kα as a target
action of hERas in cells.31 As with hERas, mERas also is
deregulated to produce hyperactive mERas in cells.6 It has been
suggested that the hyperactive mERas uniquely activates PI3Kδ,
but not Raf, to modulate murine embryonic cell development.6
Through determination and analysis of various kinetic
parameter values of ERas proteinsincluding wt hERas and
wt mERas as well as their N-terminus truncated versions of
hERas-based HRas mimics and HRas-based ERas mimicsthis
study characterizes the unique kinetic features of the hyperactive wt hERas and mERas. By means of evaluation of the
estimated kinetic parameters of these ERas proteins in terms of
the fractions of the GTP-bound active form of Ras, this study
explains the kinetic mechanism underlying the formation in
cells of the hyperactive wt hERas and mERas. Conﬁguration of
the precise kinetic mechanism for formation of the unique
hyperactive hERas provides an insight into the role and
function of hERas in tumor cells and may determine a
molecular and mechanistic basis for development of tactics to
alleviate or terminate cancers related to the expression of
hERas. Understanding the precise kinetic mechanism for
formation of the unique hyperactive mERas may also provide
a deeper understanding of the role and function of mERas in
murine embryonic cell developments that may stimulate
discovery of a potential analogue Ras or Ras-relevant protein
that functions for human embryonic cell developments.
Kinetic Mechanism of the Formation of the Hyperactive wt hERas. This study shows that two unique kinetic
features associated with wt hERas-speciﬁc residuesthe
intrinsic wt hERas-binding interactions with GTP and GDP
plus the catalytic functions of p120GAP on wt hERasare
responsible for producing constitutive hyperactive wt hERas in
cells. Note that the intrinsic GTP-bound wt hERas population
is not necessarily equivalent to the constitutive GTP-bound wt
hERas population. This is because the intrinsic GTP-bound wt
hERas population is determined solely by the intrinsic binding
interactions between wt hERas and its ligands GTP and GDP.
In contrast, various factors, including the intrinsic wt hERas
GTP and GDP interactions and the catalytic actions of GAPs
and GEFs on wt hERas, determine the constitutive GTP-bound
wt hERas population. Hence, within this article, the description
of the comprehensive GTP-bound wt hERas population is

■

DISCUSSION
A functional study has shown that the constitutively active
mERas plays a role in proliferation of murine embryonic stem
cells.6 Several follow-up studies show that, although the
expression of hERas has not been found in human embryo
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eﬀects of the Switch II residues Glu62 and Glu63 of HRas on
GAP action have not been thoroughly researched, unlike the
attention paid to the mutation eﬀect on GAP action by the
Switch II residue Gln61 of HRas.20 Therefore, the results of this
study, together with previous results,20 suggest that mutations
in the span of the Switch II region of HRasresidue numbers
from 61 to 63 (HRas numbering)perturb the overall catalytic
action of p120GAP.
As with wt hERas with GTP and GDP, structural information
on wt hERas complexed with p120GAP in the presence of the
GTP (and/or GDP with Pi or its analog AlF3) is unavailable. In
its absence, tentative model structures were built of the E62A/
E63I HRas and the G12S HRas complexed with GAP in
combination with GDP and AlF3 (see Supporting Information).
As before, E62A/E63I HRas possesses Ala62 and Ile63 that are
sequentially equivalent to the hERas Ala100 and Ile101 residues,
and G12S HRas possesses Ser12 that is sequentially equivalent
to the hERas-speciﬁc p-loop residue Ser.50 The model
structure-based analyses speculate that (i) by the generation
of disturbance between the hydrophobic side chains of Ala100
and Ile101 of wt hERas and their counterparts hydrophilic Arg749
and Arg903 side chains of p120GAP, the side chains of Ala100
and Ile101 of wt hERas perturb the binding interaction between
wt hERas•GDP and p120GAP with AlF3; and (ii) the presence
of the hydroxyl side chain of Ser50 of wt hERas, in
unprecedented coordination with one of the ﬂuoride atom of
AlF3, hampers the formation of the catalytic transition state of
p120GAP with the GTP-bound wt hERas. Although these
speculations have a sound basis, their correction, veriﬁcation, or
disproval with genuine crystal and/or NMR-solution structural
information will be necessary to understand the mechanistic
features of Ala100 and Ile101 and the Ser50 of hERas that perturb
the catalytic function of p120GAP on wt hERas.
GEF has no role in the hyperactivity of the wt hERas because
the catalytic function of GEF is essentially conserved on wt
hERas without regard for the presence of these hERas-speciﬁc
p-loop and Switch II residues in wt hERas. The novel extended
N-terminus of hERas has no role in generation of the highly
populated GTP-bound form of wt hERas in cells. The
biochemical function(s) of this unique N-terminus of hERas
has not yet been investigated.
On the whole, the results of the kinetic aspects suggest that
the combination of the unique intrinsic kinetic features of wt
hERas and the impairment of the p120GAP action on wt hERas
is, nevertheless, responsible for generation of the constitutive
hyperactive wt hERas in cells.
Cellular Relevance of the Kinetic Mechanism of the
Hyperactivity of wt hERas. The mode of kinetic
perturbation by combining two distinct eventsthe alteration
of the intrinsic kinetic properties of wt hERas and the
impairment of the GAP action on wt hERasto obtain
hyperactive wt hERas is unprecedented.
The kinetic studies performed with Cdc25 that was expressed
in E. coli and p120GAP that was expressed in Sf9 insect cells.
These ectopically expressed regulatory proteins could often
diﬀer in their post-translational modiﬁcations, such as a lack of
glycosylation or the addition of unusual glycosylation,
compared with the proteins expressed in mammalian cells.34
Because wt hERas is expressed in human cells, wt hERas also is
likely subjected to the Ras-post-translational modiﬁcations.4
Within this study, although certain Ras proteins, such as wt
hERas and hERas-based HRas Switch II mimics, were expressed
in mammalian cells, some other Ras proteins, such as HRas-

instead equivalent to the constitutive GTP-bound wt hERas
population.
Wt hERas owes its unique intrinsic kinetic features to the
presence of the hERas-speciﬁc p-loop residue Ser50. Ser50 of
hERas serves overall to enhance the intrinsic wt hERas-binding
interactions with GTP. It also interferes with the intrinsic wt
hERas-binding interactions with GDP and perturbs the intrinsic
GTPase activity of wt hERas. Such alterations of the intrinsic
kinetic features of wt hERas produce a signiﬁcantly high
intrinsic cellular population of the GTP-bound form of hERas.
This hERas-speciﬁc p-loop residue Ser50 is sequentially
equivalent to the Gly12 of wt HRas.6 It is noteworthy that
the mutation of the Gly12 residue of wt HRas into Ser to
produce G12S HRas causes development of the Costello
Syndrome.32 The intrinsic kinetic properties of G12S HRas are
almost identical to those of wt hERas that are associated with
its Ser50 residue.12 However, it must be emphasized that,
although hERas shares intrinsic kinetic features with G12S
HRas, there is no evidence for the pathophysiological link
between the cancers (induced by either hERas) and Costello
Syndrome (induced by G12S HRas). This is because the key
signaling cascade of hERas diﬀers from that of G12S HRas in
which the downstream eﬀector of hERas is only recognized as
speciﬁcally PI3K,6,10,11,30,31 but the downstream eﬀectors of
G12S HRas are shown to be diverse and include Raf and
RalGDS in addition to several PI3Ks.33
Structural information for wt hERas with GTP and GDP
does not exist. Therefore, tentative model structures of the
GTP- and GDP-bound G12S HRas that possess Ser 12
sequentially equivalent to Ser50 of wt hERas were built (see
Supporting Information). The analyses based on the structures
of these models speculate that (i) the unique intrinsic wt
hERas-binding interactions with GTP occur because of the
presence of an additional hydrogen-bonding interaction
between the hydroxyl group of the Ser50 side chain and the
γ-phosphate oxygen of the bound GTP of the GTP-bound wt
hERas; and (ii) the unique intrinsic wt hERas-binding
interactions with GDP are caused by the Ser50 side chainmediated limitation of the access of GDP to wt hERas as well as
destabilization of the wt hERas GDP binding state. Further
studies to verify, correct, or disprove such speculations through
genuine crystal and/or NMR-solution structural information
will be necessary to conﬁrm the mechanistic features of the
Ser50 of hERas that are responsible for the unique intrinsic
kinetic features of wt hERas with GTP and GDP.
The unique kinetic properties of p120GAP on wt hERas exist
primarily because of the presence of the hERas-speciﬁc Switch
II residues Ala100 and Ile101. Together, these two residues, which
are equivalent, respectively, to Glu62 and Glu63 in HRas, all but
block the catalytic action of p120GAP on wt hERas. Therefore,
the presence of the group of hERas-speciﬁc Switch II residues
Ala100 and Ile101 prevents hydrolysis of the bound GTP by their
blockage of the catalytic action of p120GAP on wt hERas. The
result maintains the signiﬁcantly high intrinsic cellular
population of the GTP-bound form of wt hERas that is
induced by the hERas-speciﬁc p-loop residue Ser50. It is notable
that this hERas-speciﬁc Ser50 residue also contributes, to some
extent, to perturbation of the catalytic action of p120GAP on
wt hERas. Therefore, the contribution of this hERas-speciﬁc
Ser50 residue to the perturbation of the catalytic action of
p120GAP on wt hERas should not be ignored, even if it is not
as much of a signiﬁcant factor as these hERas-speciﬁc Switch II
residues. Nevertheless, it is important to note that the kinetic
557

DOI: 10.1021/acs.biochem.5b00902
Biochemistry 2016, 55, 543−559

Article

Biochemistry
Present Address

based hERas mimics, were expressed in E. coli. Accordingly, not
all of the Ras constructs were uniformly post-translationally
modiﬁed. If there were eﬀects of the Ras modiﬁcation and/or
lack of modiﬁcation of the intrinsic kinetic features and/or the
catalytic functions of the regulatory proteins, the kinetic
analyses for various Ras proteins associated with these
regulatory proteins may not be immediately applicable to the
cellular roles of the hERas-speciﬁc motifs in the hyperactivity of
wt hERas. However, the cell-based analyses of the fractions of
the GTP-bound form of several Ras proteins that include wt
hERas and G12S/E62A/E63I HRas are consistent with the
notion established by the kinetic analyses of Ras proteins. The
results suggest that the potential cellular post-translational
modiﬁcations of Ras and the regulatory proteins used within
this study do not alter the perturbation features of the hERasspeciﬁc motif-dependent intrinsic kinetic properties of Ras and
eﬀectors of Ras that are responsible for the production of the
hyperactivity of wt hERas. Accordingly, although further
veriﬁcation is necessary, it can be suggested that the unique
hERas-speciﬁc kinetic eventsthe generation and continuation
of the intrinsically populated GTP-bound wt hERas by the
hERas-speciﬁc p-loop and Switch II residuesare suﬃcient to
produce in cells the highly prevalent GTP-bound hyperactive
form of wt hERas.
Kinetic Mechanism of the Formation of the Hyperactive wt mERas and Its Cellular Relevance. With the
exception of Ala100, all of these key hERas-speciﬁc p-loop and
Switch II residues are well conserved in wt mERas. In addition,
with a slight variation, the extended N-terminus of wt hERas is
also found in wt mERas. Moreover, the estimated kinetic values
of wt mERas and its relevant mimics, with and without GEF
and p120GAP, are similar to those of the complements of wt
hERas and its relevant mimics, with and without GEF and
p120GAP. Along with these kinetic values, the calculated
fraction values of the GTP-bound form of wt mERas and its
relevant mimics, with and without GEF and p120GAP, are
similar to those corresponding counterpart values of wt hERas
and its relevant mimics, with and without GEF and p120GAP.
In light of these parallelisms and equivalencies, all conclusions
about the hyperactivity of wt hERas are also applicable to wt
mERas.
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