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ABSTRACT

Michael Wey, Ph.D.

The University of Texas at Arlington, 2017

Supervising Professor: Jongyun Heo

The Ras superfamily of GTPases act as molecular switches and play a critical
role in intracellular signal transduction. These GTPases cycle between an active GTP-
bound form and an inactive GDP-bound form to regulate a myriad of cellular processes.
However, this classical model of Ras regulation does not accurately project the entire
picture of Ras regulation. This work discusses non-classical and newly discovered

elements of the Ras signaling network.

While intrinsic kinetic properties of Ras are included in the classical model of Ras
regulation, the importance of them is understated. We show that the development
Costello Syndrome from somatic Harvey Ras (HRas) mutations, are due to the altered
intrinsic kinetic properties of HRas by the mutation. This is counter to the belief, which
many believe, that the intrinsic kinetic properties of Ras do not contribute significantly to

the overall regulation of Ras.



viii

Recently, the discovery of Embryonic Ras (ERas) has given the Ras subfamily a
new and atypical member. While ERas shares significant homology to the other Ras
proteins, it has its own unique characteristics such as an extended N-terminus and
unusual residues in its G domain. These ERas specific-unusual G domain residues
make ERas constitutively active. While not naturally expressed in humans, ERas is
found to be expressed in certain human cancers. There have been conflicting reports on
the ERas-mediated cell-signaling pathways. My research, equipped with kinetic binding
approaches, aims to characterize the ERas-binding interactions with key Ras-effector

proteins that delineates the ERas-specific cell-signaling cascades.
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CHAPTER 1

RAS GTPASES: STRUCTURE, REGULATION, AND EFFECTORS



Introduction

Ras (Rat Sarcoma) GTPases are proteins which are members of the Ras
superfamily (Figure 1). Ras GTPases essential to many cellular signaling pathways and
are proteins which play an essential role in signal transduction.® ? These signaling
pathways include cell growth, apoptosis, motility and cell cycle regulation.® Ras proteins
bind guanine nucleotides and cycle between their GTP- and GDP-bound states. The
cycling between the GTP and GDP states allows for Ras proteins to act as molecular
switches. The nucleotide bound to Ras determines whether the protein is in the “on” or
“off” state. The having GTP bound to Ras turns the switch “on” while having GDP bound
turns the switch “off”. The binding of GTP to the GTPase causes a conformational
change which promotes the binding of effectors, thereby turning “on” downstream

signaling.* >

As the name implies, Ras GTPases have the intrinsic capability of hydrolyzing
GTP to GDP. This is a form of self-regulation as the Ras GTPase, alone, can potentially
terminate downstream signaling once activated. Similarly, Ras GTPases can undergo
intrinsic guanine nucleotide exchange (GNE) and exchange the bound GTP/GDP for
free GTP/GDP in the cell. While both intrinsic GTP hydrolysis and intrinsic GNE occur
with Ras, both intrinsic processes are slow. Various regulator proteins assist Ras in

cycling between the GDP- and GTP-bound forms.®

GTPase activation proteins (GAPSs) drastically increase the intrinsic rate of GTP
hydrolysis of Ras GTPases. As the hydrolysis process converts the bound GTP to GDP,

it terminates downstream signaling. GAPs are a form of negative regulation to



Ras Superfamily

Ras Rho Rab Arf Ran
HRas RhoA Rab1A Arf1 Ran
KRas RhoB Rab1B Arf2
NRas RhoC Rab2 Arf3
ERas Rac1 Rab3A Arf4
TC21 Rac2 Rab3B Arf5

Rap1A Cdc42 Rab4 Arfé

RalA TC10 Rab5A Arf7

Etc. Etc. Etc. Etc.

Figure 1. The Ras Superfamily.

Under the Ras Superfamily, five major subfamilies can be made based on the homology

of their G domains.



Ras GTPases. In contrast, guanine nucleotide exchange factors (GEFs) are a form of
positive regulation which populate Ras GTPases into their active GTP-bound states.
GEFs populate the active form of Ras GTPases by dislodging the bound guanine
nucleotide and allowing another guanine nucleotide to bind. As the cellular
concentration of GTP is ~10 fold greater than that of GDP, the binding of GTP is more
likely resulting in activation of Ras GTPases. The cycling of Ras GTPases between
GTP and GDP forms is summarized in Figure 2. The cycling of GTP- and GDP-bound
Ras through GEFs and GAPs can be referred to as the “classical” view of Ras activity

regulation.
Structure of Ras GTPases
G Domain

All members of the Ras superfamily of GTPases have a highly conserved set of
five guanine nucleotide binding motifs (G1 — G5) which begin at the N-terminus and
persist nearly throughout the entire protein. The N-terminal region where the five
guanine nucleotide motifs reside is known as the G domain. Catalytic activity and
effector binding is determined in the G domain. The G domain of Ras spans from the
first residue to residue 166, ~85% of the entire protein. What characterizes and
distinguishes the subfamilies in the Ras superfamily is the type of G domain. Within a
subfamily, the G domains of different isoforms retain immense sequence identity (nearly
identical between some family members). While aligning entire G domains between
differing subfamilies may yield varying results, the five guanine nucleotide binding motifs

present in the G domain are highly conserved throughout he Ras superfamily.’



P Ras
CGDP>

/
Intrinsic GAP Intrinsic GEF
Hydrolysis Exchange
A
Ras
N\
GTP GTP

Figure 2. The Classical Ras Cycle.

Small GTPases cycle between the active GTP-bound form and the inactive GDP bound
form. Small GTPases intrinsically release GDP and bind GTP to activate, but the
process is slow. GEFs bind to small GTPases to induce fast nucleotide exchange and
active small GTPases. Small GTPases in the active GTP-bound form can bind to
downstream effectors. Small GTPases are capable of intrinsically hydrolyzing GTP to
GDP very slowly. The binding of GAPs increase the slow hydrolysis rate of small

GTPases.



The five guanine nucleotide binding motifs are characteristic motifs of all guanine
nucleotide binding proteins. The motifs are localized near the nucleotide binding site as
they are essential and assist in the binding of guanine nucleotides. The five conserved

motifs are referred to in succession from G1 — G5.8

The G1 motif (GXXXXGKS/T), also known as the Walker A motif, is most
commonly referred to as the phosphate-binding loop (P-loop). As the name suggests
this motif is centered around the phosphates of the guanine nucleotide, particularly
thep- and the y-phosphate oxygens. The lysine of the P-loop is essential to nucleotide
binding as the amine moiety is directly interacting with the B- and the y-phosphate
oxygens. In addition, the hydroxyl group of the serine or the threonine interacts with the
magnesium ion, which also present between the - and the y-phosphate oxygens for

stabilization.

The G2 (a conserved threonine, HRas residue Thr35) and G3 (DXXG, Walker B
motif) motifs are in the Switch | (HRas residues 30 — 38) and Switch Il (HRas residues
59 — 67) regions, respectively. Switches | and Il are the two primary regions of
conformational change between the active GTP-bound and the inactive GDP-bound
form of GTPases. As seen from Figure 3, Switches | and Il have the most pronounced
changes in conformation when Ras is cycling between the GTP- and GDP-bound
states. The conformation adopted by Switches | and Il for the active GTP-bound

GTPase result in an increased binding affinity of downstream effector proteins, thereby



Figure 3. Superposition of GTP- and GDP-bound HRas.

The GTP- and GDP-bound forms of HRas are superimposed above. The colored
cartoon depicts GTP-bound HRas (PDB 2CE2) while the grey cartoon depicts GDP-
bound HRas (PDB 2CL7). The blue areas indicate the five G domains of HRas and the
purple areas are Switch | and Switch Il. There is a significant movement of the Switches
| and Il regions between GTP- and GDP-bound forms of HRas. This image was created

using PyMOL.



activating signal transduction. Switch | is referred to as the “effector region” as it is
primarily involved with the interaction of downstream effectors. The conserved threonine
(G2) in Switch | senses the y-phosphate of GTP, to which Switch | conformationally
changes. While the conserved glycine (DXXG motif) in Switch Il also interacts/detects
the presence of the y-phosphate, it plays a more crucial role in interactions with
regulators (GAPs and GEFs). This localization of conformational change in the Switch
regions is a commonality amongst all small GTPases such as Ras proteins.

The asparagine and aspartate of the G4 motif (N/TKXD) directly interact with the
oxygen and two nitrogens of the guanine nucleotide base, respectively. The G4 motif is
the motif which specifies GTPases to bind guanine nucleotides rather than adenosine
nucleotides. The G5 motif (SAK) also plays a role in the selective GTPase-binding
interactions with guanine nucleotide. The amine backbone of the alanine residue of G5

motif SAK interacts with the oxygen of the guanine nucleotide base.

Hypervariable Region

In addition to the conserved G domain, Ras superfamily members have a
hypervariable region (HVR) at the C-terminus. As the G domains between subfamily
isoforms have high sequence identity, the hypervariable region is what mostly
differentiates subfamily members from each other (HRas and Neuroblastoma Ras
(NRas), for example) (Figure 4). It is in the hypervariable region where lipid post-
translational modifications (lipid PTMs) are targeted. Lipid PTMs and upstream
membrane-targeting sequences in the HVR control the subcellular localization and
membrane targeting of GTPases. Lipid PTMs increase the hydrophobicity of the protein,

allowing it to anchor to membranes.



cLkkk kkkkk

KRas K 12
NRas 12
HRas 12
ERas MELPIKP GIFDLGLATWSPS 50
Jkhdkhdkddkk 2o koo okdkkkokhkdk Koo ok deok: okkkkkk
KRas GVGK - 62
NRas V 62
HRas 62
ERas 100
KRas 112
NRas 112
HRas 112
ERas 147
*hkkkkkkk o o ... * *k k. k sekkkkhkkhkk kk.hk * % .

KRas ' 2 ' ' 161
NRas lel
HRas 161
ERas 197
KRas 189

NRas 189

HRas 189

ERas 233

Figure 4. Peptide Sequence Alignment of Ras Isoforms.

The UniProt accession numbers of Kirsten Ras (KRas), NRas, HRas, and Embryonic
Ras (ERas) sequences aligned are, respectively, P01116, P01111, P01112 and

Q72444. This figure was created using Clustal X.
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Membrane anchorage and targeting is essential in the proper function of Ras

GTPases.” !

Nearly all proteins in the Ras subfamilies have a CAAX motif (Cys-aliphatic-
aliphatic-X) at the terminus of their HVRs. The CAAX motif is the classic hallmark of
prenylated proteins. The X in the motif determines whether the farnesyl or

geranylgeranyl isoprenoid is covalently (thioester) added to the sulfur of the cysteine.**

13

While geranylgeranylation adds sufficient hydrophobicity to anchor a GTPase to
a membrane, the hydrophobicity of farnesylation alone cannot. In addition to
farnesylation, a second interaction is required for membrane anchorage. The second
interaction for Ras proteins is usually a palmitoylation of another cysteine upstream of
the CAAX motif or a polybasic region also upstream of the CAAX motif. A polybasic
region is a string of basic residues which promote electrostatic interactions with the
negatively charged membrane phospholipids. HRas and NRas have palmitoylation sites

as the second interaction while KRas contains a polybasic region.*? 1* 14

Ras Downstream Signaling

When Ras is active, GTP-bound, it is able to bind downstream effectors. The
binding of downstream effectors to Ras activates pathways which control but is not
limited to, cell proliferation, survival, and transcription. The effectors which bind to the

activated Ras indicate the signaling pathways of Ras (Figure 5). The three “classical”
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RAF RASSF

| | | |
MaK
crx pooptoss
| | |

Survival, Growth, Differentiation, Transcription

Figure 5. Downstream Effectors of Ras.

The downstream effectors of Ras GTPases and their role in cell signaling are shown
above. While Rapidly Accelerated Fibrosarcoma (Raf), Phosphatidylinositol 3-kinase
(PI13K), and RAL guanine nucleotide dissociation stimulator (RALGDS) are all implicated
in cell survival, Ras association domain family member (Rassf) is connected to

programed cell death.
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effectors of Ras are Raf, PI3K, and RALGDS.*> 16
Raf/MEK/ERK pathway

The first effector characterized for Ras was a serine/threonine kinase, Raf. Three
common members of the Raf family that have been implicated in binding to Ras are c-
Rafl, B-Raf and A-Raf. When a Raf protein binds to Ras, it is recruited to the plasma
membrane. The activation of Raf is a result of the relocation of Raf to the plasma
membrane. Raf phosphorylates mitogen-activated protein kinases 1 and 2 (MEK 1 and
2). After phosphorylation, MEK 1 and 2 phosphorylates mitogen-activated protein
kinases (MAPKSs), extracellular signal-related kinases 1 and 2 (ERK 1 and 2). This
kinase cascade eventually results in the regulation and expression of transcription
factors. ERK phosphorylates c-Jun which leads to the activation of the Activator Protein
1 (AP-1) transcription factor. ERK also directly phosphorylates the E26 transformation-
specific (ETS) family of transcription factors, which regulate Fos expression. The
regulation and activation of these transcription factors enable the expression of

essential cell-cycle regulatory proteins and allows for progression in the cell cycle.”

Phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR Pathway

The catalytic subunit of PI3Ks bind to active Ras at the plasma membrane. The
localization of PI3K near the plasma membrane, due to binding with active Ras,
facilitates the next step of the signal cascade. PI3K phosphorylates phosphatidylinositol-
4,5-bisphosphate (Ptdins(4,5)P2, PIP;) which then produces the second messenger
molecule, phosphatidylinositol-3,4,5-trisphosphate (Ptdins(3,4,5)P3, PIP3). PIP3 binds a

multitude of downstream proteins through its Pleckstrin homology domain (PH domain).
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PIP3 recruits Protein Kinase B (Akt) through the PH domain. Akt activates by duel
phosphorylation from Pyruvate Dehydrogenase Kinase 1 (PDK1) and mTOR rictor
complex (mTORC?2) also recruited by PH domains. Once activated, Akt phosphorylates
many other downstream effectors, including mTOR, which promote cell growth and

protein synthesis.®
RAL guanine nucleotide dissociation stimulator (RALGDS)/RAL

RALGDS is a GEF for the Ral GTPase subfamily of proteins. Active Ras is able
to bind RALGDS to activate RALGDS, which in turn facilitates Ral GNE, resulting in
activation of Ral GTPases. Ral proteins regulate endocytosis, exocytosis, and actin
organization as well as transcription factors such as fos and jun.?>*? The inhibition of
Forkhead box (FOXO) family of transcription factors is a responsibility of the RALGDS
and Akt pathways. FOXO transcription factors are control a multitude of processes
including apoptosis and cell cycle arrest. The inhibition of FOXO contributes to cell

survival.?
Renewed Significance of Ras

Ras and its superfamily members have been studied extensively since the
discovery of the first Ras protein in 1982.%* It is through the work of many scientists and
35 years of research that we come to understand what is now what is referred to as the
“classical” view of the Ras activity regulation associated with the control of Ras-
downstream effectors. It is clear now that the “classical”’ view of Ras signaling and

activity regulation is an immense oversimplification. Many recent discoveries in the field
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of Ras proteins indicate that the Ras activity regulation is much more intricate than once

thought.
Ubiquitination

Recent studies have uncovered a new post-translational modification (PTM) of
Ras, ubiquitination. KRas was shown to be monoubiquitinated at Lys147. The
monoubiquitination of KRas populates the active GTP-bound form of KRas, as the
monoubiquitinated form of KRas has an impaired ability to GAPs.?* ?® Another report
showed that monoubiquitinated G12V KRas has an increased binding affinity for Ras-

downstream effectors, PI3K and Raf.?’

HRas and NRas have been reported to
diubiquitinated.? The diubiquitination of HRas and NRas cause a significantly different
membrane localization profile. Diubiquitinated HRas and NRas localize around cellular

enodsomal membranes rather than the plasma membrane or the Golgi.?
Intrinsic Kinetic Features of Ras and their Role in Costello Syndrome

The intrinsic Ras-kinetic features that include the intrinsic Ras GNE as well as
the intrinsic Ras nucleotide-hydrolysis rate are magnitudes slower than the
corresponding processes by Ras regulators. Therefore, it is not surprising that the
deregulations of the intrinsic kinetic features of Ras are often overlooked in favor of the
corresponding deregulations of the regulator-mediated kinetic processes. However, the
research results shown in Chapter 2 suggest that certain somatic mutations of HRas
only alter the intrinsic kinetic properties of Ras yet cause to the development of Costello
Syndrome. The results call attention to that the deregulations of the intrinsic kinetic

features of Ras should not be neglected for the cause of diseases.
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Chapter 2 characterizes the somatic mutations of HRas which are responsible for
the development of Costello Syndrome. The HRas somatic mutations are known to
elevate the levels of active GTP-bound HRas in cells. It is, however, interesting that
these cellularly elevated levels of GTP-bound HRas do not reach the levels that are
observed in cancer cells. Chapter 2 shows that the cause of Costello Syndrome is a
result of the deregulation of two intrinsic kinetic features. (i) The perturbations of the
intrinsic kinetic features of Ras: They represent the broad spectrum of the Costello
Syndrome mutants which populate the GTP-bound form of HRas. The upper end of this
spectrum of HRas mutants, is exemplified by G12S HRas, which can also cause
cancer. (ii) The perturbations of the catalytic action of p120GAP on Ras: They cause to
a significantly elevated population of the GTP-bound form of HRas that often links to

cancer formation. HRas mutant G12V belongs to this case.
Redox Regulation of Ras GTPases

Recently it was shown another entity can control the balance of activity in Ras
proteins, redox agents. The superoxide anion (O,") and nitrogen dioxide (‘(NO,) cause
GNE in Ras proteins with redox sensitive motifs (Figure 6).3°3* Certain Ras proteins
possess the conserved redox sensitive NKCD motif.*! ** The redox sensitive motifs are
derivatives of the highly conserved G4 motif (N/TKXD). The cysteine residue in the
redox sensitive motif directly interacts with redox reagents. These motifs impart
sensitivity towards redox agents to Ras allowing redox agents to play a role in

modulating the activity of Ras.
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GTP

Ras Ras

(GDP> GTP

GAPs
P Intrinsic Hydrolysis

Figure 6. The Cycling of Ras in the Presence of Redox Agents.

Inactive Ras GTPase (blue) can be activated by GEFs by Ras GNE: an exchange of
GDP for GTP to produce active Ras GTPase (orange). This Ras GNE can also be
facilitated by redox agents. The redox-sensitive cysteine in the NKCD motif of Ras is the
reaction target of redox agents. The sulfur atom of the redox-sensitive cysteine is

predicted to be a thiolate form.
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ERas, A New Member of the Ras Family

In 2003, Takahashi et al.*® identified a distinctly new Ras protein, ERas, in
murine embryonic cells. The murine ERas is essential to the proper growth and
development of murine embryos. The human orthologue of mERas, human ERas, is
epigentically silenced and is considered a psuedogene. While ERas is not expressed in
healthy normal human cells, ERas expression has been shown in many human cancer

cell-lines counting gastric, colorectal, pancreatic, breast, and neuroblastoma origins.*"**

The ERas protein consists of 227 amino acids that shares ~45% sequence
homology with the orthodox Ras proteins. However, there are distinct sequential
features which make ERas distinct from its other Ras subfamily members. In particular,
ERas has a previously unrecognized extended N-terminus (Figure 4). It is unknown
what is the function of the extended N-terminus. It has been postulated that it aids in
membrane localization.*? Another feature which distinguishes ERas from other Ras
proteins is that ERas is constitutively active.®® This is because ERas has an intrinsically

high GTP-binding affinity and is insensitivity against the GAP action.*?

While ERas has features which distinguish it from the other members of Ras
subfamily, it retains the five highly conserved GTP-binding domains of Ras proteins,
including Switch | and Switch Il. The regions of Switches | and Il change their
conformation based on the nucleotide binding and interface with Ras-downstream
effectors. ERas as well as others such as HRas, KRas, and NRas have nearly identical
Switches | and Il sequences, thus ERas may also interact with Ras-downstream

effectors that are shown to interact with HRas, KRas, and NRas.
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ERas has been reported to interact with primarily with PI3Ka and PI13K.3% 4% 44
However, there have been no quantitative reports on which PI3K isoforms are the
dominant binding partner of ERas:3* *° |t is important to note that these previous
studies performed thus far were qualitative analyses by using pulldown assays.
Besides, ERas binding interactions with other Ras-downstream effectors, such as
RalGDS and Rassf5, have not been investigated. Chapter 3 describes quantitative
kinetic-binding studies for ERas with key Ras-downstream effector proteins (Rafl,
RalGDS, Rassf5, and PI3K isoforms) that delineate the unclear ERas-specific

downstream effectors.
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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 G12S 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 GTP-bound Ras by the HRas mutation-mediated 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 GTP-bound Ras because the HRas mutations
perturb the p120GAP action on Ras. This causes production of a significantly high
population of the only GTP-bound form of HRas linked merely to cancer formation. The

HRas mutant G12V belongs to this category.
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Introduction

Ras family proteins such as Harvey Ras (HRas), Neuroblastoma 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 nucleotide-releasing protein
(RasGRP) have been identified.*® These GEFs contain a common catalytic core
domain Cdc25 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 p120GAP,
neurofibrominl (NF1), and the GAP1 family.'° All of these Ras GAPs share a RasGAP
catalytic core 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 downstream signaling.*?

Several Ras motifs (Figure 1) — the phosphate-binding loop (P-loop; Gly*°-

Sert’), Switch | (GIn®*-Tyr*%), Switch Il (Asp®’-Tyr®", the nucleotide base-binding NKCD
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M'TEYKLVVVGAG"G"*VGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGET
p-loop Switch |

« Intrinsic Ras-nucleotide * Ras regulators GEF and GAP binding
phosphate binding

* Intrinsic Ras GTPase activity

* GAP-mediated Ras GTPase
activity

C*'LLDILDTAGQEEYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHQYREQI
Switch 1l

* Ras regulators GEF and GAP
binding

K'*'RVKDSDDVPMVLVGNK"'CDLAARTVESRQAQDLARSYGIPYIETSA°KTRQ

NKCD motif SAK motif
* Intrinsic Ras * Intrinsic Ras nucleotide
nucleotide base binding

G™'VEDAFYTLVREIRQHKLRKLNPPDESGPGCMSCKCVLS

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*' in
the NKCD, and Ala**® in the SAK motif. The boxes depict the contributions of these

motifs in the binding and/or catalytic function of Ras with nucleotide and/or regulators.
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(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)."

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.*® Mutations in the HRAS
gene at codons Gly12 and Gly13 in the p-loop as well as at Lys117 and Alal46 in the
NKCD and SAK motifs cause the syndrome.** The Costello syndrome-relevant HRas
mutants for the p-loop Gly*? residue include G12A, G12S, G12C, G12D, and G12E
(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 mutant K117R and to the 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 five 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,* *°
there has been 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 G12V, the



31

>l o|m|lx|lo|N|<|o0o|®m|lZz|lo|d|lo|x|3T|lv|lOo|nv
o =, 0 (0] o Q QO = c =: ol o =, c o (¢ 0] S
=~ |5 | g | =3 . 3|3 |13 |22 |S|<s|83|2elZ|2]|5
oSS le 9|2 g|l5|F|=>|S|3|5|l8S|F|g|°
o | 2|2 | |E|(3 |2 |2 s|a|2|5 |2 |g|B|a|2|2
22 eS|l Rlg|le|elelBlg|2 el
N e |8 lg R =1 Bl 8| SlTe | 2] gl 2 9
® | Bl o o e g 8
S » »
p-loop [GI2A | 2 | 2 | 2 | 3 | 2 1 3 3
mutant | G12C 2 1
G12D 1 1
G12E 1
G12S 7 30303 |39 8 16| 3 | 4 23
G12v 1 1 4
G13C 101 1 12 1|1
G13D 2 1 1
G13S 1
G13Vv*®
NKCD | K117R 1 1
ISAK | A146T 1
mutant | A146V 1
Totals 3b3 c . 301
12 | 33 37142 9 |4 | 2] 4 |21| 4| 4 |12] 1|1 1] 1

Table 1. Frequency of HRas mutations in Costello syndrome.

Previous reports of the relative occurrence in Costello syndrome of p-loop and

NKCD/SAK HRas mutants are summarized.

8For comparison with Tables 2, 3, and 4 (see below), G13V HRas also is listed.

However, the G13V HRas mutant has been linked to cancer, but not to Costello

syndrome.3® ®In this study it was noted that 20 of the 33 patients also participated in the

investigation done by Gripp et al.?* “These studies noted totals of Costello syndrome

patients, but only the relevant HRas mutants were specified.
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biochemical properties of the listed Costello syndrome-relevant HRas mutants (Table 1)
have not been fully investigated either with or without their regulators. Accordingly, 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 by which these

HRas mutations contribute to Costello syndrome.
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Materials and Methods

Protein preparations. All protein constructs, including wild type (wt) HRas,
p1l20GAP, and Cdc25, were derived from humans. A full-length wt HRas (1-189) and
HRas mutant proteins including G12V, G12A, G12S, G12C, G12D, G12E, G13V, G13S,
G13C, G13D, K117R, A146T, and A146V were expressed in and purified from E. coli,

as described in the previous study.*

A full-length p120GAP (1-1047) was overexpressed in insect Sf9 cells by using
the plEx 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 the previous
study.*® However, because of the high cellular expression of p120GAP, the fast-flow S-
Sepharose column step was omitted. The Ras SOS1 catalytic core domain Cdc25 (564-

1049) was expressed in and purified from E. coli, as described in the previous study.*

Kinetic assay conditions. All kinetic analyses were performed using proteins
more than 95% pure, as judged by SDS-PAGE. The buffer used for all assays consisted
of 50 mM NacCl, 10 mM MgCl,, 100 uM diethylenetriaminepentaacetic acid, and 100 mM

TrisHCI (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, respectively, with minor modifications, according to the previously
established method.*? The values of k_; — the intrinsic rate constant of GTP
dissociation from Ras protein — were determined by using the nonhydrolyzable

radioactive GTP analog [*°*S]GTPyS (~400 cpm/pmol) paired with GDP. Ras (1 pM)
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Ras « GTP - GAP

Scheme 1 Comprehensive Kinetic Scheme of Ras Regulation in Cells
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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 20,000 s, and
spotted onto nitrocellulose filters. The nitrocellulose filters were washed three times with
the 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 of GDP dissociation from
Ras proteins — also were measured as the measurement of k_;, as described above,
except that the radioactive [8-*H]GDP (~200 cpm/pmol) paired with GTP were 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, respectively, as described in the previous study.*
The values of k.3 — the exchange rate constant of the Ras-bound GTP with GDP in the
presence of Cdc25 — were determined using the 2'(3")-O-(N-methylanthraniloyl) 5'-
guanylyl-imidodiphosphate (mantGppNHp; a nonhydrolyzable GTP analog) paired with
GDP. In brief, the reaction was initiated by the addition of the various concentrations of
the mantGppNHp-loaded Ras (0-500 uM) into an assay buffer containing GDP (5 mM)
and Cdc25 (500 nM). Dissociation of mantGppNHp from Ras was monitored over a
period of 20,000 s by using a Fluorescence Spectrometer (LS 55, PerkinElmer). These
data were fit to a single exponential decay to determine the apparent dissociation rates
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 (Vmax) and

the Michaelis—Menten constant (Ky) of the Cdc25-mediated dissociation of
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mantGppNHp from Ras. According to the Theorell-Chance type 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 dissociation rate of
mantGppNHp from Ras represents the exchange rate of mantGppNHp with GDP.
Therefore, from the perspective of the Theorell-Chance type of mechanism, the values
of Vmax Of the dissociation of the Ras-bound mantGppNHp from Ras per the total Cdc25
enzyme (E,) are, respectively, equivalent to k.3. With one exception, the methods and
analyses used for the determination of the value of k.3 also were applied to
determination of the values of k., — the exchange rate constant of the Ras-bound GDP
with GTP in the presence of Cdc25. 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
kis — 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]JGTP (50 uM). Aliquots were taken from the assay solution at
specific intervals over a period of 20,000 sec 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.s were then determined by the

fit of these data to a function of exponential decay.
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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 based on
the values of the Ky and Vmax Of p120GAP for Ras. In brief, the values of k.g — the rate
constant for the hydrolysis of GTP of the Ras*GTP+p120GAP ternary complex to
produce Ras*GDP — were estimated by dividing the total Ras concentration (E,) into
Vmax; this yields Vnax/Eo, Which is equivalent to ks, which is the same as k.g. The values
of Ky and kea: of p120GAP for Ras were measured by using radioactive [y->*P]GTP
(~500 cpm/pmol) as described in the previous study.*> As-purified Ras (1 uM) was
added to the assay buffer containing [y->P]JGTP (50 uM) and various concentrations of
p1l20GAP (0-35 uM). Aliquots of the assay mixture were drawn at specific intervals over
a period of 20,000 sec 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 Vo 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
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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 term of
concentrations of GTP and GDP ([GTP] and [GDP], respectively). The kinetic steps of
k+1, ko1, ki2, and k_, are involved in the intrinsic Ras GNE. The kinetic steps of k.3, ks,
K+4, k-4, K+5, and k_s in combination with the concentration of GEF ([GEF]) are implicated
in the GEF-mediated Ras GNE. The kinetic step of k. is engaged in the intrinsic Ras
GTP hydrolysis. The kinetic steps of k.7, k-7, and k.g in combination with the
concentration of GAP ([GAP]) are linked to the process of the 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 fras.ctP =

( [Ras-GTP]
[Ras-GTP] + [Ras-GDP]

) of Ras. The value of the comprehensive f ras.cTp Of Ras is of

particular interest because it refers to the overall cellular population of the biologically

active form of Ras.
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Equation 1 defines the value of the comprehensive f ras.cTp Of Ras that enables
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 Appendix for the

derivation).

The comprehensive f ras.cTP Equation 1

(k_2+k+4[GEF][GTP]
I

B (k_2+k+4[GEF])[GTP]+(k_1+k+3[GEF])[GDP]+(’:(_*:T++88[GAP]+I<+6)([GTP]+[GDP])

Equation 2 expresses the intrinsic cellular fraction of the GTP-bound Ras over
the GTP- and GDP-bound Ras (the intrinsic f ras.cTP) Of Ras in terms of the kinetic
parameters of intrinsic Ras GNE and GTP hydrolysis shown in Scheme 1 (see

Appendix for the derivation).

o _ k_[GTP] Equation 2
The intrinsic f ras.cTP = k_5[GTP]+k_1[GDP]+k4+¢([GTP]+[GDP]) A

Equation 3 denotes the cellular fraction of the GTP-bound Ras over the GTP-
and GDP-bound Ras (the GEF-mediated f ras.ctp) Of Ras in the presence of GEF in cells

shown in Scheme 1 (see Appendix for the derivation).

The GEF-mediated f ras.cTP Equation 3

_ (k—2+k+4[GEF])[GTP]
T (k_z+k14[GEF])[GTP]+(k—1 +k4+3[GEF])[GDP]+k4c([GTP]+[GDP])
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Equation 4 expresses the cellular fraction of the GTP-bound Ras over the GTP-
and GDP-bound Ras (the GAP-mediated fras.cTP) Of Ras in the presence of GAP in

cells shown in Scheme 1 (see Appendix for the derivation).

The GAP-mediated f ras.cTP Equation 4

k_[GTP]

k_» [GTP]+k_1[GDP]+(%[GAP]+k+6>([GTP]+[GDP])

Quantification of the Ras-bound GTP in cells. Unstimulated NIH 3T3 cells were
stably transfected with various HRAS constructs (#1-189) using a mammalian
expression vector pCAGGS with FuGene-6-reagent (Roche). Cells were cultured for
four days in a complete RPMI 1640 medium, and washed with phosphate-free Eagle's
minimum essential medium. Resuspended cells were then incubated for 5 hr with a
serum- and phosphate-free RPMI 1640 medium containing ~50 uCi of **P/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
phenylmethylsulfonyl fluoride, 1 pg/mL peptstain A, 1 ng/mL aproptinin, and 1 ug/mL
leupeptin), and 10 mM TrisHCI (pH 7.4). Cells in the ice-cold homogenization buffer
were sonificated 4 x 5 sec (40 watts) on ice followed by centrifugation (100,000 x g) at 4
°C for 20 min. The supernatant of the cell lysate extract was nutated with Amine
Immobilization Resin (Thermo Scientific) coupled with a pan Ras F132 antibody (Santa
Cruz Biotechnology) at 4 °C for 5 hr. Resin was collected by centrifugation (10,000 x g)
for 30 min; the proteins bound to the resin were washed with a buffer containing 500

mM NaCl, 20 mM MgCl,, 5 mM DTT, 1 mM EDTA, 0.1% Triton X-100, and 10 mM
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TrisHCI (pH 7.4). Nucleotides were eluted from the resin-bound proteins by treatment
with a buffer containing 500 mM NacCl, 10 mM MgCl,, 5 mM DTT, 2.5% SDS, and 10
mM TrisHCI (pH 6.8) at 4 °C for 1 hr. The nucleotides were then analyzed by thin-layer
chromatography and autoradiographed using a densitometry (Bio-Rad GS-670) as
described in the previous study“® to determine the actual cellular fraction of the GTP-

bound HRas proteins in the presence of both GEFs and GAPs (the cellular f ras.cTp).
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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, respectively, as GEF and GAP. 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 values are summarized in Tables 2 and 3.
Using Equations 1-4 in conjunction with these values of the kinetic parameters, the
intrinsic, GEF- and GAP-mediated and comprehensive values of the fras.cTe Of these

Ras proteins were assessed (Table 4) and analyzed in detail.

Calculation of the intrinsic f ras-c7p Value of Ras. The value of the intrinsic f ras.cTP
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 ras-cTP Values of Ras proteins
(Table 4) were reached by determination of several kinetic parameters for subsequent
calculation in Equation 2. These kinetic parameters include (i) the value of the intrinsic
GNE of Ras proteins (k_; and k_,) (Table 2) and (ii) the value of the intrinsic GTP
hydrolysis of Ras proteins (k:g) (Table 3). This calculation used the previously reported
average values of [GTP] (~300 pM) and [GDP] (~40 uM) in human cells.?

Analysis of the intrinsic f gras.g7p Value of wt HRas. The intrinsic f ras.cTp Value of
wt HRas was calculated to be 0.33 (Table 4). The values of k-1, k-5, and k. of wt HRas
(Tables 2 and 3) that determine the intrinsic f ras.cTp Value of wt HRas did not deviate

significantly from those of the previously reported values.*® 4% 4748
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Figure 2. Estimation of the kinetic constants of the intrinsic GTP dissociations 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 the Ras-bound
[**S]GTPyS at various time points were fractionated against the initial radioactivity value
of the Ras-bound [**S]GTPyS (time = 0 s); the fractionated radioactivity values were
plotted against 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.
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Intrinsic rate constants for
Ras nucleotide

Kinetic parameters
associated with Cdc25

dissociation (10°st M
(10%s™
GTP GDP GEF- GEF-
dissociation | dissociation | mediated mediated
(K-1) (k-2) GTP GDP
dissociation | dissociation
(K+3) (K+a)
wt HRas 0.9 1.2 7.2 7.8
p-loop G12A 0.9 0.5 7.5 7.3
mutants G12C |06 2.2 7.4 8.2
G12D |9.5 (899 1.6 (1.4 7.6 7.0
GI2E | 4.9 1.5 8.0 7.5
G12S |0.2 4.8 7.0 8.0
5 G12v | 0.9(0.78%) |0.2(0.38") |7.5 7.1
& G13C |0.8 25 7.7 8.2
G13D |6.3 1.6 7.4 7.0
G13S [0.7(0.83% |3.6(3.83%) |8.2 8.8
G13V | 1.2 (5% 3.4 (105% |7.4 7.9
NKCD/SAK | K117R |11.1 13.0(32°) |8.6 9.0
mutants Al46T |8.1 9.7 8.1 8.2
Al46V |9.3 13.5 8.4 8.8

Table 2. Kinetic parameters for the intrinsic and GEF-mediated GDP and GTP

dissociation from wt HRas and its mutants.



45

Table 2. Kinetic parameters for the intrinsic and GEF-mediated GDP and GTP
dissociation from wt HRas and its mutants.

The kinetic values with standard deviations (SD) of the intrinsic GTP dissociation from
wt HRas and G12S were taken from Figure 2. The kinetic values with the SD of intrinsic
GTP dissociation from all other listed HRas mutants were obtained as described in
Figure 2. In addition, the kinetic values of intrinsic GDP dissociation with the SD from
these Ras proteins also were obtained as described in Figure 2, except that [*H]GDP,
instead of [y-*?P]GTP, was used. The Keat (Vimax/Eo) values of the Cdc25-mediated
nucleotide dissociation 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 uM) was used in this analysis. The values of Ky also were obtained
from this saturation kinetic analysis. However, because all determined Ky, values of
these HRas mutants were indistinguishable from those of wt HRas (Ky = ~340 uM), a
listing of the detailed Ky values of these HRas mutants is omitted. The SD of the
estimated values were within 10% of the values shown. The values of "a, b, c, d, and e"

wd7 42 49 40
) )

were taken from the references "', , and 3" respectively.
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Figure 3. Determination of the kinetic constants for the intrinsic and p120GAP-mediated

activities of wt and G12S HRas.
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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
against time. All plot values represent mean values with the SD from three separate
independent experiments. The estimated values of k;s as determined by the fit of these
plot data to a single exponential function with r* > 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 as described in Materials and Methods. The radioactivity
values were plotted against time and fit to a single exponential function with r* > 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 against the concentration of p120GAP. 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 r* > 0.9695 to give the Vpmax and Ky values of
various Ras proteins coupled with p120GAP for the GTP hydrolysis. The Vmax Values
were converted into Kea (Vmax/Eo) values as described in Materials and Methods. The

estimated ks and Ky values are summarized in Table 3.
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Intrinsic Ras GTP | Kinetic parameters associated with
hydrolysis rate pl20GAP
(k+6) (1074 571) kcat (k+8) KM (MM) kcat/KM
(s (x 10°s™
M)
wt HRas 2.1 18.0 8.9 2.02
p-loop G12A | 0.5 0.5 46.8 0.01
mutants G12C | 1.8 3.2 12.3 0.26
G12D |1.4(1.7% 0.5 4.8 0.10
G12E |1.6 0.9 4.7 0.20
Gl2s |1.2 2.1 15.8 0.13
G12V | 0.05 (< 0.03% 0.01 < 100 ~0
= 0.33")
o G13C |1.1 1.9 26.6 0.03
G13D |1.9 1.3 5.2 0.25
G13S |3.2(5.339 1.5 (0.5% 19.6 (21.6% | 0.01
(0.023%
G13V | 2.0 (2.179 0.1 87.0 <0.01
NKCD/SAK K117R | 1.9 16.2 11.9 1.36
mutants A146T | 1.9 12.5 10.7 1.05
Al146V | 1.8 (same as wt®) | 10.7 13.8 0.78

Table 3. Kinetic constants for the intrinsic and p120GAP-mediated GTPase activity of

wt HRas and its mutants.

The kinetic data of the intrinsic and p120GAP-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 legends of Figures 2 and 3. The standard errors of the values were
determined to be less than 10% of the values shown. The values of "a, b, ¢, d, and e"

w50 47 51 40
) )

were taken from the references ", , and °*", respectively.
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Analysis of the intrinsic f gas.g7p Values of HRas mutants. All of the intrinsic f
Ras-GTP Values of the listed HRas mutants exceeded the intrinsic f ras.ctp Value of wt
HRas (Table 4).

The HRas p-loop mutants G12A and G12V both have smaller k-, values than wt
HRas but have similar k-; values (Table 2). Although smaller k-, values in Equation 2
would suggest a decrease in intrinsic f ras.cTp Values, an increase in intrinsic f ras-cTP
values (Table 4) is present due to the ks values in Equation 2 that are much smaller
than those of wt HRas (Table 3).

Compared with the values of wt HRas, the values of HRas p-loop mutants G12C,
G13S, and G13C have a smaller k-; and a larger k-, (Table 2). Nevertheless, these
HRas mutants have slightly decreased k. values compared with the k.s value of wt
HRas (Table 3). These combinations of k values in Equation 2 favor a higher value of
intrinsic f ras-cte than is found in wt HRas. Another HRas p-loop mutant, G12S, is
intriguing, because it has the same trait — a smaller k-; and a larger k-, value than that
of wt HRas — but to a larger extent than the HRas mutants G12C, G13S, and G13C
(Table 2). G12S HRas also has a slightly increased k. value compared with the kig
value of wt HRas (Table 3). The combination of these unique k values in Equation 2 is
reflected in the intrinsic f ras.gTp Value, because G12S has the largest intrinsic f ras-cTP
value, 0.78, among these mutants (Table 4).

HRas p-loop mutants G12D, G13D, and G12E exhibit much larger k-; values
than wt HRas does, but display only marginally increased k-, and marginally decreased
ki values compared with those that wt HRas exhibits for the same elements (Tables 2

and 3). However, the intrinsic f ras.gTp Values of these HRas mutants increased slightly
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f ras-cTP Values (fraction)

= 2 ¢ "9
5 T T 3
w0 - ! =]
o) 3| 3 o
() (1% D (DD-
Q Q o)
= > 7
8| & 5

I 1 1" I 1 1l
wt HRas 0.33 |0.39 {0.89 |0.90 |0.01 |0.01 |0.44 | 0.89
p-loop mutants G12A |0.43 |055(0.89 |0.89 [{0.19 | 0.28 | 0.88 | 0.89
G12C | 051 |055 (090 | 0.90 |0.07 |0.08 |0.80 |0.90
G12D |0.37 |0.42 |0.89 |0.90 |0.10 | 0.12 | 0.84 | 0.90
G12E |0.39 |0.44 |{0.88 |0.89 |0.06 |0.07 |0.80 |0.89
G12S |0.78 |0.79 |0.90 |0.91 {0.23 |0.24 |0.85 |0.91
% G12v | 055 | 0.74 |0.90 |0.90 | 0.46 |0.67 | 0.89 | 0.90
2 G13S | 050 |052|0.89 |0.89 |0.23 |0.25 |0.85 |0.89
G13C |0.65 |0.68 |0.88 | 0.90 |0.21 |0.24 |0.86 |0.90
G13D |0.36 |0.40 {0.89 |0.90 |0.05 |0.06 |0.78 | 0.90
G13v | 059 |0.61 |0.89 0.90 | 0.54 | 057 0.89 |0.90
NKCD/SAK K117R [ 0.79 |0.79 |0.89 | 0.90 |0.08 | 0.08 | 0.57 |0.89
mutants A146T [0.76 |0.76 | 0.89 | 0.90 | 0.07 | 0.07 | 0.58 | 0.89
Al146V | 0.81 |0.82 [0.90 | 0.90 | 0.13 |0.07 | 0.58 | 0.89

Table 4. Theoretically estimated comprehensive f gas.g7p Values of wt HRas and its

mutants.

The various f ras.gTp Values of wt HRas and its mutants were estimated by using various

kinetic parameters (Tables 2 and 3) and Equations 1-4 as described in the Appendix.

The data in this table reflects: (i) the ®intrinsic f ras-gTP, @nd the PGEF-mediated f ras.gTP

(I, minimally active 5 nM Cdc25; Il, highly active 5 nM Cdc25; and lll, highly active 0.6

uM Cdc25); (ii) the “GAP-mediated f ras-cTp (10 NM p120GAP), and (iii) the

dcomprehensive fras.ate (I, minimally active 5 nM Cdc25 with 10 nM p120GAP; 11, highly

active 5 nM Cdc25 with 10 nM p120GAP; and Ill, highly active 0.6 uM Cdc25 with 10

nM p120GAP).
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in comparison with these 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 Equation 2 compared with the contribution of k-, and k..

The k-; and k-, values of G13V HRas are much higher than these same 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 ks values indicate the faster Ras GNE.
Besides, when the k. value is unchanged, the higher k_; and k-, values in Equation 2
produce a larger intrinsic f ras.gTp Value of Ras. Hence, the larger intrinsic f ras.gTp Value
of G13V HRas than that of wt HRas (Table 4) reflects that the GNE of G13V HRas is
faster than that of wt HRas. This is highlighted again in the case of the 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 wt HRas
(Tables 2 and 3). This causes the intrinsic f ras.cTp Values of the NKCD/SAK HRas
mutants to be nearly twice that of wt HRas (Table 4).

Calculation of the GEF-mediated f rss.g7p 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 f ras.ctp Of Ras (Equation 3). The value of
the GEF-mediated f ras.cTp 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 f ras.gTp Of Ras are not only GEF-mediated Ras GNE but also intrinsic Ras
GNE and GTP hydrolysis. Accordingly, Equation 3 consists of the GEF-relevant kinetic

terms in addition to the intrinsic kinetic terms that determine the intrinsic f ras-cTe Value.
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In Equation 3, the GEF-relevant kinetic terms are defined as k.3 and k.4 in combination
with [GEF] (i.e., k+3-[GEF] and k.4:[GEF]).

[GEF] in Equation 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 5 nM.>® In Jurkat T cells, however, the SOS
concentration was reported as 0.6 pM.* For the purposes of this study, these two
reported dominant cellular levels of SOS were essentially used as [GEF] in Equation 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 nM to uM.

Within this study, the values of the kinetic terms associated with GEF (i.e., k.3,
and k.4) in Equation 3 were determined by using the Cdc25 from SOS. This Cdc25
retains the basal activity of SOS, and thus these estimated unmodified ki3 and k.4
values of Cdc25 represent the kinetic parameters of the minimally active SOS. SOS
activity in cytoplasm is reported to be increased up to 500 times by formation of a
complex of SOS with Ras on a plasma membrane.>® Hence, these values of k.3 and k.4
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 the values of the GEF-relevant
kinetic terms. These are represented by: (I) the minimally active 5 nM SOS (designating
the action of 5 nM SOS with the original k.3 and k.4 values); (Il) the highly active 5 nM

SOS (representing the action of 5 nM SOS with k.3 and k.4 values multiplied by 500);
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and (Ill) the highly active 0.6 uM SOS (denoting the action of 0.6 uM SOS with k.3 and
k:+4 values multiplied by 500). Note that the case of the minimally active 0.6 uM SOS is
unlisted. This is because the values of the case (Il) "5 nM SOS with k.3 and k.4 values
multiplied by 500" are equal to the values of the case "0.6 uM SOS with the original ki3
and k.4 values." Accordingly, we assessed three different values of the GEF-mediated f
ras-cTP Of Ras: (i) the GEF-mediated f ras-cTp Of Ras with the minimally active 5 nM SOS
(termed the GEF-mediated f ras.gTp (1) Of Ras); (ii) the GEF-mediated f ras.cTp Of Ras
with the highly active 5 nM SOS (termed the GEF-mediated f ras.gtp (I1) Of Ras); and (iii)
the GEF-mediated f ras.cTp Of Ras with the highly active 0.6 uM SOS (termed the GEF-
mediated f ras.cTp (Ill) Of Ras).

Analysis of the GEF-mediated f zas.g7p Values of wt HRas. All of the values of the
GEF-mediated fras.cp (1), (1), and (11l) of wt HRas, 0.39, 0.89, and 0.90, respectively,
were larger than the value of 0.33 of the intrinsic f ras.gtp Of Wt HRas (Table 4). This is
not too surprising, because the comparison of Equations 2 and 3 predicts that, in
general, the presence of the GEF-relevant terms — k.3-[GEF] and k.4 [GEF] — in
Equation 3 produces a GEF-mediated fras.c7p (1) Of Ras that is at least similar to or
larger than the intrinsic f ras.gTp Value of Ras. Also, Equation 3 predicts that a larger
value of the GEF-relevant terms produces a larger value of the GEF-mediated f ras.cTp
of wt HRas. Hence, it stands to reason that the GEF-mediated f ras.gTp (I1l) of wt HRas
has a larger value than the GEF-mediated f ras.g1p (II) Of Wt HRas. The same is true for
the larger value of the GEF-mediated f ras.c7p (II) of wt HRas in comparison with the

value of the GEF-mediated f ras.c7p (I) Of Wt HRas.
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Analysis of the GEF-mediated f gas.c7p Values of HRas mutants. Similar to the
values associated with wt HRas, the values of the GEF-mediated f ras.gTp (I) Of the listed
HRas p-loop mutants were larger than the values of the intrinsic f ras.cTp 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 Equation 3. Intriguingly, among
these listed HRas p-loop mutants, G12A and G12V show the largest increases in the
GEF-mediated fras.cTp (1) Values in comparison with intrinsic f ras.gp Values (Table 4).
Nevertheless, such value increases exceed expectations. One key contributor to such a
value increase, in addition to the values of the GEF-relevant terms associated with
G12A and G12V HRas, is the particularly small value of the k-, of G12A and G12V
HRas (Table 2). The presence of a smaller k-, value in Equation 3 allows for the GEF-
relevant terms to weigh more significantly in the determination of the value of the GEF-
mediated fras-cTp (1) Of Ras. The opposite is true of the NKCD/SAK HRas mutants
K117R, A146T, and A146V. Because these HRas mutants have a much larger k-, value
(Table 2), the GEF-relevant terms in Equation 3 have relatively little effect on the
determination of the value of the GEF-mediated fras.gp (1) Of Ras (Table 4).

Unlike the case of the GEF-mediated fras.cTp (I) Of Ras, the values of the GEF-
mediated f ras.c7p (1) @and (IIl) of all of the listed HRas mutants almost uniformly parallel
the values of the GEF-mediated f ras.gtp (I1) and (1) of wt HRas. These similarities
occur because the values of the GEF-relevant terms of these HRas mutants associated
with the highly active 5 nM and 0.6 yM SOS were significantly higher than the values of

the combined intrinsic kinetic parameters of these HRas mutants in Equation 3. As a
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result, the values of the GEF-mediated f ras.gtp (I1) and (lll) of these HRas mutants
reached their maximum.

Calculation of the GAP-mediated f ras.g7p 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 f ras.ctp Of Ras (Equation 4).
The value of the GAP-mediated f ras.cTp 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 ras-cTP Value but also the GAP-relevant kinetic terms; these include k.7, k7, and kg in
conjunction with [GAP] (i.e., K+7-k+g/(k_7 + k+g)-[GAP]). Intriguingly, the GAP-relevant
kinetic terms, ki7-k:s/(k_7 + K+g), in the denominator of Equation 4 are equivalent to the
catalytic efficiency, kca/Kym, of GAP on Ras. Hence, with [GAP], the factors that
determine the value of the GAP-mediated f ras.gTp Of Ras that is of interest are those
that govern the catalytic efficiency of GAP on Ras.

[GAP] in Equation 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 key and Ky of GAP for Ras
(Table 3) were determined by using p120GAP with Ras. Therefore, the GAP-relevant
kinetic values listed in Table 3 can only be used to assess the catalytic action of the
p120GAP, 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 (i.e., 0.6 uM of SOS), the cellular concentration of p120GAP in the range of

uM has not been reported. Taking these factors into account, only one value of the
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GAP-relevant kinetic terms — the estimated values of kes: and Ky in combination with
10 nM p120GAP — is used within this study for calculation of the values of the GAP-
mediated f ras.gTp Of Ras.

Analysis of the GAP-mediated f gras-c7p Value of wt HRas. The estimated GAP-
mediated f ras.cTp Value of wt HRas approached 0.01, a value much less than the
intrinsic f ras-cTP 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 — (K.7-k+g/(K-7 + K+g)-[GAP], which is
equivalent to keo/ K [GAP] — added to the denominator in Equation 4.

Analysis of the GAP-mediated f ras.c7p Values of HRas mutants. All of the GAP-
mediated f ras.gTP Values of these HRas mutants exceeded the GAP-mediated f ras-cTP
value of wt HRas. HRas mutants G12A, G12C, G12D, G12E, G12S, G13C, G13D, and
G13S have GAP-mediated f ras-gTp Values that lie between the two extremes of wt HRas
and G12V mutant and also between the two extremes of wt HRas and G13V HRas
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, 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 Equation 4 to contribute more to the
GAP-mediated f ras.gTp 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 f ras.gTp Values. They also have GAP-mediated f ras.gTp Values that changed
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the least from their intrinsic f ras.cTp 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
p120GAP on the NKCD/SAK HRas mutants K117R, A146T, and A146V does not
significantly differ from wt HRas (Table 3). However the GAP-mediated f ras.gTp Values
of these NKCD/SAK HRas mutants are significantly higher than in wt HRas (Table 4).
The increase in the GAP-mediated f ras.gTp Value is because of the sufficiently large
intrinsic kinetic values of these NKCD/SAK HRas mutants that counteract the values of
the GAP-relevant kinetic terms in Equation 4 that are associated with these NKCD/SAK
HRas mutants.

Calculation of the comprehensive f ras.g7p 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 f ras.ctp Of Ras (Equation 1). The comprehensive
f ras.cTP Of Ras represents the populations of the active GTP-bound Ras in the presence
of both GEF and GAP in cells.

Within this study, three different values of the GEF-relevant kinetic terms were
used to calculate the GEF-mediated f ras.cTp Values of Ras (see above). For calculation
of the GAP-mediated fras-cTp Values of Ras, only one value of the GAP-relevant kinetic
terms was used (see above). Three distinct combinational value sets of the GEF/GAP-
relevant kinetic terms are possible. These are represented by: (I) the minimally active 5
nM SOS/10 nM p120GAP; (I1) the highly active 5 nM SOS/10 nM p120GAP; and (lll) the
highly active 0.6 uM SOS/10 nM p120GAP. Accordingly, three different sets of the

comprehensive f ras.cTp Values of Ras were calculated: the comprehensive f ras.ctp Of
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Ras with the minimally active 5 nM SOS/10 nM p120GAP (termed the comprehensive f
ras.GTP (I) Of Ras); the comprehensive f ras.ctp Of Ras with the highly active 5 nM
SOS/10 nM p120GAP (termed the comprehensive f ras.ctp (1) Of Ras); and the
comprehensive fras.ctp Of Ras with the highly active 0.6 uM SOS/10 nM p120GAP
(termed the comprehensive fras.c7p (Ill) Of Ras). These values of the comprehensive f
ras.cTP (1), (), and (1l1) 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 f ras.cTp) Of Ras measured in NIH 3T3 cells.

Analysis of the comprehensive f ras.c7p Values of wt HRas. The values of the
comprehensive fras.atpe (1), (I1), and (lll) of wt HRas are, respectively, 0.01, 0.44, and
0.89 (Table 4). The results suggest that the comprehensive f ras.cTp Value of wt HRas
depends largely on the combinational actions of SOS with p120GAP.

The cellular fras.gTp Value of the transfected wt HRas in unstimulated NIH 3T3
cells was estimated to be 0.12 (Figure 4). Notably, a previously measured cellular f
Ras-GTP 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
guantification methods used for the GTP- and GDP-bound Ras isolated from cells. The
difference in cell culture conditions may also affect the ratio of the GTP-bound Ras over
the GDP-bound Ras. Regardless of the value differences, those of the estimated
cellular f ras.gTp Values of the transfected and endogenous wt HRas in unstimulated NIH
3T3 cells fall between the values of the comprehensive f ras.ctp (I) and (Il) of wt HRas
(Table 4). This is not unexpected because the cellular expression and activity of GEFs

and GAPs in unstimulated NIH 3T3 cells would not duplicate the value sets in Equation
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1 for the calculations of any of these comprehensive fras.cte (1), (I1), and (1) values of
wt HRas. By setting the values of the GEF- and GAP-relevant kinetic terms for the
calculation of the comprehensive fras.ctp (1), (1), and (lll) values of wt HRas as default
values, a comparison of these comprehensive f ras.gTp Values of wt HRas with the
cellular f ras.gTp Values of wt HRas in unstimulated NIH 3T3 cells may predict the status
of SOS in unstimulated NIH 3T3 cells. For example, the estimated value of the cellular f
ras-cTP 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 plus 10 nM p120GAP in Equation 1. Nevertheless, direct
measurements 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 f ras.cTp Value of wt HRas.

Note that the previous study also showed that the fraction of the cellular f ras.cTp Value of
the transfected wt HRas in unstimulated NIH 3T3 cells does not significantly differ from
the cellular f ras.cTp 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 feature analysis of the cellular f ras.gTp Value of
the transfected wt HRas in unstimulated NIH 3T3 cells that was performed by using the
comprehensive fras.atp (1), (1), and (Ill) values of wt HRas (see above) may reflect the

cellular traits of the endogenous wt HRas. This endogenous wt HRas is associated with.
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Figure 4. Determination of the fractions of the HRas-bound GTP in cells.

GTP fractions bound to various 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 the Ras-

[Ras-GTP]
Ras-GTP] + [Ras-GDP

bound GTP ([ ]) using densitometry estimation of GTP and GDP

concentrations were calculated to be: background (transfection of the mammalian
expression vector without ras gene), not determined; wt HRas, 0.12; G12V HRas, 0.81;
and 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 SD

are less than 10% of the GTP fraction values that were indicated.
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the cellular expressions and activities of SOS and p120GAP in unstimulated NIH 3T3
cells

Analysis of the comprehensive f gas.g7p Values of HRas mutants. To one degree
or another, all of the values of the comprehensive fras.cp (I) Of these HRas mutants
exceeded the values of the comprehensive f ras.cTp (1) Of wt HRas.

According to the main kinetic factor that changes the value of the comprehensive
fras-cTP (I) Of Ras, the values of the comprehensive fras.cp (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 fras.atp (1) Of Wt HRas. First, the values of the
GAP-relevant kinetic terms of HRas mutants in Equation 1 are almost O; as a
consequence, the outcome of the value of the comprehensive fras.c7p (1) 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 two 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 Equation 1,
yield larger values of the comprehensive fras.gtp (I) of HRas mutants than the value of
the comprehensive fras.gtp (I) of wt HRas. In all of these cases, these altered values are
because of the perturbed intrinsic kinetic processes of HRas mutants and/or GAP
catalytic efficiencies on HRas mutants. With the exceptions of G12V and G13V HRas,

all of the examined HRas mutants have this kinetic trait.
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Similar to the case of the comprehensive fras.cTp (1) Of these HRas mutants, all of
the values of the comprehensive fras.ctp (II) of HRas mutants were higher under the
same conditions than the values of the comprehensive f ras.gtp Of Wt HRas (Table 4).
Based upon the main kinetic factor that contributes to altering the value of the
comprehensive fras.ctp (II) Of Ras, the values of the comprehensive fras.cTp (Il) Of the p-
loop and NKCD/SAK HRas mutants fall into two categories when compared with the
value of the comprehensive fras.ap (Il) 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 than those
of wt HRas — mainly contribute to give higher values for the comprehensive fras.cp (1)
of HRas mutants than for the comprehensive fras.gTp (I1) of wt HRas. The perturbed
intrinsic processes of HRas mutants and GAP catalytic efficiencies on HRas mutants
are, respectively, 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 fras.c7p (Il) of HRas
mutants than of the comparative values of wt HRas. The significantly higher values of
the intrinsic kinetic terms of HRas mutants, compared with those of wt HRas, is because
of 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 p120GAP of HRas
mutants. The NKCD/SAK HRas mutants, including K117R, A146T, and A146V HRas,

have this kinetic feature.
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All values of the comprehensive fras.ctp (Il) of these HRas mutants are almost
uniformly similar to the value of the comprehensive fras.ctp (I1I) of wt HRas, which is
extremely high (i.e., > 0.87) (Table 4). This similarity is 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 Equation 1. In addition, as discussed elsewhere, this highly
active 0.6 uM SOS/10 nM p120GAP condition can also generate an extremely high
value for the comprehensive fras.ctp Of Wt HRas. The highly active 0.6 uM SOS/10 nM
p120GAP generates significantly higher values for the comprehensive fras.ctp (lll) 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/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 f ras.gTp 0f 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 f ras.gTp
values of G12S HRas. Because of the important role of G12V HRas in cancer
formation, the cellular f ras.gTp 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 fras.cte (1), (I1),

(111 values of G12V HRas. The cellular f ras.cTe Value of G12V HRas in unstimulated
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NIH 3T3 cells also serves as a positive control for the analysis of the cellular f ras.cTP
value of G12S HRas in unstimulated NIH 3T3 cells. The value of the cellular f ras.gTp Of
wt HRas in unstimulated NIH 3T3 cells serves as a negative control for this analysis.
This cellular f ras.cTp Value of G12V and G12S HRas in unstimulated NIH 3T3 cells was
determined to be 0.80 and 0.63, respectively, which is ~8.0- and 6.3-fold higher than the

cellular f ras.gTp Value of wt HRas in unstimulated NIH 3T3 cells (Figure 4).
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Discussion

This study established novel kinetic parameter-based calculations of the values
of intrinsic, GEF- and GAP-mediated, and comprehensive f ras.gtp 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 ras.gtp 0f Ras — the comprehensive f
ras-cTP (1), (I), and (lll) of these HRas — were calculated. Comparison of these
calculated values with the values of the cellular f ras.cTp Of Selected HRas proteins in the
unstimulated NIH 3T3 cells suggests that the comprehensive f ras.ctp (1) values of HRas
mainly represents the actual cellular f Ras*GTP values of HRas in the unstimulated NIH
3T3 cells. This recognition takes into account the component of the comprehensive f
ras-cTP (II) Of HRas. Intriguingly, although there are no clear-cut dividing lines, the
spectrum of the calculated values of the comprehensive f ras.ctp (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 G12V and G13V HRas mutants. The G12V and G13V HRas
mutations 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 HRas
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mutations. These HRas mutations are mainly linked to 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, G12E, G13D, K117R, A146T, and A146V HRas mutations that are only
linked to 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 fras.atp (I) Of HRas mutants is certainly linked to cancer formation, but
the low end of this spectrum is only associated 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 fras.ctp (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 fras.ctp (I) value of a certain HRas mutant
is 0.25, this HRas mutation is likely to cause 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 development of Costello syndrome. The cellular f ras.gTp
values of HRas proteins from unstimulated NIH 3T3 cells were used as references for
the analyses of the comprehensive fras.cTp (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 f ras.c7p () of HRas by using the

cellular f ras.ctp Values of HRas from various other cells.
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As was discussed in the Results section, the reason for such a high spectrum of
values for the comprehensive fras.ctp () of HRas mutants — G12V and G13V HRas —
is because 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 HRas —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 fras.c7p (1) 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 the diseases
that they are associated with. The severe impairment of the catalytic action of p120GAP
on HRas mutants results in the high-end values of the comprehensive fras.cTp (1) Of
Ras. These values at the upper end of the spectrum cause 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 these ranges are sufficient
for development of cancers and/or the Costello syndrome.

Earlier, the main factor in increases in the cellular population of the GTP-bound
Ras was thought to be caused by 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 fras.gtp (1)
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
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properties of Ras also plays a key role in increases in the cellular population of the
GTP-bound HRas. This notion is supported by the middle and low end spectrum of
values of the comprehensive f ras.gtp (I) Of HRas proteins. Values in these ranges of the
spectrum include all of the listed HRas mutants, except G12V and G13V HRas. One of
the best examples of this is the value of the comprehensive fras.gtp (I) of the G12S
HRas mutation. This occurrence is intriguing because G12S HRas is the most prevalent
form of HRas mutant found in patients with Costello syndrome.

The value of the comprehensive fras.gTp (I1l) 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 fras.ctp (III) of these HRas mutants are significantly high.
Intriguingly, the development of at least one case of Noonan syndrome has been linked
to high cellular f ras.cTp 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 sos1 gene.™® This SOS upregulation-dependent development of
Noonan syndrome can be explained by an incident in the calculation of the value of the
comprehensive fras.ctp Value (ll) 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 p120GAP on the cellular population of the GTP-bound
Ras through the action of these HRas mutations should not be overinterpreted.
Moreover, no exploration has been undertaken of the possibility of a change in the

p120GAP expression-dependent cellular population of the GTP-bound form of Ras that
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is associated with these HRas mutations. This limitation reflects the lack of evidence of
higher or lower 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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CHAPTER 2 APPENDIX

Derivation of the expression of the fraction of the GTP-bound form of Ras in terms of
the kinetic parameters of the intrinsic Ras GNE and GTP hydrolysis and of GEF and

GAP with Ras.

Scheme 1

Ras * GEF - Ras * GTP » GAP

Ras *« GTP

As shown in Scheme 1, Ras has a variety of forms that can be referred to as nodes.
Each node will be assigned a corresponding letter for simplicity.

Ras - A

Ras e GTP — B

Ras e GDP - C

Ras ¢ GEF - D

Ras e GTP ¢ GAP —» E
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The notation of an intermediate form/node enclosed in parentheses equals the sum of
all arrows leading away from the node. Each arrow is represented by a notation of two
letters in parentheses in which the first letter is the origin and the second the
destination.

(A) = (AB) + (AC) + (AD) = k.4[GTP] + k,,[GDP] + k,5[GEF]

(B) = (BA) + (BC) + (BD) + (BE) = k_; + k,¢ + k,3[GEF] + k,,[GAP]

(C) = (CA) + (CD) = k_, + k,4[GEF]

(D) = (DA) 4+ (DB) + (DC) = k_g + k_3[GTP] + k_,[GDP]

(E) =(EB)+ (EC) = k_; + kg

Using the "one-branch" approach *, the determinant of any enzyme species is the
summation of the products of the nearest paths leading toward the node and all other
remaining nodes.

[Ras « GTP] = (AB)(C)(D)(E) + (DB)(A)(C)(E) + (EB)(A)(C)(D)

Applying the "consecutive branch" approach ?, the (EB) term is canceled because no
path connects the remaining nodes to (EB).

[Ras « GTP] = (AB)(C)(D)(E) + (DB)(A)(C)(E)
Ras*GDP has been chosen as the common node for simplicity in the resulting equation.
The "consecutive branch" approach is continued further until C is the origin of all paths.

[Ras « GTP] = (AB)[(CA)(D)(E) + (CD)(DA)(E)] + (DB)[(CD)(A)(E) + (CA)(AD)(E)]

The (E) term is then factored out.
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[Ras  GTP] = (E)((AB)[(CA)(D) + (CD)(DA)] + (DB)[(CD)(A) + (CA)(AD)])

The rate constants are now substituted into the equation.

[Ras e GTP] = (k_,
+ k) (K41 [GTP] (ko (k_s + k_3[GTP] + k_4[GDP]) + (k.4 [GEF]) (k_s))

+ k_3[GTP] (k4 4[GEF] (k41 [GTP] + k,,[GDP] + k., 5[GEF])

+ (k_3) (e, s[GEFD) )

We assume that k.; and k., are equivalent and that k-3 and k-4 are equivalent because
Ras and Ras*GEF have almost equal affinities for GTP and GDP.

ifk,y =k, =k'andk_3=k_, =k"

[Ras « GTP] = (k_; + k) (k'[GTP](k_,(k_s + k" [GTP] + k" [GDP]) + k,4k_s[GEF])

+ k" [GTP] (k. 4[GEF](k'[GTP] + k’[GDP] + k. 5[GEF]) + k_,k.,5[GEF]))

[GTP] is factored out, and the remaining terms are distributed.
[Ras ¢ GTP] = (k_, + k,g)[GTP](k'k_,k_5 + k'k"k_,([GTP] + [GDP]) + k'k.,k_5[GEF]

+ k'k" k4 4[GEF]([GTP] + [GDP]) + k"'k44k.5[GEF]? + k" k_,k,5[GEF])

The term (k-2 + ki4[GEF]) is then factored out of the equation.
[Ras » GTP] = (k_; + k4g)[GTP](k'k_s(k_5 + k,4[GEF])
+ k'k" ([GTP] + [GDP]) (k_3 + k44[GEF]) + k" k,5[GEF](k_, + k14[GEF]))

= (k_y + kg)(k_; + k,4[GEF])[GTP](k’k_5 + k" k,5[GEF] + k’k” ([GTP] + [GDP]))
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The same approach is applied to Ras*GDP, but with B used as the common node.
[Ras « GDP] = (AC)(B)(D)(E) + (DC)(A)(B)(E) + (EC)(A)(B)(D) + (BC)(A)(D)(E)
= (AQ)[(BA)(D)(E) + (BD)(DA)(E)] + (DC)[(BD)(A)(E) + (BA)(AD)(E)]
+ (EC)(BE)(A) (D) + (BC)(A) (D) (E)
= (E)((AC)[(BA)(D) + (BD)(DA)] + (DC)[(BD)(4) + (BA)(AD)]) + (4)(D)[(EC) (BE)
+ (BO)(B)]
= (k_y + kyg) (k+2[GDP] (k_y(k_s + k_3[GTP] + k_4[GDP]) + (k,3[GEF])(k_s))
+ k_4[GDP](ky3[GEF] (k41 [GTP] + k4, [GDP] + k,5[GEF])
+ (k1) (k. 5[GEF])))
+ (k41 [GTP] + k4,[GDP] + k., s[GEF])(k_s + k_3[GTP]

+ k_4[GDPD) ((k45) (k47 [GAPD) + (k16) (k7 + kys))

Once again the assumption that Ras and Ras « GEF have almost equal affinities for
GTP and GDP is applied.

ifly; =k, =k andk_g=k_, = k"

[Ras ¢ GDP] = (k_, + k,g) (k’[GDP] (k_1(k_s + k" [GTP] + k" [GDP]) + (k,3[GEF])(k_s))
+ k" [GDP](k,3[GEF](k'[GTP] + k'[GDP] + k,5[GEF]) + (k_l)(k+5[GEF])))
+ (k'[GTP] + k'[GDP] + k,s[GEF]) (k_s + k" [GTP]

+ k" [GDP])((k16) (47 [GAP) + (ks6) (k-7 + kss))

[GDP] is factored out, and the remaining terms are distributed.
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[Ras » GDP] = (k_, + k) [GDP](k'k_1k_s + k'k" k_,([GTP] + [GDP]) + k'k,3k_5[GEF]
+ k'k" k. 3[GEF]([GTP] + [GDP]) + k"'k,3k.<[GEF]? + k" k_,k,s[GEF])
+ (k'([GTP] + [GDP]) + k,5[GEF])(k_s + k"' ([GTP] + [GDP]))(k,k,5[GAP]

+ ko (ko7 + kig))

After distributing the k.sk_-s|GEF] term is removed because it is a cyclic term.
[Ras » GDP] = (k_; + k,)[GDP](k'k_s(k_y + k43[GEF])
+ k'k" (k_y + k43[GEF])([GTP] + [GDP]) + k"'k45[GEF](k_1 + ky3))
+ (k'k_s([GTP] + [GDP]) + k’k" ([GTP] + [GDP])?

+ K"k 45 [GEF]([GTP] + [GDP])) (k7K 5 [GAP] + ko (k_7 + k15))

The term (k-1 + k.3[GEF]) is then factored out of the equation.

[Ras e GDP] = (k_, + k,g)(k_, + k,3[GEF])[GDP](k'k_s + k'k" (|[GTP] + [GDP])
+ k" k,s[GEF])
+ (k'k_s + k'k" ([GTP] + [GDP]) + k" k,5[GEF])(k,,k,5[GAP]

+ kyo(k_7 + k15)) (IGTP] + [GDP])

The term (k'k_s + k'k" ([GTP] + [GDP]) + k" k,5[GEF]) is then factored out of the

equation.
[Ras s GDP] = ((k_7 + k,g)(k_q + k45 [GEF])[GDP]
+ (Jprk g [GAP] + kys (k7 + k1)) ([GTP] + [GDP])) (k'k_s

+ k'k"([GTP] + [GDP]) + k" k,5[GEF])
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The fraction of GTP-bound Ras can be defined as,

[Ras e GTP]
[Ras e GTP] + [Ras « GDP]

After substituting the values of Ras*GTP and Ras*GDP, the fraction of GTP-bound Ras
is

(k_7 + kg)(k_y + ky4[GEFD[GTP](k'k_s + k" k,5[GEF] + k'k"' ([GTP] + [GDP]))
((k_7 + kyg)(k_y + k13[GEF])[GDP] + (ky7k4+g[GAP] + ky6(k—7 + k4g))([GTP] + [GDP])) (k'k_s + k'k" ([GTP] + [GDP]) + k''k,s[GEF])

Divide by the terms (k_; + k,g)(k'k_s + k'k" ([GTP] + [GDP]) + k" k,s[GEF]), and the
resulting Equation 1 defines the comprehensive fraction of the GTP-bound Ras (the

comprehensive f ras.cTP).

_ (ks + k.4 [GEFD[GTP] Equation 1

 (k_y + Ky a [GEFDIGTP] + (k_, + k., [GEF])[GDP] + (,{"L";{SS [GAP] + k+6) (IGTP] + [GDP])

o+

To account for only the intrinsic turnover of GTP to GDP by Ras, all terms relating to
GEF and GAP can be canceled to yield Equation 2 for the intrinsic fraction of the GTP-

bound Ras (the intrinsic f ras.cTP).

k_,[GTP] Equation 2
~ k_,[GTP] + k_[GDP] + k,¢([GTP] + [GDP])

The same principle can be applied to GEF- and/or GAP-only situations, thus resulting in

equations for the fraction of GTP-bound Ras as follows. In a case in which only GEF is



active, Equation 3 for the GEF-mediated fraction of the GTP-bound Ras (the GEF-

mediated f ras-cTP) IS

B (k_, + k44[GEF])[GTP] Equation 3
~ (k_y + k. 4[GEFD[GTP] + (k_; + k,3[GEF])[GDP] + k,¢([GTP] + [G.

Similarly, if only GAP is active, Equation 4 for the GAP-mediated fraction of the GTP-

bound Ras (the GAP-mediated f ras.gTp) IS

k_,[GTP] Equation 4

% [GAP] + k+6) ([GTP] + [GDP])

k_,[GTP] + k_,[GDP] + (
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Abstract

ERas is the newest member of the Ras subfamily. Unlike other members of the
Ras subfamily, ERas is constitutively active and not normally expressed in humans. The
expression of ERas in humans is correlated to human cancers. It was proposed that
ERas enhances tumorigenicity through PI3K/Akt pathway. However, another work found

ERas directly activating JNK directly without PI3K/Akt involvement.

All previous work was qualitative and did not recognize the differences in binding
affinity of amongst several key Ras-downstream effector proteins. Through kinetic
binding approaches, my research results elucidate and refine the ERas-specific effector
proteins. | uncover that ERas shows a high affinity for PI3Ka and PI3K®&. This finding is
significant because as it delineates the exact interaction counterparts of ERas with the
PI3K/Akt pathway, thus suggesting a clearer target for possible drug design to cure or

alleviate ERas-mediated human cancer.

Additionally, | also discover that ERas has a sufficient affinity for the tumor
suppressor protein Rassf5. | propose that the binding interaction between ERas and
Rassf5 leads to a direct JNK activation that explains the previous reports. The
clarification of the ERas-mediated JNK activation is important because it aids in the

explanation of the reprogramming ability of ERas in mice.
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Introduction

The Ras subfamily of small GTPases are one of the most studied signaling
proteins in humans. The major family members of the Ras subfamily include HRas,
KRas, and NRas. These Ras isoforms have closely related.! Ras proteins function as
molecular switches through the binding and release of GTP and GDP. The cycling of
Ras proteins between the active GTP- and the inactive GDP-bound form functions as
molecular switch that controls various cellular signaling cascades.” * When in the active
GTP-bound form, Ras proteins are able to bind to their downstream effectors and
stimulate various cellular processes.* ®> Ras-downstream effectors encompass Raf1,

RalGDS, Rassf5, and PI13Ks.®

ERas was first reported in 2003 in murine embryonic cells, and its functions are
tied with the growth and development of murine embryos.” Unlike murine ERas, human
version of ERas is epigentically silenced.® ERas is not normally expressed in human
cells and when expressed cause cancers.®*? Unlike with other Ras proteins, ERas has
an extended N-terminus as well as unique Switch | and Switch Il regions. The role of the
ERas N-terminus in ERas function is unclear. A recent study shows the N-terminus
could affect the subcellular localization of ERas.*® N-terminal truncated ERas was
observed to slightly diminish the population of ERas localized to the plasma membrane,

however it is noted that the changes were marginal.

The ERas-specific Switches | and Il render ERas to have an intrinsically high
GTP-binding affinity and to block ERas GAP-binding interaction, populating the GTP-
bound active form of ERas in cells.** The constitutively active feature of ERas

engenders its tumorigenic and reprogramming ability.*
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It is notable that the expression of ERas in humans cause various types of
cancers.®*? A clinical study on gastric carcinomas (GC) found 44% of biopsied tumors
expressed ERas, compared to only 10% expressing KRas mutations.*° Later Liu et al.
proved that ERas enhances the ability of GC to proliferate and metastasize.*® In
addition, Liu showed that ERas expression is common in GC and is a key protein to the
development of GC. ERas was also found to be expressed in various human cancer cell
lines such as gastric, brain, breast, and pancreatic cancer cells lines.!” When ERas was
overexpressed in neuroblastoma cells, it was shown to increase in transforming activity

as well as confer resistance to chemotherapeutic drugs, promoting tumorigenicity.'® *°

ERas has been shown to interact with primarily with PI13Ka and PI3K3.” 1> % The
original Takahashi et al. study,’ as well as ones which followed,* *" ?° showed that
ERas mainly functions to activate the PI3K/Akt pathway in cells. Another research
reports that, regardless of the Akt activity, ERas directly activates JNK.*! It is important
to note that these studies are reliant on qualitative pull-down assays and give conflicting
information. To delineate the conflict and to gain insight into the ERas functions in cells,
guantitative binding studies were performed for ERas with key Ras-downstream effector
proteins that include Rafl, RalGDS, PI3Ka, PI3Ky, PI3Kd and Rassf5. For these kinetic
studies, | have produced a full-length native ERas protein by using a baculovirus in Sf9
insect cells. Previously, functional ERas has only been obtained from ERas expression
in mammalian cells. Based upon the comparative analyses of the binding study results,
| propose a role of ERas in cells and an answer for the reason of the previous conflicting

results.
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Materials and Methods

Expression and purification of human ERas. Full-length human ERas was provided by
Dr. Jungho Kim and expressed with the Invitrogen Bac-to-Bac™ Baculovirus system.
The full-length ERas gene was cloned into the pFastBac/NT-TOPO vector. After
successful cloning, the pFastbac vector containing the ERas gene was transformed into
DH10Bac to create a recombinant bacmid. The recombinant bacmid was isolated from
the transformed DH10Bac using an endotoxin free purification kit. The isolated
recombined bacmid was transfected into healthy (>95% viability) Sf9 cells with
Cellfectin® Il following the manufacturer’s protocols. The Sf9 cells were grown as a
monolayer in SF-900™ |ll media at 27 °C in absence CO,. Four days after transfection,
the culture was centrifuged to remove cell debris and the supernatant kept as a viral

stock.

For expression of full length ERas, Sf9 cells were grown in a suspension culture
in a non-humidified shaker incubator at 27 °C and 150 rpm. Sf9 cells were grown until
~1.5 x 10° cells/mL then inoculated with viral stock at a MOI of 5. After ~48 hrs the Sf9
cells were collected by centrifugation. Cells were lysed by a combination of freeze-
thawing and a detergent buffer containing 100 mM NacCl, 1% NP-40, 0.5% sodium
deoxycholate, and 50 mM Tris-HCI (pH 7.4). The lysate was centrifuged for 10 min at
10000 x g to clear the cell debris and the supernatant was collected. To purify ERas
from the supernatant collected, a column of Ni-NTA agarose affinity resin (Qiagen) was

used.
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Western blot. The western blot performed for ERas proteins purified from Sf9 insect
cells were done as previously described in a previous study.?” The ERas antibody was
purchased from Sigma-Aldrich and has a monoclonal epitope for the unique N-terminal

region.

Expression and purification of HRas and downstream effectors. All the downstream
effector protein constructs and HRas were of human origin. Full-length HRas (#1-189)
and the Ras Binding Domains (RBD) of Rafl (#56-131), PI3Ka (#187-289), PI3Ky
(#217-309), and PI3Kd (#187-278) were cloned into the maltose binding fusion protein
vector, pMal-c2e. The Ras-associating domains of RalGDS (#798-885) and Rassf5
(#203-364) were also cloned into the pMalc2e vector for expression. The downstream
effector proteins were then expressed and purified from the BL21 strain of E. coli as

followed.

A single colony was inoculated into Lysogeny broth at 37 °C and incubated until
the optical density at 600 nm was greater than 0.4. At this time, Isopropyl 3-D-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM and the
temperature as adjusted to 25 °C. After IPTG induction, the culture was incubated an
additional 6-8 hrs. The cells were then centrifuged and sonicated. The recombinantly
expressed downstream effector proteins were affinity purified using amylose resin. The
proteins purified from the amylose resin were then subject to dialysis to remove excess

salt and maltose from the buffer.

Determination of dissociation constants of ERas and HRas with Ras-downstream
effectors. The dissociation constants (Kq) of ERas and HRas with selected Ras-

downstream effector proteins were estimated by a fluorescence-based titration (LS 55,
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PerkinElmer). Fluorescence intensity increases upon the binding of an effector to a Ras
protein loaded with a fluorescent nucleotide.® This fluorescence intensity increase can
be used to monitor the fraction of Ras bound to the effector. The estimation of Ky values
of the GTP-bound ERas and HRas with effector proteins was performed by using 2'(3')-
O-(N-methylanthraniloyl) 5'-guanylyl-imidodiphosphate (mant-GppNHp) as a fluorescent
non-hydrolyzable analog of GTP. The Ky value determinations of the GDP-bound ERas
and HRas was conducted by using 2'(3')-O-(N-methylanthraniloyl) guanosine

diphosphate (mant-GDP), a fluorescent analog of GDP.

Ras loaded with mant-GDP (Ras*mant-GDP) and Ras loaded with mant-GppNHp
(Rasemant-GppNHp) were prepared by loading Ras proteins with a 5-fold molar excess
of the fluorescent nucleotide in the presence of 200 mM ammonium sulfate and 10 mM
EDTA. Unbound nucleotide and salts were separated from nucleotide-bound Ras by gel

filtration with Sephadex G-10 resin (GE Healthcare).

For the fluorescence titrations, 1 uyM of Ras*mant-GDP or Ras*mant-GppNHp,
was titrated with a single RBD/RA of a predicted downstream effector until saturation.
An excitation wavelength (A¢x) of 355 nm was used, and fluorescence intensity was
measured at an emission wavelength (Aem) of 448 nm. For each addition of the
downstream effector to the loaded Ras, ~600 sec were given for equilibration. All
fluorescence assays were performed using proteins more than 95% pure, as judged by
SDS-PAGE. The buffer used for all assays consisted of 50 mM NacCl, 5 mM MgCl,, and
100 mM TrisHCI (pH 7.4). All assays were performed at room temperature. The

program GraphPad Prism was used for all fitting.
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Results

Recombinant Sf9 cells expression of native human ERas. Previously ERas expression
has been solely achieved through overexpression in human cancer cell lines.*® 4%
Expression of ERas through human cancer cells is labor intense and do not easily allow
for bulk purification. Our lab has attempted to express ERas through bacterial
expression systems, but none were successful. | was able to express ERas in a
baculoviral insect expression system (see details in the Materials and Methods section).
Briefly, full-length ERas gene was cloned into the Invitrogen pFastbac vector and
transformed into DH10Bac for recombination. The plasmids were then transfected into
Sf9 insect cells and a baculoviral stock was made. Fresh Sf9 cells were infected with

the baculovius and harvested after 48 hrs. The ERas protein was purified using a Ni-

NTA column.

A Western blot analysis by using ERas antibody confirmed that the purified
protein by using the baculoviral insect expression system is ERas (not shown). The
purified ERas protein was loaded with mant-GDP as described in the Materials and
Method section. Figure 1 shows that the ERas protein expressed and purified from Sf9

cells is in a native form as it is capable of binding mant-guanine nucleotide.
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Figure 1. Fluorescence Emission Spectra of ERas with Mant-nucleotide.

Free mant-GDP (1 uM, dashed line) and ERas-bound mant-GDP (1 uM, solid line) were
excited at 355 nm, and their fluorescence emissions were monitored from 400-500 nm.
The binding of mant-GDP to ERas results in a significant change in mant fluorescence

emission at 440 nm.
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Fluorescence titrations with mant-GppNHp and mant-GDP loaded HRas. K4 values of
GTP-bound HRas with Ras-downstream effectors (Table 1) were determined by the
titration of HRas*mant-GppNHp with Ras-downstream effectors (Figure 2). HRas*mant-
GppNHp shows moderate affinity for the RBD’s of PI3Ka, PI3Kd, PI3Ky, and the RA of
RalGDS with a K4 values between 1-5 uM. These results are similar to those of previous
studies.? The binding affinity of HRas*mant-GppNHp with the RBD of Rafl is by far the
greatest among the downstream effectors titrated within this study. HRas*mant-GppNHp
has a Ky value of 0.27 £ 0.06 uM with Raf-1 RBD; an order of magnitude smaller
compared to the other downstream effectors titrated. Rassf5 RA does not show

meaningful binding affinity to HRas*mant-GppNHp (K4 = 50 + 20 pM).

Estimation of Kq4 values for GDP-bound HRas with Ras downstream effectors
were performed by using HRas*mant-GDP (Table 1). Except for the Raf-1 RBD,
HRas*mant-GDP does not show any significant binding affinity for the selected
downstream effector proteins. The Kq values of HRas*mant-GDP with RA of Rassf5 and
RalGDS were not determined because there was no noticeable change in mant
fluorescence upon the titrations. The estimated Ky values of HRas*mant-GDP with Ras
downstream effectors PI3Ka, PI3Ky, and PI3K®d are all greater than 270 yM, indicating

that HRas*GDP has only a little affinity with these effector proteins.

While other downstream effectors showed little to no affinity for HRas*mant-GDP,
the Raf-1-RBD had a Ky value of 2.8 £ 0.5 uM. This affinity is comparable to the affinity

of active GTP-bound HRas with downstream effectors.?*
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Fluorescence titrations with mant-GppNHp and mant-GDP loaded human ERas.
Qualitative binding studies have been conducted to determine the downstream effectors
of ERas. A fluorescent titration of ERas*mant-GppNHp with various downstream
effectors (Figure 3A) allows one to estimate the K4 values of GTP-bound ERas with
various downstream effectors (Table 1). The results indicate that ERas has a high
affinity with PI3Ka, PI3Kd, and Rassf5, consistent with the previous studies that used
pull down assays.'* ?° ERas*mant-GppNHp shows strong affinity for PI3Ka RBD on the
nanomolar scale (Kq = 0.5 + 0.2 uM). Such a binding affinity is comparable to that of
HRas*mant-GppNHp to Rafl RBD (Kq = 0.27 £ 0.06 uM). The K4 values of ERas*mant-
GppNHp with PI3K® RBD and Rassf5 RA are ~10-fold greater compared to that with
PI3Ka-RBD. The ERas*mant-GppNHp binding affinity with PI3Ky-RBD is significantly
low because the Kq value of ERas*mant-GppNHp with PI3Ky-RBD was greater than 20

MM,

Similar to the cases with HRas, titrations of ERas*mant-GDP with PI3Ka RBD,
PI3K® RBD, and Rassf5 RA yield Ky values orders of magnitude greater than the Ky
values of ERas*mant-GppNHp with the corresponding effector proteins (Figure 3B and
Table 1). It is notable that the K4 value of ERas*mant-GppNHp with PI3Ka RBD is not
significantly deviated from that of ERas*mant-GDP with PI3Ka RBD. The relative
constant binding affinity of Ras with its effector proteins regardless of Ras*GTP or
Ras*GDP form also is observed in HRas with Raf1. Raf1 RBD and RalGDS RA showed
no affinity for either ERas*mant-GppNHp or ERas*mant-GDP. Therefore, no Ky values

were determined for these combinations.
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Figure 2. Estimation of K4 Values Between HRas and Its Effectors.

The measurements of K4 between HRas and selected downstream effectors are
described in the Materials and Methods section. Equilibrium titrations were performed
with HRas*mant-GppNHp (1 uM) with various concentrations of effectors. Each sample
was given 300 sec to equilibrate before continuing the titration. All fluorescence values
were normalized against the highest fluorescence value obtained. The estimation of Kq4

values are shown in Table 1.
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Ka (UM)
HRas ERas
Effector Mant-GDP Mant- Mant-GDP Mant-
GppNHp GppNHp
Rafl RBD 2.8+05 | 0.27 +0.06 ND ND
RalGDS RA ND 1.1+0.7 ND ND
PI13Ka RBD ~270 31 13+2 0.5+0.2
PI3Ky RBD ~338 52 ~120 205
PI3Kd RBD ~300 4+2 ~146 49+0.7
Rassf5 RA ND ~50 ~40 34+05

Table 1. Equilibrium Dissociation Constants of HRas and ERas with Various Effectors.

The determined K4 values of HRas and ERas were taken from fits in Figures 2 and 3.

Error shown is the fit error at a 95% confidence interval. All fitting was done using

GraphPad Prism. For effectors where K4 was not determined, ND was used.
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Figure 3. Estimation of K4 Values Between ERas and its Effectors.

The measurements of K4 between ERas and selected downstream effectors are
described in the Materials and Methods section. Equilibrium titrations were performed
with A. ERas*mant-GppNHp (1 uM) and B. ERas*mant-GDP (1 uM). Each sample was
given 300 s to equilibrate prior to continuation of the titration. All fluorescence values
were normalized against the highest fluorescence value obtained. The estimation of Kq4

values are shown in Table 1.
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Discussion and Conclusion

PI3Ka is the primary downstream effector of human ERas. In this study, | quantified the
binding interacting between ERas and common Ras downstream effector proteins
including Raf, RalGDS, PI3Ka, PI3Ky, PI3Kd and Rassf5. Because PI3K} is shown to
interact with a different set of small GTPases, Rho proteins, but not Ras GTPases,?
PI3KB is not listed within this study. It also is notable that ERas exerts its cellular

function through Akt pathway through the binding and activation of PI3K.*" 8

| have found that the tightest binding effector of ERas, among the ones |
examined, was RBD of PI3Ka (Table 1). The estimated K4 value of ERas with PI3Ka
RBD was in the nanomolar range (Table 1). ERas showed a weaker affinity with PI3K®d,
whose Ky value was approximately 10-fold greater than that of (Table 1). ERas showed
limited affinity with Rafl and PI3Ky (Table 1). Given these Kq values in combination with
the previous reports.” 1" 2% it is evident that certain PI3Ks such as PI3Ka and PI3Kd
(see below) are immediate downstream effectors of ERas. Therefore, | propose that

ERas functions through the PI3K-directed Akt pathway.

PI3Ka is a ubiquitously expressed protein in humans.?® Thus ERas, regardless of
the origin of expression in humans, can transmit its downstream signaling through its
binding interaction with the ubiquitously expressed PI3Ka. The expression of PI3K®d is
skewed toward the hemopoietic system.?’ However, outside the hemopoietic system,
PI3K3 is most commonly expressed in cells that are originating from breast®® % and
embryonic tissues.*® In addition, certain colorectal cancer cell lines showed slight
expression of PI3K3 mRNA.*! ERas has been found in various cancers and cancer cell

lines.** MDA-MB-231 is a triple negative breast cancer cell line, known to be particularly
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metastatic and aggressive. MDA-MB-231 was found to express ERas mRNA™ and
greater than normal amounts of PI3K3.% It is possible that ERas could play a
tumorigenic role in MDA-MB-231 cells through the activation of PI3Ka and PI3K®d.
Elucidating the means by which ERas activates the PI3K/Akt pathway allows one to

have a clearer drug-target design for the ERas-mediated cancers.

Human ERas binds Rassf5 RA domain. Takahashi et al. showed that ERas mediated its
oncogenic transformation of NIH3T3 cells through PI3K/Akt pathway.” Other
researchers have also supported the initial finding that ERas-mediated oncogenic
transformation of cells is due to the activation of PI3K/Akt pathway.* *> 1" % However, a
recent study in 2015 by Kwon et al. reported that the reprogramming efficiency of
murine induced pluripotent stem cells, which expressed ERas, did not change when an
Akt inhibitor was used.?! Instead, the study proposed that ERas directly activated JNK
which enhanced the phosphorylation and activation of the SP1 transcription factor. This
activation of the JNK-SP1 signaling pathway resulted in facilitation of cell cycle
progression, thus improving the efficiency of reprogramming fibroblast cells. The result
suggests that the PI3K/Akt pathway is not the only means by which ERas has an
influence over cellular functions. The suggestion is sound, because Nakhaei-Rad et al.*

show that ERas has an affinity to a tumor suppressor protein Rassfb.

Rassf5 belongs to a family of tumor suppressor proteins which link Ras to the
pro-apoptotic Hippo pathway.***® The Hippo pathway regulates tissue homeostasis,
proliferation and organ size.*” * 3° The original description of the Hippo pathway was
described in Drosophila. The pathway is named after the serine/threonine kinase Hippo

(Hpo), which is one of the core proteins of Drosophila Hippo signaling.*® This pathway is



105

conserved from Drosophila to mammals. The mammalian homologue of Hpo is

mammalian STE20-like protein kinase 1/2 (MST1/2).**

Active KRas and HRas are able to bind Rassf5 and alleviate its autoinhibited
state.?* 3% 4243 Rassf5 is then able heterodimerize with MST1/2 through their respective
Salvador/Rassf/Hippo (SARAH) domains and activate MST1/2.%% **%" The activation of
MST1/2 leads to stimulation of the Hippo pathway.*® My results show that the binding
affinity between HRas and Rassf5 is limited (Table 1). This is not unexpected, because
the previous pulldown studies have shown that HRas is unable to bind with the RA
domain of Rassf5 alone.** However, the results in Table 1 indicate that the RA domain
of Rassf5 per se can bind to active ERas without the presence of the adjacent SARAH
domain. The ERas-binding feature with Rassf5 suggests that ERas can also play a role

in the pro-apoptotic Hippo pathway.

The binding interaction between ERas and the Rassf5 RA domain (Table 1) also
explains the previously observed yet uncharacterized feature of the direct ERas-
mediated activation of the JNK-SP1 signaling cascade.”* MST1/2 was shown to couple
with the JNK pathway.***° Given that ERas can bind the Rassf5 RA domain and thus
activate Rassf5, which in turn further activates MST1/2, | propose that the ERas binding

interaction with the Rassf5 RA domain leads to activation of JNK pathway.

Several previous studies propose that ERas increases reprogramming efficiency
that are likely attributed to the PI3K/Akt pathway.” **** 1" However, as mentioned
above, Kwon et al. showed that ERas increased reprogramming efficiency from JNK
signaling but not PI3K/Akt signaling.? | believe both cases are true. It has been

reported that the Hippo pathway also assists in reprogramming of cells and
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regeneration of several damaged mice organs.>* Also induced pluripotent-stem cells

were stimulated to reprogram by the activation of the Hippo pathway.>?

My research results in combination with these previous results can be
summarized as following: (i) ERas increased reprogramming efficiency through the JNK
pathway®"; (i) the Hippo pathway activates the JNK pathway*®®?; (iii) Hippo pathway is
shown to assist in reprogramming®; and (iv) ERas is capable of binding Rassf5, which

is linked to the Hippo pathway (Table 1)**%°. Accordingly, | propose that ERas can also

induce reprogramming of cells through the Hippo/JNK pathways.

In Drosophila, it was shown that the constitutively active Ras (e.g., G12V Ras)
can alter JNK function from pro-apoptotic signaling to anti-apoptotic signaling through
the Hippo signal cascade.>® ERas is constitutively active.” Thus, even if ERas binds
Rassf5 that is an initiator of the pro-apoptotic Hippo pathway, by the counteraction of
the ERas-mediated JNK function, the ERas-binding interaction with Rassf5 may not be

a sufficient pro-apoptotic signal as reported by the previous study.

Regulation of ERas through effectors not regulators. ERas is shown to be constitutively
active.” GAPs are incapable of facilitating ERas GTPase activity and the intrinsic ERas
GTPase activity also is stunted.'* In typical cell signaling-transduction events, cells must
have the ability to quench its signaling cascade once it has been activated. A study
shows that ERas can be epigenetically silenced as a form of regulation.?® However,
when ERas is cellularly expressed, the ERas signaling is likely to be controlled by its
effectors rather than regulators. ERas is shown to interact with PI3Ks such as PI3Ka
and PI3K3 to promote cell proliferation'® " ?° and with Rassf5 (Table 1), which has

been implicated to promote apoptosis®*. It is interesting that Rassf5 is a part of the
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Hippo pathway that functions against the PI3K/Akt pathway.>* The JNK pathway that
also implicated with ERas is shown to involve in both anti- and pro-tumorigenic courses
of cells.®® There is a potential binding-interaction balance between ERas with these
effectors of PI3Ka/d and Rassf5 by competing for the effector-binding region in ERas.
On the basis of the kinetic study results within this research, | propose that the pro-
tumorigenic properties are more dominant, as the binding affinity of ERas for PI3Ka and
PI3K® is a magnitude higher than that for Rassf5. ERas is not normally expressed in
human cells. It is possible that an erroneous cellular expression of ERas without a
balance of ERas effector expressions causes to produce the pro-tumorigenic cellular
features of ERas-relevant cancer cell lines.® 1% 17 Further researches would have to

follow to explore this mechanism.

Human ERas expressed from Sf9 cells. In this study, all ERas proteins used in the
fluorescence titrations were expressed using the Sf9 cell line. Post-translation
modifications could occur on ERas proteins expressed in Sf9 cells, because the Sf9 cell
line is derived from an eukaryotic organism, an insect. It is possible that a non-native
protein expressed in an insect cell has atypical post-translational modifications in
comparison to the protein expressed in a human cell line.>® The ERas construct used for
expression originated from humans. Therefore, it is possible that atypical post-
translational modifications on ERas due to its expression in the Sf9 cell line affect the
binding interactions between ERas and other proteins. Insect cell-expressed ERas has
never been used for such kinetic analyses performed within Chapter 3, thus further
studies are necessary to compare the Kq values of ERas expressed from insect cells

with those of ERas expressed from mammalian cells.
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