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ABSTRACT

Ras family small GTPases undergo prenylation for proper localization to the plasma
membrane, where they carry out their signaling function. Prevalent mutations in these
proteins that render them persistently active have attracted a lot of attention due to their
association with disease and developmental syndromes, such as cancer and
RASopathies. Protein farnesyltransferase (FTase) catalyzes the incorporation of a
farnesyl moiety to the Cys residue in the C-terminal CAAX motif of Ras, stimulating proper
membrane association. Small GTP-binding protein GDP-dissociation stimulator
(SmgGDS) proteins are chaperones involved in binding and trafficking small GTPases.
Recent data suggest that SmgGDS proteins also regulate prenylation of small GTPases
in vivo in a substrate-selective manner. In addition to the CAAX motif, many Ras family
members contain a polybasic region (PBR) upstream of the CAAX that is proposed to
increase binding affinity to different protein interactors, including FTase and SmgGDS-

607, and play a role in protein trafficking.

To investigate the role of SmgGDS-607 in Ras prenylation, we developed a model for
regulation of farnesylation that highlights the importance of the PBR and CAAX motif on
recognition and processing of full-length Ras proteins. Here we demonstrate that
SmgGDS-607 differentially regulates farnesylation of several small GTPases. For some
proteins, such as DiRasl, SmgGDS-607 inhibits farnesylation by sequestering the
substrate and limiting modification catalyzed by FTase. The competitive binding affinities
of the small GTPase for SmgGDS-607 and FTase dictate the extent of inhibition.
Additionally, we demonstrate a novel function for SmgGDS-607, increasing the rate of
farnesylation of HRas by enhancing product release from FTase. Since the cell contains
multiple small GTPases regulated by SmgGDS, these differential interactions can lead to

large changes in prenylation status.



We systematically studied the role of the PBR and CAAX motif in modulating substrate
recognition by both FTase and SmgGDS-607 through use of a set of Ras chimeric
mutants in kinetic and binding experiments. This work demonstrates that SmgGDS-607
binds to a broad range of small GTPases and does not require a PBR for recognition,
although the presence of a PBR influences the strength of the SmgGDS:Ras interaction.
These studies demonstrate that the PBR enhances catalytic efficiency, as higher values
for both prenylation turnover (kcat) and substrate selectivity (kca/Km) are observed for
substrates containing PBRs. Furthermore, the PBR plays an important role in facilitating
product release. However, the CAAX identity also contributes to the extent of
enhancement of kcat and the single-turnover rate. Thus, the synergistic effects of the PBR
and CAAX motif ultimately dictate whether SmgGDS-607 will inhibit or enhance
prenylation. Together, this work provides mechanistic insight into the regulation of protein
farnesylation of small GTPases, elucidating the role of the PBR and CAAX in farnesylation
kinetics and demonstrating that SmgGDS-607 has multiple modes of substrate
recognition, which can be of great importance for the development of novel anti-cancer

therapeutics.

Xi



CHAPTER 1

Introduction

Overview

Small GTPases of the Ras family are associated with the development of cancer and
a group of rare genetic conditions termed RASopathies. The involvement of Ras proteins
with these health conditions stems from their signaling function that occurs at the plasma
membrane. Prenylation is a post-translational modification that promotes membrane
localization of Ras GTPases. This modification involves the addition of an isoprenoid,
either a 15-carbon farnesyl or a 20-carbon geranylgeranyl group, to a cysteine residue
located in the C-terminal CAAX motif of such proteins. CAAX-protein prenylation has
been generally assumed to be constitutive. However, recently, SmgGDS (small GTP-
binding protein GDP-dissociation stimulator) proteins have been identified as chaperone
proteins that regulate prenylation of small GTPases. Many Ras and Ras-like GTPases
contain an upstream polybasic region (PBR), which has been proposed to be recognized
by both the prenyltransferase that catalyzes the attachment of the isoprenoid and
SmgGDS proteins. This PBR has been observed to also aid in plasma membrane
localization. The main goal of this work is to better understand how Ras proteins enter
the prenylation pathway and the mechanism employed for regulation of prenylation. In
this chapter, | will further describe Ras proteins and their function as small GTPases,
touching on the significance of prenylation in the Ras membrane trafficking pathway, and
the different proteins and mechanisms that contribute to the regulation of this post-
translational modification. | will also discuss the involvement of Ras in various human

pathologies.



Ras proteins

Ras proteins regulate cellular signaling pathways responsible for gene expression, cell
proliferation, survival and differentiation. Their primary role is to recruit transient signaling
complexes at the plasma membrane to activate signal transduction pathways. In
mammals, the expression of Ras proteins is encoded in three RAS genes: HRAS, NRAS,
and KRAS. These genes give rise to four protein isoforms: HRas, NRas, KRas4A, and
KRas4B. Structurally, Ras proteins can be defined by two domains (Figure 1.1). The
largest one is known as the G domain (the first 165 amino acids) with >85% conserved
sequence identity among the four mammalian proteins. The G domain contains five motifs
that bind the guanosine nucleotide responsible for modulating Ras activity and an effector
binding motif recognized by many binding partners. The second domain, which is the
membrane targeting region, consists of the last 23-24 amino acids found at the C-
terminus. This domain is characterized by a hypervariable region (HVR) and a CAAX
motif.

Ras proteins belong to the large family of small GTPases, functioning as binary

molecular switches that cycle between “on” and “off” states depending on the type of

G domain

>85% sequence similarity
1 165 188/189

Il Mg?*/Nucleotide binding
E Effector binding

O Membrane targeting region/ CAAX

hypervariable region (HVR) box
HRas | HKLRKLNPPDESGPGCMSCK CVLS | 189

NRas | YRMKKLNSSDDGTQGCMGLP CVVM | 189
KRas4A | YRLKKISKEEKTPGCVKIKK CIIM | 189
KRas4B | HKEKMSKDGKKKKKKSKTK CVIM | 188

Polybasic region
Palmitoylated cysteine
Farnesylated cysteine

Figure 1.1. Map of Ras structural domains. The differences in amino acid sequence at the HVR dictate the different
post-translational modifications that each isoform will undergo. Adapted from ref 107.



Ras
(inactive)

Effector

Figure 1.2. Ras GTPase cycle. A. Ras is activated when it binds a GTP molecule and inactivated when it binds a
GDP molecule. Nucleotide exchange is stimulated by a GEF, while GTP hydrolysis is stimulated by a GAP. B.
Structural changes in Ras upon nucleotide binding. Ras-GDP (PDB1Q21) is shown in green and Ras-GTP
(PBD1QRA) is shown in cyan. The bound nucleotide is shown for both structures in stick figure and the bound Mg?*
in yellow. Secondary structure and loops that alter upon change in the bound nucleotide are shown with an arrow,
highlighting the spatial orientation of Tyr32 and Thr35.

guanosine nucleotide bound (Figure 1.2A). Ras proteins are considered to be active when
bound to guanosine triphosphate (GTP), allowing for a structural conformation that
exposes an interaction surface that binds effectors with high affinity. In contrast, a
guanosine diphosphate (GDP)-bound state leads to inactivation. The conversion from a
GTP-bound to GDP-bound state occurs by means of the Ras hydrolase activity that

catalyzes hydrolysis of the chemical bond of the y-phosphorous atom in the GTP



molecule. After GTP hydrolysis, the Ras GTPase releases the resulting GDP molecule
and binds a new GTP molecule to continue the cycle. However, the rates of intrinsic GTP
hydrolysis (tvz = 17 min, kot = 68 x 10 s'1) and GDP dissociation (ti2 = 6 min, koff = 2 x
103 s1) are too slow for physiological relevance (1). Staying in either a GDP- or GTP-
bound state for too long can disrupt the equilibrium of steps downstream of Ras activation,
which can be deleterious for cell homeostasis. For efficient GTP hydrolysis, Ras proteins
interact with GTPase-activating proteins (GAPS) that accelerate the GTP hydrolysis step
by several orders of magnitude. To counteract this acceleration, guanine nucleotide
exchange factors (GEFs) catalyze dissociation of GDP from Ras, allowing GTP to bind
and maintain equilibrium in the GTP/GDP cycle. The type of guanosine nucleotide bound
to Ras dictates the structural conformation of these proteins (Figure 1.2B). In the GDP-
bound conformation, residues in the effector binding interface, such as Tyr32 and Thr35,
are in a spatial conformation that is not optimal for interaction with binding partners. The
change from GDP to GTP leads to a rearrangement of these residues, including formation
of secondary structure, that enhances the affinity for binding partners, controlling the
ability of Ras to interact with downstream effectors. Both nucleotide-bound status and
membrane localization of these proteins serve a critical role in proper cell function, as
both mediate the ability of Ras proteins to interact with signaling effectors and disruption

can lead to the development of human diseases.
Ras protein trafficking pathway

Membrane association is essential for Ras proteins to initiate downstream signaling
pathways. Previously, it was presumed that Ras signaling events happened exclusively
at the plasma membrane. However, several studies have demonstrated that these
signaling events can occur at intracellular membranes, including endosomes, the
endoplasmic reticulum (ER), and the Golgi apparatus (2-7). The localization of Ras to the
pertinent membrane platforms is mediated by a series of post-translational modifications
(PTMs) that direct trafficking from the cytosolic surface of the ER to the inner surface of
the plasma membrane (Figure 1.3) (8). All Ras protein isoforms contain a C-terminal
consensus sequence known as the CAAX motif, where C is the cysteine to be modified,

A is frequently an aliphatic residue, and the X residue is variable. After protein synthesis,
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Figure 1.3. Ras membrane trafficking pathway. Ras proteins are synthesized in the cytosol, followed by farnesylation
mediated by FTase (1). Proteolysis of -AAX residues (2) and O-methylation (3) of the Ras C-terminus catalyzed by
Rcel and ICMT, respectively, occurs at the cytosolic surface of the ER. KRas4B is shuttled directly to the plasma
membrane where positively charged residues at the HVR enhance localization (4). NRas and HRas proceed to the
cytosolic surface of the Golgi apparatus to be palmitoylated by the DHH9—GCP16 complex (5), followed by vesicular
transport to the plasma membrane.

this CAAX motif is generally sequentially processed in three main steps: farnesylation,
proteolysis, and methylation. The first step, farnesylation, is the irreversible attachment
of a 15-carbon farnesyl moiety to the cysteine thiol catalyzed by protein
farnesyltransferase (FTase) (9). For some Ras isoforms, under conditions were
farnesylation is inhibited, the alternative attachment of a 20-carbon geranylgeranyl moiety
is catalyzed by protein geranylgeranyltransferase type 1 (GGTase-l) (10). Following lipid
attachment, a prenyl protein protease in the ER membrane, RAS-converting CAAX
endopeptidase 1 (Rcel), catalyzes cleavage of the last three residues (-AAX) of the
GTPase CAAX proteins. Finally, in step  three, isoprenylcysteine
carboxylmethyltransferase (ICMT) catalyzes the addition of a methyl group to the newly



exposed carboxy-terminus, making the C-terminus more hydrophobic and capable of
insertion into cellular membranes (9,11). Although CAAX processing allows for
association of Ras with ER membranes, this modification alone is insufficient for stable
association with the plasma membrane.

Depending on the small GTPase identity, the protein may undergo additional PTMs
before trafficking to the plasma membrane. After prenylation, both HRas and NRas are
shuttled through vesicular transport from the ER to the Golgi, where they are
palmitoylated by the palmitoyl acyltransferase (PAT) identified as DHHC9—-GCP16 protein
complex (12). Unlike farnesylation, palmitoylation is a reversible process that consists of
the covalent attachment of a 16-carbon palmitoyl chain on cysteine residues (Figure 1.4)
(13). HRas has two cysteine residues that are palmitoylated (Cys181 and Cys184),
whereas NRas has only one (Cys181). The addition of a single palmitoyl chain has been
demonstrated to increase the affinity of these Ras isoforms for membranes by 100-fold
(14,15). Therefore, palmitoylation helps in trapping Ras to the endomembrane
compartments and subsequently transporting them to the plasma membrane via transport
vesicles. KRas4A is also palmitoylated at Cys181 by a PAT that has yet to be identified.
However, KRas4A bypasses the Golgi and is transported directly to the plasma

membrane where the basic residues in the HVR help stabilize the membrane interaction

Farnesyl
Protein
X X R Cys
S/
Geranylgeranyl
F|’rotein
Cys

0 Protein

PalM |
Cys
S/

Figure 1.4. Post-translational lipid modifications that occur at the HVR of Ras isoforms. All Ras isoforms require
the incorporation of a farnesyl group to the C-terminal Cys residue to continue through the membrane trafficking
pathway. The incorporation of a geranylgeranyl group can occur for NRas, KRas4B and KRas4A under conditions in
which farnesylation is inhibited. Attachment of a palmitoyl group is required for plasma membrane localization of NRas
and HRas.



(16). Unlike the other Ras isoforms, KRas4B is not palmitoylated, but contains tandem
lysine repeats in the HVR that facilitate membrane association (17). This stretch of
positively charged residues found in the HVR of many small GTPases is also known as
a polybasic region (PBR) and can be composed of varying lysine and arginine
combinations and repetitions. The presence of a PBR in KRas4B enables electrostatic
interactions with the negatively charged headgroups of the lipids that compose the
plasma membrane, allowing for stronger membrane affinity and bypassing transport to
the Golgi. The mode of transport from the ER to the plasma membrane of KRas4B is still
unknown. However, all Ras proteins need to contain at least a prenyl group as an anchor
to the membrane, where they fulfill their biological role. Hence, CAAX lipidation plays a
crucial role in small GTPase function (18,19). In this work, the central focus will be around

prenylation catalyzed by FTase.
Modulation of Ras prenylation

One of the most distinctive features of Ras isoforms is the presence of polybasic
residues in the HVR, characteristically termed the polybasic (PBR) region. Interestingly,
HRas is the only Ras isoform that lacks a PBR. Understanding the differences between
the Ras isoforms that contain a PBR and HRas has sparked significant interest since the
discovery of the Ras proteins. As previously mentioned, the PBR, and lack thereof, in Ras
isoforms plays a crucial function in dictating how these proteins associate with
membranes and what PTMs occur. Furthermore, there is striking evidence that the PBR
also regulates the interaction of Ras with other proteins (20-28). One such interaction is
that of FTase with Ras isoforms. James and colleagues demonstrated through in vitro
experiments that the PBR contributes to higher affinity binding of FTase and KRas4B,
compared to HRas (24). When the C-terminal sequence of HRas is substituted with the
PBR of KRas4B, a lower concentration similar to that of KRas4B is required to saturate
FTase with this HRas chimera. The co-crystal structure of FTase with a KRas4B-derived
11-mer peptide substrate demonstrates that FTase makes several direct contacts with
the PBR. Most of the interactions occur between B-subunit residues (Asp9l1, Glu94,
Arg358, Arg359) and lysine residues in the peptide (Figure 1.5) (26). Additionally,
previous members in the Fierke laboratory have studied the role of the PBR in modulating



prenyltransferase kinetics with peptide substrates. These data indicate that the presence
of a PBR allows for alternative prenylation of KRas4B by decreasing the catalytic
efficiency of FTase to a level comparable to that of geranylgeranylation catalyzed by

GGTase-l (29).

Figure 1.5. Structure of rat FTase complexed with an FPP analog and a KKKSKTKCVIM peptide. A. The rat
FTase heterodimer (PDB1D8D) is shown with the a-subunit in yellow and the B-subunit in blue. The bound FPP
analog (gray) and 11-mer peptide are represented in stick figures. Residues at the FTase interface that make polar
interactions with the upstream lysine residues in the KRas4B-derived peptide are highlighted in red. B. View of the
substrate binding cavity. The 11-mer peptide is bound in such a conformation where Cys coordinates with Zn2*, while
FPP analog binds Mg?* (in orange). The upstream lysine residues (Lys1, Lys2, Lys5, and Lys7) make polar contacts
with residues at the FTase interface.



Another interaction that appears to be modulated by the PBR is that of Ras and the
small G protein GDP dissociation stimulator (SmgGDS). The entry of Ras proteins to the
membrane trafficking pathway was originally proposed to be constitutive. After
farnesylation, Ras proteins gain affinity for membranes, particularly the ER membranes,
where subsequent CAAX modifications are catalyzed. However, until recently the
transport mechanism for farnesylated Ras proteins from the cytosol to the ER membranes
was a mystery. In recent studies, small GTPases were proposed to interact with two splice
variants of SmgGDS, termed SmgGDS-607 and SmgGDS-558, which served as
chaperones to traffic modified Ras proteins to the plasma membrane (20,21,30).
SmgGDS proteins are structurally characterized by a unique fold consisting of armadillo
(ARM) repeats (31). However, SmgGDS-607 and SmgGDS-558 differ by one armadillo
repeat, which leads to the reported differential binding preference for prenylated and non-
prenylated small GTPases (20,22,32). SmgGDS contains an electronegative patch that
interacts with the PBR of many binding partners, including Ras proteins (Figure 1.6) (17,
30, 40). Mutations of the conserved acidic residues that make up the electronegative
patch in SmgGDS-607 diminish the ability of SmgGDS-607 to interact with RhoA and

Electronegative
patch

Figure 1.6. Electrostatic surface potential map of the SmgGDS crystal structure (PDB5XGC). The negatively
charged and positively charged regions are shown in red and blue, respectively. The electronegative patch that interacts
with the PBR of small GTPases is indicated by the black rectangle. Adapted from ref 31.



promote GDP release (33). Similarly, truncation of the PBR or mutations in the PBR that
disrupt the positive charge result in an inability to form a high affinity complex between
SmgGDS-607 and RhoA, confirming the importance of this domain for high affinity
interaction with SmgGDS. This electrostatic interaction is not only important for RhoA, but
also seems to be crucial for stable complex formation between SmgGDS and other small
GTPases, including KRas4B, DiRas1, and DiRas2 (23, 33-36). Additionally, the SmgGDS
splice variants contain a highly conserved binding pocket on its surface, in which multiple
small GTPases can bind (31,33,34).

Initially, SmgGDS proteins were classified as small GTPase activators that promote
GDP/GTP exchange in a distinct manner from GEFs and GAPs (37-39). Yet, a recent in
vitro study performed with a panel of distinct small GTPases demonstrated that SmgGDS
is solely able to activate RhoA and RhoC (33), suggesting that SmgGDS proteins may
play different roles depending on the identity of the small GTPase. Nevertheless, cell-
based experiments suggest that the splice variants of SmgGDS work together as
chaperone proteins to promote the passage of small GTPases through the prenylation
pathway. Pull-down experiments demonstrate that SmgGDS-607 binds newly
synthesized, non-prenylated small GTPases and may escort them to the
prenyltransferase (20,22,40). In contrast, SmgGDS-558 binds to the prenylated small
GTPases and potentially helps trafficking to the ER (20,22,32). The binding interaction
between SmgGDS-607 and the non-prenylated small GTPases reduces their levels of
prenylation (20, 40), suggesting a mode of regulation in which SmgGDS-607 sequesters
newly synthesized small GTPases in the cytoplasm from prenylation until receiving a
signal. After prenylation, SmgGDS-558 might promote the release of newly prenylated
small GTPase from the prenyltransferase and also aid in transport to the ER. Although
SmgGDS-607 binds non-prenylated small GTPases, it was found that SmgGDS-607
regulates the prenylation of small GTPases that are geranylgeranylated more effectively
than those that are farnesylated, such as KRas4B (20). Detailed biochemical analysis has
demonstrated that SmgGDS-607 follows a substrate sequestration model for regulation
of RhoA geranylgeranylation (40), suggesting that the entry of other small GTPases into
the prenylation pathway may be regulated in a similar fashion. Overexpression of

SmgGDS has been found to promote malignancy in multiple cancers including prostate
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cancer (41), non-small cell lung carcinoma (42), and breast cancer (43). Since SmgGDS-
607 binds a wide variety of small GTPases and exhibits GEF activity for a select number
of them, understanding the mechanism that dictates the small GTPase selectivity of
SmgGDS will provide insight into the development of novel drug targets to treat the

implicated cancer types.
DiRas proteins

In the early 2000s, DiRas proteins were identified and characterized as Ras-like
proteins that belong to a distinct subgroup of the Ras superfamily (44, 45). The DiRas
family is composed of three small GTPases, including DiRasl (also known as Rig),
DiRas2 and DiRas3 (also referred to as NOEY2 and ARHI). DiRas1 and DiRas2 share
30-40% overall sequence identity with Ras family members, and ~40% sequence identity
with DiRas3. In contrast, DiRas3 shares 20-25% sequence identity with Ras family
members. Similar to other Ras family members, DiRas proteins contain a highly
conserved GTP-binding domain, a putative effector domain, and a membrane targeting
region at the C-terminus. However, studies have shown that DiRas proteins possess
different biochemical and functional properties compared to other Ras family members
(44).

DiRas1 1 - MPEQSNDYRVVVFGAGGVGKSSLVLREVKG 30
DiRas2 1 ——— MPEQSNDYRVAVFGAGGVGKSSLVLRFVKG 30
DiRas3 1 MGNASFGSKEQKLLKRLRLLPALLILRAFKPHRKIRDYRVVVVGTAGVGKSTLLHKWASG 60
DiRas1 31 TFRDTYIPTIEDTYRQVISCDKSVCTLQITDTTGSHQFPAMQRLSISKGHAFILVESVTS a0
DiRas2 31 TFRESYIPTVEDTYRQVISCDKSICTLQITDTTGSHQFPAMQORLSISKGHAFILVYSITS 90
DiRas3 61 NFRHEYLPTIENTYCQLLGCSHGVLSLHITDSKSGDGNRALQRHVIARGHAFVLVYSVTK 120
DiRas1 91 KQSLEELGPIYKLIVQIKGS-VEDIPVMLVGNKCDET-QREVDTREAQAVAQEWKCAFME 148
DiRas2 91 RQSLEELKPIYEQICEIKGD-VESIPIMLVGNKCDESPSREVQSSEAEALARTWKCAFME 149
DiRas3 121 KETLEELKAFYELICKIKGNNLHKFPIVLVGNKSDDT-HREVALNDGATCAMEWNCAFME 179
DiRas1 149 TSAKMNYNVKELFQELLTLETRRNMSLNIDGKRSGKQKRTDRVKGKCTLM 198
DiRas2 150 TSAKLNHNVKELFQELLNLEKRRTVSLQIDGKKSKQQKRKEKLKGKCVIM 199
DiRas3 180 ISAKTDVNVQELFHMLLNYKKKPTTGLQEPEKKSOMPNTTEKLLDKCIIM 229
[ Putative Mg?*/nucleotide binding [ Putative effector binding

Figure 1.7. DiRas proteins sequence alignment. Highlighted in yellow are the residues found in the putative DiRas
nucleotide binding or effector binding motifs that differ from those found in HRas; in red and bold are the positively

charged residues that make up the respective PBRs.
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The divergence in biochemistry and functionality of DiRas can be attributed to amino
acid differences in the protein sequences that also lead to structural alterations (Figure
1.7). Within the GTP-binding domain, the residues corresponding to Ala59 and GIn61 in
HRas are substituted by Thr63 and Ser65 for both DiRasl and DiRas2. In DiRas3, the
residues corresponding to Glyl2 and GIn61 in HRas, which are required for nucleotide
binding, are substituted by Ala46 and Gly95. Regarding the effector domain, DiRas differs
from most Ras members in that lle37 (both DiRasl and DiRas2) and Leu67 (DiRas3)
replace Asp33 in HRas. Additionally, Val40 (DiRas2) and Asn72 (DiRas3) are at a
position corresponding to Ile36 and Asp38 in HRas. Most interestingly, DiRas3 contains
a unique extension of 34 amino acids at the N-terminus, which is required for its tumor
suppressive function (44,46). As a result of these substitutions, DiRas proteins exhibit low
levels of GTPase activity and can be found in a GTP-bound conformation under
physiological conditions (44). Furthermore, substitutions in the effector domain are

proposed to alter the way DiRas isoforms associate with effector molecules (44).

Unlike Ras proteins, which are involved in the progression of cancers, DiRas isoforms
have been identified as tumor suppressors in various cancer types. For example, DiRas1
has been recognized as a potential human neural and kidney tumor suppressor (45,47).
DiRas3 has been identified as a tumor suppressor in ovarian and breast carcinomas (48).
One way in which these proteins exert their tumor suppressive function is by antagonizing
Ras-mediated signaling. Baljuls and colleagues demonstrated that DiRas3 could target
Ras/RAF signaling by associating with HRas and its effector C-RAF. This association
causes a disruption of HRas-induced heterodimerization of C-RAF with B-RAF and
suppresses the kinase activity of C-RAF (49). DiRas1 was also shown to antagonize the
RAS-mediated ERK/MAPK signaling pathway, as less Ras-mediated activation of Elk-1
was observed with the overexpression of DiRasl (45). Other cases in which DiRas
proteins interfere with signaling pathways have been observed for JAK/STAT, FAK, PI-
3K/AKT, mTOR, and NF-kB signal transduction (50-54). Additionally, Bergom et al.
described a tumor suppressive mechanism for DiRas1 where the activity of Ras and Rho

family members is altered by antagonizing their interaction with SmgGDS (34).
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Ras and human diseases
Cancer

Ras proteins have become one of the most intensively studied oncogenes because of
the widespread prevalence of RAS gene mutations in human cancer. On average,
missense mutations at one of the three mutational hotspots (G12, G13, Q61) in all RAS
genes are found in 16% of human cancers (55). The oncogenic effects stem from the
inability of the mutated Ras protein to perform GAP-mediated GTP hydrolysis, resulting
in an accumulation of active GTP-bound Ras in cells (56, 57). Although all three Ras
proteins have high (82-90%) sequence homology and conserved structural and
biochemical properties, there is striking evidence of isoform-specific prevalence in cancer.
When it comes to Ras-related cancers, KRas is the most frequently mutated isoform
(86%), followed by NRas (11%) and HRas (3%) (55). Furthermore, mutations in specific
isoforms have been linked to specific cancer types. For example, pancreatic ductal, lung
and colorectal carcinomas are almost exclusively attributed to KRas mutations, while
NRas is the most frequent isoform mutated in cutaneous melanomas and leukemias (58).
Although HRas mutations are less frequent, they are predominantly associated with head

and neck squamous cell carcinomas (59).

The complexity of Ras-related cancer types is significantly increased when
considering the mutation frequency at each of the three hotspots. The majority of KRas
mutations occur at codon G12 (83%), followed by G13 (14%) and Q61 (2%) mutations.
KRas mutations in pancreatic ductal and lung adenocarcinoma are dominated by G12
mutations, while there is a relatively high frequency of G13 mutations in colorectal
carcinomas. HRas exhibits comparable mutation frequencies across all three codons. In
contrast, most (60%) of the NRas mutations occur at Q61, compared with G12 (23%) and
G13 (12%). Mutations in codon Q61 in NRas encompass the most frequently mutated
hotspot in melanoma, whereas G12 mutations are predominant in acute myeloid
leukemia. Furthermore, the specific amino acid substitution at the mutational hotspots
also contributes to significant differences between cancer types. For example, at G12,
the predominant substitution in pancreatic ductal adenocarcinomas and colorectal

carcinomas is G12D, followed by G12V; while in non-small cell lung carcinoma, the
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predominant substitution is G12C (59). These patterns suggest that different Ras

mutations and specific amino acid substitutions have different functional consequences.

Why there is bias for specific Ras isoforms and Ras mutation frequencies in cancer
types is still a matter of speculation. One possible explanation revolves around the relative
abundance of Ras isoforms in the cell. Through pull-down experiments, it was
demonstrated that KRas and NRas are the two most abundant isoforms, while lower
levels of HRas are expressed in different cancer cell lines (60). Furthermore, the Ras
isoforms exhibit differences in membrane compartmentalization, with KRas associating
almost exclusively with the cell surface whereas NRas displays a prominent ER/Golgi
pool (60). Because different pools of regulators and effectors reside in the different
cellular compartments, the alterations in membrane localization of the Ras isoforms are
proposed to regulate how and when the different interactions take place. For example, it
was shown that a variety of growth factors stimulate Ras at the ER and Golgi. Particularly,
ER-localized Ras is capable of stimulating transformation and proliferation equivalent to
that seen for oncogenic HRas, suggesting that HRas-related cancers might stem from
signaling at the ER (61, 62). Due to these complexities in Ras-mediated tumor
progression, for the past 30+ years, researchers all over the world have been employing
diverse strategies to target these proteins for cancer therapies, as discussed in a later

section.
RASopathies

The disruption of proper Ras signaling by mutations in genes that encode for proteins
associated with the Ras/MAPK pathway gives rise to a class of developmental disorders
categorized as congenital RASopathies. These mutations provide additional insight into
Ras signaling pathways. Although each mutation exhibits unique phenotypic traits, many
share characteristic features including craniofacial dysmorphology, cardiac defects,
developmental and growth abnormalities, and varying degrees of neurocognitive
impairment. Noonan syndrome (NS) is the most common syndrome, affecting between
1:1,000 and 1:2,500 newborns (63). Most of the germline mutations in NS cases occur in
PTPN11, SOS1, RAF1, and KRAS genes (64-67), all important modulators of the RAS
pathway. The KRAS mutations associated with NS result in either a reduction in GAP-
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mediated GTP hydrolysis or interference in binding guanine nucleotides by KRas (67, 68).
These effects lead to accumulation of active GTP-bound KRas, resulting in increased
signaling of the Ras/MAPK pathway albeit at lesser levels than in cancer (67). Exhibiting
a similar phenotype to NS, Noonan syndrome with multiple lentigines (NSML) (formerly
called Leopard syndrome) is a distinct syndrome caused by heterozygous missense
mutations in PTPN11 and RAF1 genes (66, 69).

A less common syndrome is Neurofibromatosis type 1 (NF1), affecting approximately
1 in 3,500 newborns (91). This disorder is caused by loss-of-function mutations in the
NF1 gene, which encodes for neurofibromin, a GAP that regulates Ras (70-72). Abolition
of neurofibromin function results in reduction of Ras GTP hydrolysis, which increases
signaling down the Ras/MAPK pathway. Legious syndrome, a milder form of NF1, occurs
due to loss-of-function mutations in SPRED1 (73). SPRED proteins are essential for the
interaction between neurofiboromin and Ras in the plasma membrane (74). Hence,
disruption of SPRED-neurofibromin interaction leads to reduction of Ras GTPase activity.
Costello syndrome (CS) is the rarest of the RASopathies, affecting about 300 people
worldwide. Unlike the other RASopathies, only germline mutations in HRAS cause CS.
Interestingly, similar to oncogenic Ras, the most frequent HRas mutations in CS occur in
codon G12. More than 80% of cases occur due to a G12S substitution, followed by G12A
(75). These mutations decrease GTPase activity, leading to an accumulation of active
GTP-bound HRas. Cardio-facio-cutaneous syndrome (CFC) shares many phenotypic
features with both NS and CS. Most germline mutations in CFC are activating mutations
in BRAF (76). Less frequently, mutations occur in KRAS, MEK1 and MEK2 (76, 77). The
role of mutant KRas in CFC has not been determined yet. However, it appears that mutant
KRas might conserve GTPase activity, while being insensitive to GAPs (67).

Collectively, RASopathies make one of the largest known groups of malformation
syndromes. In most cases, the implicated mutations result in constitutive activation of the
Ras/MAPK pathway. Although more extensive studies are needed to understand the full
spectrum of associated genes and implications of gene mutations, several therapeutics
are being developed and some are even undergoing clinical trials (78,79). Since Ras
prenylation is essential for proper trafficking and activation of the MAPK pathway, further
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exploration of the regulation of Ras prenylation could pave the way for novel and effective
therapies.

Direct approaches to targeting Ras in human cancers

Due to its central function in recruiting signaling complexes at the different membranes
and its implications in malignant transformation, most current efforts to abolish aberrant
Ras signaling leading to cancer have focused on the development of drugs that target
Ras proteins or Ras effector pathways. Three key approaches have been used to directly
target Ras signaling, such as altering the Ras-GTP/Ras-GDP balance, blocking the Ras-

effector interaction, and disrupting Ras processing/localization. Although great progress
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Figure 1.8. Structure of the four FTI compounds most evaluated in clinical trials (108). Tipifarnib is currently under
phase I, Il and lll clinical trials for various cancer types. BMS-214662 is currently under phase | clinical trials for different
leukemias and myelodysplastic syndromes. L-778123 is currently under a phase | clinical trial for refractory solid
malignancies. Lonafarnib is currently under phase Il clinical trials for various cancer types.
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has been made in understanding the mechanism employed by Ras proteins in tumor cell
growth, they still remain very challenging to target. SCH-53239 was one of the first small
molecules designed to inhibit guanine nucleotide exchange in Ras (80). Its discovery led
to the development of more soluble small molecule analogs (81). These initial studies
propelled an overwhelming amount of efforts towards the discovery of small molecules or
peptide mimics that target nucleotide exchange. However, this approach has encountered
a lack of success due to the high binding affinity for GTP and GDP at picomolar levels
combined with the high cellular concentrations of these analytes (82,83). Efforts to block
multiple Ras-effector interactions by either allosteric modulators (84-87) or inhibitors of
specific protein-protein interactions, such as Ras:Raf (88-91) and Ras:Sosl (92, 93),
have been successful. However, the vast majority of compounds lack potency and require

further improvements to generate a useful Ras inhibitor.

Because of the relative low success in developing therapies that directly target
oncogenic Ras, alternative strategies have been pursued in targeting Ras PTMs required
for proper membrane localization (6, 94-96). This strategy has led to the development of
highly potent FTase inhibitors (FTIs), with four moving on to clinical trials: tipifarnib,
lonafarnib, BMS-214662 and L-778123 (Figure 1.8) (97). Unfortunately, these
compounds have yet to prove to be efficacious in the clinic to treat tumors driven by
mutations in NRas and KRas, the two isoforms mostly associated with human cancer.
This is partly because GGTase-l can catalyze geranylgeranylation of both isoforms in
cells, although not as efficiently as farnesylation by FTase (10, 98-100). Upon FTI
exposure, oncogenic Ras is not suppressed given that alternative geranylgeranylation
allows Ras to reach the target membranes where signaling occurs. Lau and colleagues
demonstrated that modification catalyzed by ICMT has a crucial role in malignant
transformation and tumor maintenance. Through in vitro and in vivo studies, they
demonstrate that ICMT loss-of-function mutation abolishes the ability of KRas and NRas
to initiate tumor development in various cancer cell lines (101). Various ICMT inhibitors
have shown promise in preclinical testing and alter methylation of proteins containing
either a farnesyl or geranylgeranyl modification (102, 103). Similarly, efforts to target the

protease (Rcel) function have been reported (104). However, one of the main concerns
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in targeting ICMT and Rcel is the fact that Ras is only one of many proteins that are
modified by these enzymes, increasing the number of potential off-target effects from
these inhibitors. Palmitoylation is another PTM that has been investigated as a potential
anti-Ras target (105, 106). Yet, there have not been as extensive efforts in developing
small molecules and peptide mimics to target this modification due to the complexity of
the enzymology of Ras palmitoylation and the fact that the most frequently mutated Ras

isoform (KRas4B) is not palmitoylated in cells.

Objectives of this work

Although Ras proteins have been extensively studied for the past three decades, many
guestions remain. Better understanding of regulation of Ras PTMs and their roles in
disease states can serve to improve strategies to treat such diseases. The main goal of
this work is to elucidate the factors that regulate entry of Ras proteins into the prenylation
pathway and the mechanism employed for such regulation. In this work, two areas are
addressed to shed light into Ras prenylation: (1) the role of SmgGDS-607 in regulation of
Ras protein farnesylation, and (2) the effect of polybasic residues in the HVR of full-length

substrates on the FTase-catalyzed reaction and SmgGDS-607 interaction.

To evaluate the role of SmgGDS-607 in regulation of Ras and Ras-like protein
farnesylation, competition experiments were conducted with full-length protein
substrates. Binding affinities between Ras substrates and the two modulators, SmgGDS-
607 and FTase, were determined to shed light into the strength of the different protein
interactions. These experiments led to the development of a differential binding
mechanism for SmgGDS-mediated regulation whereby the relative affinity of Ras for
SmgGDS-607 and FTase determines the extent of inhibition of farnesylation. In addition,
for the first time, SmgGDS-607 is also shown to enhance farnesylation of a small GTPase
lacking a PBR, suggesting that SmgGDS-607 forms a ternary complex between FTase
and HRas. These data clearly demonstrate that SmgGDS-607 plays important and

differential roles in regulating farnesylation of Ras isoforms.

To evaluate the role of the PBR and CAAX motifs in modulating Ras prenylation, |

measured the steady state kinetic parameters Kcat/Kwm, keat, and Km for farnesylation of Ras
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chimeric mutants and DiRas proteins and the binding affinity of Ras proteins for
SmgGDS-607. The set of Ras chimeric mutants used include various combinations of G
domain, HVR and CAAX sequences between the KRas4B and HRas isoforms. Kinetic
analysis of the Ras and Ras-like substrates revealed that the PBR enhances product
release of farnesylated-Ras proteins from FTase and that the extent of enhancement is
dependent on the sequence identity of the PBR and CAAX motifs. The binding data of
SmgGDS-607 with the Ras substrates prove that the PBR motif is essential for a high
affinity interaction. Yet, synergies between PBR and CAAX sequences also contribute to
the strength of this interaction. Additionally, through competition experiments, |
demonstrated that SmgGDS-607 can restore PBR-mediated enhancement of
farnesylation for substrates that lack a PBR. This work provides insight into how the
differential effects of SmgGDS-607 together with FTase kinetics dictate the dynamics and

levels of Ras farnesylation in the cell.
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CHAPTER 2

SmgGDS-607 Exhibits Dual Effects in Regulating Farnesylation of Small

GTPases: Activation and Inhibition

INTRODUCTION

For over 30 years, Ras proteins (KRas4A, KRas4B, NRas and HRas) have attracted
attention due to their connection to human cancer. Oncogenic Ras mutations, the most
prominent occur at G12, G13, and Q61, can reduce or eliminate the inherent GTPase
activity, leading to constitutive GTP binding and therefore activation of signaling pathways
(2-3). Such Ras mutants are not inactivated by normal cellular mechanisms, and
unchecked activity is associated with human tumor pathogenesis. KRas is the isoform
that is mutated most often (85%) in cancers with a Ras missense mutation, followed by
NRas (12%) and HRas (3%) (4). One of many efforts to control aberrant GTPase signaling
focuses on impeding Ras localization to the plasma membrane by targeting FTase
prenylation through small-molecule inhibitors (1). One caveat of FTase inhibitors (FTIs)
is their inability to block prenylation of KRas and NRas. In the presence of FTls, GGTase-
| catalyzes geranylgeranylation of KRas and NRas, which allows for normal function in
the cell (5-7). The cross-reactivity of these proteins with both prenyltransferases is related
to the sequence of the CAAX box which includes a methionine at the X position (-CaaM)
(8). Combination treatment with both FTIs and GGTase inhibitors (GGTIs) has been
shown to block prenylation of KRas and NRas in mice, but only at lethally high doses
(9,10). Thus, a novel strategy that can prevent membrane association of oncogenic Ras

proteins might aid in cancer treatment.

CAAX-protein prenylation has been generally assumed to be unregulated in the cell
(11). However, recent studies indicate that splice variants of SmgGDS (small GTP-
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binding protein GDP-dissociation stimulator) proteins bind small GTPases and regulate
their entry into the prenylation pathway (12,13). There are two splice variants of SmgGDS,
SmgGDS-607 and SmgGDS-558, and both bind multiple Ras and Rho family members
by recognizing their C-terminal polybasic regions (PBRs) and CAAX boxes (12-15).
Previous data suggest that SmgGDS-607 binds newly synthesized, non-prenylated
GTPases, while SmgGDS-558 binds prenylated GTPases, potentially helping them traffic
to the plasma membrane (12). Recent in vitro studies show that SmgGDS-607 inhibits
the geranylgeranylation of RhoA in a nucleotide-dependent manner, and this inhibition
occurs through RhoA substrate sequestration rather than inhibition of GGTase-I (13).
Because SmgGDS-607 binds non-prenylated GTPases and inhibits prenylation, this
protein is proposed to function as a gatekeeper by regulating small GTPase entry into the

prenylation pathway.

While the role of SmgGDS-607 in inhibiting geranylgeranylation is well-established
(13), the role of this protein in regulating the farnesylation pathway is still not known. So
far, five small GTPases that go through the farnesylation pathway (KRas4B, HRas, NRas,
DiRasl and DRas2) have been demonstrated to associate with SmgGDS-607 in cells
(14-17). Pulldown experiments have demonstrated that SmgGDS-607 associates with
wild-type, constitutively active (G12V), and dominant negative (S17N) KRas4B and that
this association appears to be mediated by the PBR moiety (12,14). Additionally, more
KRas4B pulls down with SmgGDS-607 when cells are treated with an FTIl, compared to
cells that are untreated (15). To further characterize the role of SmgGDS-607 in regulating
farnesylation, we assayed the effects of SmgGDS-607 on in vitro prenylation of three
representative FTase substrate, KRas4B, HRas, and DiRasl. These three substrates
capture the different types of C-terminal tails in the FTase substrates recognized by
SmgGDS-607. Furthermore, we measured the binding affinities of Ras proteins for the
prenyltransferases and SmgGDS-607. These data demonstrate that SmgGDS-607 does
not significantly affect the rate of farnesylation of KRas4B while inhibiting farnesylation of
DiRasl, a Ras-like protein homologous to KRas4B. These differential effects are
explained by the relative binding affinities of the small GTPase for SmgGDS-607 and
FTase. Surprisingly, SmgGDS-607 enhances the rate of farnesylation of HRas, an effect

that has never been seen before with any other small GTPase, by increasing the rate of
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product dissociation from FTase. These results elucidate a novel cellular mechanism for
regulation of protein farnesylation. This mechanism suggests that SmgGDS-607
enhances entry of certain small GTPases into the farnesylation pathway, implying that
small molecules targeting the SmgGDS-607 and Ras interaction may have therapeutic

value.
EXPERIMENTAL PROCEDURES
Materials

Purified, his-tagged SmgGDS-607 and biotinylated SmgGDS-607 were a gift from Dr.
Benjamin C. Jennings (University of Michigan). Dr. Carol L. Williams (Medical College of
Wisconsin) provided human DiRasl cDNA. Dr. Arul M. Chinnaiyan (University of
Michigan) provided human KRas4B and HRas cDNAs. Tritium labeled farnesyl
pyrophosphate ([°*H]-FPP) was purchased from American Radiolabeled Chemicals, Inc.

Primers were purchased from Integrated DNA Technologies.
Preparation of Ras protein expression constructs

Bacterial Hise-TEV expression constructs for KRas4B (pBJ176), HRas (pBJ162), and
DiRas1 (pBJ173) were previously prepared by Dr. Benjamin Jennings by cloning the Ras
and DiRas genes into pETM-11 vectors to encode the small GTPases with a TEV
protease cleavage site and an N-terminal Hiss tag. To construct plasmid pBJ176, the
KRas4B gene was amplified by PCR with primers F1: 5-GAGTCCATATGAC
TGAATATAAACTTGTGG and F2: 5-GATAGGCTTACCTTCGAAC. To construct
plasmid pBJ162, the HRas gene was amplified by PCR with primers F3: 5’-
GAGTCCATATGACGGAATATAAGCTTGTTGTTG and F4: 5-GCTAGCTCGAGTCAG
GAGAGCACACACTTG. To construct plasmid pBJ173, the DiRas1 gene was amplified
by PCR with primers F5: 5-AGGCACAGTCGAGGCTGATCAG and F6: 5-GAGTCCA
TATGCCGGAACAGAGTAACGATTACCG. All PCR products were individually gel
purified and digested with Ndel and Xhol. The DNA fragments were then individually
ligated into Ndel/Xhol-digested pETM-11 vectors. DNA sequencing verified the correct

protein coding sequence.
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To construct expression plasmids encoding for an Avi-tag, a pair of primers were
designed for insertion of the Avi-tag sequence to the pETM-11 vectors harboring the three
different Ras genes (pBJ176, pBJ162, and pBJ173). Primers (F7: 5'-
CTACTGAGAATCTTTATTTTCAGGGCGGCCTGAACGACATCTTCGAGGCTCAGAAA
ATCGAATGGCACGAACATATGACTGAATATAAACTTGTGGTAG; F8: 5-CTACCACAA
GTTTATATTCAGTCATATGTTCGTGCCATTCGATTTTCTGAGCCTCGAAGATGTCGC
AGGCCGCCCTGAAAATAAAGATTCTCAGTAG) were used to amplify the three Ras
genes with the inserted Avi-tag, resulting in Hiss-TEV-Avi-tag expression constructs. DNA

sequencing verified the correct protein coding sequence.
Preparation of human FTase and GGTase-l expression constructs

Human FTase and GGTase-l expression plasmids were constructed in pETM-11
vectors with genes encoding the FTase subunits (pDG135) and the GGTase-| subunits
(pDG140) in the order a—B. DNA fragments encoding the a subunit shared by both
enzymes and the different B subunits for each enzyme were synthesized by Invitrogen.
To construct plasmid pDG135, a pair of primers was designed to amplify the a subunit
coding region (F1: 5-ATTGTCGACAGGAGGTATCACATGGCATCACCGTCTAGCTTC;
F2: 5-CAATCTCGAGTCAAGCATCGGTCGCCGGTTCGG). Another pair of primers was
used to amplify the FTase B subunit (F3: 5-ATGCCATGGCCGCCACCGAA; F4: 5'-
CTTGTCGACTTATTGCTGGACGTT). The resulting PCR product for the a subunit was
digested with Sall/Xhol and the resulting PCR product for the 3 subunit was digested by
Sall/Ncol. The two DNA fragments were then ligated into a Ncol/Xhol-digested pETM-11

vector.

To construct plasmid pDG140, a pair of primers was designed to amplify the GGTase-
| B subunit coding region (F5: 5-CAATAAGTCGACAGGAGGTATAACATGGCGGCGA
CGGAAGATGAACG; F6: 5-GCTTACCGAATTCTTGTTAAAACTCCTCCTGGGTGGAA
ATATGCACG). The resulting PCR product for the B subunit was digested by Sall/EcoRI.
The DNA fragment was then ligated into Sall/EcoRI-digested pDG135, which contains
the shared a subunit between FTase and GGTase-l. DNA sequencing verified the correct

protein coding sequence.
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FTase and GGTase-l expression and purification

Recombinant human FTase was overexpressed and purified as previously described
with a few modifications (34). BL21(DE3) cells were transformed with pDG135 plasmid
for Hise-tagged protein. Cells were grown in 2 L of TB media (24 g tryptone, 48 g yeast
extract, 7.5 g NaCl, 0.4% glycerol, 10 pM MgClz, 0.17 M KH2POg4, 0.72 M K2HPOa4)
supplemented with kanamycin (50 pg/ml) and 100 uM ZnCl2 at 37°C until reaching an
ODsoo of 1. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.8 mM to induce protein expression. Cells were grown for an additional
18 hours post-induction at 25°C until harvesting (10,000 x g, 30 min., 4°C). The cell pellet

was stored at -80°C until purification.

Cell pellets were resuspended in chilled lysis buffer (20 mM Tris pH 7.6, 200 mM Nacl,
5% glycerol, 5 mM imidazole, 2 mM tris(2-carboxyethyl)phosphine, TCEP) supplemented
with Pierce protease inhibitor cocktail tablets (Thermo Fisher). The resuspended cells
were lysed using a microfluidizer (Microfluidics). Nucleic acids were precipitated by
addition of 0.1% polyethylenimine, and the lysate was cleared by centrifugation (35,000
X g, 25 min., 4°C). The supernatant was then loaded on a 4 mL His-Pur™ Ni-NTA affinity
column (Thermo Scientific). The column was washed with 5 column volumes of wash
buffer (20 mM Tris pH 7.6, 200 mM NacCl, 10 uM ZnClz, 5% glycerol, 10 mM imidazole, 1
mM TCEP), and protein was eluted with a stepwise imidazole gradient (25, 50, 75, 100,
150, 200, and 250 mM imidazole). Fractions were pooled and dialyzed overnight against
buffer containing 20 mM Tris pH 7.6, 200 mM NacCl, 10 uM ZnClz, 5% glycerol, and 1 mM
TCEP. Protein was concentrated using Amicon Ultra concentrator (30K MWCO,
Millipore), aliquoted, and stored at -80°C.

Human GGTase-l was expressed and purified similarly to FTase with a few
modifications. BL21(DE3) cells were transformed with pDG140. Protein expression was
induced at ODesoo of 0.65, and the cells were grown for an additional 18 hours post-
induction at 22°C. After protein elution from a His-Pur™ Ni-NTA column with an imidazole
stepwise gradient as described for FTase, active fractions were pooled, TEV protease
was added at a 1:10 ratio (mg TEV:mg GGTase-l), and the sample was dialyzed (20K
MWCO) overnight. After his-tag cleavage, the sample was centrifuged (2,700 x g, 15 min.,
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4°C) to remove precipitated TEV protease. Cleaved GGTase-l was loaded onto a 4 mL
His-Pur™ Ni-NTA affinity column and eluted with a stepwise imidazole gradient (0, 10,
20, 40, 80, 160, and 300 mM imidazole). Active fractions were pooled, concentrated,

aliquoted, and stored at -80°C.
Biotinylated small GTPase expression and purification

The expression and purification of recombinant biotinylated small GTPases was
completed as previously described with a few modifications (35). BL21-A1 cells harboring
pBirAcm and pRARE plasmids were co-transformed with recombinant vector (pDG137,
pDG138, pDG141, pDG143) for Hise-TEV-Avi-tag GTPase (KRas4B, KRas4B M188L,
DiRasl, HRas), and then grown at 37°C in 50 mL of TB media supplemented with
kanamycin (25 pg/ml), chloramphenicol (10 pg/ml) and streptomycin (50 pg/ml). After
reaching an ODeoo of 0.6, the culture was cooled to 22°C for 1 hour. Protein expression
was induced by adding 1.5 mM IPTG, followed by the addition of 50 uM biotin in bicine
buffer (pH 8.3) and 0.2% arabinose. Cells were grown for an additional 18 hours post-
induction at 22°C until harvesting (2,700 x g, 30 min., 4°C). The bacterial pellet was
resuspended in lysis buffer (25 mM Tris pH 7.6, 300 mM NaCl, 5% glycerol, 5 mM
imidazole, 2 mM benzamidine, 1 mM PMSF, 1 uM pepstatin), and cells were lysed by
sonication. After the lysate was cleared by centrifugation (10,800 x g, 40 min, 4°C), the
supernatant was batch loaded onto a 500 pL His-Pur™ Ni-NTA resin suspension for 2
hours while shaking at 4°C. The resin was transferred to a disposable Poly-Prep
chromatography column (Bio-Rad) and washed with lysis buffer. Biotinylated protein
bound to the resin was eluted with lysis buffer containing 300 mM imidazole. After protein
elution, TEV protease was added at a 1:10 ratio (mg TEV:mg GTPase), and the sample
was dialyzed (3.5K MWCO) overnight against 20 mM HEPES pH 7.8, 200 mM NacCl, 5%
glycerol, 1 mM TCEP. After cleavage, the sample was centrifuged (2,700 x g, 15 min,
4°C) to remove precipitated TEV protease. The supernatant was batch loaded to 500 pL
of His-Pur™ Ni-NTA resin suspension for 1 hour with shaking at 4°C. Cleaved protein
was batch eluted with 2 column volumes of lysis buffer in a stepwise imidazole gradient
(0, 100, 300 mM). Fractions were analyzed by SDS-PAGE. Protein fractions were pooled,
aliquoted, and stored at -80°C.
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Non-biotinylated small GTPase expression and purification

Small GTPases were expressed in BL21(DE3) E.coli cells cultured in 2 L of LB media
(20 g tryptone, 10 g yeast extract, 20 g NaCl, 10 mM MgClz, 0.5% glucose, 50 pg/mL
kanamycin) by transforming with recombinant vectors encoding for KRas4B, KRas4B
M188L, DiRasl, and HRas (pBJ176, pDG136, pBJ173, pBJ162). Cells were grown at
34°C until ODsoo 0.6-0.8. Culture was cooled to 18°C, and protein expression was induced
with addition of 0.1 mM IPTG. Cells were grown for an additional 18 hours post-induction
at 18°C until harvesting (10,000 x g, 30 min, 4°C). The cell pellet was stored at -80°C until

purification.

Following protein expression, recombinant small GTPases were purified similarly to
FTase with a few modifications. After protein elution from a His-Pur™ Ni-NTA column with
an imidazole stepwise gradient, fractions were analyzed by SDS-PAGE and fractions
containing desired protein were pooled. TEV protease was added at a 1:10 ratio (mg
TEV:mg GGTase-I) and the sample was dialyzed (20K MWCO) overnight against buffer
containing 20 mM HEPES pH 7.8, 200 mM NaCl, 5% glycerol, and 1 mM TCEP. After
his-tag cleavage, the sample was centrifuged (2,700 x g, 15 min., 4°C) to remove
precipitated TEV protease. Cleaved protein was loaded onto a 4 mL His-Pur™ Ni-NTA
affinity column and eluted with a stepwise imidazole gradient, as described for GGTase-
I. Protein fractions were pooled, concentrated using Amicon Ultra concentrator (10K
MWCO, Millipore), aliquoted, and stored at -80°C.

Radiolabel prenylation assay

Recombinant small GTPases were incubated in assay buffer (50 mM HEPPSO pH
7.8, 5 mM TCEP, 5 mM MgClz, 0.1% Triton X-100) with GDP before addition of
recombinant human FTase and varying concentrations of SmgGDS-607. Tritium labeled
farnesyl diphosphate (®*H-FPP, American Radiolabeled Chemicals Inc.) was diluted to
10% with unlabeled FPP in assay buffer. Reactions were initiated by the addition of
radiolabeled FPP mixture and incubated at 30°C before quenching the reactions by the
addition of Laemmli sample buffer. Incubation times for the farnesylation reaction varied
depending on the small GTPase to ensure the measurement was under initial velocity
conditions (<10% reaction): KRas4B (5 min), KRas4B M188L (30 min), DiRasl1 (6 min),
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HRas (5 min). Unless indicated otherwise, final concentrations were 2.5 uM small
GTPase, 25 UM GDP, 25 nM FTase, and 4 uM 3H-FPP. After quenching, samples were
heated for 2 min at 70°C before resolving by SDS-PAGE, followed by Coomassie Blue
staining and de-staining. The small GTPase bands were cut out, placed in scintillation
vials, and dissolved by incubating in 500 pL of 34% H202, 0.2 mM CuSO4 at 35°C
overnight. Samples were counted on a Beckman LS 6500 liquid scintillation counter after
addition of 4.5 mL of BioSafe Il scintillation cocktail (Research Products International).
The pmol of prenylated product was determined using the specific activity (dpm/pmol) of

tritium.

For steady-state kinetic studies, activity was measured by an increase in radioactivity
upon farnesylation of the small GTPase. Assays were performed at 30°C in 50 mM
HEPES, pH 7.8, 5 mM TCEP, 5 mM MgClz, 20 uM GDP. FTase (50 nM) and HRas (0.5,
1, 2.5, 5, or 10 uM) were incubated in the absence or presence of 10 uM SmgGDS-607.
Reactions were initiated by the addition of radiolabeled FPP at twice the concentration of
HRas and incubated at 30°C before quenching the reactions at various time points (n =
8) with Laemmli sample buffer. The initial rate of incorporation of radioactivity was
determined by fitting a line to the time dependence of product formation (UM prenylated
GTPase/seconds) and the standard error was calculated and shown as error bars. The
values for kcat and Km were determined by fitting the Michaelis-Menten equation to the
concentration dependence of the initial velocity (V/E) using nonlinear regression in
GraphPad Prism with the standard errors reported.

Velocit kcatX[substrate .
Y _ KearX] | Equation 1
[FTase] Ky +[substrate]

Single turnover experiments were performed for FTase and HRas in the presence and
absence of SmgGDS-607. Reactions were carried out at 30°C in 50 mM HEPES, pH 7.8,
5 mM TCEP, 5 mM MgCl2, 20 uM GDP. The reactions contained 500 nM FTase pre-
incubated with 250 nM 3H-FPP, 2.5 pM HRas, with or without 10 uM SmgGDS-607.
Reactions initiated with the addition of FPP were allowed to proceed for up to 1 hour.
Time points were taken by quenching the reaction at different time intervals with Laemmli

sample buffer. The rate constant for product formation (kobs) was determined by fitting

36



equation 2 to the time dependence of product formation (UM prenylated HRas/second),
where Pt is the product formed at time t, and Pmax is the reaction endpoint.

P, = Pax X (1 — e Fonst) Equation 2
Peptide prenylation assay

For steady-state kinetic studies performed with peptide, FTase activity was measured
by an increase in fluorescence intensity (Aex = 340 nm, Aem = 520 nm) upon farnesylation
of dansylated peptide using a previously published assay (27). Experiments were carried
out using dansyl-TKCVIM peptide, which mimics the CAAX box of KRas4B. Assays were
performed at 30°C in 50 mM HEPES, pH 7.8, 5 mM TCEP, 5 mM MgClz, and 20 uM FPP.
FTase (50 nM) and dansyl-TKCVIM (0.2, 0.4, 0.8, 1.6, 2.4, and 4.8 uM) were incubated
in the absence or presence of 5 uM SmgGDS-607. Reactions were measured every 30 s
for 1.5 h. The initial rate of farnesylation was determined by fitting a line to the time
dependence of product formation, resulting in units of RFU/s. To obtain the initial rate of
farnesylation in units of uM/s, equation 3 was used, where V is the initial velocity of the
reaction in units of uM/s, R is the initial velocity of the reaction in units of RFU/s, P is the
max concentration of the substrate, and Fmax is the max fluorescence intensity at the

endpoint.
RP :
V= Equation 3
Fmax

The values for kcat and Km were determined by fitting the Michaelis-Menten equation to
the concentration dependence of the initial velocity (V/E) using nonlinear regression in

GraphPad Prism with the standard errors reported.
Binding assay

Binding affinities were measured by biolayer interferometry (BLI) using the
OctetRed96 instrument (Forte Bio). Assays were performed at 30°C in 96-well plates.
Streptavidin (SA) biosensors were loaded with biotinylated KRas4B, KRas4B M188L,
DiRasl or HRas in 50 mM HEPES pH 7.8, 150 mM NaCl, 2 mM MgClz, 20 uM GDP, 2
mM TCEP, and 0.25 mg/ml BSA. The loaded biosensors were washed in the same buffer

before cycling through increasing concentrations of SmgGDS-607 or FTase. For FTase,
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the binding studies were performed in the presence of the FPT inhibitor 1l (12, Millipore),
an inactive FPP analogue, at double the concentration of FTase. Controls included a
sensor probe without biotinylated small GTPase that was incubated with either SmgGDS-
607 or FTase and a sensor probe loaded with biotinylated small GTPase that was
incubated only with buffer. Controls were subtracted from the binding data to correct for
non-specific binding. Kinetic parameters kon and kott were determined by fitting Equation
4 and Equation 5, respectively, to the time dependence of complex association and
dissociation. R refers to the BLI response (nm), IR is the initial BLI response (nm), Amp
represents the amplitude of the BLI response change, kon (M s1) represents the rate
constant of complex formation, kot (s') represents the rate constant of complex

dissociation, and FR (nm) is the final BLI response.
R =1IR + Amp (1 — e Font) Equation 4
R = Amp (e~ *orst) + FR Equation 5

The dissociation constant, Kp, was determined by fitting the responses at equilibrium (Reg)
for each SmgGDS-607 or prenyltransferase concentration to a binding isotherm (Equation
6), where Kb is the dissociation constant and X is the concentration of either SmgGDS-
607 or prenyltransferase. The data were fit using nonlinear regression in GraphPad Prism
with the standard errors reported.

_ Rmax [X]

Req = Kp+[X]

Equation 6

RESULTS
SmgGDS-607 blocks farnesylation of DiRas1 but not KRas4B

SmgGDS-607 inhibits geranylgeranylation of RhoA catalyzed by GGTase-I by binding
to and blocking the prenylation site (13). Furthermore, SmgGDS-607 was previously
demonstrated to pull down with small GTPases ending in methionine, such as KRas4B,
only in the presence of an FTI that leads to alternative geranylgeranylation (15). However,
SmgGDS-607 has not been demonstrated to regulate farnesylation of small GTPases.
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To test SmgGDS-607-mediated regulation, we used a radiolabel-incorporation assay to
monitor levels of farnesylation of small GTPases, specifically KRas4B and DiRasl, in the
presence of SmgGDS-607. While DiRas1l and KRas4B belong to different branches of
the Ras family, they share 36% sequence identity, end in methionine (Table 2.1), and are
modified by FTase (18). Additionally, Bergom and colleagues demonstrated that DiRas1
antagonizes the interaction of SmgGDS-558 with KRas4B (16).

Table 2.1 Tail sequences of FTase substrates used in this study.

No. of amino acids in

Small GTPase Polybasic region CAAX box
sequence
KRas4B DGKKKKKKSKTK CVIM 188
KRas4B M188L DGKKKKKKSKTK CVIL 188
DiRasl1 GKQKRTDRVKGK CTLM 198
HRas? PDESGPGCMSCK CVLS 189

aContrary to the other GTPases tested, HRas does not contain a recognizable polybasic region.

Under in vitro conditions, addition of increasing concentrations of SmgGDS-607
minimally inhibits the extent of farnesylation of KRas4B, with 32% inhibition at 20 puM
SmgGDS-607 after 5 min of incubation. In contrast, addition of SmgGDS-607 drastically
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Figure 2.1. Farnesylation of FTase substrates in the presence of SmgGDS-607. (A) SmgGDS-607 blocks the
extent of farnesylation of DiRas1, but not KRas4B, in a dose-dependent manner. Both KRas4B and DiRas1 end with a
methionine in their CAAX box, consistent with the observed farnesylation catalyzed by FTase. KRas4B or DiRas1 (2.5
uM final) was incubated with GDP (25 uM), FTase (25 nM), [3H]-FPP (4 uM), and eight different concentrations of
SmgGDS-607. The reactions were stopped after 5 min (KRas4B) or 6 min (DiRas1), and incorporation of radiolabeled
farnesyl was measured as described in the methods. The data points are from single reactions at each SmgGDS-607
concentration. The results are representative of three independent experiment. (B) Addition of 5 uM SmgGDS-607 has
little effect on the kinetics of farnesylation of dansyl-TKCVIM peptide. FTase (50 nM) was incubated with 20 pM FPP
and various concentrations of peptide in the presence and absence of 5 yM SmgGDS-607. The amount of farnesylated
peptide was ascertained by measuring an increase in fluorescence upon farnesyl attachment as described in the
methods. The initial rate of farnesylation (Vo) and standard error were determined by fitting a line (GraphPad Prism) to
multiple determinations of product formation as a function of time. The Michaelis-Menten equation was fit to the data
to determine values for kcat, Km and standard error, listed in Table 2.2.
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decreases farnesyl incorporation in DiRasl, with more than 90% inhibition at 5 pM
SmgGDS-607 (Figure 2.1A) as compared to ~10% inhibition for KRas4B under similar
conditions. Together, these data demonstrate that SmgGDS-607 can directly block
farnesylation of an FTase substrate that ends in methionine and does not require the

presence of an FTI.
SmgGDS-607 does not inhibit FTase reactivity

To investigate whether the observed inhibition of farnesylation by SmgGDS-607 is due
to SmgGDS-607 directly inhibiting FTase reactivity, we tested the effect of SmgGDS-607
on the farnesylation rate of a dansylated peptide substrate (dansyl-TKCVIM) that mimics
the CAAX box of KRas4B and has high affinity for FTase (0.86 + 0.08 nM) (20). Addition
of 5 uM SmgGDS-607 did not significantly affect FTase activity (Figure 2.1B). Both kinetic
parameters, Km and Kkcat, were unchanged by the presence of SmgGDS-607 (Table 2.2).
These data demonstrate that SmgGDS-607 does not directly inhibit FTase. Rather, the

observed inhibition (Figure 2.1A) occurs by competition for binding the FTase substrate.

Table 2.2. Kinetic parameters for farnesylation of KRas4B CAAX peptide catalyzed by FTase?.

[SmgGDS-607] Keat () Km (UM)
--- 0.08 £0.01 3x1
5 uM 0.12 + 0.04 4+3

a8FTase activity was measured by monitoring changes in fluorescence intensity upon farnesylation of dansylated
peptide. Steady-state parameters were determined by a nonlinear regression fit of the Michaelis- Menten equation to
the dependence of the initial rate on the substrate concentration using GraphPad Prism as described in the
Experimental Procedures and the standard errors calculated from these fits are reported.

Differential binding affinities for SmgGDS-607 with FTase substrates

To determine a possible mechanism to explain the differential effects of SmgGDS-607
on blocking farnesylation of DiRas1 compared to KRas4B, we measured the affinities of
SmgGDS-607 for several small GTPases using bio-layer interferometry (BLI,
OctetRed96) with biotinylated small GTPases and varying concentrations of SmgGDS-
607 (19). BLI data for SmgGDS-607 binding to KRas4B, including the kinetic association
rate constant (kon), the kinetic dissociation rate constants (kof), and the equilibrium
endpoint are shown in Fig. 2.2. The dissociation constants (Kp) for KRas4B, KRas4B

M188L, DiRasl and HRas were determined from the fit of a single binding isotherm to the
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endpoint data (Fig. 2.2B-C). Binding data for all small GTPases are summarized in Table
2.3.
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Figure 2.2. SmgGDS-607 binds directly to KRas4B, KRas4B M188L, and DiRasl1, as measured by bio-layer
interferometry. (A) Representative binding assay between SmgGDS-607 and biotinylated KRas4B (adhered to the
streptavidin biosensor tip) depicting the association (0-600 s) and dissociation (600-800 s) reactions at six different
SmgGDS-607 concentrations after correcting for nonspecific binding. Equations 4 and 5 were fit to the association and
dissociation data using GraphPad Prism, respectively, resulting in the following values with the calculated standard
error: kon = 0.14 + 0.02 pM* s? and ko = 0.01 + 0.02 s*. (B and C) Representative data for SmgGDS-607 binding to
KRas4B, KRas4B M188L, HRas and DiRas1. The data points and reported standard errors are from the BLI endpoints
obtained from the nonlinear regression fit to the binding association step as presented in panel A. These data points
were normalized to the BLI response at saturation. The value of Ko and standard error was determined by a fit of
Equation 6 to these data using GraphPad Prism, resulting in a Ko for KRas4B of 1.5 + 0.4 uM, KRas4B M188L of 0.11
+ 0.02 pM, HRas of >9 pM and DiRas1 of 0.0047 £+ 0.0009 pM. The results are representative of two independent
studies.

An electronegative patch in the structure of SmgGDS-607 is predicted to be pivotal for
interactions with the positive charges in the PBR of small GTPases (12,16). In the
KRas4B PBR, tandem repeats of lysine residues provide a highly positively-charged
region that could interact with the electronegative patch in SmgGDS-607, as compared
to the more dispersed positive charges in the PBR of DiRas1 (Table 2.1). Based on this
we predicted that KRas4B would bind to SmgGDS-607 with high affinity. However, the
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affinity of KRas4B for SmgGDS-607 is 1.5 £ 0.4 uM, which is >300-fold weaker than the
DiRasl affinity at 4.7 £ 0.9 nM, suggesting a more complicated model of substrate

recognition.

Table 2.3. Summary of thermodynamic values for SmgGDS-607 and FTase binding to different small GTPases®.

CAAX identity Ko (nM) KpSmyeDS-607/ K jFTase
Binding to SmgGDS-607
KRas4B CVIM 1500 £ 370 700 + 300
KRas4B M188L CVIL 110+ 20 0.10 £ 0.04
DiRas1 CTLM 4.7+0.9 0.12 +0.02
HRas CVLS >9,000 NDP
Binding to FTase
KRas4B CVIM 22+0.7
KRas4B M188L CVIL 1100 £ 370
DiRasl CTLM 40+ 2

aMeasured by biolayer interferometry as described in the Experimental Procedures and the legend of Figure 2.2. Kp
was determined from a hyperbolic equation fit to the endpoint data from the BLI response obtained during the
association step between the small GTPases and SmgGDS-607 or FTase. The errors in the Kp values are from the
standard error of the fit of the binding isotherm to the data. The uncertainty in the ratio was calculated by error
propagation (37). PNot determined.

Previous data indicated that SmgGDS-607 pulls down higher levels of KRas4B when
the terminal amino acid is altered to leucine from methionine (KRas4B M188L) (15). To
investigate this phenomenon, we repeated the binding assay using KRas4B M188L,
demonstrating a 13-fold increased affinity for SmgGDS-607 (Table 2.3). We next
measured the affinity of SmgGDS-607 for HRas, a small GTPase that does not contain a
canonical PBR and ends with a different CAAX (-CVLS) sequence. The affinity of HRas
for SmgGDS-607 is >9 uM, which is >6-fold weaker than KRas4B and >1,000-fold weaker
than DiRasl, indicating that HRas has the weakest binding affinity out of all the substrates
tested. The contrasting affinity of HRas to KRas4B indicates that the PBR might regulate
the interaction with SmgGDS-607. Furthermore, these data suggest that the PBR motif in
KRas4B may not optimally interact with SmgGDS-607. The enhanced binding affinity for
the KRas4B M188L mutant supports the proposal that SmgGDS-607 recognizes the last
residue in KRas4B and that the amino acid sequence of the CAAX box is an important

determinant of binding affinity and substrate selectivity.
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FTase binds to small GTPases with differential binding affinities

Measurement of direct binding affinities between FTase and full-length small GTPases
has proven a challenge previously. To solve this issue, we have used BLI to measure, for
the first time, direct real-time binding of FTase to KRas4B and DiRasl to determine
dissociation constants for these full-length proteins. Previously, affinities for rat FTase
binding CAAX peptides with varied terminal residues were determined; a peptide
corresponding to the C-terminus of KRas4B (TKCVIM) has a Kp value of 0.86 £ 0.08 nM
(20). Using BLI, we measured the affinity of human FTase for KRas4B as Kp = 2.2 + 0.7
nM (Table 2.3), comparable to the value measured for the peptide. Interestingly, when
the native CAAX sequence CVIM is replaced with CVIL, the affinity for human FTase
decreases by 500-fold (Kp = 1.1 + 0.3 uM). This result was unexpected since for peptides
there is minimal difference in the rat FTase dissociation constants for TKCVIL compared
to TKCVIM (1.1 £0.1 nM and 0.86 = 0.08 nM, respectively) (20). These data indicate that
the change in affinity for the full-length protein is not determined solely by an altered
interaction of FTase with the CAAX tail. For full-length DiRasl (CAAX = CTLM), the
measured dissociation constant for human FTase is 40 £ 2 nM (Table 2.3) which is 8-fold
weaker than the measured Kb for rat FTase with the TKCTLM peptide (5.2 + 0.8 nM) (21).
These data also suggest that other factors, such as interaction with the PBR region and/or

steric hindrance of the C-terminal tail by the full-length protein, explain this weaker affinity.
SmgGDS-607 blocks farnesylation of KRas4B when the CAAX ends in leucine

To further test whether the ability of SmgGDS-607 to block farnesylation of small
GTPases depends on the relative affinities of FTase and SmgGDS-607, we measured
whether SmgGDS-607 blocks farnesylation of KRas4B M188L (Figure 2.3); this mutant
decreases the affinity for human FTase by 500-fold and enhances SmgGDS-607 affinity
by 14-fold leading to an increase in the KpFT@s¢/ KpSmIGDS-607 for the mutant compared to
wild-type of >5,000-fold. Consistent with this, 2.5 pM SmgGDS-607 inhibits >90% of the
farnesylation of KRas4B M188L compared to ~10% of wild-type KRas4B under
comparable conditions. Contrary to KRas4B, for KRas4B M188L the reactions were
allowed to proceed for 30 min since farnesylation of this mutant is slower. At 30 min, the
amount of product formed is comparable to that of KRas4B after a 5 min incubation. This
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result provides additional evidence that SmgGDS-607 regulation of farnesylation of
KRas4B, and likely other small GTPases, is driven by differences in binding affinities for
FTase and SmgGDS-607. To further examine this mechanism, we simulated the
SmgGDS-607 concentration dependence of inhibition of GTPase farnesylation using the
KinTek Explorer Chemical Kinetics Software with a differential binding model (Figure Al;
Appendix). Our modeling provides qualitative dose-response curves consistent with those
obtained empirically (Figures 2.1 and 2.3), confirming that SmgGDS-mediated regulation
for KRas4B and DiRasl can be explained by a differential binding model. Furthermore,
taken together, these data demonstrate that regulation of farnesylation by SmgGDS-607
is driven by the differential binding affinities, suggesting that in a cellular context
SmgGDS-607 competes with FTase for binding of small GTPases.
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Figure 2.3. SmgGDS-607 blocks farnesylation of mutant KRas4B M188L, a less reactive FTase substrate.
Radiolabel prenylation assay was performed similarly to Figure 2.1A. KRas4B M188L (2.5 uM final) was incubated with
GDP (25 uM), FTase (25 nM), [3H]-FPP (4 uM), and eight different concentrations of SmgGDS-607. The reactions were
stopped after 30 min incubation. The dotted line represents the effects of SmgGDS-607 on KRas4B farnesylation from
Figure 2.1A. Data points are from single reactions at each SmgGDS-607 concentration. The results are representative
of three independent experiments.

SmgGDS-607 enhances farnesylation of HRas

To date, there has been no evidence that SmgGDS-607 regulates prenylation of small
GTPases without a PBR sequence. To examine this, we measured the effect of
SmgGDS-607 on prenylation of HRas which contains no identified PBR and has a CAAX
sequence that ends in serine (CVLS). Previous pulldown data suggested that SmgGDS-
607 interacts with both dominant negative and nucleotide free forms of HRas (14).
However, no one has examined the effects of SmgGDS-607 on farnesylation of HRas.
Unexpectedly, addition of 10 uM SmgGDS-607 enhanced farnesylation of HRas by ~5-
fold, while having almost no effect on geranylgeranylation (Figure 2.4A). Minimal
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Figure 2.4. Farnesylation of HRas is enhanced in the presence of SmgGDS-607. (A) SmgGDS-607 enhances
the extent of farnesylation of HRas, but not geranylgeranylation. GDP-bound HRas (2.5 puM) was preincubated with
the different components and then labeled with [*H]-FPP (4 uM) for 6 min or [*H]-GGPP (4 uM) for 20 min.
Incorporation of radiolabeled prenyl group was measured as described in the methods. The graph depicts the results
from two independent experiments. (B) Concentration dependence of SmgGDS-607 enhancement of farnesylation of
HRas catalyzed by FTase. Seven different concentrations of SmgGDS-607 were incubated with HRas (2.5 uM final),
GDP (25 pM), FTase (50 nM), and [3H]-FPP (4 uM). The reactions were stopped after 5 min, and incorporation of
radiolabeled farnesyl into HRas measured as described in the methods. A hyperbolic equation was fit to the data in
GraphPad Prism to obtain the value of Ku2 for activation, kmax at saturating SmgGDS-607, and standard errors. The
data points are from single reactions at each SmgGDS-607 concentration. The results are representative of three
independent experiments.

modification (<1%) was observed after a 20 min incubation of 2.5 uM HRas with 1 uM
GGTase-l; addition of 10 uM SmgGDS-607 did not increase geranylgeranylation. To
better understand this farnesylation enhancement, we measured the effect of SmgGDS-
607 on the rate of steady-state turnover (Figure 2.4B). Increasing concentrations of
SmgGDS-607 enhance the rate constant for farnesylation of 2.5 uyM HRas by 4.4-fold
(Figure 2.4A), with a kmax of 0.00071 + 0.00009 s and a Ku2 of 1.4 £ 0.7 uM.

The enhancement of HRas farnesylation by SmgGDS-607 could be due to either or
both: (1) decreasing the Km for HRas and/or (2) increasing turnover (Kcat) of farnesylated-
HRas catalyzed by FTase. To distinguish between these alternatives, we measured the
effect of SmgGDS-607 on the multiple turnover (MTO) kinetic parameters kcat and Kwm for
FTase-catalyzed modification of HRas using the radiolabel-incorporation assay with
HRas concentrations that were at least 2 times below and above the Km (Figure 2.5A).
These kinetic data reveal that SmgGDS-607 has a minimal effect on the value of Km while
increasing the values of kcat and keat/Km by >5-fold (Table 2.4). For peptide substrates, the
farnesylation step is rapid and product release is rate-limiting for turnover (22,23);
however, this has not been evaluated for protein substrates. To test whether the effect of
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Figure 2.5. SmgGDS-607 enhances HRas farnesylation by stimulating both chemistry and product release. (A)
Concentration dependence of farnesylation of HRas catalyzed by FTase in the presence of SmgGDS-607. The initial
velocity for the reaction of 50 nM FTase, eight different concentrations of HRas, 25 uM GDP, H-FPP at twice the
concentration of HRas, and either 0 or 10 pM SmgGDS-607 was measured from the time dependent change in
incorporation of the radiolabel into HRas, as described in the methods section. The initial rate of farnesylation (V/E)
and standard error were determined by fitting a line (GraphPad Prism) to eight measurements of product formation at
different times. The Michaelis-Menten equation was fit to these data to determine values for Kcat, Km, Kecat/Km, and
standard errors, listed in Table 2.4. (B) Single-turnover kinetics for farnesylation of HRas in the absence and presence
of 10 uM SmgGDS-607. Under these conditions, FTase (500 nM) reacts with 2.5 uM HRas, 25 uM GDP, and limiting
3H-FPP (250 nM). The farnesylation rate constant kobs and standard error were calculated by a fit (GraphPad Prism) of
equation 2 to the data as 0.0021 + 0.0002 and 0.007 + 0.001 s for without and with SmgGDS-607, respectively.

SmgGDS-607 on kcat is due to enhancement of product release or chemistry, we
measured farnesylation of HRas under single turnover (STO) conditions, where FTase
and HRas concentrations are in excess of the FPP concentration. Under these conditions,
the observed rate constant, kobs, for farnesylation of HRas is 0.0021 + 0.0002 s, which
is 16-fold faster than the value of kcat, indicating that a step after farnesylation, such as
product release, is the rate-limiting step for turnover. Addition of 10 uM SmgGDS-607
increases the observed STO rate constant for farnesylation of HRas by 3-fold but this rate
remains 4-fold faster than the MTO turnover rate constant (Figure 2.5B, Table 2.4). These
data indicate that SmgGDS-607 has a modest effect on binding and/or catalysis while
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also increasing the rate of product dissociation. The effects on turnover and product
dissociation suggest that SmgGDS-607 forms a ternary complex with HRas and FTase.

Table 2.4. Kinetic parameters for farnesylation of HRas catalyzed by FTase?

[SmgGDS-607] Keat (S) Ku (M) Kead/ Kt (ML 57) Kobs (51)P
0.00013 = 0.00002  1.9+0.8 68 0.0021 + 0.0002
10 pM 0.0019 + 0.0004 542 380 0.007 + 0.001

a8FTase activity was measured and catalytic efficiencies were determined as described in the methods and the legend
of Figure 2.5. All values are reported with the standard error of the fit to the data.
bkobs is the single-turnover rate constant for production of farnesylated HRas under limiting FPP conditions.

DISCUSSION

Recent studies suggest that SmgGDS-607 can regulate geranylgeranylation of small
GTPases by binding to and sequestering the non-prenylated form of the GTPase to inhibit
prenylation (12,15). Until now, a similar regulatory mechanism for farnesylation has not
been observed. Our studies demonstrate that SmgGDS-607 can regulate farnesylation
of FTase substrates by blocking the small GTPase from interacting with FTase. This
mode of regulation is dictated by the differential binding affinities of the small GTPases
between FTase and SmgGDS-607. Furthermore, unexpectedly our studies demonstrate
that SmgGDS-607 increases farnesylation of HRas (and likely other small GTPases) by
enhancing both catalysis and product release. These findings provide new insight into the
regulation of small GTPases before and during the farnesylation pathway.

The structural architecture for small GTPases is defined by a globular body and a
floppy tail that contains the PBR domain and the CAAX box. The tall, in particular, has
been demonstrated to be crucial for recognition by the prenyltransferases (24-28). On the
other hand, cellular data implicate both the tail and the body in SmgGDS recognition (14).
Although pull down experiments have been used to determine the relative affinity of
SmgGDS-607 with small GTPases, the thermodynamic measurements for SmgGDS-607
and small GTPases that undergo farnesylation have not been reported. Previously,
binding studies for SmgGDS-607 have been performed with RhoA, a GGTase-| substrate
(13,28). Here, we sought to identify the determinants of SmgGDS-607 recognition of
FTase substrates by assaying three different GTPases, KRas4B, DiRas1, and HRas. Our
in vitro experiments demonstrate that the last residue in the CAAX box of KRas4B affects
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the binding affinity for SmgGDS-607, confirming cell-based work indicating the
importance of this residue for selectivity (15). In cell experiments, wild-type KRas4B did
not pulldown with SmgGDS-607. However, when the C-terminal methionine was mutated
to leucine, SmgGDS-607 co-immunoprecipitated with unprenylated KRas4B (15). Our
data corroborate this finding since SmgGDS-607 binds the M188L mutant >300-fold more
tightly than wild-type KRas4B, thus demonstrating that the CAAX box sequence is
important for recognition. Additionally, our data suggest that other factors also regulate
binding affinity, as indicated by the enhanced affinity of DiRasl compared to KRas4B
(Table 2.3). Recent studies suggest that the negatively-charged region in SmgGDS-607
interacts with the PBR-CAAX motif of small GTPases (28, 29). The sequence of the PBR
and the length of the tail are factors that could affect the direct contact with SmgGDS
and/or the conformation of such GTPases, altering interaction with SmgGDS-607.
Although both GTPases end in methionine, KRas4B and DiRasl differ in their PBR
sequence and tail length. The PBR domain of KRas4B contains tandem lysine repeats,
which might not be optimal for binding to the dispersed electronegative region in
SmgGDS-607, whereas the positive charges in the PBR domain of DiRasl are more
dispersed and include arginine residues (Table 2.1). Additionally, DiRas1 has a longer
tail, which might provide optimal distal contacts with SmgGDS-607. Besides the different
features found on the tail of small GTPases, studies have shown that the bound
nucleotide status of RhoA significantly influences the affinity for SmgGDS-607 (12, 13,
28, 36). In contrast, the affinity of SmgGDS-607 for DiRasl increases modestly (2-fold)
when the bound nucleotide is GTP compared to GDP (data not shown). These data
suggest that the factors dictating binding affinity with SmgGDS-607 are complex, and

specific to each small GTPase.

Our binding studies demonstrate that the sequence of the C-terminal tails of small
GTPases leads to differential affinities for SmgGDS-607 and FTase. Our model indicates
that although SmgGDS-607 can bind to GTPases that undergo either farnesylation or
geranylgeranylation, the regulation of prenylation is dictated by the relative binding
affinities of each GTPase for SmgGDS-607 and the prenyltransferase (Figure 2.6). For
DiRas1 and KRas4B M188L, SmgGDS-607 inhibits farnesylation due to the higher affinity
of the GTPase for SmgGDS-607 compared to FTase (KpSM9CPS-607/KpFTase — 0.1, Table
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2.3). However, SmgGDS-607 does not effectively inhibit farnesylation of KRas4B due to
a combination of decreased affinity for SmgGDS-607 and increased affinity for FTase
(KpSm9ebs-€07/K pFTase ~ 700, Table 2.3). In contrast, geranylgeranylation of KRas4B is
inhibited by SmgGDS-607 due to the enhanced affinity for SmgGDS-607 relative to
GGTase-l (Table Al, Figure A2; Appendix). Consistent with this model, previous data
demonstrate that treatment of cells with a FTI increases the co-immunoprecipitation of
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Figure 2.6. Proposed model for SmgGDS-607-mediated regulation of farnesylation of FTase substrates. (A)
Differential binding model for inhibition of FTase (E)-catalyzed prenylation of small GTPases (S) containing a PBR
motif in the presence of SmgGDS-607 (1). (B) Under thermodynamic conditions, the small GTPases that have higher
affinity for SmgGDS-607 compared to FTase, such as DiRas1, form a stable SmgGDS-607-GTPase complex (heavy
arrow) to inhibit farnesylation. For KRas4B, the affinity for FTase is thermodynamically favored (heavy arrow)
compared to SmgGDS-607, therefore the SmgGDS-607+GTPase complex does not build up and farnesylation is not
inhibited. Regulation for DiRas1 and KRas4B is mostly determined by the preference of the small GTPase for binding
either SmgGDS-607 or FTase. For substrates lacking a PBR, such as HRas, SmgGDS-607 forms a ternary complex
that facilitates farnesylation and product release.
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SmgGDS-607 and KRas4B (15). Under these conditions, KRas4B can be alternatively
geranylgeranylated. Since the binding affinity of KRas4B for GGTase-I is weaker than for
SmgGDS-607 (Table Al), KRas4B preferentially binds to SmgGDS-607 and
geranylgeranylation is inhibited. It is important to note that these events happen in a
cellular environment where other small GTPases compete with KRas4B for binding to the
prenyltransferases and SmgGDS-607. Particularly, cell-based competition experiments
with DiRasl demonstrate that DiRasl decreases the amount of KRas4B that
immunoprecipitates with SmgGDS-558 (16). Similarly, our binding data show that DiRas1
binds SmgGDS-607 >300-fold tighter than KRas4B, which predicts that increased
unfarnesylated DiRas1 concentrations should antagonize SmgGDS-607 binding KRas4B
in cells. Therefore, the prenylation pathways are constantly regulated by the levels of
small GTPases and other binding partners. Furthermore, the PBR and CAAX sequences
of a given GTPase are optimized for this regulatory function in the cell. Alteration of the
association between small GTPases, such as KRas4B, and SmgGDS-607 by small
molecules could be a novel target for effective therapeutics against small GTPase-

associated cancers.

The data presented in this study, together with previous data (13, 15), show that
SmgGDS-607 functions as a regulator of small GTPase geranylgeranylation by binding
to non-prenylated small GTPases and blocking prenylation. Originally, SmgGDS was
reported as a guanine nucleotide exchange factor (GEF) for multiple small GTPases that
contain a PBR. However, recently, SmgGDS was demonstrated to function as a GEF for
only select GTPases, RhoA and RhoC (30). Other studies have reported that the PBR
domain of small GTPases plays an important role for both nucleotide exchange and
affinity for SmgGDS-607 (14, 31). Until now, no one has determined whether SmgGDS-
607 also regulates small GTPases without a PBR, such as HRas. In this study, we
demonstrate that SmgGDS-607 also enhances farnesylation of a non-canonical
SmgGDS substrate, HRas. Our in vitro data support a model in which SmgGDS-607
forms a complex with both HRas and FTase that enhances both farnesylation and product
release (Figure 2.6B). Previous kinetic studies have demonstrated that the product
dissociation is the rate determining step in FTase turnover of peptides (22,32).

Furthermore, an additional FPP molecule binds to FTase to enhance dissociation of the
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prenylated peptide by trapping the farnesyl moiety in an alternate conformation in the “exit
groove” (33). We hypothesize that SmgGDS-607 could enhance product release in a
similar way. By interacting with both HRas and FTase, SmgGDS-607 could stabilize the
alternate product conformation, which allows for enhanced turnover. Contrary to the other
FTase substrates tested in this study, HRas does not contain a PBR on its tail and has
modest affinity for SmgGDS-607 alone. Enhancement of prenylation has not been
observed with GTPases that contain a PBR. Additionally, our kinetic study with
dansylated peptide indicates that SmgGDS-607 does not directly interact with FTase.
Hence, it suggests that the formation of a ternary FTase*ProteinesSmgGDS-607 complex
might be specific for GTPases lacking a PBR.

Furthermore, the differential effects of SmgGDS-607 on farnesylation of small
GTPases intensify the observed effects for a given substrate. Because FTase has
multiple substrates in the cell, the specificity constant (kca’Kwm) is the best index to
compare the preference of FTase for reacting with different substrates. At 10 uM
SmgGDS-607, the values of kca/Km for farnesylation of small GTPases are affected as
follows: DiRas1 decreases 210-fold, KRas4B remains essentially unchanged and HRas
increases 6-fold. Therefore, the ratio of kca/Km values for HRas compared to DiRasl
changes by a factor of 260-fold. This calculation illustrates how the presence of SmgGDS-

607 significantly alters the dynamics and levels of Ras farnesylation in the cell.

These data support a model in which SmgGDS-607 regulates the farnesylation of
small GTPases and this regulation is mediated by differential binding affinities. Although
past studies have shown SmgGDS-607 regulates GTPases undergoing the
geranylgeranylation pathway, we have shown that SmgGDS-607 regulation extends to
the farnesylation pathway. Additionally, we have identified a novel function for SmgGDS-
607 in facilitating product release of the farnesylated HRas (and possibly other small
GTPases lacking a PBR) from protein farnesyltransferase. Further investigation into the
synergies between the PBR and CAAX identity for farnesylation and regulation should be

explored to assess their potential as novel targets for anti-cancer therapeutics.
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APPENDIX

This appendix contains supporting tables, figures, and methods for Chapter 2.

Table A1. Summary of thermodynamic and kinetic values for SmgGDS-607 and prenyltransferases binding to

different small GTPases?.

CAAX KD kon koff Kcalc
identity (nM) (UMt st (st (nM)
Binding to SmgGDS-607
KRas4B CVIM 1500 + 370 0.14 £ 0.02 0.01 £0.02 <210
KRas4B M188L  CVIL 110+ 20 0.41+£0.01 0.0015 + 0.0004 4+1
DiRasl1 CTLM 4.7+0.9 0.19+0.01 0.0008 + 0.0001 42 +0.6
Binding to FTase
KRas4B CVIM 22107 0.60 £ 0.02 0.0016 = 0.0001 27+0.2
KRas4B M188L  CVIL 1100 + 370 0.13+£0.08 0.32 £ 0.07 3000 = 2000
DiRasl CTLM 40+ 2 0.49 £ 0.03 0.009 £ 0.001 18+ 2
Binding to GGTase-I
KRas4B CVIM 200 + 30 0.008 £ 0.001 0.0024 + 0.0009 300 + 100

a Measured by biolayer interferometry as described in the Experimental Procedures and the legend of Figure 2. Kp was
determined from a hyperbolic equation fit to the endpoint data from the BLI responses obtained during the association
step between the small GTPases and SmgGDS-607 or prenyltransferase. kon and kot were determine from a one-phase
exponential fit to the association and dissociation steps. Kcalc is the calculated Kp assuming a simple binding step

obtained using the following equation: Kcaic = Koff / Kon.
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Table A2. Summary of parameters used for simulation of SmgGDS-607 concentration dependence for inhibition
of small GTPase prenylation.

KRas4B farnesylation reaction

Simulation Empirical

parameter parameter Value Units Notes
Value obtained from kinetic
le-l
kl Kon, Frase 06 HM”s binding experiment (Table A1)
K1 Kot £1 0.0016 - Value obtained from kinetic
- Oft, ase .

binding experiment (Table Al)

Value obtained from kom =
(KM X kon,FTase) - koff,FTase’ from
K Kenem 1.5 sl which Km was obtain_ed from _
multiple-turnover experiments with
full-length protein (data not
shown)

ka2 0

Value obtained from multiple-
ks Keat 0.041 st turnover experiments with full-
length protein (data not shown)

ks 0

Value obtained from kinetic

Al
s Kon, smgaps-cor 0.14 HM™s binding experiment (Table A1)

Value obtained from

K Koff, smgeDs-607 0.21 st Kofrsmgaps—607 = Kb smgaps—607 X
kon,SmgGDS—607 (Table Al)

KRas4B geranylgeranylation reaction

Simulation Empirical Value Units Notes
parameter parameter
Value obtained from kinetic
le-1
ka Kon, GaTase 0.008 UM™s binding experiment (Table A1)
K, Koft GGTase. 0.0024 ¢l Value obtained from kinetic

binding experiment (Table Al)

Value obtained from single-
ka2 Kchem 0.35 st turnover experiments performed
with peptide TKCVIM (ref. 20)

ks 0
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Value obtained from multiple-

ks Keat 0.082 st turnover experiments performed
with peptide TKCVIM (ref. 20)
Ks 0
Value obtained from kinetic
1g-1
Ka Kon, smgeps-607 0.14 WM™s binding experiment (Table A1)
Value obtained from
k.4 koﬁ, SmgGDS-607 0.21 S'1 koff,SmgGDS—607 = KD,SmgGDS—6O7 X
kon,SmgGDS—607 (Table Al)
KRas4B M188L farnesylation reaction
Simulation Empirical Value Units Notes
parameter parameter
Value obtained from kinetic
le-l
a Kon, Frase 0.13 HM™s binding experiment (Table A1)
Value obtained from k =
1 off FTase
k_l kOﬁ' Frase 0.14 S KD,FTase X kon,FTase (Table Al)
Value obtained from multiple-
k2 Keat 0.0032 st turnover experiments with full-
length protein (data not shown)
K2 0
Value obtained from kinetic
le-l
ks Kon, smyeps-co7 041 HM™s binding experiment (Table A1)
Value obtained from
ks Koff, sSmgGDS-607 0.045 st kotfsmgaps—607 = Kp,smgaps—607 X
kon,SmgGDS—607 (Table Al)
DiRas1 farnesylation reaction
Simulation Empirical Value Units Notes
parameter parameter
Value obtained from kinetic
le-l
ka Kon, Frase 0.49 HM™s binding experiment (Table S1)
Value obtained from k =
1 off,FTase
k_l kOﬁ' Frase 0.02 S KD,FTase X kon,FTase (Table Sl)
Value obtained from kpem =
(KM X kon,FTase) - koff,FTasea from
K Kenem 0.372 sl which Ky was obtained from
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shown)



k2

ks

ks

kon, SmgGDS-607

koﬁ, SmgGDS-607

0.19

0.0008

uM-ist

S-l

Value obtained from kinetic
binding experiment (Table S1)

Value obtained from kinetic
binding experiment (Table S1)
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Figure Al. Simulation of SmgGDS-607 concentration dependence for inhibition of small GTPase farnesylation
using the KinTek Explorer Chemical Kinetics Software. (A) Simulation was carried out following with a differential
binding model (Figure 3) using the following equations: (1) E+ S=ES=EP=E+Pand (2) C+ S =CS, where E
represents the enzyme (FTase), S represents the substrate (KRas4B), P represents the product (farnesylated KRas4B),
and C represents competitor (SmgGDS-607). Simulation was carried out using KpFTase KpSmaGDS-607  k.pem, and Keat
values obtained empirically. (B) and (C) Simulation was carried out following a differential binding model using the
following equations: (1) E+ S=ES=E + P and (2) C + S = CS, where S represents the substrate (B, KRas4B M188L,
and C, DiRas1). Simulation was carried out using Kp™2s¢ KpSmIGbS-607 and kehem values obtained empirically.
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Figure A2. SmgGDS-607 blocks the extent of geranylgeranylation of KRas4B. (A) The KRas4B CAAX box (CVIM)
is recognized by both FTase and GGTase-I, allowing for alternative geranylgeranylation when farnesylation is inhibited.
KRas4B (2.5 uM) was incubated with GDP (25 uM), FTase or GGTase-I (25 nM), [*H]-GGPP (4 uM), and the indicated
concentrations of SmgGDS-607. Reactions were stopped after 5 min (farnesylation) or 1 min (geranylgeranylation) and
incorporation of radiolabeled farnesyl was measured as described in the methods. (B) Simulation of SmgGDS-607
effect on geranylgeranylation of KRas4B using the KinTek Explorer Chemical Kinetics Software. Simulation was carried
out with a differential binding model using the following equations: (1) E+ S=ES=EP=E+Pand (2) C+ S =CS,
where E represents the enzyme (GGTase-l), S represents the substrate (KRas4B), P represents the product
(geranylgeranylated KRas4B), and C represents competitor (SmgGDS-607). Kinetic values used for simulation include
association and dissociation rate values obtained empirically (Table S1), while kchem and kcat values were taken from
TKCVIM peptide data previously published (20); kon®©¢Ta¢" =0.008 UM 572 kof®CTase = 0.0024 s72, konSm9CDS607 = 0,14
UM 571, koiSMECDS607 = 0,01 57 kehem = 0.35 st and keat =0.082 s71.
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Kinetic data modeling

The simulations of SmgGDS-607 concentration dependence data for inhibition of small
GTPase prenylation were performed using the KinTek Explorer Chemical Kinetics
Software. For KRas4B, data simulations were performed using a three-step model to
describe the farnesylation and geranylgeranylation reactions, while SmgGDS-607 binding

is described by a single-step model:

ke ko K
(1)E+S ES EP —— E+P
ki K2 K
Ka
(2)C+S %7 cS
-4

where E represents the enzyme (FTase or GGTase-l), S represents the substrate
(KRas4B), P represents the product (farnesylated or geranylgeranylated KRas4B), and C
represents competitor (SmgGDS-607).

For KRas4B M188L and DiRasl, data simulations were performed using a two-step
model to describe the farnesylation reaction, while SmgGDS-607 binding is described by

a single-step model:

K1 K>
QE+S ES E+P
K1 k-2
ks
(2)C+sS TE CS
-3

where E represents the enzyme (FTase), S represents the substrate (KRas4B M188L or
DiRasl), P represents the product (farnesylated KRas4B M188L or DiRasl), and C
represents competitor (SmgGDS-607).

The rate constants used for data simulation are listed in Table A2 and were either
obtained empirically through kinetic binding experiments as described in the Experimental

Procedures, steady-state kinetic experiments performed with full-length protein (data not
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shown), or transient and steady-state kinetic experiments previously performed with
TKCVIM peptide (ref. 20).

Simulation data was obtained as reaction progress curves. All curves were computed
with 25 nM enzyme, 2.5 uM Ras, and the indicated concentrations of SmgGDS-607. The
percentage of product formed in the presence of SmgGDS-607 at specific time intervals

was determined from the simulated progress curves using equation 7.

amount of product formed with SmgGDS—607 at a specific time

% product =

x 100 Equation 7

amount of product formed without SmgGDS—607 at a specific time

The time intervals used to calculate the simulated percentage of product formed for Ras
substrates are 5 min for KRas4B (farnesylation), 1 min for KRas4B (geranylgeranylation),
6 min for DiRas1, and 30 min for KRas4B M188L.

The data modeling performed with kinetic and thermodynamic parameters obtained
empirically offers qualitative validation of SmgGDS-mediated regulation defined by a
differential binding model. It must be highlighted that for KRas4B M188L data (Figure Al,
panel B), the koff, smgaps-607 Value used in our model (Koff, smgeps-607 = 0.045 s, Table A2)
was obtained from the corresponding thermodynamic binding parameter, Ko (Koff, smgGDs-
607 = Kb, smgGbs-607 X Kon, smgaps-607). However, modeling the data with the kinetic parameter
obtained experimentally for SmgGDS-607 binding (Koff, smgeps-607 = 0.0015 *+ 0.0004 s?,
Table Al) provides a better fit to the data. Similarly, for DiRas1 (Figure Al, panel C), the
Koff, FTase parameter used in our model (Koff, Frase = 0.02 s1, Table A2) was obtained from
the corresponding thermodynamic binding parameter, Ko (Koff, Frase = Kb, FTase X Kon, FTase).
However, modeling the data with the kinetic parameter obtained experimentally for FTase
binding (Koff, Frase = 0.009 + 0.001 s, Table A1) provides a better fit to the data.
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CHAPTER 3

Synergies Between the Upstream Polybasic Region and CAAX Identity in Ras
Dictate Specificity of Prenylation and Interaction with SmgGDS-607

INTRODUCTION

Members of the Ras protein family share several structural features, including four
guanine nucleotide binding domains (I — IV), an effector binding domain, and a membrane
targeting domain also identified as a hypervariable region (HVR). Some small GTPases
in the Ras family contain a polybasic region (PBR) composed of multiple lysines or
arginines that precedes the C-terminal CAAX motif in their HVR. Several studies confirm
the importance of the PBR for Ras function, as the elimination or alteration of this domain
influences membrane localization and cellular activity (1-3). This effect is mainly attributed
to the signaling role of the PBR, since this domain can be recognized by a variety of Ras
binding partners (1, 4-6). For some Ras proteins, the only distinctive features in their
protein sequence are unique C-terminal PBR and CAAX sequences, suggesting that both
affect protein-protein interactions. For example, protein farnesyltransferase (FTase) has
weaker affinity for HRas, which lacks a PBR, compared to KRas4B, which contains a
polylysine region before the CAAX sequence (7, 8). Consistent with these data, addition
of the KRas4B PBR sequence to the C-terminus of HRas increases the FTase affinity
compared to wild-type HRas (8). Similarly, an in vitro study with peptide substrates
demonstrated that the polybasic region enhances the binding affinity of KRas4B-derived
peptides for FTase (9). Furthermore, the presence of the upstream polylysine region in
KRas4B is proposed to confer resistance to FTase inhibitors (FTIs) and allow for
alternative geranylgeranylation (10).

The PBR is also proposed to regulate the interaction of Ras proteins with SmgGDS-

607. In a previous study using KRas4B chimeras, the replacement of the polylysines with
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a non-polybasic sequence in the C-terminus decreases interaction with SmgGDS-607, as
measured by yeast two-hybrid screening (6). However, the exact nature of the PBR
influence on SmgGDS-607 affinity is still a mystery. In Chapter 2 we demonstrate that
SmgGDS-607 enhances farnesylation of HRas via the formation of a ternary
FTase*HRas*SmgGDS-607 complex that enhances product release, suggesting that this
behavior might be specific for GTPases lacking a PBR sequence. Hence, these data
suggest that the role of the PBR sequence goes beyond modulating protein-protein

interaction and may dictate regulation of Ras prenylation.

Table 3.1. C-terminal sequence of FTase substrates used for this study.

Ras protein Hypervariable Region CAAX
KRas4B-PBRkrasas-CVIM (WT) -DGKKKKKKSKTK CVIM
KRas4B-HVRuras-CVIM -DGESGPGCMSCK CVIM
KRas4B-PBRkrasas-CVLS -DGKKKKKKSKTK CVLS
HRas-HVRuras- CVLS (WT) -PPDESGPGCMSCK CVLS
HRas-PBRkrasss-CVLS -PPDKKKKKKSKTK CVLS
HRas-HVRuras-CVIM -PPDESGPGCMSCK CVIM
DiRas1 -DGKRSGKQKRTDRVKGK CTLM
DiRas?2 -DGKKSKQQKRKEKLKGK CVIM

polybasic residues

Here we investigate the molecular recognition of the PBR and CAAX motifs by both
FTase and SmgGDS-607 to elucidate their function in regulation of Ras prenylation. The
reactivity with FTase and affinity with SmgGDS-607 of various Ras substrates are
examined using single turnover kinetics, steady state kinetics, and binding affinity assays.
To further define the contributions of the PBR and CAAX sequences in regulation of Ras
prenylation, we generated a set of Ras chimeric mutants that consists of different
combinations of body, PBR (with and without), and CAAX motif (-CVIM and -CVLS)
between KRas4B and HRas (Table 3.1). Additionally, we examine the contribution of
charge distribution on the PBR by looking into two substrates that belong to a distinct
subgroup of the Ras family, DiRas1 and DiRas2. Our data demonstrate that the presence
of a PBR sequence in protein substrates enhances catalytic efficiency, indicated by higher
values for both prenylation turnover (kcat) and substrate selectivity (kca/Km) compared to
substrates lacking a PBR. The substrate selectivity is not contingent on the distribution of

charge within the PBR, as DiRasl, DiRas2 and KRas4B exhibit similar kcat/Km values.
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However, synergies between the CAAX sequence and the PBR influence the extent of
enhancement of kcat and the single-turnover rate, as CVLS exhibits faster turnover than
CVIM. Additionally, this synergistic effect influences the affinity of substrates for
SmgGDS-607, which ultimately dictates whether SmgGDS-607 will inhibit or enhance
prenylation. Thus, the presence of a PBR dictates regulation of prenylation by both
enhancing catalytic efficiency for farnesylation catalyzed by FTase and enhancing binding

affinity for SmgGDS-607 in a sequence-specific manner.

EXPERIMENTAL PROCEDURES

Materials

Purified, his-tagged SmgGDS-607 and biotinylated SmgGDS-607 were a gift from Dr.
Benjamin C. Jennings (University of Michigan). Tritium labeled farnesyl pyrophosphate
([*H]-FPP) was purchased from American Radiolabeled Chemicals, Inc. Primers were

purchased from Integrated DNA Technologies.
Preparation of KRas4B and HRas PBR chimera expression constructs

Human KRas4B and HRas PBR chimera constructs were generated in pETM-11
vectors by overlap extension PCR using primers coding for the desired protein body and
C-terminal sequences (Table 3.1). To construct plasmid pDG143 (KRas4B-HVRHRas-
CVIM), a pair of primers was designed to amplify the KRas4B body coding region (F8: 5'-
GAGGATCGAGATCTCGATCCC; F9: 5-GCAGCTCATGCAGCCGGGGCCACTCTCAC
CATCTTTGCTCATCTTTTCTTTATGTTTC). Another pair of primers was used to amplify
the KRas4B CAAX coding region with an overhang that encodes for the HRas PBR coding
region (F10: 5-GAGAGTGGCCCCGGCTGCATGAGCTGCAAGTGTGTAATTATGTAAT
AGCTCGAGC; F11: 5-CTTTTAACAGCGATCGCGTATTTCG). The resulting PCR
products were gel-purified and used as template for the overlap PCR reaction. End

primers (F8 and F11) were added to the overlap PCR reaction, followed by a gel

purification. The resulting PCR product for the KRas4B-HVRHras-CVIM chimera was
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digested with Bglll/Pvul. The DNA fragment was then ligated into a Bglll/Pvul-digested
pETM-11 vector.

A similar approach to pDG143 was used to construct plasmid pDG144 (HRas-
PBRkRrasas-CVLS) with a few modifications. A pair of primers was used to amplify the
HRas body coding region (F8 and F12: 5’-CTTTGTCTTTGACTTCTTTTTCTTCTTTTTA
TCAGGAGGGTTCAGCTTCCG). Another pair of primers was used to amplify the HRas
CAAX coding region with an overhang that encodes for the KRas4B PBR coding region
(F11 and F13: 5-AAAAAGAAGAAAAAGAAGTCAAAGACAAAGTGTGTGCTCTCCTGA
CTCG). The resulting PCR product for the HRas-PBRkras4s-CVLS chimera was digested

with Bglll/Pvul. DNA sequencing verified the correct protein coding sequence.
Preparation of KRas4B and HRas CAAX chimera expression constructs

Human KRas4B and HRas CAAX chimera constructs were generated in pETM-11
vectors by site-directed mutagenesis using the QuickChange Il site-directed mutagenesis
kit (Agilent Technologies). To construct plasmid pDG145 (KRas4B-PBRkrasss-CVLS), a pair
of primers was used for site-directed point mutation (F14: 5-GACAAAGTGTG
TACTTATGTAATAGCTCGAG; F15: 5-CTCGAGCTATTACATAAGTACACACTTTGTC),
followed by a second round of site-directed amino acid mutation using another pair of
primers (F16: 5-GACAAAGTGTGTACTTAGTTAATAGCTCGAGCACC; F17: 5'-
GGTGCTCGAGCTATTAACTAAGTACACACTTTGTC). For plasmid pDG146 (HRas-
HVRHras-CVIM), a pair of primers was used for site-directed point mutation (F18: 5'-
GCAAGTGTGTGATCTCCTGACTCGAG; F19: 5-CTCGAGTCAGGAGATCACACACT
TGC), followed by a second round of site-directed amino acid mutation using another pair
of primers (F20: 5-CTGCAAGTGTGTGATCATGTGACTCGAGCACCAC; F21: 5'-
GTGGTGCT CGAGTCACATGATCACACACTTGCAG). DNA sequencing verified the
correct protein coding sequence.

FTase expression and purification

Recombinant human FTase was expressed in BL21(DE3) E. coli cells, purified,
quantified and assayed as described in Chapter 2 (11).
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Ras expression and purification

Ras proteins were expressed as described in Chapter 2 (11). BL21(DE3) E. coli cells
were transformed with recombinant vectors encoding KRas4B (pBJ176), HRas (pBJ162),
DiRasl (pBJ173), DiRas2 (pBJ196), KRas4B-HVRHras-CVIM (pDG143), KRas4B-
PBRkRasas-CVLS (pDG145), HRas-PBRkRrasas-CVLS (pDG144), or HRas-HVRHRas-CVIM
(pDG146). Proteins were analyzed by SDS-PAGE to determine purity. Protein samples

were concentrated, aliqguoted, and stored at -80°C.
Steady-state kinetics

The steady-state kinetic parameters, kcat, Km, and kca/Km were measured for human
FTase with 8 different Ras substrates (KRas4B, KRas4B-HVRHras-CVIM, KRas4B-
PBRkras48-CVLS, HRas, HRas-PBRkrasas-CVLS, HRas-HVRHras-CVIM, DiRasl, and
DiRas2) using a radiolabel-prenylation assay as described in Chapter 2 (11). The
reactions contained a range of substrate concentrations spanning between 0.25 — 30 pM,
depending on the Ras protein. All reactions were performed at 30°C in 50 mM HEPPSO,
pH 7.8, 5 mM TCEP, 5 mM MgClz, 0.1% Triton X-100, 20 — 40 uM GDP, 18 — 30 uM 10%
[*H]-FPP mix, and 50 nM FTase. Incubation times for the farnesylation reaction varied
depending on the Ras protein while ensuring that the measurement was under initial
product formation (<10%): KRas4B (3 min), HRas (20 min), DiRas1 (3 min), DiRas2 (3
min), KRas4B-HVRHRas-CVIM (8 min), KRas4B-PBRkras4s-CVLS (3 min), HRas-
PBRkRas4s-CVLS (4 min), and HRas-HVRHras-CVIM (8 min). FPP Reactions were initiated
by the addition of radiolabeled FPP mixture and incubated at 30°C before quenching the
reactions by the addition of 1X Laemmli sample buffer. After resolving by SDS-PAGE and
digesting the protein bands, samples were counted and the amount of prenylated product
in pmol was determined using the specific activity (dpm/pmol) of tritium. The initial rate of
farnesylation was determined from the amount of product formed divided by the
incubation time, resulting in units of uM/s. The Michaelis-Menten equation (equation 1)
was fit to the concentration dependence of the initial velocity (V/E) to determine values of

kcat and Km for FTase.
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Velocit kcatX[substrate .
Y _ Fearx] ] Equation 1
[FTase] Ky +[substrate]

Transient kinetics

Single turnover rate constants for FTase were determined as described in Chapter 2
using the radiolabel-prenylation assay (11). Reactions were carried out at 30°C in 50 mM
HEPPSO, pH 7.8, 5 mM TCEP, 5 mM MgCl2, and 10 uM GDP. The reactions contained
750 nM FTase pre-incubated with 750 nM *H-FPP. Reactions initiated with the addition
of substrate (2.5 UM Ras) were allowed to proceed for 30 - 60 min, depending on the Ras
protein. Time points were taken by quenching the reaction at different time intervals by
addition of 1X Laemmli sample buffer. The rate constant for product formation (kobs) was
determined by fitting equation 2 to the time dependence of product formation (UM

product/s), where Pt is the product formed at time t, and Pmax is the reaction endpoint.
P, = Pax X (1 — e Fonst) Equation 2
Binding assay

Binding affinities were measured by biolayer interferometry (BLI) using a similar
approach as in Chapter 2 (11) with the OctetRed96 instrument (Forte Bio). Assays were
performed at 30°C in 96-well plates. Streptavidin (SA) biosensors were loaded with
biotinylated SmgGDS-607 in 50 mM HEPES pH 7.8, 150 mM NacCl, 2 mM MgClz, 20 — 30
UM GDP, 2 mM TCEP, and 0.25 mg/mL BSA. The loaded biosensors were washed in the
same buffer before transferring the sensor tip to Ras protein solutions of various
concentrations to carry out association measurements. Controls included a sensor probe
without biotinylated SmgGDS-607 that was incubated in Ras protein solution and a
sensor probe loaded with biotinylated SmgGDS-607 that was incubated only with buffer.
Controls were subtracted from the binding data to correct for non-specific binding. The
specific binding phase was fit to a single exponential (Equation 3) to determine the Kobs at
each concentration. R refers to the BLI response (nm), IR is the initial BLI response (nm),
Req represents the response at equilibrium or final BLI response, and t is the incubation

time.

R=IR+ (Req — IR) x (1 — e kobst) Equation 3
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The dissociation constant, Kp, was determined by fitting the responses at equilibrium (Req)
for each Ras concentration to a binding isotherm (Equation 4), where Kp is the
dissociation constant and X is the concentration of Ras. The data were fit using nonlinear

regression in GraphPad Prism with the standard errors reported.

R _ Rmax[X]

ed = Kp+[X] Equation 4

RESULTS
The PBR sequence in Ras proteins enhances the steady-state kinetic parameters

Previously, the steady-state parameter kca/Km was measured for FTase with various
peptide substrates that mimic the PBR and CAAX of the C-terminus in KRas4B (9),
demonstrating that the addition of a PBR at the N-terminus (KKKSKTKCVIM versus
TKCVIM) decreases the value of kcai/Km by ~6-fold and reduces the selectivity of FTase
for catalyzing the farnesylation of a substrate containing a PBR. In contrast, a previous
study performed with full-length Ras proteins demonstrated that KRas4B (ending in
KKKSKTKCVIM) has the highest kca/Km value compared to KRas4A (ending in
GCVKIKKCIIM), NRas (ending in QGCMGLPCVVM), and HRas (ending in
PGCMSCKCVLS) (7), suggesting that the PBR enhances selectivity. However, it is
important to note that the CAAX sequences of the four Ras proteins vary, and these
sequences could also contribute to the differences in kcaYKm. The contradicting results of
the PBR influence on kca/Km values for peptides compared to proteins call for a more
controlled study to define the individual roles of the PBR and CAAX motifs in modulating

prenylation.

Table 3.2. Kinetic parameters for farnesylation of Ras proteins.

Ras protein Keat/Km (MM1s1)2 Keat (S71) Km (UM) Kobs (572)
KRas4B-PBRkrasss-CVIM (WT) 175 0.0117 £ 0.0008 0.7+£0.2 0.0107 = 0.0004
KRas4B-HVRuRras-CVIM 0.3+£0.2 0.0008 + 0.0005 3.0£0.9 0.0014 + 0.0002
KRas4B-PBRkrasas-CVLS 5+1 0.040 = 0.005 8+2 0.017 £ 0.002
HRas-HVRuRras-CVLS (WT) 0.07 £0.02 0.00016 £0.00001 2.2+0.6 0.0021 = 0.0002
HRas-PBRkrasas-CVLS 11+3 0.034 + 0.003 3.2+£0.8 0.014 £ 0.004
HRas-HVRuras-CVIM 0.9+£05 0.0044 + 0.0005 5+2 0.0026 + 0.0004

aThe errors in the kca/Km values were calculated by error propagation (33).
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To evaluate the individual and combined contributions of the PBR and/or the CAAX
motif on substrate selectivity, the steady-state parameters kca;, Km, and kca/Km were
measured using a radiolabel prenylation assay with a diverse set of full-length protein
substrates that encompass wild type and chimeric Ras proteins (Table 3.2). The Kcat/Kwm
values were calculated from the dependence of the initial rate on the substrate
concentration, as shown for wild-type KRas4B (Figure 3.1A). The specificity constant
(kca/Km) is a useful metric to analyze enzymatic activity within a biological context, since
comparing the relative rate for competing substrates indicates which substrate will be
modified fastest (12). From our Ras chimeric substrates set, KRas4B exhibits the highest
keat/Km value of 17 + 5 mM-1s, which is comparable to the measured specificity constant
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Figure 3.1. Steady-state kinetics for FTase catalyzing prenylation of Ras substrates. (A) Concentration
dependence of farnesylation of KRas4B. Varied concentrations of KRas4B were incubated for 3 minutes with FTase (50
nM) and 3H-FPP (18 uM). Incorporation of radiolabeled farnesyl was measured as described in the methods. The
Michaelis-Menten equation was fit to the data resulting in keat = 0.0117 + 0.0008 s and Km = 0.7 = 0.2 uM. The data
points are from single reactions at each KRas4B concentration. The results are representative of three independent
experiment (B) Comparison of substrate specificity for FTase with various Ras substrates. The values of Kcat/Km,
measured as described in A, are listed in Table 3.2.
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for the TKCVIM peptide with a kca/Km value of 16 + 2 mM2s? (9). However, the
KKKSKTKCVIM peptide (2.7 + 0.7 mM-1s1) (9) exhibits a 6-fold lower value of kca/Km
than the full-length protein substrate, indicating that the additional three lysines from the
endogenous hexalysine repeat in KRas4B contribute to this difference, possibly by
altering the structure of the peptide substrate. The values of kca/Km for the chimeric
proteins vary by >200-fold, with KRas4B and HRas having the highest and lowest kcati/Km
value, respectively. For KRas4B, the replacement of the PBR with the HVR from HRas
renders the substrate less suitable for prenylation with a ~57-fold decrease in kcat/Kw.
Mutating the CAAX motif in KRas4B from CVIM to CVLS decreases kcat/Km less drastically
by ~3-fold, suggesting that the PBR in KRas4B confers much of the specificity for FTase.
On the other hand, replacing the HVR in the C-terminus in HRas with the KRas4B PBR
sequence increases the value of kca/Km by 157-fold, comparable to the value for WT
KRas4B. In contrast, mutating the CAAX motif from CVLS to CVIM leads to a 10-fold
increase. These results indicate that both the PBR and the CAAX sequences dictate
specificity. Additionally, with or without a PBR, FTase catalyzes prenylation more rapidly
with substrates ending in CVIM over CVLS, which contradicts the modestly increased
value of kca/Km observed with peptides ending in CVLS compared to CVIM (13).
Nonetheless, KRas4B-PBRkras4s-CVIM (WT), HRas-PBRkrasas-CVLS, and KRas4B-
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Figure 3.2. Comparison of the turnover constant kcat for FTase-catalyzed prenylation of various Ras
substrates. The kcar values were determined for all Ras substrates using the radiolabel prenylation assay as
described in the Experimental Methods and are listed in Table 3.2.
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PBRkras4as-CVLS are the best substrates from the set, indicating that the PBR plays an
important role in enhancing prenylation (Figure 3.1B). Substrates containing a PBR have
keat/Km values above 5 mM-s, while substrates lacking a recognized PBR have kcat/Km
values in the range of 0.07-0.9 mMs? (Table 3.2). These data support previous
observations with full-length Ras substrates — FTase is most selective for catalyzing
prenylation of Ras substrates containing a PBR.

For FTase catalyzing farnesylation of peptide substrates, the rate-determining step for
FTase turnover, Kkeat, is product dissociation (14, 15). The value of kcat for farnesylation of
small GTPases is equal to or smaller than the rate constant for product dissociation,
providing insight into the role of the PBR sequence. The kcat values vary by >200-fold;
product release is faster for KRas4B-PBRkRras4s-CVIM (WT), KRas4B-PBRkrasas-CVLS
and HRas-PBRkRras4s-CVLS (kcat > 0.01 s?), and slower for KRas4B-HVRHras-CVIM,
HRas-HVRHRas-CVLS (WT), and HRas-HVRHras-CVIM (kcat < 0.005 s1) (Table 3.2, Figure
3.2). The substrates tested in this study can be divided into two classes: [1] those that
contain a PBR where product release is faster and [2] those that do not contain a PBR
where product release is slower, suggesting that the PBR sequence enhances product
release. Interestingly, within the substrates that contain a PBR, Kcat is faster when the C-
terminus ends in CVLS. A similar trend was observed in a previous study with GCVXX
peptides, where the kcat for GCVLS (0.40+0.08 s) is 8-fold faster than for GCVIM
(0.05+0.01 s?), albeit no PBR is present in these peptide substrates (18). Addition of a
PBR to HRas (HRas-PBRkrasss-CVLS) leads to a >200-fold enhancement in Kcat, while
mutating CVLS to CVIM (HRas-HVRuras-CVIM) in HRas increases Kcat by ~26-fold. Similarly,
removing the PBR in KRas4B (KRas4B-HVRuras-CVIM) leads to a ~15-fold decrease in the
turnover rate. These data indicate that the presence of a PBR sequence enhances the
rate of product dissociation from FTase; the value of kcat is higher for proteins that contain
a PBR sequence. Furthermore, both the PBR and the CAAX sequences dictate the value

of kcar and by inference, the rate of product dissociation.
PBR sequences enhance the transient kinetics catalyzed by FTase

To further understand the role of the PBR on catalysis and to evaluate the rate-limiting

step in kcat, the rate constants for farnesylation of Ras chimeric substrates were measured
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under single turnover conditions. A single exponential equation was fit to the reaction
progress curves to generate the observed rate constants, kobs, as represented in Figure
3.3A. Interestingly, the lack of a PBR in KRas4B causes a significant decrease in the
farnesylation rate constant, kobs, by ~8-fold (Table 3.2), while the mutation of the CAAX
from CVIM to CVLS causes a modest increase by 1.6-fold (Figure 3.3B). A similar trend
is observed in HRas. The presence of a PBR in the C-terminus of HRas causes a 6.5-
fold increase in kobs, While the kobs for HRas-HVRHras-CVIM is similar to wild-type HRas.
Substrates lacking a PBR exhibit slower prenylation rate constants (<0.003 s, Table

3.2), demonstrating that the PBR sequence also enhances the observed rate constant for

farnesylation.
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Figure 3.3. Single-turnover rate for farnesylation of Ras substrates. (A) Representative single turnover kinetics for
FTase farnesylation of KRas4B. Under these conditions, FTase (500 nM) reacts with 2.5 pM KRas4B, 25 pyM GDP,
and limiting 3H-FPP (250 nM). The farnesylation rate constant kobs was calculated by a fit of equation 2 to the data as
0.0107 + 0.0004 s*. (B) Comparison of single turnover rate constant for various Ras substrates.
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For peptide substrates, the farnesylation step (kobs) is frequently faster than product
dissociation (32). This is also true for wild-type HRas (HRas-HVRHras-CVLS) where the
value of kobs is 13-fold faster than Kkcat. Similarly, for KRas4B-HVRHras-CVIM the single
turnover rate constant is faster than kca;, suggesting that product release is the rate-
limiting step in steady-state turnover. Unexpectedly, the kobs and Kcat values for WT KRas
(KRas4B-PBRkrasas-CVIM) are comparable, indicating that farnesylation is the rate-
limiting step. These data indicate that the effect of the PBR on enhancing the product
dissociation rate is significantly larger than the increase in the value of kca. For
comparison, a peptide substrate (dns-KKKSKTKCVIM) comparable to the C-terminus of
KRas has rate constants that are faster than the full-length protein (kobs = 1.1 = 0.1 st
and kecat= 0.052 + 0.008 s) and product dissociation is rate-limiting (9). Interestingly, for
KRas4B-HVRHras-CVIM and HRas-HVRHRras-CVIM the value of kobs is within a factor of 2
of keat (Table 3.2), suggesting that product dissociation is faster for substrates ending in
CVIM compared to CVLS and product release is not the main rate-limiting step for
turnover. Curiously, for the KRas-PBRkras4s-CVLS and HRas-PBRkrasas-CVLS mutants,
the keat value is ~2-fold faster than the single turnover rate constant. This cannot be true
if the kinetic mechanisms are the same under the two conditions thereby suggesting some

modest alteration in the mechanism between single and multiple turnover conditions.
Charge distribution in the PBR affects FTase kinetics

So far, most studies conducted to understand the role of the PBR sequence in Ras
activity and FTase activity has been solely focused on the “classic” sequence of an
upstream PBR described by KRas4B (Table 3.1) (1, 7-9). However, there is no consensus
sequence for a PBR, as some Ras family members contain stretches of positively
charged amino acids (KRas4B, RaplA, RaplB, RalA), while others contain spaced
residues (KRas4A, DiRasl, DiRas2, DiRas3, RalB). To ascertain the effect of a PBR with
dispersed charge distribution in regulating prenylation, we examined the activity of FTase
toward DiRasl1 and DiRas2, Ras-like proteins belonging to a distinct subgroup of the Ras
family. Both proteins contain a number (7 to 8) of positively charged residues in their PBR

sequences similar to KRas4B, yet the distribution of charge is dispersed throughout the
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polybasic tail (Table 3.1). Additionally, both proteins end with a methionine in their CAAX
motif, and DiRas2 shares the CVIM sequence found in KRas4B.

Table 3.3. Kinetics parameters for farnesylation of DiRas proteins.

Ras protein Keat/Km (MM1s1)2 Keat (s72) Kwm (UM) Kobs (572)
DiRasl 19+7 0.0075 £ 0.0006 0.4+£0.2 0.039 + 0.008
DiRas2 147 0.013 £ 0.002 09+04 0.05+0.01

aThe errors in the kca/Km Values were calculated by error propagation (33).
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Figure 3.4. Comparison of steady-state and single-turnover kinetic parameters of FTase-catalyzed prenylation
of KRas4B and DiRas proteins. (A) Comparison of substrate specificity for FTase with KRas4B and DiRas proteins.
The values of keat/Km, measured as described in the experimental procedures, are listed in Table 3.3. (B) Comparison
between kcar and the single-turnover rate constant (kovs) values for KRas4B and DiRas proteins.

Interestingly, DiRas1 and DiRas2 exhibit similar keat/Km values of 19 + 7 mM-1s? and
14 + 7 mM-1st (Table 3.3), respectively, although their PBR and CAAX sequences differ
from one another. Additionally, their kca/Km values are comparable to that of KRas4B
(Figure 3.4A), suggesting that having a PBR and a C-terminal methionine is sufficient for
high specificity. Moreover, the specificity constant for full length DiRas1 is 17-fold higher
than the measured specificity constant for the TKCTLM peptide (1.1 + 0.3 mM-is?) (16),
supporting the prediction that the PBR enhances selectivity. The Kkcat values for DiRas1
and DiRas2 are 0.0075 + 0.0006 s* and 0.013 + 0.002 s, respectively (Table 3.3).
Furthermore, the kcat values for DiRas2 and KRas4B are comparable, demonstrating that
the distribution of charge in the PBR does not alter the rate of product release when the
PBR is followed by a CVIM sequence. DiRasl and DiRas2 exhibit single turnover rates
that are comparable (Table 3.3), but faster than values measured for other proteins (Table

3.2). These data suggest that dispersed arginine and lysine residues are optimal for
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enhancing the farnesylation reaction. However, in contrast to KRas4B, the kobs values for
both DiRasl and DiRas2 are faster than kca: (Figure 3.4B), suggesting that product
release is rate-limiting for turnover. Furthermore, the difference in rate-limiting step
between KRas4B and DiRas proteins suggests that the concentrated charge in the
KRas4B C-tail has a larger effect on product dissociation that the dispersed charge in

DiRas proteins.

Synergies between CAAX and PBR dictate binding affinities of Ras substrates for
SmgGDS-607

In Chapter 2, it was established that SmgGDS-607 binds DiRas1 >300-fold tighter than
KRas4B (11), although both end in methionine and contain a PBR. These data suggest
that the sequence identity of both the PBR and CAAX affect the affinity with SmgGDS-
607. To further investigate the effects of the PBR and the importance of sequence identity
in modulating the interaction of Ras with SmgGDS-607, we measured the affinities of
SmgGDS-607 for the Ras chimeras using bio-layer interferometry (BLI, OctetRed96) with
biotinylated SmgGDS-607 and varying concentrations of Ras (26). From our set of Ras
proteins, DiRasl binds SmgGDS-607 with the highest affinity, as previously seen in
Chapter 2 (Table 3.4) (11). Interestingly, although both DiRas proteins contain dispersed
polybasic residues in their PBR and end in methionine, the affinity of DiRas2 for
SmgGDS-607 is 10-fold weaker than DiRasl, suggesting that other factors contribute to
binding, such as sequence identity of the protein body. Similarly, although both end in
CVIM, DiRas2 binds to SmgGDS-607 30-fold tighter than KRas4B, suggesting that the
dispersed charge in the PBR and/or the body sequence identity of DiRas2 enhances

binding.

Table 3.4. Binding affinity of SmgGDS-607 for Ras proteins.

Ras protein Ko (UM)
DiRas1 0.005 £ 0.001
DiRas2 0.05+0.02
KRas4B-PBRkrasasCVIM 1.5+04
KRas4B-HVRyras-CVIM 8+2
KRas4B-PBRkrasasCVLS 14 +5
HRas-HVRpras-CVLS >9
HRas-PBRkrassg-CVLS 14+ 5
HRas-HVR{ras-CVIM >12
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In Chapter 2, we also established that the binding affinity for SmgGDS-607 and HRas
is weaker than for KRas4B and DiRas1. We hypothesized that this weaker binding is due
to the lack of a PBR in HRas. Therefore, we predicted that the Ras chimeric proteins that
lack a PBR will exhibit binding affinities similar to HRas, while the Ras chimeric proteins
that contain the KRas4B PBR sequence will exhibit binding affinities similar to KRas4B.
As expected, the dissociation constant for KRas4B-HVRHras-CVIM is comparable to that
of HRas with a Kp value of 8 £ 2 uM, while HRas-HVRHras-CVIM exhibits a Kp of >12 uM
(Table 3.4). Conversely, both KRas4B-PBRkrasas-CVLS and HRas-PBRkRrasas-CVLS
exhibit similar Kp values at 14 + 5 puM, which is ~9-fold weaker than KRas4B. This result
demonstrates that the combination of a polylysine sequence in the PBR and -CVLS
decreases the affinity for SmgGDS-607. In all, our binding studies support the hypothesis
that the PBR promotes direct interaction of small GTPases with SmgGDS-607 and that a
dispersed charge sequence, as observed in DiRas, enhances this interaction.

PBR in Ras influences SmgGDS-607-mediated regulation

In Chapter 2, we established the differential effects of SmgGDS-607 on KRas4B,
DiRasl and HRas farnesylation (11). For substrates containing a PBR, the levels of
SmgGDS-607-mediated inhibition of farnesylation depend on which protein, FTase or
SmgGDS-607, has the highest affinity for the substrate. For KRas4B, SmgGDS-607
minimally inhibits farnesylation due to KRas4B binding to FTase 700-fold tighter than to
SmgGDS-607. For DiRasl, SmgGDS-607 drastically inhibits farnesylation due to
SmgGDS-607 binding DiRasl ~9-fold tighter than FTase. Interestingly, for HRas, a
substrate lacking a PBR, SmgGDS-607 enhances farnesylation. To further understand
the role of the PBR in SmgGDS-607-mediated regulation of Ras prenylation, we used a
radiolabel competition assay to assess the effects of SmgGDS-607 on the levels of
farnesylation of the Ras chimeras. The amount of farnesylated Ras chimeras formed by
incubation with FTase and FPP was measured with and without 6 pM SmgGDS-607
(Figure 3.5A). Based on our previous data in Chapter 2 and our binding data with the Ras
chimeras, we predicted that for the chimeras containing the KRas4B PBR sequence
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Figure 3.5. SmgGDS-607 exhibits differential effects on farnesylation of Ras substrates. (A) SmgGDS-607
enhances the extent of farnesylation of substrates lacking a PBR, while inhibiting or having no effect on substrates
containing a PBR. The SmgGDS-607 concentration used is below saturating conditions for all substrates except
KRas4B-PBRkrasss-CVIM and DiRas2. (B) The ratios of product formation for different Ras substrates comparing
conditions with no SmgGDS-607 and 6 pM SmgGDS-607.

farnesylation would not be inhibited by SmgGDS-607, while for those containing the HRas

HVR sequence farnesylation would be enhanced.

As predicted, farnesylation of 2.5 puM HRas-PBRkrasss-CVLS was not inhibited by
addition of 6 pyM SmgGDS-607 (Figure 3.5). Interestingly, the levels of farnesyl
incorporation are higher for HRas-PBRkras4s-CVLS than for wild-type KRas4B. However,
the presence of 6 UM SmgGDS-607 leads to inhibition of KRas4B-PBRkRrasas-CVLS
farnesylation by ~2-fold. In contrast, farnesylation of KRas4B-HVRHras-CVIM and HRas-
HVRHRras-CVIM was enhanced by 2.6-fold and 3-fold, respectively, in the presence of
SmgGDS-607 (Figure 3.5B), demonstrating that the HVR sequence from HRas
determines enhancement of farnesylation. Therefore, the PBR sequence influences
whether farnesylation will be inhibited or enhanced. To determine whether this trend
extends to PBRs containing dispersed charge, we tested the effect of SmgGDS-607 on
farnesylation of DiRas proteins. As previously observed in Chapter 2, DiRasl1 exhibits
8.5-fold difference in binding affinity between SmgGDS-607 and FTase, favoring
interaction with SmgGDS-607. Our data shows that 6 UM SmgGDS-607 leads to complete

inhibition of farnesylation of DiRas2 catalyzed by FTase, suggesting that similar to
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DiRas1, DiRas2 has higher affinity for SmgGDS-607 than FTase and that this behavior
might be due to the dispersed charge in the PBR sequence.

DISCUSSION

The C-terminal hypervariable region (HVR) sequence plays a critical role in the correct
membrane localization of the different Ras isoforms within the cell (2,3,17,34). Membrane
localization of these proteins is dynamic and influenced by different factors, such as
GDP/GTP status, interacting proteins, and post-translational modifications. Constitutive
association with membranes is made possible by farnesylation and palmitoylation of Ras
GTPases (17). Our data demonstrate that the polybasic residues in the HVR of Ras and
DiRas proteins contribute significantly to the regulation of farnesylation by SmgGDS.
Previously, a study with Ras chimeras demonstrated that a lower concentration of wild-
type KRas4B is required to reach maximal FTase activity, suggesting that this effect is
due to the presence of the polylysine sequence in the PBR and the C-terminal CVIM
sequence (8). In our work we expand upon these data to demonstrate that the PBR
sequence regulates prenylation of Ras isoforms by both influencing farnesylation kinetics

and interactions with the chaperone protein SmgGDS-607.

Our results demonstrate that interaction with the PBR sequence aids product release
for the FTase*Ras-farnesyl complex, as demonstrated with the KRas4B and HRas
chimeras. However, the extent of product release mediation is synergistically dependent
on both the PBR and the CAAX motif sequences. Interestingly, our data shows that the
kcat and the single-turnover rate constant (kobs) values for KRas4B are similar, suggesting
that farnesylation or a prior step is the rate-limiting step for turnover of this substrate. In
contrast, a previous study demonstrated that product release is the rate-limiting step for
the corresponding KKKSKTKCVIM peptide, based on a 10-fold increase in the
farnesylation rate constant (kobs) for the peptide substrate (9) and an apparent increase
in the dissociation rate constant for the KRas4B substrate (Kdissociation > Kcat). Based on the
crystal structure of KKKSKTKCVIM bound to FTase, the residues S4KsTeK7 form a type |
B turn to properly accommodate the lysine residues within the hydrophobic cavity of the

FTase active site, allowing Lys5 and Lys7 to make favorable interactions with Asp359
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and Glul61, respectively, in FTase (5). For full-length KRas4B, this C-terminal amino acid
sequence is attached to a globular body that may both interact with the FTase interface
and constrain mobility of the C-terminus. Kinetic studies with peptide substrates indicate
that there is a conformational change prior to farnesylation (5,14,31). For KRas4B, the
presence of the body may lead to a spatial orientation of the C-terminal tail that is
favorable for interactions with the polylysine residues but that consequently leads to a
less optimal configuration of reactants for catalysis. Likewise, it is possible that the
equilibrium with peptide substrates favors the reactive structural conformation, but with
protein, it favors an unreactive conformation. This would lead to a decrease in the
apparent farnesylation rate constant. Nonetheless, although a step at or before catalysis
is rate-limiting in the KRas4B farnesylation reaction, the PBR aids in product release as
indicated by a decrease in kcat and a shift of the rate-limiting step to product release upon

substitution of the HVR sequence from HRas.

Surprisingly, three of the Ras chimeras exhibit kcat values that are faster than the
single-turnover values. In our single-turnover experiments, the concentration of substrate
used was above the Kw, allowing for favorable conditions for E«S complex formation. Yet,
with FTase, other variables come into play that allow for a reactive E*S complex
formation, such as the FPP concentration. In a previous kinetic study, it was determined
that the E<FPP complex enhances affinity for FTase with HRas and KRas4B (31).
Therefore, the reactive FPP molecule also plays a part in modulating the rate of Ras
farnesylation. Additionally, for HRas-PBRkrasss-CVLS, HRas-HVRHRras-CVIM, and
KRas4B-PBRkrasas-CVLS, substrate inhibition could explain why we observe slower
single-turnover rate values. Under multiple-turnover conditions, the FPP concentration is

400-fold higher than FTase concentration, pushing the reaction to proceed via the

Ras

FTase + FPP == FTase'FPP == FTase-FPP-Ras = [FTase-FPP-Ras]*

wr Ras Fam-Ras N lZC o

FTase*Ras FTase*FPP+Farn-Ras TQT FTase*Farn-Ras
FPP

favourable FTaseFPP+Ras pathway. However, our data suggest that under single-

Figure 3.6. Kinetic Pathway for the FTase-catalyzed prenylation of Ras substrates.

80



turnover conditions, the rate of E<FPP formation becomes the rate-limiting step of the
reaction and the excess Ras concentration results in the formation of the E<Ras complex,
depleting the amount of free FTase that is available for reacting with FPP (Figure 3.6).
Hence, the rate-limiting steps of the Ras chimeras farnesylation reaction under multiple-
and single-turnover conditions may differ. However, the observed effect is modest (<3-
fold) and does not alter the overall conclusion that the PBR enhances product release.
As mentioned above, certain positively charged residues in the C-terminus of KRas4B
make favorable electrostatic interactions with negatively charged residues in FTase for
binding in the active site (5), and this might be true for other PBR-containing substrates.
However, enzymes not only require a conformational fit upon substrate binding, but
dynamic structural changes occur to drive catalysis and product release. For FTase, it
has been demonstrated that an additional FPP molecule needs to bind after catalysis to
enhance dissociation of prenylated peptide (Figure 3.6) (35). With PBR-containing
substrates, the conformation of the FTase:product complex could favor the binding of a
new FPP molecule that aids in release of product, while for substrates without a PBR, this

conformation might not be favored.

In recent years, kinetic studies performed to understand FTase substrate selectivity
and catalysis have been done using peptides as surrogates for full-length protein
substrates. Some advantages to this approach are faster throughput and the ability to
measure a wider range of substrates. However, one of the biggest limitations to this
approach is the lack of distal protein interactions that could contribute to effective binding
between the enzyme and multiple substrates, which impact the enzyme kinetics, as our
data suggest. A comparison of our DiRas1 data with a previous peptide study done with
TKCTLM peptide (16) demonstrates comparable rates for turnover (kcat) for the peptide
and protein. However, higher concentrations of peptide are required to reach maximal
activity, as observed from a 16-fold higher Kmv value. Consequently, the substrate
selectivity (kcat/Km) for the peptide is 18-fold lower than for protein. Given that our data
demonstrate that the PBR sequence plays a role throughout the farnesylation reaction in
both catalysis and product release, the absence of the PBR in the TKCTLM peptide
substrate might contribute to the differences observed. In contrast, with particular CAAX

sequences, the absence of an upstream sequence can lead to kinetic advantages. For

81



example, catalysis of HRas turnover (kcat) is 2,500-fold slower than for the GCVLS peptide
while the value of Km is unaltered (13), leading to ~2,500-fold increase in substrate
selectivity (kca/Kwm) for the peptide. In comparison with HRas-PBRkras4s-CVLS, GCVLS
peptide turnover is ~12-fold faster, while the value of Kv is modestly lower, leading to
~15-fold increase in kcat/Km for the peptide. In cells, the differences in substrate selectivity
and kinetics for farnesylation between Ras GTPase isoforms might contribute to the
different membrane trafficking pathways observed for these GTPases. The farnesyl group
is not the only modification that promotes interaction of Ras with membranes. An adjacent
set of motifs that vary among Ras isoforms is also needed for proper localization, such
as di-palmitoylation of cysteines in HRas or the hexalysine PBR found in KRas4B.
Nonetheless, our data demonstrate that synergies between the HVR and the CAAX motif

contribute to regulation of the initial step in the membrane trafficking pathway.

The SmgGDS interaction with small GTPases has been presumed to be selective for
proteins that contain a PBR. This claim was supported by studies demonstrating that
SmgGDS proteins pulldown with RhoA family members and multiple Ras family
members, such as KRas4B, RaplA, RaplB, and Racl (6,11,18-24). The ability of
SmgGDS proteins to interact with a number of small GTPases that contain PBRs
suggests that this structural feature enhances the affinity of these proteins with SmgGDS.
However, SmgGDS proteins are proposed to carry out multiple roles within the cell, such
as regulation of prenylation by sequestering proteins from the prenyltransferases (11, 18),
stimulation of GDP release via guanine exchange factor (GEF) activity (20), and
protection of cancer cells from nucleolar stress (25). In Chapter 2, we demonstrated that
SmgGDS-607 can enhance prenylation of HRas and suggested that this functional role
might be limited to substrates that lack a PBR sequence. These data also suggested that
enhancement occurs via the formation of a ternary complex, FTase*HRas*SmgGDS-607.
This mode of binding allows other interactions to compensate for the loss of favorable
binding interactions between SmgGDS-607 and GTPases lacking a PBR. Our binding
studies with the Ras chimeric proteins demonstrate that SmgGDS-607 has higher affinity
for proteins containing a PBR sequence. However, this interaction has sequence
selectivity, since SmgGDS-607 exhibits a stronger affinity for substrates that contain

dispersed positive residues in the PBR. Furthermore, the sequence of the CAAX
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sequence also alters the degree of affinity for SmgGDS-607, as observed with the Ras

chimeric proteins.

The overall sequence of the C-terminus in small GTPases not only affects the direct
contact with SmgGDS-607, but it also affects intramolecular interactions within the
GTPase. These interactions may explain differences in the farnesylation kinetics between
peptides and proteins. A structural study demonstrated that the PBR of KRas4B interacts
with the catalytic domain in the KRas4B body when GDP is bound, preferentially
interacting with the effector binding site of the protein and making it unavailable for
protein-protein interactions (26). Consistent with this, the interaction of calmodulin with
the PBR of KRas4B is inhibited upon GDP binding, confirming this PBR sequestration
model (27). The >30-fold difference in binding affinities observed in our study between
DiRas proteins and KRas4B for SmgGDS-607 could be explained by this PBR
sequestration model, in which the PBR of KRas4B, but not DiRas, is not readily accessible
for interaction with the electronegative patch in the SmgGDS-607 structure. In contrast,
although the HVR affects backbone dynamics of the catalytic domain, HRas has not been
observed to exhibit HVR sequestration, possibly due to the lack of polylysine residues
(28). Therefore, the PBR sequestration model might be specific to KRas4B. Nonetheless,
the lack of a PBR sequence leads to weak binding affinities for SmgGDS-607, as

observed with HRas and Ras chimeric mutants.

In Chapter 2 we demonstrated that the relative affinities between FTase and
SmgGDS-607 for DiRas and Ras proteins dictate regulation of farnesylation.
Furthermore, we discovered a novel role for SmgGDS-607 in enhancing farnesylation of
HRas. Our studies with Ras chimeric mutants confirm that the lack of a PBR sequence
leads to SmgGDS-607-mediated enhancement of farnesylation. In contrast, SmgGDS-
607 does not affect the levels of farnesylation for KRas4B and HRas-PBRkrassas-CVLS
presumably because these proteins have higher affinity for FTase than for SmgGDS-607
under our experimental conditions. However, SmgGDS-607 completely obstructs
farnesylation of DiRas proteins, consistent with the high affinity observed between these
proteins (11, 29-30). Our findings validate the role of SmgGDS-607 in regulating

prenylation of FTase substrates and demonstrate that this regulation is modulated by the
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PBR and CAAX maotifs of the substrates, which affects affinity for both SmgGDS-607 and
FTase. Furthermore, in a cellular context, small GTPases compete for binding to FTase
and SmgGDS-607 depending on concentration and thermodynamic and kinetic forces,
contributing to the complexity of this regulation. The complexity of the protein-protein
interactions in the Ras membrane trafficking pathway allows for a greater regulation of
this process and additional steps that can be altered to block the delivery of oncogenic
Ras to membranes. Hence, understanding the intricacies in the molecular factors that
dictate regulation of Ras prenylation sheds light into possible avenues that can be

investigated to target Ras for novel therapeutics.
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CHAPTER 4
Conclusions and Future Directions

Ras proteins have been the center of cancer research for the past 30 years because
of their role in initiating signaling pathways via their GTP/GDP exchange cycle.
Particularly, KRas4B has been the focus of many research efforts towards understanding
the mechanisms of action for proper Ras function. Although targeting farnesylation, the
first step in the Ras membrane trafficking pathway, through FTls seemed like an infallible
approach for cancer therapy, KRas4B circumvents this approach by restoration of Ras
membrane insertion via alternative prenylation. However, targeting Ras membrane
localization remains a viable scientific rationale. The recent discovery of SmgGDS
proteins and their involvement in regulating transport through prenylation of small
GTPases has opened the possibility for targeting the SmgGDS:Ras interaction as a novel
approach to cancer treatment. In this thesis, we have identified the sequence
requirements at the C-terminus of Ras proteins for recognition by FTase and SmgGDS-
607. We characterized the roles of the polybasic region and CAAX identity in modulating
FTase kinetics. We elucidated the mechanism employed by SmgGDS-607 in inhibiting
Ras prenylation through substrate sequestration. Excitingly we identified a novel function
of SmgGDS-607 for enhancing prenylation of GTPases that lack a PBR. Finally, we made
progress toward understanding regulation of Ras entry into the prenylation pathway. Here

we summarize the results of this work and the implications in human cancer.
The role of SmgGDS-607 in Ras prenylation

Cell-based experiments provide evidence that SmgGDS-607 immunoprecipitates with
non-prenylated KRas4B (1). However, when comparing levels of prenylated versus non-
prenylated KRas4B upon SmgGDS-607 overexpression in cells, there were no observed
changes in the ratio of the different species. In contrast, overexpression of SmgGDS-607

caused an accumulation of non-prenylated small GTPases that become
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geranylgeranylated, such as RhoA, RaplA, and Racl. These observations led to the
hypothesis that SmgGDS-607 effectively regulates the prenylation of GTPases that will
become geranylgeranylated, but not of GTPases that will become farnesylated, such as
KRas4B. However, this observation only considered one of many small GTPases that are
farnesylated in cells. Therefore, we sought to define the role of SmgGDS-607 in regulating
farnesylation of various small GTPases, particularly those that belong to the Ras family.
We developed in vitro experiments to determine the direct effects of SmgGDS-607 on
farnesylation kinetics, and more importantly, to elucidate a mechanism to explain why
regulation of geranylgeranylation is observed in various small GTPases, while regulation
of KRas4B farnesylation by SmgGDS-607 seems to be non-existent.

To define the role of SmgGDS-607 in regulating farnesylation, we examined three
representative FTase substrates, KRas4B, HRas and DiRas1. We performed competition
experiments, in which we measured the levels of protein prenylation at different
concentrations of SmgGDS-607, along with binding assays to measure the binding
affinities of Ras proteins for the FTase and SmgGDS-607. These studies indicate that, in
fact, addition of SmgGDS-607 either decreases or increases the levels of farnesylation
depending on the small GTPase identity. For proteins that contain a PBR, SmgGDS-607
has an inhibitory effect on farnesylation. In contrast, for proteins that lack a PBR,
SmgGDS-607 enhances farnesylation by catalyzing product release. Collectively, the
data elucidated a mechanism for SmgGDS-607-mediated regulation of farnesylation of
FTase substrates in which inhibition of farnesylation depends on which protein, FTase or
SmgGDS-607, has the highest affinity for the substrate. Our data demonstrate that
although SmgGDS-607 binds to KRas4B, the “lack” of regulation in prenylation is due to
a >600-fold difference in binding affinity favoring FTase interaction. Given that SmgGDS-
607 can inhibit or enhance farnesylation, these differential effects on small GTPases can
significantly alter the dynamics and levels of Ras farnesylation in cells. Furthermore, small
GTPases contribute to the cellular complexity of GTPase regulation by: differential
expression and post-translational modifications, shifting nucleotide status, and
continuous involvement in different pathways and protein-protein interactions that affect

the relative concentration of these proteins in the cell.
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At the start of this research, the consensus in the field was that SmgGDS proteins only
interact with small GTPases containing a PBR (2-5). This theory stemmed from early
experiments suggesting that SmgGDS could act as a GEF for a variety of small GTPases
that contain a PBR, such as RhoA (6), Racl (7), Cdc42 (8), RaplA (9), RaplB (10),
KRas4B (9), but not for HRas (11,12). However, a recent study demonstrated that this
GEF activity is only true for RhoA and RhoC (2), calling for further investigation into the
structural features needed for the interaction between small GTPases and SmgGDS
proteins. In this thesis, we demonstrate that SmgGDS-607 can interact with GTPases
(with and without a PBR) in various ways, including via a ternary complex with the
prenyltransferase. Now that a crystal structure has been determined for one of the
SmgGDS splice variants (4,13), a number of site-directed mutagenesis studies could be
done to elucidate the structure/function relation of SmgGDS in this newly discovered
interaction with Ras. For example, computer modeling of the SmgGDS-558 structure
suggests that there is a putative binding interface in which many GTPases, like RhoA,
RaplA, DiRasl, and KRas4B, could bind in a similar manner (14). Particularly, the
residues of SmgGDS-607 that influence RaplA co-immunoprecipitation are D239, E242,
E246, D253, E255, N394, K395, N387, N342, R345 (5). Due to the armadillo repeat motifs
in the SmgGDS structure, it is predicted that SmgGDS acts as a scaffold protein. We
demonstrate that SmgGDS does not directly interact with FTase. However, for HRas,
SmgGDS could be regulating both HRas and FTase in the HRas:FTase complex to
increase the dissociation rate constant. Because the binding mechanism of
SmgGDS:HRas is distinct to the other small GTPases, one could prepare and analyze
these SmgGDS mutations individually and in combination to elucidate which residues are
involved in ternary complex formation for HRas in comparison to those residues that
enhance the binding affinity of RhoA. We predict that residues involved in recognition of

PBR might not play a significant role for the interaction with HRas.

This work revealed a novel function of SmgGDS-607 with a small GTPase that lacks
a PBR, however, this function might be specific for enhancing farnesylation of HRas.
Therefore, investigating the effects of wild-type and SmgGDS-607 mutants on prenylation
of other endogenous FTase substrates that lack a PBR, such as NRas and Rap2A, or
GGTase-l substrates that lack a PBR, such as Rap2B and RhoB, would test whether this

90



observed function is general for PBR-lacking substrates and expand our understanding
of the role of SmgGDS in prenylations of small GTPases.

The role of the PBR in protein binding and catalysis

The presence of the upstream polylysine region in KRas4B has been proposed to
increase binding affinity of FTase to this substrate, which along with its ability to be
alternatively prenylated has been suggested to cause FTI resistance (15,16). Our data
demonstrate that not only does the PBR enhance binding affinity, but the presence of a
PBR enhances catalytic efficiency. Interestingly, our data differs from previous studies
performed with peptide substrates, in which the presence of an upstream PBR decreases
the farnesylation rate constant and kca/Km (17). Our study with Ras chimeras demonstrate
that the presence of a PBR enhances kcat by >10-fold and keat/Km by >50-fold, suggesting
that additional contacts not contained in the peptide play a significant role in the
FTase:Ras interaction. Furthermore, our studies show that the catalytic enhancement is
not limited to the “classical” C-terminal sequence KKKKKKSKTKCVIM, but it is also
observed in substrates with longer and varied PBR sequences and different CAAX
identities, such as DiRasl and DiRas2. Collectively, our multiple- and single-turnover
kinetic experiments demonstrate that the PBR aids in product dissociation as indicated
by a decrease in kcat and a shift of the rate-limiting step to product release upon
substitution of the PBR sequence in KRas4B to the HVR sequence from HRas. Our
binding studies with Ras chimeras establish that synergies between the PBR and CAAX
motif dictate binding affinity for SmgGDS-607. Furthermore, as observed in Chapter 2
with HRas, SmgGDS-607 enhances farnesylation of substrates that lack a PBR. Yet, the
extent of enhancement is also dependent on the CAAX identity.

To better understand the role of the PBR (or lack thereof) in protein binding and
catalysis, efforts should be directed towards elucidating the mechanism that dictates
SmgGDS-mediated farnesylation of substrates without a PBR. Based on the competition
experiments discussed in Chapter 2 and Chapter 3, we developed two preliminary
mechanisms to describe our observations with Ras substrates (wild-type and chimeras)
(Figure 4.1). Based on previous peptide data (17), PBR-containing substrates most likely
follow a mechanism described in Figure 4.1A. FTase needs to bind an FPP molecule
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A Ras
FTase + FPP = FTase:FPP == FTase:FPP+-Ras = [FTase*FPP+Ras]*

Farn-Ras N \ZQ PP

FTasesFPP<Farn-Ras @ FTasesFarn-Ras
FPP

B Ras SmgGDS
FTase + FPP= FTase*FPP == FTaseFPP+-Ras== FTase*FPP+Ras*SmgGDS

Farn-Ras &‘ /
SmgGDS PPi

FTase*Farn-Ras*SmgGDS <>~ [FTase*FPP+Ras*SmgGDS]J*

Figure 4.1. Proposed kinetic mechanisms for FTase catalytic cycle. (A) Farnesylation of PBR-containing Ras
substrates. (B) SmgGDS-mediated farnesylation of Ras substrates lacking a PBR.

before binding Ras, followed by a change in conformation that allows for farnesylation.
After this step, FTase binds to a new FPP molecule, which promotes the release of
product. For substrates without a PBR, like HRas, SmgGDS enhances catalysis and
product release (Figure 4.1B). Similar to Figure 4.1A, FTase binds both an FPP molecule
and Ras to initiate the reaction. However, the FTase:Ras:SmgGDS-607 complex needs
to be formed to promote formation of FTase active conformation and catalyze the
incorporation of the farnesyl group. After this step, SmgGDS replaces the role of FPP
and enhances product dissociation. To confirm if this is the path followed by substrates
that lack a PBR, additional thermodynamic and kinetic experiments need to be done. We
currently have only measured the binding affinity of the Ras chimeras with SmgGDS-607.
To further explore this mechanism, binding experiments with Ras chimeras, FTase and
SmgGDS-607 should be done to determine whether substrates that lack a PBR form a
ternary complex. Additionally, competition experiments with SmgGDS-607 against
farnesylation of Ras chimeras should be performed with different SmgGDS-607
concentrations.

The mutational analysis of SmgGDS-607 with RhoA reveals that residues in the
electronegative patch of SmgGDS are crucial for interacting with the PBR (2). With
computational modeling, residues D119, E200, E211, E213, E217, E237, D239, E242,
E246, E253, D255, E288, D294, D303, and E304 have been identified to make up the
electronegative patch in SmgGDS-607 (14). Given that the PBR of RhoA (ARRGKKKSG)
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is different to that of KRas4B (KKKKKKSKTK) and that the binding affinities between
RhoA and KRas4B for SmgGDS-607 differ by >1,000-fold, we hypothesize that
differences in contacts come into play for interaction with SmgGDS-607. Site-directed
mutagenesis studies can provide a better understanding of the role of the electronegative
patch in SmgGDS-607 in recognizing the distinctive polylysine region in KRas4B. For
example, an in-silico docking and mutational analysis study suggested that residues
D239, E242, E246, E253, and D255 of SmgGDS-607 are responsible for Rapl PBR
binding (5). Therefore, mutational analysis of these residues and other residues
corresponding to the electronegative patch in SmgGDS-607 could determine which
residues are responsible for KRas4B PBR binding. As previously done in the Fierke
laboratory, we can measure the binding affinity with these mutants using fluorescence
anisotropy and a fluorescently labeled peptide that represents the PBR and CAAX motif
of KRas4B (18). Furthermore, mutational analysis of the polylysine region in KRas4B can
elucidate which residues on the C-terminus PBR contribute to farnesylation and/or to
SmgGDS binding.

The effects of the PBR in FTase kinetics have been presented in this work. However,
investigating the effects of the PBR in GGTase-I kinetics could expand our understanding
on protein prenylation, specifically the factors that dictate recognition of substrates and
catalysis by GGTase-l. FTase and GGTase-| are distinct heterodimers composed of a
common a-subunit and differing B-subunits that contain most of the catalytic residues.
The differences in sequence of the B-subunits allow for each enzyme to endogenously
modify separate pools of small GTPases. Because the CAAX motif is essential for
substrate recognition and catalysis, much efforts in understanding GGTase-| substrate
specificity have resorted to peptides that mimic this region. However, given that other
PBR-containing small GTPases undergo geranylgeranylation for proper membrane
localization and function, performing multiple- and single-turnover experiments with
different PBR-containing peptides and full-length protein substrates can expand our
understanding of how structural and sequence motifs contribute to the regulation of small

GTPase geranylgeranylation.
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Implications of thesis work in cancer treatment

The implications of Ras in cancer have been extensively explored by the scientific and
medical community in the last 30 years. Unfortunately, although researchers have made
great progress in understanding the Ras signaling pathways, Ras proteins are still
considered to be an “undruggable” target. One approach to abolishing aberrant signaling
caused by mutations in Ras has been to block farnesylation, the first step in the Ras
membrane trafficking pathway, via small molecules that inhibit FTase. However, this
approach has not been successful due to alternative prenylation of KRas4B, the most
commonly mutated isoform, in the presence of FTIs. One way to circumvent the
limitations of FTI treatment can be through use of combination therapy. This thesis work
sheds light into the factors that dictate the interaction of Ras proteins with the
prenyltransferases and a newly discovered small GTPase chaperone protein identified as
SmgGDS-607. Particularly, this work highlights the binding and catalytic mechanisms
made possible by the recognition of important structural and sequence motifs found in
Ras, such as the PBR and CAAX maotifs. Identifying which residues come into contact
and how they aid in regulating prenylation can be of great importance for the development
of small molecules that target these specific motifs. For example, since DiRas1 binds
>300-fold tighter than KRas4B to SmgGDS-607, developing a small molecule that can
disrupt the SmgGDS-607:DiRas1 interaction might render free SmgGDS-607 in the cell
that is available to interact with KRas4B. Given that SmgGDS-607 can inhibit alternative
prenylation of KRas4B, a combination therapy that includes an FTl and a small molecule
that blocks the SmgGDS-607:DiRasl interaction might allow KRas4B to be preserved in
a non-prenylated state and might disrupt the oncogenic signaling of this isoform.
Ultimately, the results of these studies provide insight into possible avenues that can be
explored for effective treatment of Ras-related cancer.
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